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ABSTRACT

NATURAL CONVECTION HEATING OF LIQUIDS

IN UNAGITATED FOOD CONTAINERS

by John L. Blaisdell

The natural convection phenomenon as it occurs in the

thermal processing of canned foods seems to take many forms

and degrees: the fluid may be confined only by the container,

by large particles as well, or in small closed cells between

layers of product; and in some instances there will be strong,

perhaps even turbulent, convection, but in others the buoyant

forces may not be sufficient to maintain or even establish

convection. The natural convection phenomenon during this

transient heating and cooling is closely related to the con-

duction mechanism, for not only does conduction prevail at the

beginning and‘the end of transient heating (and in the solid-

portions of a product as well) but the mathematical solutions

for solids with finite or infinite thermal diffusivity may

be considered to be the lower and upper limits of convection

transport rates.

The research reported in this dissertation is the

result of an effort to understand more about convection heat

transfer in unagitated food containers. Studies include a

number of model systems consisting of several fluids, sev-

eral sizes of glass containers and one size can. In the

homoge’neus Newtonian fluids of this study-~water and 50
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percent sucrose--several aspects of the phenomenon were

observed, For large temperature differences, turbulent

boundary layer but laminar core flow were observed, While

the relatively fast moving (about 3 to 20 times as fast as

the core) lateral eddies were being established, turbulent

eddies arose from the bottom, These bottom eddies soon de-

creased in height to form temperatfire patterns not inconsis-

tantwith Benard cells or ring vortices. Soon after, the

turbulent lateral eddies degenerated into a regular laminar

V boundary layer. These boundary layers appear to be equal to

or thinner than the quasi-steady-state predictions due to

the relatively large influence of exterior film coefficients

in spite of only moderate container conductances. The hor-

izontal profiles indicate an off-center cold point near the

heel of the container which, from other considerations, appears

to regress from near the heel to near the geometric center of

the product. Conceivably, it leaves the region near the bot-

tom of the container and of the lateral eddies as conduction

becomes important and the lateral boundary layer no longer

occupies the entire sidewall. Other 'cold points' exist at

stagnation points and at vortex centers.

The generalizations drawn by Pflug and Blaisdell

(1963) (on the basis of this research) as to the effects of

viscosity, temperaturedifference and container geometry on

the heat penetration parameters f, j and the lag time

ta = f log j appear to be subject to the restriction that

‘1'!_D
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the exterior film coefficient remain constant, that the flow

be in the same domain, e,g,, turbulent or laminar, and that

the effects of the container wall on the heat transfer and

film properties at the wall be eXamined with particular care,

Quasi-steady-state film. coefficients for vertical and

horizontal flat plates when incorporated in a Newtonian heat-

ing model, i,e,, infinite internal effective thermal diffusiv-

ity‘agree well with experimental values of f,

A procedure is described whereby the external film

conductances of bodies heated under transient conditions can

be determined using metal, can-sized cylinders, These pro-

cedures and cylinders were used toascertain typical film

conductances in processing equipment, These results compare

favorably with predictions for‘finite plates and cylinders,

The effects of these film and container conductances on the

heat penetration parameters f and j for conduction and con-

vection heating are illustrated,

The design and use of multipoint thermocouple rods,

calorimetry, flow visualization, model systems, and dimen-

sional analysis techniquesare discussed as tools to assist

interpretation of experimental heating curves for real .

systems, Errors in apparatus, temperature sensing systems,

and in analysis are treated, The overall problem of trans-

ient conduction and convection in canned foods is examined

in an analysis of the physical phenomenon and of the food

engineering literature,
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Cooling rate or cooling coefficient.
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values if more than one linear portion is used to

describe the heating and cooling curves. £00 18 the

f for a product when the overall heat transfer coef-

ficient at the surface v is infinite; fp is the estimate

of f at p log cycles on the tangent to the heating curve

from the start or heating to point po

Gravitational constant.

Experimental constants; G denotes the ‘second such con-
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3; lag at position x in object; 3 estimated lag at p

' lag cycles from the start of heating on the heating

curve 0

Coefficient used by Leggett and Sutton to denote the

rate of cooling-

Exponential term in equation 6.13.

Thermal conductivity; kf of film; k<3 of wall of container;

kp of solid product.

Characteristic length of product in direction of flow;

height of product in container, i.e. Za; I‘c thickness

of container wall .

' M888 per unit area; Dir of product; no of container.

Parameter in notation of Clark and coworkers which is

equal to 2.303/1' 01,2;
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distribution on investigations of Gebhart and co-workers.

Biot number h/[kp/aj .

Capacitance ratio ((DCPL)/(Mlcp)f.
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3 Laplace transform of time t.
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apparent temperature of heating or cooling medium;
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from the heat transfer surface:

3 Generalized time variable, used by Gebhart and co-

workers, defined by equation 2.40.
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to. Lag time defined as f'108 .1'

13- Overall coefficient of heat transfer; U0 initial

value; Um value at infinite time.

Dimensionless temperature (Tl-T)/(T1-To)'
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parameter used by Merrill.

Temperature of fluid in equation 2.17 and w its
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SECTION I

I NTRODUCTION

The phenomenon of natural convection heat transfer and

fluid flow in enclosed spaces is of considerable importance

in as diverse applications as the cooling of the earth, to the con-

vection within rooms, but has not received much attention.

The principal analytical and experimental investigations of

this phenomenon have dealt with the Special, steady-state

cases of the cooling of homogeneous liquid reactors and of

liquid cooling of turbine blades. These, however, are com-

paratively recent develoments. Meanwhile, the food scientist

andengineer, aware of the complexity of .canned food process-

ing, yet primarily concerned with the thermal destruction of

microorganisms has relied on empiricisms and analogies to

conduct ion hesting .

Convection in Canned-Food Processing

This investigation of transient natural convection

heating of liquids in unagitated food containers was under-

taken to broaden our understanding of the convection heat

transfer phenomenon. Natural convection as it occurs in

cans of foods takes many forms and degrees; the fluid move-

Ient may be restricted only by the container, or by large

particles as well, or in small closed cells between

layers of product; and in some instances there will be

1-1
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strong, perhaps even turbulent convection, but in others the

buoyant forces may not be sufficient to maintain orlieven

establish convection. Natural convection during transient

heating and cooling is closely related to the conduction

mechanism, for not only does conduction prevail at the begin-

ning and the end of transient heating (and in the solid

portions of a product as well), but in addition the mathe-

matical solutions for solids with finite or infinite effective

thermal diffusivity may be considered to the lower and upper

limits of convection heat transfer rates,

Peterson (1961) suggested the following as an approach

for studying both conduction and the natural convection heat

transfer in cans of food:

1. Determination of the relative conductivity of

the contents of the can. *

2. Determination of the rate of travel of the

heat through the material (transmission from

molecule to molecule) (conduction) and trans-

mission by currents (convection).

3. Determination 'of the patterns of distri-

bution as affected by the contents of the

can, the cylindrical shape of the container,

etc.

4. Determination of the completeness of pene-

tration of heat.

These steps, naturally, are conducted in terms

of the great body of the data on the thermal

death rate of microorganisms, the variable of

chief interest in sterilization by‘ canning pro-

cesses. (p. 79)

Most of the numerous investigations of the heat trans-

fer “poets of canned foods have been from a conduction heat-

ing approach, although Jackson's (1940) classification of

food products is evidence that convection is as important as
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conduction in the thermal processing of foods. (See the

recent reviews of Powers et a1. (1962), Gallop (1960), Ball

and Olson (1957), and Charlett (1955).) Therefore, an in-

vestigation of the natural convection phenomenon as it

occurs in the transient heating and cooling of canned foods

appears to be long over due.

Scope of the Present Investm

This investigation is an eXperimental study and analysis

of natural convection heating, without agitation, of low and

moderate viscosity Newtonian fluids in several commercial

sizes of glass jars and in one size of tin container. The

processing temperature and initial temperature differences

also were controlled variables. Transient local temperature

histories at several axial positions and radial positions

near the top and the bottom of the containers are the

principle data examined. Dye movement, the development

cf the temperature patterns, and calorimetric measurements

aspplement these data.

This investigation was undertaken with the presumption

that the rates, patterns, and temperature histories for

transient natural convection could be correlated in terms of

the dimensionless similarity groups which Okada (1940) had

derived from an examination of the differential equations.

Residual variation was expected, however, for Okada‘s

development, like most studies of convection, neglected the

inertial effects of the thin rising film and in the central

descending core, and Lighthill's (1953) theoretical
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considerations on free convection in tubes had predicted not

only a similarity regime, but also two other flow regimes.

For this study it was assumed that these dimensionless

similarity groups could be incorporated in a model with a

uniform temperature core and a controlling surface heat trans-

fer resistance. This Newtonian heating model had been pro-

posed by Jones (1931) and Schultz and Olson (1938), but has

not received further consideration.

The\ experimental data are analyzed using the modified

Newtonian'heating model but with the nomenclature of Ball

(1923) and are compared with the processing literature and

the analytical approach of Hammitt and Chu (1962). This

latter noteworthy approach to transient internal natural

convection in filled vertical, cylindrical vessels, an out-

growth of earlier studies in which there. was internal

generation as in a nuclear reactor, came to the attention

of the author during the writing of this dissertation but is

included here for its significance for this problem.
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SECTION II

THE PROBLEM

An appraisal of the literature has indicated that

there are many problem areas in the natural convection heat-

ing of food products{ these include: come-up (or come-down),

variation in product characteristics from pack to pack, and

surface resistance. or these the surface resistance and con-

tainer resistance and capacitance in themselves assume a

much greater role in a study of the mechanism of convection

heating, however. In the Jones (1931) or Schultz

and Olson (1938) Newtonian heating models the surface re-

sistance is presumed to be controlling. In the dimensional

analysis approach of Okada (1940), the Nusselt, the Grashof,

the Prandtl, and the Reynolds numbers--often associated with

the idea of a boundary layer resistanceuare introduced in

addition to the Fourier modulus and the Biot numbers which

are known to be important for conduction heating. Since

come-up variations and variations in product characteristics

may well have obscured the influence of the Grashof and

Ifrandtl number factors, both the analytical and the experi-

mental phases of this investigation will be limited to the

response of Newtonian fluids to a step change in environmen-

tal temperature .
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The phenomenon of natural convection heating of New-

tonian liquids in unagitated food containers is anticipated

to be much the same with particulate products, non-Newtonian

fluids or superimposed agitation. In each instance the rates,

temperature and flow patterns, and the temperature histories

are affected by transient heat transfer through the container

walls as Opposed by internal forces. These above limitations

were imposed in this dissertation in order to examine the

homogeneous unagitated case, the most general problem which

might be satisfactorily treated with available techniques.

Ball and Olson (1957) have also concluded (p. 254) that solu-

tion of the problem of transient heating of the homogeneous

fluid would be useful in correlating experimental data, but

that natural convection in cooling canals, retorts, and racks

(analogous to particulate products in containers) (p. 26l)

seemed too formidable.

Since an extension of this'work to a solution of special

cases like those referred to above may prove valuable, the

possible implications of current studies in regard to the

transient heating of packed beds, porous solids, and regen-

erators; the modification of non-dimensional heat transfer

equations to approximate non-Newtonian viscosity; and the

effects of body forces on forced and natural convection

should be kept in mind.
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Requirements

When this investigation was initiated there was no

correlation for the effects of the factors represented by

the Grashof, Prandtl, and Nusselt nmnbers and container geom-

etry on the transient rates, patterns, and temperature his-

tories during natural convection heating. Therefore, such

a correlation was desirable.‘

There were several restrictions on the form of this

correlation: (1) it must be a concise and simple way to

empress data; (2) the parameters chosen should have some

physical significance; (3) it should retain as much as pos-

sible of the f and J approach which is widely accepted and

for which several methods of process calculation (i.e.,

lethality) are available; (4) it should be compatible with

most of the observed effects on f and 5 found with food

products; and (5) the analysis upon which the correlation

is based should suggest answers to some. of the questions

formulated at the beginning of this investigation.

The first two restrictions were imposed to assure that

time-temperature histories could be reduced to a convenient

form, a form which would both describe these curves and have

some physical significance to the reader. It has been shown

in the proceeding discussion of the literature, however,

that the first of these criteria in some instances can be

satisfied only by tabulations of temperature as a function

of time .



The remaining restrictions were imposed in order to,

utilize as much as possible of the process calculation meth-

ods and the implications of the heat penetration literature.

It was hoped that the examination of the literature,

further analysis ofsome specific problems, and subsequent

experimental investigation would suggest answers to the

following questions.

1. How does transient convective heat transfer

develop? How is this development influenced by

the Grashof, Prandtl, and geometric groups and

the properties they represent? ‘

2. May the temperature history and the motion of the

fluid be readily correlated and predicted using

dimensionless groups?

a. Where, then, in terms of these groups and the

temperature and flow patterns, is the cold

point located and are there other locations

which might receive a lower lethal value than

their surroundings?

b. What, then, can be used to estimate the tem-

perature history of the element of the moving

fluid which receives the-least lethal value?

5. How does the amount of heat and rate of heat

transfer vary with these dimensionless groups?

a. What is the relationship between the rate of

heat transmission and f?
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h. Can estimates of the validity of the assump-

tion of quasi-steady-state film properties readily

be obtained? If so, what is a reasonable bound

of this error?

4. When might the‘heat penetration curves for Newton-

ian fluids need to be approximated by more than one

linear portion? If these lines are usually curved,

how should the linear segment be chosen and how

should they be reported? What is the physical sig-

nifiganoe of the several f values?

5. What is the effect of container resistance and

capacitance, ratio of transfer area to volume of

fluid, and container resistance relative to the

interior fluid resistance on f and also on ,1?

6. What temperature and characteristic length should

be used in the above relationships? How do these

values compare to those characteristic of conduc-

tion heating?

7. Why is a large coefficient of variation encountered

in convection heating? Is this related to Ball and

Olson's (1957) convection index or to some index of

temperature uniformity?

Method of Atta;c_k_

Early in the investigation it became apparent that

substitution of a functional representation of dimensionless

31'0“}? form for the several surface conductances, then
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allowing for variation throughout the process was the most

promising attack. Other approaches were not to be set aside,

but were to be developed as far as is now practicable so that

their possible merits and deficiencies could be examined.

Tentative answers to the above questions were to be

determined through repeated analyses of the literature or

suggested by analogies to other problems and supplementary

experimentation. Certain of these problems were to be in-

vestigated experimentally, then contrasted with the working

hypothesis.

In this section some considerations on alternate ap-

proaches will be presented. Also presented will be some

considerations of the selection of characteristic values of

properties, tenperatures, and lengths. A derivation of the

working hypothesis then will be presented. The appropriate—

ness of the assmnptions herein will be discussed in a later

chapter. There they can be related to the experimental re-

sults. There, also, the relative value of high order approx-

imation can be seen more clearly.

Correlation of Convection Heat

Bgnetration Data

The starting point for these considerations of pos-

sible approaches to correlation of the heat penetration

Parameters f, j, and axial cold point position x/L was the

Newtonian heating concept of a nearly uniform core with a

controlling surface res is tance .



 

  

ru

I

I...

ta 9

IA.A.

I

H." .

     



The two simplest models from which the effect of shape

on f could be estimated had several deficiencies: (l) nei-

ther the Jones (1931) nor the Schultz and Olson (1938) rela-

tions nor the approximations which followed took into con-

sideration the large axial temperature gradient; (2) no means

to correlate J or slow point position was forthcoming; and

(3) only Jones (1931) had considered the low heat transfer

rate through the headspace during convection. Nevertheless,

the concept itself, with some dimensional analysis correla-

tion of the film coefficients, might. be employed. It was

felt that simple modifications at first might be fruitful:

they could be used to make simple comparisons, to examine in

an approximate manner the possible effects of individual

factors, and when applied to the literature (as in

Section six) to form the basis for increased understand-

ing of the natural convection phenomenon. It was hoped that

ways might be found to account for heating medium film co-

efficient and container conduction natural convection trans-

port properties, the variation of f and 3 due to property

variation, and perhaps even the transport lag effects on 3.

Once schemes were deveIOped some characteristic properties,

temperature differences, and lengths could be determined.

Before refinements can be made, however, it is essential to

evaluate the assumption by Merill (1948) that the container

wall capacitance can. be neglected and that all the resist-

ances at the walls can be lumped into a combined resistance



to heat transfer, l/U. If such an assumption is acceptable,

the problem will be simplified and the same correlations

may be applied to both glass and metal containers.

Effect of Resistance and Qapacitance

of T and 1

 

The Effect of the Container on f and j

The effect of the heat capacitance and resistance of

the container wall alone .On the heat penetration parameters

1‘ and 3 may be estimated using a formula presented in Carslaw

and Jaeger (1959) for a slab, initially at zero temperature,

one face of which is suddenly maintained at a new temperature

level and the other is cooled by direct contact with a well-

mixed fluid which also was initially at zero temperature.

(There are no film resistances on either face.)

The problem and its solution are restated below in

terms of nomenclature used in this dissertation.

The differential equation is:

'g'z' = 33;! 2.1

where the boundary and initial conditions are:

V(O.t) 3 v t >0 202

k "(L t + u'c 'Jv (L T) = o t:>o 2.3

‘1 P ‘5? ’

and

v(x,0) = o 2.4



andvandVare chosen so v =T - To andV = T1 - To to

satisfy the initial conditions and M' - Cp' represents the

(mass - specific heat)/(area‘heated) of the product,

The solution of this problem is:

  

2(7 2+N 2) sin (/ x" ’v _V - 1 - -u -21 ,. n c d Q exp(-I-//lxn2t/L2) 2.5

n- 1?an +Nc2)+NQJI ’/ n

where

Nc = LEE: 2.6
M'Cp'

and ijn are the roots of the equation

itn tan; n = No

The f and J for the fluid may be found using the relation

that:

d __ 108a 9 du

d? [1088. ll] - u a t 2.8

The Pquation for the tangent line and the definition of J

and f follow therefrom. It can be shown that:

3‘.

- ~o Z

108 JP: 108 $1.3:— = 108 ADBXP(‘3 {211th /L2) - (-)tE2 209

1' ' f
n :I

P

3;. = Mug/L2) Anexp(-x/7ntp/L2)

. p 2.303: Anexp(-x 7n2tp/L2) 2.10

 

 



Hence:

1/% = (x’ {212

2 .30st

2-10

2.11

when An represents all but the exponential portion of term n

in the summation equation 2.5.

An illustration for glass walls.--Consider the follow-

ing system: water in a 16 oz. vegetable Jar with the follow-

ing physical characteristics:

Volume of product

Inside diameter

Fluid height

Weight of jar

Measured Jar thickness

Glass properties:

Specific heat

Specific gravity.

Thermal diffusivity

454 ml .

704 cm.

1005 cm-

211 grams

0027 cm.

0.2 cal/ngC

2.49 gm glass/gm water 4°C

0.005 cm sec._

after the Jar of Nicholas and Pflug (1961a), and the thermal

preperties of Shand (1948), Figure 2.4, Table 2.1, Table 2-5:

respectively).

It will be fruitful to determine the f and j in this

System and examine how they differ from those predicted by

the Jones (1931) Newtonian heating model.

The dimensionless thermal capacitance ratio Nc defined

by Equation 2.6 can be rewritten as:

N ~MCP A. F'Cp'Ag(L) P'Cp'L
G~W ~ N

2.12s b,c

1" f r r p ‘“ (Wirid'cp' ’

“’6 first relation yields 0.09:5 and the third relation yields

 





2-11

Ne = 0.495 (Ar/v1») L = 0.085. In the first of these rela-

tions (2.12s), it is presumed that the heat transmission is

through the body only and that the fluid is distributed

over the total heated glass surface including the glass in

the headspace. The area of the glass A8 is somewhat larger

than that of the heated fluid area Af due to curvature and

the glass in the headspace. The third relation (2.12c)

therefore should yield a somewhat lower value and subsequently

predict a somewhat longer time.

The root of Equation 2.7, obtained from Figure 2.1, is

found to be 0.303 for Ne = 0.093. The value of f is:

(2.303) (0.268 cm)2
 

f = (Ex 10"3 cm2/sec)(0.303_)§(60 sec/min) = (6.02 min.

For this same system and Nc =‘o.085, bl = 0.287

f = 6.7 min.

When the Jones (19:51) relation is used, and the V/A = 0.635

based on fluid dimensions is used, i.e., jar capacitance is

neglected, f = 3.24, and when V/A .= 0.576 based on external

dimension is used, i.e., a .jar capacitance equal that 01'

rater, f = 3.57. Kaneko's (1941) formula, incidentally:

would yield f = 5.1 and 6.15, respectively.

For this case, since sin ()7 n 115) = 0-0930 ~ tan (is 115)

°" 00933. Ne = 0.093, and “1 - 0.30:5 from Equations 3'5: 3'6'
and the definition of j,

J= 1.02.

¥
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This value is less than J = 1.27 for the infinite slab and

more than 3 = l for the Newtonian heating model.

An glistration f_or thin metal graham-Consider the

following system: water in a 303 x 406 metal container with

the following physical characteristics:

Volume of product 29.1 ins, i.e., 1.0 lb.

Inside diameter 1.523 in.

Fluid heigIIt 30800 in.

Measured weight of container 0.152 1b.

Measured wall thickness 0.010 in.

Wall pr0perties: 0

Specific heat 0.1l6 Btu lb F

Density ' 487 lb/fg

Thermal diffusivity 0.459 ft /hr.

(k = 26)

after the container dimensions reported by Continental Can

Company (1957) and the thermal pr0perties of Eckert and Drake

(1951, Table A-1 for a low carbon steel).

For this hypothetical problem No = (0.152)(0.116)/(1)

(l) =- 0.0176 and from Figure 2.1, ‘71 = .1322 (the approximate

“C of Equation 2.120 = 0.0161), so that

r = 0.585 x 10‘3 min.

and the lag factor:

1 = 1.001.

The f value agrees very well with the values of f = 1.32 x

10‘“;5 and 1.52 x 10-3 calculated for the same system by the

Jones (1931) model when the area of the body and one end is

used, and when the heated area of the fluid is used. The

thermal capacitance of the system was incorporated in CPFV.

It seems that the heated fluid area should be used here, but

not for glass containers.



 

If

 

The limitingLivale-The J values calculated in the

above examples are very slightly larger than one would have

anticipated from the physical considerations which had earlier

led to the Newtonian conduction models and a predicted j = l.

The lower limit of j is said to be 1 from the Newtonian

heating model. To examine the limit it is convenient to ex-

press 1 in terms of trigonometric functions using Equation

2.7, consider

2 2 x ‘

2‘ 71 We ) 31“ Vlj; 2.13s 

 

ix = _.
,2 2 f.

//1 mo +Nc /l

or

2 sin’]

30 "’ [4+ Ein’r/Tcosn 2.13b

From this and the preperties of the (8111" V1” and 008 7'

functions which both approach 1 as a lower limit it can be

shown that when? is small:

lim J=1'

/‘
‘1'->O 2014

It also can be shown that Equation 2.13b is similar in form

to the trigonometic equation for the f value at the center of

a slab (see Equation 7.32 of Ball and Olson, 1957) of thick-

rloss 2L. In this later case instead of:

. _ MCp _

71138.11 [/1 - M'Cp' - NO 2.7
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the indicial equation is:

. Lh __

filtanoi 2k - N31 2.15

It is for this reason that a thin, but not necessarily

uniform temperature, body on the surface of a well-mixed

fluid will cause 5 values less than or equal to those of a

slab with negligible surface resistance. When No is very

large there will be no heat transfer on the liquid surface,

and since here a large exterior film coefficient was assumed

the Jvalue will be exactly the j = 1.273 for the slab with

no resistances, i.e., N31 large. When Nc is small or N31

is small, the 5‘ value approaches 1, since the heat trans-

mitted through the body is absorbed nearly uniformly.

The Effect of External and Container

Resistances Combined on an

The above consideration of the effect of the capac-

itance and resistence of thin containers is also applicable

to thin stationary boundary films. It was seen that there

was little effect of such a layer on 3 for containers since

the heat capacitance of the containers (or films) was small

relative to the capacitance of the product. Since small

film coefficients for slabs also cause small 3 values, the

addition of film coefficients to the above problem is not

anticipated to change the conclusions. However, the large

errors observed when the container conductances kc/Lcare

lumped into the overall heat transfer coefficients may be
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attributed to non-linear temperature gradients and hence

might well be reduced by the presence of external and in-

ternal film conductances--film coefficients--each of which

very likely would not be more than ten to twenty times larger,

amiin.practice the internal film coefficient might be no

more than three times larger than the conductance of a glass wall.

Wolfe (1959) has derived an equation for the tempera-

ture in an analogous problem: a slab, initially at zero

temperature, which is heated at x = o by radiation from a

mass of well-mixed fluid whose initial temperature is also

zero, and is cooled by radiation to another fluid maintained

at temperature zero. Wolfe also included a fixed heat supply

to the well-mixed fluid (room air) in his study of the dynamic

response of air in a room to changes in external environmental

temperatures. This heat source, not required in our problem,

when neglected gives a trivial solution since if no heat were

provided there would be no change from the zero initial tem-

perature. Since the boundary conditions were not homogeneous,

the problem was not of the Sturm-Liouville type, like those

shown in Ball and Olson (1957) for infinite cylinders and

slabs with and without boundary resistance, and other tech-

niques than Fourier series alone were required. Wolfe deter-

mined a set of coefficients for these non-orthogonal functions

by using boundary conditions to evaluate the integrals of the

product of like or like and unlike index functions.

Pearce and Stephenson in the printed discussion of
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Wolfe's paper claimed that the above problem can be readily

solved by means of Laplace transforms and would yield iden-

tical results. It will be expedient to follow this sugges-

tion in an attempt to solve the equations for a well-mixed

fluid in a container with finite film coefficients at the

container surfaces.

0n the analytical solution.--The problem of a container

wall heated by ”radiation" from a fluid at surface x = L and

cooled by "radiation” to a well-mixed otherwise insulated

fluid may be expressed as follows:

The differential equations are:

:11 =1 J?" . for the solid 2.16

,_/t V)!

and

0pm 34% = - ho Lw-V(0,t)] for the liquid 2.17

f

with boundary conditions

_ (iv

ho [w-V(0,t)] - +k ~53;- 2.18

and

hL = [F(t)-V(L,t)] = +1: W L t) 2.19
J x

and

Mo) = V(x,0) = 'r(0)-'r° =2. (x-,0)-'ro = 0

= F(0) = G(O)-T° 2.20
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where To has been subtracted from the variable of

interest T, the temperature of the well-mixed fluid,

in order to obtain the desired initial conditions.

This problem is shown schematically below:

T ”at.
Product 1131' Wall [he Tl

I § Environment

x I
-—-—> L

Take the Laplace transform with respect to time t and

let the transformed functions be represented by the corres-

ponding lower case symbols and t be represented by s, to ob-

tain the following transformed problem:

 

 

~ 2
v x s

sv(x.s)-V(}V1°0) =J 0‘ 0‘; ) for solid 2.16s

and

stMw(s)-w/(6)=-ho[W(s)-v(C,3)] for fluid 2.17a

with boundary conditions

ho [w(s)-v(0,s)] = +1: £9481 2.18s
bx

and I

L

hL [f(s)-v(L,s)] = + k DESI-‘8) 2.19a

and

2.203'(O) = v(x,0) = 0
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but here No) was originally zero and at t = 0" changed step-

wise to a new value T1 - To hence

f (3) 3 T1 " To 2021

s

The equations which might become a Sturm-Liouville

problem (See Mickley et al., 1957) and thence be solved by

Fourier series are:

2.16b5227(1‘8) - :: v(x,s) = 0

6x

kmh §2___p;§f;o v(O,s) 2.18b

 

 

& X

k—g-Y-i-Ifl-fl + hLv (L,s) = + (TlgTo) 2.1%

and

N8) = no

ETcfimHho ”0.8) 2.20s

Even this problem is not a Sturm-Liouville problem,

however, because the right hand term of Equation 2.19b is not

equal to zero.

The usual strategem at this point is to define a new

temperature variable equal to V(x,t) - F(t), when F(t) is

a constant, to make the boundary equations homogeneous. Thus,

for the initial constant temperature To has been subtracted

from the real temperatures T, T1, and Z in order to make the

second terms (on the left) of Equations 2.16a and 2.17s



vanish, another requirement of the .Sturm-Liouville problem.

If the suggested new variables (denoted by primes) were

introduced, Equations 2.16a' and 2.16b' would include their

initial values V'(x,o) =.- Z0 - T1 = To - T1 and W' (0) = To - Tl,

Equation 2.19b" would lose the right hand term as desired, but

Equation 2.18b' would gain a term - 0 (T1 - To)/CpMS + ho)

on the right hand side. Thus the usual strategem does not

simplify the problem. '

‘ Pearce and Stephenson did not encounter this problem

because in their problem the initial conditions for the primed

quality were zero, hence the transformed differential equation

and its boundary conditions were homogeneous. For this reason

they could construct a set of orthogonal functions of the form

An'sin ~// 3% x + Bn\/§:cos :’ 35: x

satisfying the boundary condition and then could perform the

inverse transform to obtain a solution for the temperature

of the slab. Since this transformed equation is of the form

V = Cnexp - (DZn/DZH, W could be

found, converted to the usual form log u: f and j could

also be found.

of three available ways to obtain such a solu-

Although finite

None

tion will be anployed at this time, however.

Fourier (i.e., sin and cosine) transforms could be used then

inverted much as in the inversion of the Laplace transformed

equations; digital (or analogue) computers could be used as

suggested by Pearce and Stephenson; or Wolfe's involved



integral approach to the problem could be used, the complexity

of this problem and simpler boundary condition problems, such

as those treated by Hayakawa and Ball (1961) and by Jaeger

(1940) in Crank (1957), p. 69-81, and the need for computer

solution of an approximate model seemed to make continuation

of the solution unprofitable at this time.

A continuation of this solution would be desirable when

the need for more precise temperature predictions warrants a

computer solution of the convection aspect of the overall

phenomenon.

It is interesting to note that both investigators

found that when the exterior film coefficient increased, the

root of the indicial equation--which may be rewritten in

terms of dimensionless groups such that:

 

‘ h2L h,L CppL ”if h.L h2L

mam = T‘ T ' 'C—pLH' If" 4' E 2.22

h L CPPL + L hlL - A2

“it-rpm: T

«becomes more sensitive to changes in diffusivity (length for

our problem) and/0r fluid heat capacity, and that increasing

the nagnitude of the fluid heat capacity lowers the'value of

the root. For a container these observations imply that

lumping will be less satisfactory as the film coefficients

increase relative to d, as the container wall thickness in-

creases, as the relative heat capacity of the glass and

Product increases, or k decreases.



A second approximation.-~The Newtonian heating models

with container conductance Kc/I'c incorporated in the overall

coefficient of heat transfer as suggested by Merrill (1948)

seem not too satisfactory for containers like glass, even

when the total heat capacitance is used. Although this ap-

proximation has been shown to give improved estimates when

the internal and external surface film coefficients are of

the same order as the container conductance, it would be use-

ful to have a simple second approximation.

Kreith (1958) has suggested that lumped capacitance

analysis methods, i.e., subdivision of the container wall in-

to one or more uniform temperature increments, could be em-

ployed to account for the capacitance of the walls. When

the wall temperature is assumed to be uniform, the problem

becomes analogous to the response of a thermocouple in a

well (see Eckert, 1958, Examples 5-7 and 5-8). The temper-

ature change of the fluid is approximately:

1'1"” s w = Z"1” 't/Q’J 1- 212 ”#212 2 23
Tl-To 21% ; 1" 3’2 '

where the parameters 7’1, 2V2 are

 

, ,_ _ 1 f .- / 481318202

’ 1'52 “ (R c; 01* 02) 11\ 1‘ ~ 2.24

b—

where:

Cl = fluid capacitance Cpl ”1 V1



02 = container capacitance sz W2v2

CP = specific heat

f0 = density

V = volume

R1 = internal resistance l/i7liil

R2 = external resistance 1/72112

A = area

h = film coefficient hl of product, h2 of heating

medium

of heat ing medium,T = temperature, T of fluid, T}

um product andTo initial, of heating med

container wall

t = time

It is more convenient in the food industry to use the f

parameters rather than the T or time constants. From the

form of Equation 2.23 it can be seen that the time constants

are related to the f notation such that:

f = 2.303 “:f 2.25

Thus, the time required for a 90 percent change in tempera-

ture on the linear portion of a heat penetration curve is

230.3 percent higher than the time required for a 63.2 per-

cent change which the time constant T represents. Also:

2.26

 

fa = 2.505 (92B!
M a

Equation 2.24, rewritten in terms of the f of the inde-

pendent components, i.e., the container and the product,

becomes :



2-24

71,72 =M1°5
{f1+f2 gxéé—‘f f2).

[1"We+rH

 

 

 

f +f

( 1 lbs!"2

Since f = -1 == —1 = 2.303u

d loglou loglo it: u

dt “ dx '

A

the apparent f for the system may be written:

 

 

 

 

 

3: 2.303 fled/2’1: 2’2 .0 ‘t/2“2

é-t/Z’l ~6't/72

or

A 21.22, )t

r - 2.303 2’1-2’2 6 “fl/2’2

-( 2“l '?Z_\t

1 .. 6 2’1-‘2’2’

which becomes

 

 

/\ T”

f - 2.303 1

for long times if for an approximation 111/>> :72

. -t /?“ t

1033: 1082116 p 1'2/2W8Eb2+i
le' 22 (1:1?é ?f

  

  

or

H
)

I!

-t/Z’l aka/2“ Map/fl: X

'5’ -€’ 10

2 .303 7 2:1- 223““
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2 .28

2.288

2 .29

2.30

2 0303
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( 2“3"?2) -tp(2.303 21-2,)

A_/\ " 2’ .2“ P

2.303 ( 1- 2)

which becomes

3 3.2.1....— 2.31

p ’2’1' 7'2

for long times if 2’1 >>2’2

If f2 were negligible due to a negligible container

capacitance ’7”2 would vanish, hence 3 -->1, and the f would

become 2.303 Cpli/olvl 1 + l 2_........2 _________ ' _, ._

A1 h he

or equal to that predicted for Newtonian heating with lg'u'=

1 1 is
(«E-l— + 5.2 + kc)if the decrease in capacitance were due to a

decrease in thickness.

The predicted effect of container capacitance alone is

an increase in f and an increase in 3. For example, if f l =

6 min, h1g3 h2, A1 = A2, fl/fz = 10, the predicted f would

be 12.3 min. or about 2-1/2 percent larger, and the predicted

onuld be 1.025 or once again about 2-1/2 percent larger

than a container without this capacitance. Both of these

Predictions agree with the analytical prediction of an in-

creased f and 3 due to capacitance alone and the predictions



for the Wolfe (1959) and Pearce and Stephenson (1959) inves-

tigations. If the total capacitance of the product and the

container were substituted into the equation for the Newton-

ian heating model, the predicted f would be 13.2 min. or

10 percent higher and the predicted 3 would be 1, or no

increase.

This second order Newtonian heating model might prove

to give better estimates for 3. However, this approximation

might not be as satisfactory for predicting f as combining

film coefficients and either the total container capacitance,

or the increased capacitance found if the container is assumed

to have water-like capacitance into the Newtonian heating

model. -

It should be noted that these formulas yield trivial

answers, i.e., the container has no effect on f and j = 1,

when either or both the film coefficients become very large.

This artifact is due to the assumption that the container

wall offered so little resistance to heat transfer that its

temperature was uniform throughout. When the temperature in

a glass wall is nearly uniform, the exterior and interior

film coefficients will be equal to or less than the wall

conductance, kc/I'c’ hence convection will be less ideal and

the assumption of Newtonian heating is less satisfactory.

A third approximation.--Approximation of the effect

of the container wall by a single uniform temperature solid

is not satisfactory for most convection problems. The



approximmion seemed to fail because no allowan’ce was made for

the effect of the container conductance.

The approximation could be improved by dividing the

wall into several equal thicknesses,A X, each of which is

assumed to have a uniform temperature with a contact con-

ductance equal to k/A X. This analytical continuation, sug-

gested by Kreith's (1958) approach is closely related to

electrical analogues and to numerical methods for hand or

digital computer solution. There are several of these ape

proximations for treating the convective boundary condition

(see Black, 1962) which may be used for numerical analyses.

Some of these--Elrod's (1957) approximation for a semi-

infinite solid and Black's (1962) approximation, for example—-

are not suitable for using in first order differential equa-

tions. Others, such as Dusinberre's (1961) lumped approxima-

tion (his Equation 3.1) for high Biot numbers N31, ignore

the heat capacity. Dusinberre has presented two approxima-

tions; the use of a one-half thickness, i.e., A X/2, incre-

ment adjacent to the surface, or the use of a fictitious

surface temperature to modify the lumped capacitance equa-

tions to include lumped resistance as well. The second

approximation, used by Dusinberre (1961) as a first numer-

ical approximation for a problem (his Example 6-3) like

that investigated by Wolfe (1959), will be used here.

I In the following examples lumping of both capacitance

and resistance will be used in order to obtain a simple



relation which may suggest a way to correlate heat penetra-

timicmta for moderate convection in glass containers. The

exmmfle should also illustrate how the container wall might

1m mflMivided in order to obtain higher order approximation.

If higher order approximations are desired, electrical ana-

logues (Jakob, 1956, Chapter 20), higher order time approx-

imation differential equations (Mickley M” 1957 (I

'10.3 and 10.5), backward time step differential equations

(Anderson 9.13.2.1.” 1961a, b) and integral equations (Elrod,

1960; Goodman, 1960; and Yang, 1961, among others) should

also be considered. '

Consider the flow of heat through a container wall

with film coefficients and nodes as sketched below:

/_\>(
W.———-—q>

Y

 

The heat balances for these points assuming quasi-

steady conductance are:

For the point 2

__ RA
hOA (v9 " v2) -- m2 (V2 - V1) 2052.
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For the point l

1“ (v-v)-kA - )=A’C°£175 2 l A'x72'W1 vo AX p’ dvl 2.55

For the point 0

kA _m (v1 - v0) - h2A(vo - vf)
2.54

For the fluid

th (vo-vf) =AM0p/OE‘LQ 2.35

dt

These equations may be reduced to:

(2 + N310) v2 = N312 ve + 2 v1 2.32a

_ sz2V2~4V1+2V0"——o___ldv

20539.

2 dt

v - v = M C (’dvf0 f p —

2.558.dt

These heat balances may be rewritten to eliminate the

surface temperatures (points 0 and 2). The resulting

equations may be rewritten in the form:

 

2 + N131 2 + N31 1 f “—134- E?
0

.

and
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2 M 0 1° dv

[2+EB10] l f ho T

These equations have the same form as those for the

lumped capacitance problem except that the film coefficients

hl and b2 of equation 2.24 are replaced by their equivalent

conductances: l/ [(l/hl) + (AX/2k” and

1/[(1/h2) + (Ax/2m].

Cbnclusipns

Simpleapproximations and analytical solutions, when

available, have been used to show the great importance of

container capacitance and the somewhat lesser importance of

container conductance and film coefficients on the heat penetra-

tion parameters, f and 5 respectively. The container capaci-

tance was shown to increase the j slightly, and increase which

may prove not to be significant. I

Several causes for variation of f and jam indicated:

an increase in f and 1 due to the introduction of a container

capacitance; an increase in f, but reduction in j with in-

creased surface resistance; opposite effects on f and 3 due

to convergence of the equations which accounted for container

effects; and by analogy an increase in f and decrease in 3

due to thermocouple capacitance.

The lumped capacitance and resistance modification of

the Newtonian heating model was shown to be subject to large

errors in f when the container capacitance was large. These



errors were indicated to be reduced when the temperature grad-

ient was reduced. Thus, the modification gives better predict-

ions when the internal and external film coefficients are rela-

tively small. Approaches which might yield improved estimates

of f and 3 have been pointed out,-

Combination of Dimensional Analysis

and The Newtonian Heating Model

Dimensional analysis of a physical problem combined

with physical measurements is one of several ways to analyze

convection heat transfer data, Other methods include exact

or approximate solutions of the so-called boundary layer

equations, analogy between heat, mass, and momentum transfer,

and recently penetration theory (Calvert and Kapo, 1963), '

All but the last of these will be illustrated in the consid-

eration of the processing literature in Section VI; for exam-

ple: the dimensional analysis of Okada (1940a), the modifi-

cation of Charm's (1963) similarity consideration, the dimen-

sionless correlations for shape factors (Pagerson, l950), and

the many dimensional analysis correlations for thermo-syphon

tubes, all illustrate the use of dimensional analysis; Eckert

and Drake (1959) and Lighthill (1953) used approximate boundary

layer solutions for the flat plate and thermo-syphon tube,

respectively, and some of the aspects of the momentum and heat

transfer analogies have been applieduthe concept of eddy

diffusivities as applied to local effective thermal diffus-

ivities which was used to follow velocities in the core

using temperature measurements,



and the concept of equal effective momentum and mass diffu-

sivities used to follow core velocities using dyes.

Dimensionless group correlations of eXperimental data

have certain advantages which meet the requirements of this

dissertation. Such correlations can be used to relate the

effects of the many variables, which affect transient natural

convection, in terms of a reduced number of variables. They

are also useful when the exact or approximate boundary layer

equations are impossible to solve without rather restrictive

assumptions or differential equations have not or cannot be

formulated because the physical mechanism and conditions

are not known.

Dimensional group correlations do have limitations,

however. These are the generally arbitrary form of the cor- ‘

relations and the possibility of regrouping the properties

into unfamiliar or awkward new groups. These limitations are

particularly serious when a relatively new field is being in-

vestigated. (Transient natural convection is such a new

field.) For these reasons, it seems profitable to examine

the form limitation further before proceeding into an exam-

ination of constant and then variable film coefficient cor- ‘

relations. Current practice will be examined as the need

for additional groups arises in order to avoid awkward or

unfamiliar groups .
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0n the Form of Correlationg

When dimensionless ratios are determined from an

analysis of the physical problem, its physical character-

istics and the requirement that the product of the physical

characteristics be nondimensional, equations of the form:

__, m n
NNu a NGr NPr 2.58

for example, are suggested. The physical significance of

the equation often is not immwiately evident even though

this relation can be partially interpreted in terms of phys-

ical qualities. Such a relation for the above equation is:

 
 
 

To_tal heat transfer ”[Inertial force . Buoyancy force]m .

Conductive heat transfer ” [Viscous force Viscous force ‘1

n

[Momentium diffusivity] 2.38a
 

[Thermal diffisivity ]

Equations of this form may be unsatisfactory if the mechanism

changes or if a correlation over a moderate to wide range of

parameters is desired.

Dimensionless ratios may also be determined from an

examination of the differential equations for the problem or

for an approximate model of the problem. An analysis of

these equations may or may not suggest a form of an equation

other than that illustrated in Equation 2.38. above. In some

instances, such as the example of heat transfer to air flow-

ing normal to a cylinder (Tao, 1960). an approximate model

can be utilized to give both more accurate and more readily
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interpreted relations .

In this case heat transfer is assumed to be due to a

laminar film.and a buffer zone in series

1 = 8 + .1—
H.715“ m n; 2'39

01‘

k = §., k
m D "h: 2 .598.

where: ho is the film.coefficient

D is the diameter of the cylinder

k is the thermal conductivity of air

8 is the thickness of the laminar region

by is the conductance of the buffer zone

The fluid movement for natural convection when

forced convection is negligible is entirely due to the

Grashof number forces (Kreith, 1957, p. 304); hence the

laminar boundary layer is inversely a function of the

Grashof number. The heat transfer, however, is a func.

tion of both the Grashof and the Prandtl numbers. There-

fore:

k - K + K2
- “ grim m 2.3%

hOD Gr Gr Pr

or

mtn p

NGr NPr
N -

N ‘“"“rr"""'17“"““ 2.3
“ KeNcr t KlNcr Nrrp 9°



The last equation was said to be similar in form to

' published correlations for liquid-metal systems and is not

. greatly different from the Eckert and Drake

(1959) correlation for laminar heat transfer from a flat

plate

= 0.508 NPrl/2 NGr1/2

(0.952 NGr + NPr NGr)i74

 

"Nux 6.41s

The above example illustrates how simple models, as

well as physical considerations, may be used to advantage.

The example also suggests that the film coefficients, as

they appear in the Newtonian heating model for a container

with negligible wall capacitance, for transient convection

be treated in a similar manner. It is not immediately clear

whether or not container capacitance or variable pr0perties

could be taken into consideration if this were done. This

problem will be re-examined after a consideration of both

current practice for analogous systems and of transient nat-

ural convection of confined fluids.

Qqnstant Film Coefficient Models

Constant film coefficients for transient natural con-

vection are a convenient artifice which may be useful in

obtaining first order correlations. They are an artifice

because they are assumed to be quasi-steady and to be char-

acterized by‘some constant temperature difference and by

constant transport properties as well. Nevertheless they
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will be useful to contrast with higher order approximations.

Previous Transient Studies with

Appreciable Wall (Lapacitance

It will be useful to examine the relatively few studies

in which there have been transient heat flow and appreciable

wall capacitance, since the previous analysis emphasized the

importance of this factor. These studies may also provide a

basis for judging the possible implications of other transient

or confined convection studies.

The dynamic response of heat exchangers having internal

heat sources has been reported by Clark _e_t_:_a_]_._. (1957), A'rpaci

and Clark (1957, 1958), Yang 3333;. (1950), and Yang (1962).

In' this series of papers the experimental and analytically

predicted, behavior of the fluid and the electrically heated

tube surrounding it when the walls are subjected to a step, a

linear, and a sinusoidal (steady or transient periodic) change in

power input are examined. The flow rate and the film coefficient

are assumed constant. This system differs from the phenom-

soon found in confined natural convection in that there is a,

forcedvertical flow without feedback of the exit stream ,

(rising film) back into the heat exchanger. There is the

simplifying knowledge of the energy input to the system. This

system was analyzed using Laplace-transformed equations with

the assistance of a digital computer. These investigations

are of importance here due to their extensive literature

review and their choice of parameters. The literature sur-

Vey indicates that this system may be as analogous to the one
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under investigation reported as any other then reported. In

the analysis a number of parameters, which have appeared

above, appear once again; these are the heat capacity ratio,

the quantity‘M = (hA)/((>CPV) .which is equal to 2.30/f for the

fluid in Ball and Olson's (1957) notation and similar quan-

tity for the wall. The nondimensional wall temperature

response, fluid wall temperature difference, and the fluid

temperature response are all correlated in terms of these

quantities. It is interesting to note that the factor l/f.

is multiplied by the ratio (M + DIM or the total heat capac-

ity of the system/the total heat capacity of the fluid. When

the first element ofthe fluid subject to the step change

reaches the end of the heat exchanger time also becomes a

factor. During this first period the effects of relative

heat capacity of the wall and the container are the same as

that described above. This period is somewhat analogous to

the first flow 100p up the side wall after which time, time

becomes important. (In canned foods, however, both the wall

temperature and the bulk temperature change.) The relatively

complex forms of their analytic equations do not suggest

relatively simple dimensionless correlations beyond this

initial period. .

Transient natural convection from vertical elements

With and without appreciable thermal capacity has been in- ‘

vestigated by Gebhart (1961, 1962) and Gebhart and Adams

(1952). In the first of these investigations integral
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equations for the average surface temperature of a plate of

finite thermal capacity subjected to a step change in heat

flux were formulated. The negligible thermal capacitance case

was solved for fluids having Prandtl numbers of 0.01 to 1,000

(the Prandtl number of water in the low acid processing range

is about 3, while syrups and glycerols have Prandtl numbers

one or two orders higher, respectively). Literature values

for the quasi-steady-state velocity and temperature were used

for the region in which similar laminar flows were found.

This is the same similarity region as that treated by Light-

hill (1955) forthermo-syphon tubes. In this analysis two

parameters, a generalized time variable, and a thermal capac-

ity parameter were introduced. These are:

= or? 2/5 —- s, - 2/5 ,

C" ‘ .—

and Q = can; ' (we/5 (NGrL*Npr)1/5 2.41

where the variables are as previously defined except that

b =, Prandt'l'number dependent constant, 1530 = a Prandtl number

dependent derivative of the temperature distribution, 0" =

thermal capacitance of the element per unit surface area,

and N61,: is the Grashof number based on total height L and

the steady-state heat flux. The constants b and he were

found to be relatively independent of the Prandtl number and

the shape of the thermal boundary layer was relatively un-

affected by the Prandtl number.





The parameter 2 appears to be a function of the Fourier

modulus,an empirical power of a Rayleigh number and the

Prandtl number sensitive "constant." The quantity which is

raised to the 2/5 power is the square of the Nusselt number,

however. It can be shown that the Fourier modulus - Nusselt

number product is equal to the ratio of the time and the

time constant for the fluid at the surface. Therefore, _'I_‘_ is

a restatement of (the time and the resistances and capacitances

of the lumped conductance model in terms of the quantities the

Fourier modulus, the Prandtl, and the. Rayleigh numbers which

characterize the convection and conduction aspects of the

phenomenon. Similarly the parameter 3 is a restatement of

the product of a capacitance ratio and the Nusselt number

or of the ratio of storage fraction of the heat transferred

by the wall to the total storage fraction.

In the second paper Gebhart ((1962) investigated the

effect of "appreciable thermal capacity." Large values of

gand/or slow variation of heat flux are said to cause one

dimensional transient conduction, intermediate values to

cause true convection transients,and further changes to

cause quasi-steady convection. These true convection tran-

sients were said to exist only for a relatively small range

of the 9, variable. The analytic predictions of this paper

were compared with experimental measurements of the third

Taper. Satisfactory agreement was obtained in the high 9,

range tested .
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It is difficult to assess the implications of the

relatively small convection range for step changes in plate

temperature except at long times when the heat flux changes

slowly. In this region the film coefficients in containers

may very likely be quasi-steady.

In these investigations, in which wall capacitance was

considered, two seemingly different approaches were taken,

but in both instances the temperature responses were corre-

lated in terms of the time constants of the system and their

component resistances and capacitances. In the latter in-

vestigation in which the heat transfer coefficients were a

variable the factors which influenced them were introduced

into the parameters .

figme Other Studies in Transient Convection

There have been numerous investigations of forced

unsteady or periodic convection (see recent reviews and in-

vestigations, such as Siegel, l959; Goodman, 1962; and -

Siegcl and Perlmutter, 1962), which undoubtedly have led to

a Clearer understanding of transient convection processes,

but these and many of the free convection studies are be}?0nd

the 8‘:We of this investigation. All of the natural cenvec-

ti” exPeriments and approximate solutions of the boundary

layer equations have some implications in transient natural

convection of totally confined liquids for a vertical con-

tainer which can be variously divided into parallel horizontal

Plates and a vertical cylindrical surface. which may be further
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approximated by a flat plate if the curvature is not excessive.

The problem, here, differs in several respects, however.

First, there is a moving stream at "a large distance" from

the surface which may interfere somewhat with the boundary

layer and may cause uncertainty as to the approximate refer-

ence temperature difference for the natural convection driv-

ing force; second, both the thermal and the velocity boundary

layers are established during the transient period; third,

the boundary layers must decrease in the upper regions of the

container in order that the heated fluid may enter the core;

and fourth, there is some uncertainty as to what influence

heat transfer (i 12., through the ends of the container) in op-

position to the boundary layer or core flow might have on the

lateral boundary flows andon overall heat transfer

Siegel (1958) examined transient free convection from ~

a vertical flat plate utilizing the integral form of the

boundary layer equations, and using the same approximations

for the velocity and temperature profiles as Eckert (See

Eckert and Drake, 1959, and modification by Lighthill, 1953,

for thermo-syphon tubes). The method of characteristics was

used to divide the phenomenon into three domains: the estab-

lishment of a boundary layer by conduction: the modification

or the boundary layer as vertical flow develops, and a (111381-

”5°35? domain in which heat transfer coefficient is nearly in-

dependent of time For a uniform wall temperature, the .time

l"equired to reach a steady-state is said to be:
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5.24 (0.952 +NPr)l/2 (NRaLNPr)-l/2 x U2<§z<

7.10 (0.377 “vhf/2 (NRaLNPr)-1/2 x1/2 2.42

or 5.24 (0.952 +NPr)1/2 (spam-V2 ,(l/2

1
1/2 1/2 1/27.10 (0.952 + NH.) (gpATf' >< 2.42a

F

(Lt seconds]

with the uncertainty introduced to account for a range of

arbitrary assumed velocity and temperature profiles.

The time required for the boundary layer flow to become

two-dimensional was said to be:

)1/2 -l/2 1/2180 (15+N (gpAT) x ta]

2.48 (0.6 + NPr')l/2(S{3AT)-l/2 x 1/2 2.45

The results indicated that the time required to reach

a steady-state was reduced as the Rayleigh-Prandtl number

increased, that is, if g, p , or AT increased or u decreased.

The results for a constant heat flux indicated that this time

Was also reduced for increased heat fluxes. This time re-

guired to establish a steady-state alsode creased as the

distance from the origin of the boundary layer decreased.

The time required for the heating rate of the container to become

established, perhaps proportional to ta = flog J,then might -

,also be proportional to the distance along the flow Path

”0111 the origin of the lateral boundary layer. Since the

predicted times are roughly inversely proportional to one-
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third the square root of the Nusselt number, factors which in-

crease heat transfer to confined fluids from flat plates (3

decreased f) might also be expected to decrease the time re-

quired to attaon a steady-state (a decreased ta perhaps).

This studyalso emphasizes the need for retaining a Prandtl

number in the "constant" in order to attain greater accuracy

of prediction, _

Goldstein and Eckert (1959) obtained excellent pre-

cision, a coefficient of variation of 1/2 percent, for

NNu/(NRa)l/4 for a flat plate with uniform, heat flux over a

1 to 108, but with a nearlyrange of Rayleigh numbers from 10

constant Prandtl number. This study seemed to verify Siegel's

predictions about the time required to establish steady bound-

ary layers.

Sparrow and Gregg (1960) investigated the criterion

for nearly quasi-steady free convection heat transfer in

gasses. For a gas with properties en = constant, (3k =

constant, cp constant and buoyancy force g( (3,; (3) of

$9- ('1‘ - Tm) with a solution expressed in terms of a stream

function which is an infinite series in specified dimension-

less parameters, the linear term only being retained, crite-

rion for quasi-steady flow to 5 percent or 2 percent error

are obtained . .

For 5 percent error

.1 '4».

y: ATV”; 40.0.33

LAT] L 9IATI

2.44
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For 2 percent error 7 << 9.013

or for a liquid if Too for gases can be replaced

by its liquid equivalent l/fl

 

d(Ta'Ti£) 1 [ X ]1/2 2.45

dt (Ts-T...) [25m T)

where (’1‘s - TOO ) is the difference in temperature between

the container wall and some unspecified reference tempera-

ture (at the same plane) in the core or bulk fluid. The

effect of an axial temperature gradient in the bulk temper-

ature upon this criterion should be explored. The appro-

priateness of these physical prOperty variations to food

fluids of Prandtl number 1 and higher should also be explored.

Upon examination of Equation 14 as eXpressed in Ball‘s

terms, it is found that f may be incorporated into this cri-

terion. Note that [1/(1‘.3 - Tun (d/dt) [(‘1‘s - T .0 )1 is

(d/dt) [in (T8 - T .0 )] or -2.50:5/r for Newtonian heating;

hence, for 5 percent error:

/2

.x ‘ -
/< / .

SWAT) 0'0“?) f(seconds<0'86 f(minutes) 2 46

for 2 percent error

1/2

x
m / / 2 047
8§(AT)] (0.0056 1' )<0o33 f

(seconds (minutes)

for quasi-steady convection, where a fluid with property

variation behaves like those of gases and PPr = 0.72. Since

the buoyancy force (:3 increases with temperature and the





viscosity increases with temperature for water, when tem-

perature difference decreases heat transfer, somewhat higher

f values might be required in order to equal quasi-steady

convection than indicated above. For this reason quasi-

steady convection might be-achieved early in the transient

steady-state process and unless f increased substantially

the laminar heat transfer rates might be exceeded later in

the transient process.

Hellums and Churchill (1962) investigated transient

heat transfer from a vertical flat plate. This investiga-

tion confirmed the transition from conduction to convection,

but seemed to indicate that the time required to attain

steady-state convection is about one-half thatpredictted by

Siegel (1958). A'slight decrease in heat transfer before

transition to steady-state convection, a decrease predicted

by Siegel (1958) and Gebhart (1961), but not detectable by

Goldstein and Eckert (1959) was calculated. This has been

attributed to a too thick boundary layer due to its accel-

erating growth. This could be attributed to inertial forces,

the same inertial forces which could cause the Prandtl num-

ber as well as the Rayleigh number to be important for pre-

dicting heat transfer rates.

ygtural Convection within Vertical

Boundaries

Some of the studies of natural convection have been

discussed earlier with regard to their implications for the

thermal processing problem. Here, however, the emphasis is
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on the form of the correlation. A wide range of Rayleigh

numbers could be encountered: in syrups and brines as the

liquids of convection heating food products, e.g., l x 106

to 1 x 1010 for a 4-inch high container, with temperature

differences from 100° down to 10?; lower Rayleigh numbers

would be anticipated with more viscous fluids or with par-

tially confined fluids in which the characteristic length

might well be of the same order as the equivalent diameter

of the channel or cavity. In both of these ranges compli-

cating changes in mechanism might be encountered, e.g., for

beverages the NRa range includes transition from turbulence

(or mixed turbulence) to laminar flow (at about NRa = 109

for flat plates, perhaps somewhat lower NRa for confined

spaces); for lower NRa there is a gradual transition through

several laminar flow regimes to conduction and some limiting

Nusselt number (NNu = 2 for the exterior of. spheres).

The form of some of the equations which have appeared

in the literature and their range of application are sum-

marized in Table 2.1.

The formulas of Table 2.1 are but a few of the many

heat transfer correlations for various natural convection

geometries. The apparent differences between them (even

for the same flow region and geometry) and their similari-

ties are both of interest here.



ihELEEhlJ--Some reported correlations for natural convection
from vertical surfaces

 

 
 

I. Fiat Plate

A. laminar Flow

1. Eckert and Drake (1959)

(NNU)X=O.508 Nprl/2(Oo952+KPr)-l/4(NGr)xl/4

where h = 4/3 hx

for low NPr

2. McAdams (1954)

* - ~ 1/4 ,. 1 4(NNUL)f -' 0059(NGr)f ,\Iupr)f /

104< NR3 4109

3. Jakob (1949)

a. Jacob and Linda (1953)

NNu = 0.555(NGroNpr)l/4

b. Touloukian et a1. (1948) (for large diameter
cylinders)

NNU = 0.726(NGroNpr)l/4

205< NPI' < 120

2 x 108<(NPI, - NGr)‘ 4 x 1010

B. Turbulent Flow

1. Eckert and Drake (1959)

(NNu)X = 0.0295(NGr .h3/5[1+0.494(rpr)2/5]‘2/5

2 . McAdams (1954)

w = ., 1 , 1/5(iNuL)r O.1é(NGr)f é? (Npr)f

9 2
10 > NPI> 10

5. Jakob (1949)

a. Jakob and Linda (1955)

1 _ . 1/5
NNu - 0.129(NGr Npr)
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TABLE 2.1--gphtinneg

 
 

II.

b. Touloukian §E_§13(1948)

1) NNu=0.0674(NGr - NFrl'29)l/3

2.5<NPI,<120

4 x lOlO<NGr< 9 x 10"

2) Nu = 0.086 (NGr . Npr)l/5

Same range but with detectable dif-
ferences due to NPr

vertical Confinement Only

A. Laminar Flow

1. Kraussold (1954) for ke across vertical air layersr thick

k

0.29
a. e _ . ,

7?. — 0'11 [(NGr}thr)

3
66 x 10 <:(NHa)r<:1O

k
b. e _

O.(O

if.“ 0'40 [(NGr)rNPr] a

6 . r 8l X 10 < (I\I{a)r<10

McAdams (1954) for flow across vertical airlayers 06 thick.

' n

, z w . ‘ 1 9

for 2 x 103.:NGrazsxlo4; b/L:>3,C=O.20, n=1/4

5for 2 x 10 <3NGriil.1x107; 0:0.071, n=1/5

Jakob (1949) recommended C = 0.18 and 0.065for the above ranges, respectively.

Nieman (194s) in Grober et-ai. (1954)

k

‘1; = l + m(NRa);2_

(NRa)b+n



TABLE 2.l--Continugd

 

 

  

Q

——:-—‘
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for Ra < 108

m = 0.0256

n = 1.01 x 104

r = 1.595

5. Bodoia and Osterle (1962)

b ‘_ /

{hL = Nu = 0°680[NPr1/4(NGP>:/4 24/4

L Atk average L J

 

105 to 104

This compares favorably with Elenbaas (1948)

B. Turbulent flow

1. Siegel and Norris (1956) . 1
Heat transfer for a two plate when l x 100

«(Nga<il x 10lo was greater than that for laminar
flow and uniform/heat flux. Siegel (1954), i.e.,
Nux = 0.455 N.a I4, was approximately correlated
by Jakob's fogmula for turbulent flow but with an
intermediate slope, little or no change for two
heated plates when the bottom was closed, the
same effects were observed when only one plate
was heated, except that heat transfer was more

seriously reduced by close plate Spacings.

III. Spheres

Internal turbulent flow for alcohol, glycerol and water.
(Schmidt, 1956)

_

0.545NNuD‘ 0.098 (NRa)D

IV. Closed-End Tubes

A. Laminar Flow

1. Lighthill (1955) predictions

w _ n P n n
(“Nu)r - k’n (L9 (NRa)r
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TABLE 2.l--Continued

for NRa<14 x 105, n = l

for 4 x 103<1NRa, but laminar, n = 1/4.

2. Martin and Cohen (1953)

a. For Glycerine

)

5

l) (N. T w

Ha)r

6

l"

decreasing stagnation in this region.

2) (NNu)r

_._. r r 0.28 . 0.2a

2.2 x 104‘:(NRa)r‘<l'4 x 106

Oscillation of temperatures occurred in

this region.

b. For Water and Air

In the first region above the behavior is
similar, but larger constant except for large
brief dr0ps in NNu at (Ra)r at about 2 x 10 .

5. Martin (1955)

, _ r

a. (“Nu)r _ C(NRa)r(EJ

C1 = 0.00152 for BOO<:NPP <1100

C1 = 0.00112 for lOOO<;NPr<;7600‘

for (NRa)a‘<l x lO5

Decreasing stagnation in this region4which

vanishzs at an NRa of about 1.5 x 10 to

2 x 10 .

. _ \ r 0.28

b' (NNu)r ‘ Cl [(Naa) 1']

C1 = 0.42 for 66<<Npr<1570

02 = 0.44 for 69 <NPr<590

2.1 x 105‘ (rqpr)r<1.e x 107

:an oscillatory region.
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TABLE 2-l--Continued

B. Turbulent flow

1. Lighthill (1955)

Predicted transition.at NRaof about 1 x 104

(but somewhat later for small L/r ratios)

with an immediate drop in heat transfer rate

to a region having a slope of about 2/5 fol-

lowed by a jump, but similar slope, to turbulent

flow not filling the tube at successively larger

NRa as the L/r ratio increased.

Martin (1955)

a. Transition from laminar boundary layer flow

(at high NPr)(Transition at (NRa)r of about

3 x 10 )

_ . , .4
(N )r — 0.0535(3Ra)r
Nu

75‘~NPr<:200

5 x 105<1(NRa)r<:5 x 106

L/r = 47.5

with laminar core flows.

b. Transition from laminar impeded-flow regines.

This transition was referred to in Martin and

Cohen (1955) laminar flow study.

0. Fully mixed turbulent flow. There is a gen-

eral absence of the prolonged drop predicted

by Lighthill (1955) and similarly no large

Jumpo

Eckert and Jackson (1950) in Jakob (1957)

The turbulent flow formula for the flat plates

cited in Eckert and Drake (1959) (See above)

was derived to solve a problem of thermo-syphon

tubes with large superimposed body forces. 1t

satisfactorily fitted eXperimental data for

vertical flat plates and cylinders but not the

data of Fuchs and Diagula (1950) which was in-

dependent of (NRa)L for the snail a/L investigated.
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In all instances there is appreciable conduction at

low N This is reflected in the lower limit of the formulas
Ra'

for laminar convection on flat plates, for heat transfer across

channels, and the linear dependence of NNu for closed end tubes

as the flow commences and begins to fill the entire tube. At

higher NRa, the laminar convection is established such that

NNu is proportional to about the fourth root of NRa in all

geometries. Some of the differences within a geometric system

maybe attributed to a shift in the establishment or rate of

heat transfer due to property effects. It would appear that

a correlation of heat penetration data in this region should

allow for this effect.

Transition to turbulence appears to be a complicated

phenomenon for confined fluids-~more complicated than for

flat plates or large diameter vertical cylinders. In the

latter instance turbulence with its thinner boundary layer

(a larger power of NRa) seems to generally promote heat

transfer as in the case of fluids in thermo-syphon tubes

and perhaps in food containers as well if the Prandtl num-

ber is sufficiently large to permit a laminar boundary layer

to be established before the onset of turbulence. Such a

turbulent boundary layer for large diameter tubes might be

approximated quite satisfactorily using correlations for con-

~vection outside flat plates. If a laminar boundary layer has

not formed throughout the tube, there may be mixing and inter-

ference between the core and the boundary layer sufficient
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to choke flow in the core and return warm fluid to the bound-

ary layer earlier and hence reduce convective temperature

differences, although the boundary layer itself may be thinner.

Such a mechanism might be responsible for the decreased in-

fluence of the NRa at moderate values in what would have been-

a laminar region for flat plates, but appears to be a mixed-

turbulent region for thermo-syphon tubes. In any event, in

both of these latter confined geometries the effectiveness of

N39. appears to be reduced from the 1/5 to 2/5 power dependence

observed for flat plates. The NPr also appears to a higher

power in turbulent flow. This is a reflection of the increased

transfer of heat capacity by bulk transport, reduced conduc-

tion, and less influence of viscosity in this domain.

Mural Convection with Horizontal

Boundaries

Some of the relations for natural convection will be

I cited later, but in relation to the flow eddies at the bot-

tom of the container and the position of the slow point.

Here the interest is principally in the magnitude of heat

transfer in order to establish the relative contribution of

the lateral and horizontal surfaces to overall heating. Such

information would assist in the development and later dis-

cussion of a correlation for f, j, and here particularly for

the slow point position, since experimental studies in theme-

Syphon tubes indicate it to be very close to the bottom of

the tube.



Some of the correlations for convection from and be-

twmmxhorizontal surfaces are summarized in Table 2.2,

.Once again there is a relatively large apparent differ-

enaeamong investigators, in spite of the great care taken by

that, Despite these variations, it is evident for laminar flow

that the Nusselt numbers, which are based on plate side length

for single plates or on plate spacing for parallel plates are

perhaps 40 or more percent lower than those for vertical plate

munosures but may or may not be reduced kbut not as exten-

sively) for turbulent flow. Reversal of the orientation from

heating(cooling) of plates facing upward (downward) is seen to

reflux the heat transfer still further by similar amounts. In

Hueturbulent range the correlations for vertical and horizon-

talgnates are relatively independent of the characteristic

dimension. Since the appropriate AT may well be the cold point

difference, the relative contribution of bottom and lateral

mufhces might be the product of their relative areas, i.e.,

r/(2)(L), e,g,, 1,5/(2)(4,5) and their relative constants--

aboutl/Kl.4) or about 12 percent for a 300 x 408 container

and perhaps 17 percent or more (based on plate and tube char-

acteristic length of Vflrz and 2a, respectively),

Further, since the characteristic length for food containers

might well be the slow point height, the relative heating

contribution of the bottom and the top may well correspond to

this position in the container, and hence be from 15 to 30

Percent,
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h5fl£22.2.--Some reported correlations for natural convec-

tion from horizontal surfaces

 

 

 

.0»-

I.Eflngle horizontal lates (McAdams, 1954Jafter Fishenden

and Saunders, 1950

A. Heated (cooled) plates facing upward (downward)

1.1mminar flow 1/4

(NNu)f ='°'54 (NRa)f, T

105< NR8L < 2 x 10'7

2. Turbulent flow

— __ 1/3

2 x 107< NRa < a x 1010

B. Heated (cooled) plates facing downward (upward)

1. Laminar flow

— .. 15
'(NNu)f ‘ 0'27 (NRa)f /

5x 105.: NRa<3 x 1010

2. Turbulent flow

no correlation available

II.Vertically confined horizontal layers heated from below

A. Creeping flow

1. Jakob and Gupta (1954)

(NNulf = 0.300 (NRa)1/4

2 x 15:3 4 NRa 4 1.5 x 105

2. O'Toole and Silveston (1960)

(hm)f = 0.0238 (NRa)f0'816

£299 S NRa g-ggifii

B. Laminar flow

1. Jakob and Gupta (1954)

as A(l) above or

(RNu)f = 0.5615 (NRa)fl/4(L/D)O‘058

L/D s 1.5

2. Poots (1958)

(fiNu)f = 0.17 (NM)f

N33 > 3500'

3. O'Toole and Silvestog égg60)

(NW)f = 0.229 (NRa)

3.5.9.0 :3 NRa < 105

0. Turbulent flow

l/5°
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TABLE 2 .2--Continue_d_

 

 

M

(NNu)f = 0126 (NR3 )fl

5 x 105 < NRa <.3 x 1093

2. Globe and Dropkin (1959)

(NN11):. = 0.069 (NRa)l/5(Npr)o'7
4

1.5x1o5R<NRa<6.
81108

0.02 < Npr< 8750

5. Malkus

(RN111.) = 0.085 (N38

4. Nieman (1948) in Grober, Erk, Grigull (1957)

1.555

K. = 1 + 0.070 NRa

' k N.28L + 5200

 

‘ e
NR£I>lO

5. O'Toole and Silveston (1960)

_
0.305

0.084

(qu)r “ 0‘104 (NRa)f (NPr)f

105 4 NRa 4 109

 



On the Prcipsed Lumped Newtonian

Convectfim Model

 

The temperature of the product can be shown to be a

function of the Biot numbers NBi at the surfaces of the con-

tainer, the Fourier modulus of the container (from Equation

2.35), a Fourier modulus of the product in which the charact-

eristic length is the depth of the fluid and the Nusselt num-

ber of the product (from Equation 2,36). (In these Fourier

moduli the differential time dt is presumed to be the time,

The roots of the analytic solution of an analogous

problem, heat loss from a room, seem' to be expressed in terms

of Biot numbers and capacitance ratios alone (see Equation

2.22), but these capacitance ratios may also be formed as the

ratio of the product of the Fourier moduli and the Biot or ‘

Nusselt numbers, respectively. In the lumped capacitance and

the lumped capacitance and resistance models the time constants

(Equation 2.24) may be expressed in terms of resistances (or

Biot numbers) and capacitances alone, Then it would seem that

the Fourier moduli and the Nusselt number might eliminate the

capacitances. Equations 2,28a and 2.3% show that the Fourier

moduli appear in the relations of f and 3 only at relatively

short times, For this reason Fourier moduli and Nusselt num-

ber effects upon the apparent fmay be attributed to slow con-

vergence (or perhaps a changing film coefficient) as the heat

penetration data may be presumed to represent the asymptote

having a slope f ,
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In the consideration of the engineering studies, it

wasrmmed that the relative contribution of the various sur-

faces and the NPr effects on each of these should be accounted

for. The container could of course be partitioned into a trun-

cated paraboloid and the residual part of the finite cylinder in

order to pr0portion the capacitance for each surface and in-

corporate the film coefficient equations for these surfaces

into the lumped capacitance and, resistance model. . For ease

hzcomputation, however, the equation for f is arbitrarily

assumed to be of the form:

f

where'hx

 

2.505 (MEL) n 2.48

hA Nc+lx .

1 hL hb ’2.48a

1__ -+ -+.__

(3.; +4.3.)(2Li-r) ?I." r J r

ho Rw

D
" I
I

2
1

l
l

n =3

external coefficient determined from separate

experiments

internal coefficient on lateral surfaces

internal coefficient on bottom surfaces

fluid pr0perties

heat capacitance ratio

an experimental exponent (less than unity)

It is further presumed that the film coefficient are

in the form:

bl:

hb =

955.01 mm.)m (NM)P (pa . 2.481:

gag (NPr)3 mm)" 2.48c



 

If it is further presumed that the convection from the

top and the bottom will be in the same flow regime, i.e.,

Nita controlling, and hence s and p are equal, this can be

seen from the summaries of the heat transfer correlations

thatthese relations can be further simplified

7r 2 .2 303‘ x4, P 2 0V. Mew/”- 2

. [67.10, %//2f;/’§’d%f%mjzf’ . 2.49
. ‘~ ”I

(24;; 4457?)” f/

This formula form seems to retain the lumping concept--

simplified somewhat with capacitance lumping by use of

Nc/(Nc + l) n factor. The values CF and the capacitance

correction factor components could be determined fairly

readily from water-like product and glass (or tin) properties.

The heat flux has been partitioned into a container--heating

medium and a product-size-shape component, each of which con-

tains a shape correction of similar form, i.e., G5 tb(£') .

In this proposed correlation there are seven experimentally

determined constants; hence, many different experiments would

need to be performed under a wide range of conditions in

order to determine these values. Fortunately, some of these

constants--perhaps all except n, G, and 02, could be made

identical to those for reported engineering studies for the

same approximate flow domain in order to evaluate through

G1 and G2 the appropriateness of these substitutions.

If the local (i.e., slow point) temperature is not used
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V

an x/L factor and perhaps a radial position factor would need

.to be incorporated into the correlation. (The position of the

line at tp is fixed and the tangent slope (-l/f) can be computed

using Equation 2.48, but a correlation for j seems to require a

knowledge of the initial transport lag, then stepwise calcula-

tion of u as a function of time, Because log jp 3 u - :2 , and

ta I f log j, ta 0 fu-tp,

h

The slow point position might be correlated in the

following form--a form which is suggested by solving for the

vertical plane at which there is no overall not heat trans-

fer for plug flows, i.e.,

 

P 1' 9'
2 .50x ' 91(NPr)m(NRa) (r) 1'2

- a 3 ‘ s v tor L 92mm.) (NR3) 2rL

x 61 m-s ' - r (1+1 2.50s
_ = -—

P V _
L 64(92) (NPr )(NRR) (L)

4

This is, of course, a simplified case, a case of no negli-

gible wall resistance and large exterior film coefficient.

Note that if x/L does prove to be a function of NRa then

NRav-p Would be expected to appear in the second term of the

internal film coefficient correction factor. If the natural

convection domains (e.g., turbulent or laminar flow as con-

duction) for the bottom and the sides are similar and if the

‘quantities m-s and p-v vanish as they might under these cir-

cumstances, then- the slow point position is a function only

01' container shape, flow domain, and container orientation

¥
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(i.e., tops up or tops down) where the ratio Cl/C2 reflects

these last two factors.

A more exact relation might be:

1‘ l 2 AX l 2

3:: G 02(NPI') (NR8) k ho bOttOWJTrr5

. vac—c - T

k

—_‘

L

1
[

+--)-(-+ 1 J2er

k

 

 

 

2.500

 

T —01(NPr)m(NRa)p i. ho side
t
"

G2(Npr)a(NRa)n(2AXh-o + kc) + (kh9)bottom3
m

01(NPr) (NRa)p ; 9(AX0 + kc) + (kho) side

 

 

r G
'

o l
-, - /I’ (a h Side 1

.[-warwvr) ° —— —L G L ho bottom 2 2.50d

Kariable Fluid Properties

_Th_e Sullivan and Holland (1961) approach.--These

investigators have used some quite good assumptions as to

tfilllperature induced property variation--these include a

linear specific heat, an exponential variation of viscosity,

. the SOmGWhat less precise. assumption that (k/Cp)1-b is a

linear function of temperature and a linear chan8° or 1‘wall '

a“161 ho a steam film coefficientuand an artful choice of
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transform variable to reduce the equation for the area (time)

required to reduce the emperature difference to a given level

to an implicit function of temperature. This function is

Quite involved as the exponential integral function of com-

plicated arguments is involved. One iteration is used to

correct for the temperature drop across the wall.

An unsuccessful search for a transform or prOperty

dependency assumption to reduce the natural convection equa-

tion was undertaken ,during this present investigation. The

problem is essentially to reduce a function not simpler than

 

h

f 2e-
T

“ b

but realistically [ dT _177 n to an

[(81+b1T)(a2+b2T)a3p ]

integrable form.

The term I bT-ndT for temperature could be reduced

by the usual log differentiation strategem to produce the

relation for a power dependent temperature difference. Such

a strategem, but for a linear change in film coefficient, is

illustrated
below.

Linear change in film coefficient.—-A linear change in

film coefficient, a simple case, was examined in order to

have a Simple way to show the effect of such variation-

From a heat balance on the central core (neglecting

container and film capacitances)

 



dQ/dt = UMTl -T) = CPVdT/dt

(ii: _A

mayor 0”

assume U = a*(l+b'T)

 

_dT =Adt

a1(l+blT)(Tl-T) cev

Ehrseparation by partial fractions the problem becomes

1 Tar (T bldr _ A
--—-t&I(l+blTl) TO(T1-T) fro (1+bIT) va

 

H . T -T U A
ence. 1n(Tl ) 1n .6. _ (“)vlt

l’To o CFV

and: u. : 2‘ t -t/fhl

u 0
a

New

-- infill: = alum/”91 - Elie’t To-To o/T c v

Where :1 lnwflln) = 1 CHU U ) = P2 1 (0+a1b1)
d t

U/Uo ‘dT
U Uo

I ,3
." U
'

H

and from (1)

air __ our -T)

rem—ae—
orxwmn the above have been substituted

 

°’1“ (Tl'T) _ A(U1-U-Uo) _ -AU

°’t (Tl-To) ‘ CFV CPV

20510

2.52

(
\
3

o (
I
1

C
»
:

2.54

2.55

2.56
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A

 

   

therefore r = 2.303 £53L.
2.58a

- ' qe_

f = 2.303 c v
2.59s

01K

rcw th L: t = ln U(t
0 e ’“P’ ._2.)__-§Hl t +t(-)(-)AU(t)2.GOa

T(t ) crv p .3. EL.p
0 cev

OI‘

Ln =ln U(t + ..Jtp E) A» (U Ul)tp 5 60b
Uo cev

flunefore the true 3 = Ul/U:
2.61

f (1+bT)=(T1-;e
2.52

(1+bT0)

U _-

063

=-iob ?

UO

This little exercise, completed earlier in the investi-

gation, was incorporated with the geometric sensitive thermo-

SZy‘phon tube film coefficient correlations. It satisfies the

requirements that can factors be temperature dependent, Jbeing

a f“fiction of changing flow domain and container r/L ratio (to

‘ifiwwer) and that r and j be inversely interrelated by reason

01‘ variable film coefficients. The requirements are imposed

by the conclusions from an analysis of the literature. The

Proposed correlation presented previously also meets these



requirements and incorporates other factors such as relative

contribution of surfaces and. container capacitance as well.

Dimensionless property change factorsw-The form of
 

the prOposed correlation might be further simplified by re-

moval of the u factor from the NRa and the viscosity/u from

N a and NPr and introduction of reference viscosity, a ref-
H

erence temperature, and a vo/(VlAT) factor when V0 is

the viscosity at a reference temperature and “V1 is the tem-

perature coefficient in order to use an initial reference

fluid, initial temperature difference, and property change

variables instead of computed NRa and NPr at a specified

point in the transient process.

The Plug Flow Model

The concepts of a plug flow model have already been

utilized in the proposed Newtonian model correlation for the

slow point position and the. proposal that f (approaching the

slow point from above or below) be considered a function as

the x/L ratio.

The heating of a container of a low viscosity liquid

product, e-g., a beverage, is much like the heating of a

composite slab from the top and the bottom if a uniform width

Plus is assumed. If this last assumption were true, the f

.led be expected to differ due to different effective dif-

fusiVities of the descending and ascending plugs: m” to be

unii‘orm in each region. Although this uniformity is not the
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case, the model is not necessarily inexact, The variation

might be attributed to either a space dependent property varia-

tion although actually the convection velocities might be de-

creasinguthis would cause f to increase as the position lag

away from the surface increased-- or due to a time dependent,

effective film coefficient at the top or bottom of the container

which causes convergence to make f appear to increase as the

slow point is approached.

The j values for such a plug model would be anticipated

to be equal to or belowthose of a composite slab heated at

both surfaces by a transiently heated thick skin, a time de-

pendent contact film coefficient. That is, j would be antic-

ipated to be 1.27 or lower for such a model, Larger j values,

therefore, are a sign that there is appreciable radial con-

duction across the boundary layer. Unfortunately, this hypo-

thetical composite slab model is not orthogonal with the

radial flow model (even for a negligible lateral contact

resistance) .

Other Approaches

Hammitt (1957, 1958a, 1958b) has recently formulated a

computer program using an analysis modeled after that of

Lighthill (1953) for transient convection with no initial

transporting in a finite cylinder with the heat absorption

equated to an internal generation term of an earlier study,

The possibilities of such an approach were seen from the

earlier study, but its extension

l—___
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to the problem here was and is beyond the scope of this dis-

sertation. An extensive analysis and experimental program

was instituted instead, in order to clarify the problem. Now,

however, if higher precision were desired or a program gen-

eralized enough to permit adequate treatment of the anomalies

encountered with most food products could be formulated a

computer could be used profitably.

Property Values and Lengghs

Many of the property and geometric considerations have

been discussed at length above and some of these have already

been incorporated in the prOper correlation form.

A substantial problem which remains, however, is the

choice of a reference temperature suitable for estimating the

film thermophysical prOperties.

For the moment, let us consider only the ”local" film

coefficient and assume that the quasi-steady state analysis

is a good estimate. Sparrow and Gregg (1958) found a satis-

factory reference temperature heat transfer by a gas with

Special preperty variations, Tt = TV, - 0.38 (Tw - T00) and

that this reference temperature was a good estimate for some

other property variations as well. Moszynski (J.R., in dis-

cussion) illustrated that estimates made’ with the usual un-

weighted means are not too widely divergent from the above.

This latter estimate, the mean of the wall, and the bulk tem-

perature will be used here.

The overall local temperature differences will be used

as a reference buoyancy force for its convenience rather than
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its appropriateness. It is difficult to formulate a concept

of an improved temperature difference, moreover. The impli-

cations of the Sparrow and Gregg (1958) study of the effect

of a non-isothermal free stream on boundary layer heat trans-

fer will be introduced later in a discussion of the particular

experimental systems .

Conclusions

The treatment of the problem of transient natural con—

vection in food containers has been examined from the view-

point of a modified Newtonian heating model. In light of the

known departure from the Newtonian model, due to large axial

temperature gradients, it can be seen that the approach

should not be pursued too far. Exact answers for an inexact

analogy could be attained.

The above treatments can be restated in terms of electrical

analogies as shown in Table 2.3 as suggested by Sunderland (196.3) ,

It can be seen how inexact are the models currently available. Even the

model proposed here is electrically rather simple. Its

principle contributions are the combination of parallel flow

through walls which have capacitance and steady-state resist-

ance, steady-state exterior resistance, and quasi-steady-

state internal resistances to a fluid with capacitance that

g is a combination of moderately acceptable oversimplifications.

Since this model only gives insight into the behavior

of a local temperature changenpresumably the cold point--
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and its location, other approaches should be used to obtain

meaningful estimates of J, or better, the temperature history.

Also, quasi-steady film coefficients and residues may prove

not to be satisfactory assumptions in practice. In addition,

when in the future analogue or digital computers are applied,

‘some provision should be made to account for the circulatory

pattern and particularly the establishment of convection.
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TABLE 2.3 Bloo'trioal analogy of modified newtonian heating models.

(1) Jones (1931). Schultz and Olson (1939). Ball and'olson (1957) Model.
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(2) Hamill Model (1948)
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IABIE 2.3 Continued

(7) Thermocouple-Inhjithout Resistance:

 

A A, 'l fl a. i H SwpcMmge

in voltage

fihn wall film product

product

(8) thermocouple-well lith Resistance

A A va—lf—W—W—{F—SWP change

     

 
 

in voltage

film
‘11 fluid

(9) A Tentative Approach

Sides .

n
tep change

---~ Bottom ‘
in voltage

W—[MW]

film tells '1

Variable internal

film conductance



SECTION III

THE EXPERIMENT

The experimental phase, of this investigation was under-

taken to examine some of the relationships governing natural

convection heating of. liquids. The aspects of the phenomenon

.of particular interest were those whose effects appeared to

be detectable in practice in spite of product and come-up

variability. This phase was undertaken concurrently with the

other phases (after a literature appraisal of’ the problem

areas), in the absence of a proven correlation of thermal

transport prOperties and characteristic dimension on the heat

penetration parameters f and j. The aspects investigated,

therefore, were not oriented towards the establishment of a

correlation but towards the understanding of unanswered ques-

tions and an appreciation of the certainty (or lack of cer-

tainty) of the flow and temperature patterns for this system.

The first problem was the resolution of the effects

of initial and processing temperature on heating rates into

the effect of temperature difference on natural convection,

and the effect of the most temperature dependent transport

Property, the viscosity. .In earlier investigations for con-

vection heating, differences in heat penetration correspond-

ing to different final or different initial temperature had

3-1
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been observed and for conduction heating the f approached

those corresponding to the thermal properties and the final

temperature, and Joslyn (1928) had found an empirical

correlation for viscosity effects alone.

The second problem was that of the effect of wall and

exterior film resistances on the rate of heating. This prob-

lem will be shown to arise in the use of conversion factors

(either convection or conduction) between glass and tin or

between glass containers, in heating in steam-air mixtures

and cooling canals, and may even arise in the processing of

metal containers during come-up tim9 in commercial retorts.

The third problem was the effect of container geometry.

The finding of Nicholas and Pflug (196 ) that the surface-to-

volume ratio, rather than the reciprocal relationship pro-

posed by Schultz and Olson (1938), gave better predictions of

the f parameter was disconcerting. The appropriateness of

incorporating length to diameter ratios in a 'modified'

Rayleigh number NRa or of using other shape factors as char-

acteristic lengths also had not been confirmed.

Preliminary and substantiating experiments were per-

formed to help answer some of the other preliminary questions.

These tests ultimately included: (1) a study of temperature

profiles during the inception of convection; (2) a comparison

61‘ the resultant temperature profiles with dye velocities

using the techniques of Fagerson (1950), with Fagerson's
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films of dye motion and an experimental appraisal of the

techniques of Tani (1940); (3) a check on the breadth of the

central core, using horizontal temperature profiles; (4) a

calorimetric study of the mixed-mean temperature; and (5) a

careful but cursoryocheck of temperature histories at long

process times . '

The Experimental Design
 

Temperature and Viscosity Effects

The separation of the temperature difference from the

property effects can be accomplished by either(l) the use of

a relatively constant viscosity fluid or(2) by choice of tem-

perature levels so that the temperature difference effects

were compared at the same viscosity level. A relatively con-

stant viscosity fluid was sought among fluids for which trans-

port processes were generally available. Although Bromotol-

uene was indicated to have a low temperature variation due to

temperatureflerry, 1950), none of the commercial samples of

the several isomers seemed to be substantially less tempera-

ture dependent than water. Glycerol, ethylene and propylene

glycols as well as glycol ethers also were not substantially

superior. The most promising fluid found, a commercial sili-

cone fluid of the same viscosity range but approximately one-

half the temperature coefficient of water, was not used, because

the substantial size of the experimental program made prefer-

able the use of only two fluids-«water, and 50 percent sucrose

by Wight, fluids for which heat penetration data was available.



The choice of temperature level(f1uid property values)

at which to compare the effects of temperature difference, how-

ever, presumes that the experimentor knows what temperature

difference and property level are controlling, There are at

least three different levels at which to examine the effects

of NRa' however, for it has been suggested (1) that the initial

Rayleigh number ”Ra affects the onset of convection, (2) that

some unspecified quasi-steady Rayleigh number during equaliza-

tion affects the flow regime, and (3) that conduction, known to

be controlled by fin'alproperties, rather than convection, is

ultimately controlling, For the purposes of overall contrasts

of the effects of initial temperature difference it was assumed

that the properties at the mean temperature were controlling.

This assumption permitted the choice of two successive equal

temperature differences, namely heating from 60°F to 120°F, and

120°? to l80°F and the overall temperature difference 00°F to

180°F as treatments so as to provide orthogonal contrasts of

the effect of initial temperature difference for equal mean

temperature and of the effect of viscosity change correspond-

ing to a change of temperature level of 60°F, Other meaning-

ful contrasts,‘ such as the effects of viscosity at‘the initial

or final temperature can be made, These comparisons are not

statistically independent of one another and are not indepen-

dent of the temperature difference comparison (Walker and Lev, 1953),

The above contrasts of the effects of viscosity level

Provided a test of the practical importance of considering the

change in viscosity when it is desired to process at a new
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temperature level, The effect of viscosity level alone, and

the viscosity-temperature difference interaction, can be

tested at larger differences in treatments if two or more

fluids of greatly different viscosities are used,

Containers and External Film

Resistances

The reduced heat penetration which results when a con-

tainer of large' resistance such as glass is used instead of a

metallic container has long been recognized, (A similar re-

duction due to exterior film resistance has also been detected

occasionally) The problem here is not so much an experimental

survey of glass/tin factors but thepartitioning of overall

heat transfer resistance into its various components, The

problem then is an evaluation of the approach of Merrill(l948),

If the heating lag of the container is small and the external

and‘container resistances are known and a Newtonian-like heat-

ing model is assumed this approach of partitioning the overall

heat transfer resistance permits an examination of the residual

resistance due to transient natural convection of the product,

Since both forced and natural convection were antici-

Pated to be important, the contrast between a low and a high

container-exterior film resistance was to be obtained using

glass and tinned-steel containers rather than a change in

agitation rate, This contrast was limited to one container

I size since Townsend M, (1949) had made detailed can/glass

factor comparisons under commercial conditions.

The external film and the container resistances required

 



for estimation of the internal film resistance were deter-

mined by an experimental investigation of quasi-steady-state

exterior film coefficients on the surface of can shaped metal

cylinders and from measured container thicknesses and their

nominal physical properties.

An estimate of the forced and natural convection con-

tribution to the external film coefficient was obtained by com-

paring film coefficients with and without agitation of the heat

ing medium, This estimate was obtained only in one of the

several baths used, the 180°F large water bath,

gontainer geometry .

There are two approaches used to describe the effects

of changing the shape of a cylindrical vessel-~the surface-

to-volume ratio or its inverse, and the length to diameter

for so-called "aspect" ratio,

2 Although control of either shape parameter was feas-

ible the aspect ratio factors and in particular a nearly con-

stant height was chosen for convenience, The nearly constant

height of some relatively widely encountered sizes, the eight

02,, sixteen 02, and the twenty-eight oz, containers permitted

a large change in diameter (volume) while permitting nearly

direct contrasts of heating rates at corresponding positions

using only one special multiopoint rod, This rod was also

. used for the standard quart (32 02, size), an intermediate

diameter but nearly double the height and for the 22 oz,

cylinder jars, Heat penetration rate data for the upper por.

tion of the container were sacrificed, of course, These
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additional containers permitted a contrast of the effects of

container diameter versus container height, The diameter

series was expected to reflect principally the rate versus

capacitance concept inherent in the length to diameter ratio

while the individual height comparison was anticipated to

reflect principally the known effect of length of heat trans-

fer surface on the rising fluid film,

Glass rather than metal containers were used for the

geometry studies, The use of glass had several advantages,

These included: (1) the availability of comparable data (for

small come-up time) for acid fruit and vegetable products very

frequently processed in glass; (2) the transparency of the

container which permitted the use of the same container for

visual studies of flow, observation of the position of the

multi-point thermocouple rods, and visual checking by refrac-

tion (as in the case of convecting air) to assure that strat-

ification of the syrup (and settling of the bentonite in a

companion study to be reported elsewhere) had not occurred: and

(3) the relative ease of affixing the Ecklund (1949) thermo-

couple packing glands to the closure and sealing of the container,

The Resulting Design

The nature of the natural convection phenomenon placed

 

certain restrictions on the design of the experiment. Earlier

in the analysis this investigation was limited to consideration

of transient heating of homogeneous liquids when the come-up

time was negligible, Here the anticipated natural variability
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of the heat penetration data and the sensitivity of convect-

ion to variation in techniques and equipment performance sug-

gested that the experiments be conducted during a limited

period, that the experimental conditions be prescribed (or

described) precisely, and that a moderate number of replica-

tions, such as six replicates, be used as control measures,

Local temperature histories supplemented by secondary

flow experiments were to be the principal data obtained here,

These temperature data were to be taken as gross indications

of flow and temperature patterns at the central core, Since

Nicholas and Pflug (1960) have indicated that the so-called

cold point may vary throughout the process, small convenient

increments (here'l/z inch) were desirable in order to detect

“611 movement, For the more common pint-sized containers

this 1/2 inch increment requires nine different measurements.

The resulting experimental design is shown in Table 3,1,

It represents a compromise between a desire to test the tem-

perature response at each of two or more levels for each of

the factors mentioned above and the overwhelming number

(fifty-four) of heat penetration curves generated in each

treatment: a completely factorial experiment of two fluids

x two temperature differences x two temperature levels x two

wall resistances x two heights x three diameters would have

_ required ninety-six different treatment combinations, In

8Pite of these compromises so much data was generated in this

investigation that the corresponding cooling studyo-a complete

replication of the above, the bentonite study and the mixing
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TABlE 3.1 Experimental treatments. Six replications were made of

each treatment combination
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study must be reported at a later time,

The experimental conditions of the secondary experi-

ments are also shown in Table 3,1, Most of these are con-

ducted using the-conditions of the same temperature treatment

to water in 16 oz, glass. 3

'The selection of the specific levels of these variables

will be discussed in later portions of this section,

Materials

The Fluids ’ '

Distilled water and 50 percent sucrose solution were

chosen as the fluids in these tests for their known thermal

properties and their dissimilar viscosities and because they

2 represented the class of Newtonian fluids found in commercial

‘ practice in juices and brined or syruped. products,

The Rayleigh number, NRa" which will enter into later

discussion, is shown in Figure 3,1 as a function of tempera-

ture, Certain other transport properties of these solutions

are tabulated in the Appendix, The properties for sucrose

were compiled from many sources, The specific heat and\

thermal coefficient and density, perhaps the most question-

able of these data, are also shown in the Appendix,

The Containers .

Specifications of the glass containers used in this

investigation are given in Table 3,2 and 3,3, Standard 303 x

407, i,e,, 3-3/16 in, seam 0.0, x 4-7/16 in, overall height

cans were also used,
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Apparatus

The Waterbaths

The laboratory water baths used in the principal ex-

periments are illustrated schematically in Figure 3,2, The 24

x 48 x 15 in, bath has been described by Pflug and Nicholas

(1960), Prior to this study the bath was modified by the add-

ition of an overflow at 11 inches above the bottom and a second

line pressure reducing valve, which gave about 20 percent im-

provement in control, The earlier bath had had a point-to-

point variation of less than :1,25°F and a standard deviation

at any one point of about 1,25°f, The agitation in this bath

is provided by a Lightning Model L electric mixer with a 2 in,

disk propeller placed about 11 in, from a rear corner of the

bath at an 8. in, depth” The containers were placed in the

center of the bath and were centered on the mixers,

An electrically heated 16 x 21 x 17 in, deep insulated

120°F bath and a water-cooled 21 in, LB. X 18 in, 60°F tank

were also used, The temperature variation within these baths

. was about 60 percent of that of the other bath, The Model L

mixers, with the same propellers, again at an 8 in, depth, were

centered and placed 4 in, to the left of center respectively

on the rear of the baths,

In all of the baths the containers were placed about 5

in, apart in 3/8 x 1 in,, 18 gauge, diamond-mesh galvanized-

”991 baskets (9 x 12 x 2-3/4 in,), These rested on other

baskets at an eight inch depth.
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The large 180°F water bath described above was used as

the heating bath for the calorimetric studies, the incidence

and the horizontal profile studies.

The flow studies were made in a transparent water bath

which was similar to the one employed by Fagerson (1950s) for

his dye studies and consistedor a 12 in. on x 12 in. high

Pyrex jar filled to a depth of 10 in. with distilled water.

The bath was heated with a 1,000 watt intermittent heater

(Fisher Cat. 'No. 11-465-10), and a 500 watt (Fisher Cat. No.

15-445-55) continuous heater. The temperature was regulated

using a Fisher catalog No. 15-445-45 control unit and 9. Fisher

"microset"v0at. No. 15-445-30, thermoregulator which had an

accuracy of _+_o.02°F. The bath was agitated by a Fisher Ful-

tork Lab Motor with slotted disk blades. The containers

rested on a 9 in. 0D steel disk (with 1/4 in. holes 3/8 in.

on center, in a'hexagonal pattern) which was placed 2 in.

above the bottom of the bath. Because this bath had not

more than a variation of 10.1%, the least detectable by the

Pt‘esent recording equipment even during the heating of a 16

oz. glass container, it was used for the runs at long. process

times. . '

The apparatus for testing the response of the cylin-

dera--the devices used to determine the magnitude of surface

cOrlductences in the baths--in mixed and forced convection is

shown in Figure 5.3. The apparatus is similar to that
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deve10ped by Pflug for the fruit cooling research of Motawi

Flow rates from 10 to 110 GPM of water were used.

(1962) o

maintained at 70 ifi/BOF.

The process water temperature was

The Thermocouples

Two types of multipoint thermocouple
rods were used in

this experiment.
These are shown in Figures 5.4 and 3.5.

These possessed the advantage of permitting comparison of

heat penetration curves within the same containers without

incorporation of the variances due to variations among jars

and variations between imersions.
.

The first of these multipoint rods was a modification

of the rod employed by Pflug (1960) for use in studies of the

cold point position along the vertical axis of the container

in cucumber products and model systems. This modified multi-

point rod, and the companion rod which had horizontally placed

thermocouple Junctions instead of junctions along the length

of the rod, will be described in some detail.

Both the modified vertical and horizontal multipoint

rods were constructed with the following materials. The

thermocouple wire used was No. 30 gauge enameled, cotton

'I‘fipped, fiberglass overwrapped capper-constant
an thermo-

couple-wire. Smaller diameter (40 gauge '88 immsdiately

available) would have reduced conduction errors and capac-

itance lags, but such fragile wire did not seem practical
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. <

nevus 3.4 Vertical pmrue multipoint rod

V

v I

I

mm ,3'5 's orizontal profile multipoint rod
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kmre. The multipoint rods were constructed using one-quarter

inch O.D., one-eighth inch‘I.D. fibre tubing and one-eighth

inch O.D. grooved fiber. rods, as manufactured by National

Vulcanized Fibre Company, Kennet Square, Pennsylvania. The

reahiused to seal the thermocouple assemblies was a thermo-

setting epoxy resin, Epocast lO-F, as manufactured by Furane

Plastics Incorporated, 4516 Brazil Street, Los Angeles,

California, and their No. 951 room temperature hardener.

Some prOperties of these or similar materials are shown in

Table 302.

The construction details for the vertical multipoint

rod are as follows:

An appropriate length (10 inches for standard

glass containers up to 64 oz. capacity) of fiber rod

was chucked in a lathe and then grooved to a depth

equal to one-half the thermocouple wire diameter.

Then the rod was drilled out to 5/32 in. inside diam-

eter in order to provide room for the nine-thermo-

couple wires. Then 7/16 in. holes for the thermo-

couples were drilled radially at an angle of 150°

from the upper end of the rod. The thermocouples

were introduced into the rod through these holes and

were threaded through the rod progressively from the

longest to the shortest lengths. The end wires had

been sanded to remove the overwrap, and the portions

which were to form the junctions had been bored. The
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wires were snaked through the holes until the bare

portion protruded through the holes. The bared thermo-

couple wires were led in Opposite directions around

the rod and then twisted to form a junction 180° from

the hole, in such a manner that the wires fitted into

their grdoves. The Junctions were then soldered with

a resin-core tin-lead solder and clipped so that about

191/2 turns of wire were exposed. These junctions

were varnished to reduce voltaic emf's. The rod was

then given a light coat of the above resin, after

separate sealing of the alternately placed holes. In

order to reduce the internal shorting, due to internal

voltaic emf, which had caused the first rods to fail

after about 200 hours of operation, resin was drawn

up into the rod. The transparent plastic vessel

shown in Figure 3.6 was constructed for this purpose.

The lead wires were sealed in the chamber using a

rubber stopper, then the vessel was evacuated. The

resin was drawn up until it filled the entire rod.

Some failures were encountered at about 400 hours of

operation, but they were not due to internal shorting.

The failures were identified as due to flexing of the

lead wires as they emerged from the rod. Subsequent

rods were fabricated with a 2 in. length of rubber

tubing, glued to the upper end of the rod. The rubber

tube and the portion of the wires eXposed to the water
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baths were then wrapped with plastic electrical in-

sulating tape. No failures have been observed after

about 800 hours of operation with these later rods.

The vertical rods used in these studies had more junc-

tions, the first 1/8 in. above the tip and the remainder

on alternate sides at 1/2 in. intervals. The large number

of junctions were incorporated
in one rod in hopes of detect-

ing possible movement of the 'slow point' throughout the

process.

The horizontal profile rods also had a large number

of junctions in one assembly. Five couples were spaced

horizontally every 1/2 in. apart at 1/8 in. above the tip

and another row were placed 1/2 in. above the first. (These

rods were constructed for use in confirming the apparent

temperature uniformity within the descending core, the sym-

nwtry thereof, and for detecting, in.a gross manner, the

but the support technique de-

The width of

direction of heat transport,

scribed is adaptable to other arrangements.)

such a rod was limited by the closure of the container. In

this instance, the rods were designed for the central con-

tainer in the experiment, the 16 oz. vegetable jar. As

Figure 3.5 shows, the thermocouple rod was constructed like

a rake, with junctions located at each of the tines. This

device, like the wrap-around exposed leads in the vertical

0

rod, was used. to increase the eXposure

ure in the vicinity of the junctions. Such

of the leads to the

ambient temperat



FIGURE 3.6 Vacuum vessel used to fill the core of multipoint rods.

with resin.

FIGURE 3.7 Jig used in the fabrication of the horizontal profile

multipoint rods.
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positioning also reduced the interference to flow in the

vicinity of the measurements.

The special techniques used in fabricating the hori-

zontal profile probe are described below.‘

The rod was drilled out to 3/16 in. ID instead of

5/32 in. ID in order to accommodate the increased num—

ber of leads. The size of the thermocouple holes was

also increased by a thirty-second or an inch. After

the wires had been snaked through (The author had

better luck with threading the smooth lead wire up

through the rod than threading the bared wires down

through the rod.) the rod was placed in a jig.

This jig, shown in Figure 5.7, centered the rod

and provided support for 0.012 in. OD nylon (leader)

guy threads which were placed to coincide with the

arms and the tines of the finished assembly. The lead

wires were then tied to these guy threads and wrapped

tightly with cotton thread. The wires and wrapping

were next repeatedly varnished to render the cable

impervious to moisture. The junctions were then made,

trimmed and varnished as before. Considerable care in

construction and later storage was required in order

to obtain junctions which were not displaced from their

common measured plane by 1/32 of an inch.
A

‘The holes were then sealed as before with epoxy

resin. The cables were also coated with resin. This
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resin provided support for the arms and the tines of

the probe. After several coats of the resin the guy

wires were cut and the probe was removed from the jig.

The evacuating vessel was again used to draw the resin

into the rod. Care also was taken to seal around the

exposed ends of the nylon guy threads during this evac-

uation. Finally, the wires were protected as above

against failure due to flexing.

The multipoint thermocouple probes described above

were compared with the single point rods used in this labora-

tory and with non—projecting type Ecklund (1949) thermocouples

in a test of thermocouple responses. These single point rods

were constructed using the above materials and techniques.

Twenty-four gauge wire was used, however, and a one-half inch

projection of the grooved fiber rod served as support for the

thermocouple junct ion .

All of the above assemblies were secured and sealed in

place using Ecklund (1949) rod-type thermocouple glands. An

adapter was required in order to use the same thermocouple

assemblies in tin cans as in the class containers. This

adapter (Shown in Figure 3.8 and which resembled a 3/4 x 5/8

in. NPT brass bushing.) was soldered to the container lid.

These thermocouples were found to have individual f

and f of 6 and 36 sec. as contrasted to 6 sec. for a bare

2

24 83086 Wire; 6 and 36 sec. for an extended type Ecklund rod;

and 6 and '75 sec. for a chisel nose rod when heated from 60°
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FIGURE 3.8 Adapters for vertical multipoint rods to facilitate

their use in cans

FIGURE 3.9 The calorimeter and associated equipment
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FIGURE 3 .8

 



to 180° by natural convection.

The Potentiometers

Four different potentiometers were used in the several

phases of this investigation. The first of these was a Model

8686 Portable Millivolt Potentimeter, as manufactured by Leeds

and Northrup Company, with a one millivolt increment stepping .

switch and an error limit specified as _+_- (0.05% of reading

+5“). This instrument was used .as a calibration and as a

range input to the -0.10 to +1.00 mv (.01 LB) Least Division,

abreviated hereafter as LD, potentiometer and 'as a calibrat-

ing input to the two other recording potentiometers. A + 50°

to +350° span, (1°? LD) Model 153X72P12, 5 second print, 12

point strip chart recording potentiometer and a ~1000 to

+250°F span (2°F LD) Model srlssxn, 6 second print, 12 point

strip chart recording potentiometer were used in the principle

experiments. These three recording potentiometers, manufac-

tured by Minneapolis Honeywell, bad design calibrated accura-

cies of about 10.2°F, 1 0.8°F, and :0.9°F, and sensitivities

0f 10.1017, 1 0.2°F and 10.250}? respectively. The actual per-

formance limits were reduced by frequent calibration and

maintenance to approximately one-half of the above.

The recording millivolt potentiometer with its superior

Performance was used for the calorimeter studies. It was

later modified to give a 4 second full scale pen speed and a

chart speed of 2 in./min (LD 3 sec.), then was used with a

Leeds ani Northrup Model 1145714 Thermocouple Swith during
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the studies of inception, profiles at long process times and

the surface conductances. The five-second print cycle record-

ing potentiometer was later modified to a one-second print

cycle and a 3 V2 second full scale pen speed by an increase in

balancing and chart motor speeds and then was used in the

thermocouple response studies. This latter potentiometer was

also used, but without modification, in the horizontal profile

studies.

The Calorimeter

The simple calorimeter used. to estimate the mixed

mean fluid temperature is shown in Figure 3.9. It consisted

of a 6 in. ID (6-7/8 in. on) x 10-1/8 in. high thermos-brand

dewar flask of 4300 m1 capacity (with an integral aluminum

stand) placed inside a '7 in. ID hole in a 10 x 10 x 13-1/4

in. styrofoam container. The tOp of this vessel was closed

with al in. thick cork lid. A slot was provided in the

edge of this cork disk for the thermocouple assembly. The

hand operated stirring device consisted of a :5-1/2 in. OD

perforated disk fastened to an Operating rod which projected

through a 1/8 in. ID sleeve in the cork lid.

Test Cylinders

(Several materials of known thermophysical properties

were considered for use as test cylinders in the determina-

tion of overall film coefficients from heat penetration

measurements. Their properties relative to water are-shown



3'31

in Table 3.3..

Cylinders 500 x 408, that is 5 and no sixteenth diam-

eter by 4 and 8 sixteenths inches high, nearly the size of

the 505 x 406 cans used in these investigatidns but of

dimensions more convenient for calculation purposes, were

turned from cOpper and aluminum billets. The materials were

preferred for their machinability, their high thermal dif-

fusivity (which assured that the surface conductance would

be controlling even with high conductance), and their mod-

erate and opposing change in thermal conductivity with tem-

perature. V

Thirty gauge cepper-constantan thermocouple wire,

with a guaranteed accuracy of :1-1/2013' from ~75° to 200°F

but calibrated to within 0.2°F at 52° and 212°F were inserted

in vertical holes at 0.00 10.02 and 1.55 10.02 in. from the

axes of the cylinders. These holes had been drilled 3/52 in.

diameter to a depth of 2 inches and then 1/16 in. in diameter

to a 2.25 _+_0.02 in. depth. The thermocouples had first been

prepared by removal of the first two inches of the fiberglass

overwrap, baring and soldering l-1/2 turns of wire, and

finally by varnishing of the junction, and the cotton wrap.

The junctions were immersed in about 0.02. ml of an SAE No. 5

instrument oil which was placed at the bottom of the holes to

assure wetted contact. Turnings from the billets were tamped

around the leads. The top of the holes were sealed with a

drop of electrical depe. No detectable'reduction (i.e.,
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>O.l ohm) in resistance (about 10 ohms) between the heads and

the cylinders was noted due to abrasion of the insulation by

the turnings.

Elsperimental Procedures

The Principal Experiment

The study of the effect of temperature and the effects

of viscosity on heat penetration at several axial points

within containers of several geometries was conducted using

bath temperatures of 60°, 120°, and 18001“. These tempera-

tures permitted 600 and 1200}? initial temperature differences,

representative of the differences encountered commercially,

and low come-up times of 2. to 5 seconds.

The containers were filled at 150°F :5 OF to a capacity

corresponding to their nominal capacity (fluid ounces) of

water in ounces avoirdupois. Due to the difference between

the ounce units this strategem produced a fill of about 96

percent before insertion of the thermocouple rods. These

rods increased the apparent fill height another percentage

unit. The resulting three percent headspace is below the 6

percent headspace at a 150°F sealing temperature, recommended

by the National Canners Association for processes at 240° or

250°F, but the process here does not require this amount of

headspace to prevent venting. Although the thermocouple rods

need to be placed firmly against the bottom of the container,

excessive pressure does permit undesirable venting.

The possibility of venting with resulting changes in
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volume of product and concentration made safeguards necessary.

A gain (or loss) of one gram of fluid or a change in sucrose

(concentration of over 0.2 percent, the least scale division

on the ABBE-SL Refractometer used, was selected as sufficient

grounds for discard of the run affected. Normally the checks

were made after the completion of three replicates of the tem-

perature treatments. Any container which seemed to vent was

checked immediately, and then the tests affected were discarded.

Reruns were made immediately.

Two containers of each size were chosen at random from

within 5 matched sets of 36 jars of one manufacturer. This

scheme-~the use of fixed jar sizes with jars matched to with-

in : 1 percent by weightnwas used to reduce jar to jar in-

duced variations since it was unreasonable to pick a sample

which represented all of the jars of that design produced by

all manufacturers. In the case of the 16 ounce vegetable

jars, the sets had previously been used by Pflug and Blais-

dell,(1962) in the steam-air velocity studies and the calo-

rimetry studies.

The containers were equilibrated for a period approx-

imately equal to 4 to 6 f transferred within two to five

seconds, then processed in the first of the several baths.

When the slowest point had reached within 3° to 5°F of the

above processing temperature (when measurement errors were

deemed excessive) the Jars were shaken to reduce stratifica-

tion and the magnitude of the opposing convection currents



in the subsequent cooling process. The containers then were

allowed to equilibrate until the process had continued for

about six f values. The mean temperature of the containers

throughout the fourth to sixth fperiod were taken as retort

temperature and applied as a correction to the mean tempera-

ture of the bath for the preceeding period, These correct-

ions to the mean compensated, in part, for the point-to-

point temperature variations within the bath, The use of

mean temperatures likewise reduced the error due to cycling

\

of the bath temperatures.

The Inception of Convection
 

The study of the axial temperatures during the in-

ception of convection was made using water in 16 oz, vege-

table jars processed at 180°F with a 120°? rise. Temper-

atures were measured using the nine point vertical thermo-

couple rods and the single channel recording millivolt poten-

tiometer and switch.

(Preliminary studies of the time required for the

temperature to rise one degree were made as a basis for an

improved experimental design, Although repeated attempts

were made with several switching schemes, no program was

found which would permit recording of the initial temperature

changes of even the five alternate points in the same test,

In addition, the use of an incremental temperature change as
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an index that convection had begun was found to be unsatis-

factory. This deficiency was due to the random slugging of

the fluid at some points within the container-~slugging which

reduced as convection became fully established,

The studies, which will be reported subsequently,

represent data for the selected points but separate immers-

ions within the same container. 'These'studies were limited

to two tests at each position because an experiment which

would permit more thorough examination of the interesting

random slugging would have required an experiment of the

size of the principal investigation itself,

The equilibrium, transfer, and correction procedures

for these studies were the same as those in the principal

experiment, described above,

The Flow Studies '

The flow studies provided a check both on the con-

clusions of the above experiment and also on the relia-

bility of the techniques of Fagerson (1950a) and Tani

(1940). These investigators had used dye and an alum-

inum powder suspension, respectively. Other investiga-

tors had satisfactorily used techniques such as oil drops,

discrete hollow plastic spheres with individual differ-

ences in shape or color which permitted later identifi-

cation, or tellurium dye. Still others have
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used velometers and pilot tubes. The second group of tech-

niques were adaptable to transient flows but were deemed

unsuitable here either because it was considered difficult.

to match the range of densities encountered in transient con-

vection or because. they introduced a substantial-sized sens-

ing element. (The third group of techniques also introduced

sizable elements but possessed initial and friction lags which

'would have required considerable calibration and compensating

equipment. The dye and aluminum powder techniques, however,

appeared to be simple. These latter techniques have their

own disadvantages, however.

The experimental conditions investigated with the dyes

and the aluminum powder were ,the same as those of the incep~

tion study above, except that the glass waterbath was used.

Three contrasting dyes were selected-for high color density

at low concentrations after preliminary trials with other

standard indicators. These were 0.5 percent Methylene Blue,

0.5 percent Saf ranin Orange and 0.1 percent by weight

Fluorescein (Uranine) in aqueous solution. These were intro-

duced nearly simultaneously through 20 gauge needles. The

needles were located behind the central plane but discharged

droplets at the central plane at the base of the heel, the

tap center and the bottom center of the container. The

times required for the major dye element from the heel posi-

tion to reach predetermined points in the container were

estimated. The vertical positions were estimated with the
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aid of a translucent grid placed behind the container. The

horizontal positions, which were subject to even more paral-

lax and distortion, were likewise estimated using the grid.

The actual lateral positions -were estimated using the results

of preliminary experiments in which apparent lateral positions

were compared to positions when observed through the open tor:

of the container (the upper portions of the finish were above

the bath surface.)

A commercial aluminum powder (flakes)of approximately

micron size was used in an appraisal of the techniques of

Tani (1940) and to confirm with flow estimates the heat

transfer results observed during the film conductance studies.

The powder was clarified by sedimentation until the remaining

fraction could be maintained in suspension in water for sev-

eral hours. The container holding this fraction was agitated

about one 1’ prior to the test. The gross patterns of flakelet

motion were then observed.

Aluminum powder was used in the water baths also. It

provided a glimpse of the gross circulation in the baths. In

this instance it was sprinkled on the tOp, rather than dis-

parsed.

The Horizontal Profiles

The horizontal profiles at the bottom, and later at

the tOp, were investigated in water in 16 oz. vegetable jars

Processed with a rise from 60° to 180°F. These studies were

conducted to check the symmetry, breadth, and direction of
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the flow in the central core as it formed and as it diverged

to rejoin the ascending streams.

The experimental procedures used were the same as those

described in the principal experiment except that horizontal

profile rods and the five—second print potentiometer were

used throughout six replications in the same container. The

horizontal profile rod was offset so that the plane of the

junctions cut the container at the same diameter. When the

probe was used at the bottom it rested 'on a small cork cone,

inserted in the meniscus formed by the solidified resin in

the core of the probe. The bottom central couple then was

positioned 1/8 in. 111/32 in. above the bottom of the container.

The rod was positioned so that it was 1/8 in. 11/32 in. below

the surface of the liquid when employed at the tap of the

container. Since the headspace depth at room temperature with

the probe in. place was about 13/32 in. the top row of couples

were above the shoulder of the jar.

The Calorimetry Study

0 A simple calorimetric study of the mixed-mean temper-

ature was incorporated because it provides an estimate of

the relationship between some means of the vertical tempera-

ture on a multipoint rod and the mean temperature in that

container.

Several sets of 16 oz. vegetable jars were filled with

450 ans. of water then equilibrated at 100°F for over periods

of about 5 f in‘length. Jars were processed .at 180°F for 0,
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3, 6, 9, 12, 15 or 61 minutes, then withdrawn quickly, wiped

dry, then the contents were transferred to the equilibrated

calorimeter (see Figure 3.9). The calorimeter had previously

been filled with a charge of 900 gms .of room temperature

water about 2 f increments before. The transfer procedure

required from 10 to 15 seconds. The temperature was followed

for about 5 minutes, then the calorimeter was check weighed,

wiped dry, reweighed, and recharged then for the next deter-

minatiOh.

A schematic record of the temperature charts is shown

hingure 5.10. The temperature drop due to evaporation,

equilibration of the calorimeter and heat loss to the sur-

roundings was assumed to be linear. The intercept values at

zero time were assumed to be the temperatures of the ballast

and the equilibrated ballast and charge. The calorimetry

constant, as determined in a similar manner with 450 gram

charges at several temperatures, was incorporated in the heat

balance to determine the temperature of the charge.

Tem erature Profiles at Long

Lrocess Times, -

Studies of temperature profiles at long process times

 

require more precise control of bath temperatures, calibration

to detect the small differences between the output of couples

from the same spool of wire and recording than is commercial

practice.

Although it had been anticipated that the heat transfer
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rates would approach these conditions after long process

times, information on this area had been sacrificed in the

principal experiment in order to; make a more intensive study

of other factors using existing equipment. Nevertheless, two

replications, which confirmed the suggested trends observed

in the other studies, were made of water in 16 oz. glass

processed through a 120° rise in the 180°F glass water bath.

The recording millivolt potentiometer and the precision

potentiometer range input which had a built‘in 1.0 mv in-

crement stepping switch were used in this study. The milli-

volts were converted to degrees Fahrenheit, then these data

were treated as in the experiment above.

Film Conductance;

The conductances in the waterbath were determined

after the. method of Merrill (1948) and Evans and Board (1954)

in order to make better comparisons of heat penetration. The

film conductance and the glass thicknesses as determined by

destructive testing were to be used to estimate, by difference,

the internally controlled heat transfer rates.

A vertical test section was used to provide comparisons

between cylinders and thermocouple installations and as a

basis in order to compare the magnitude of the measured film

coefficients with some correlations for annuli, cylinders

Perpendicular to flows, and for plates perpendicular to

flows, i.e., correlations for the various surfaces of the

cylinders. Chilled cylinders at 52°F were inserted into a
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4 in. vertical pipe. Water, maintained at '70 iii/8013‘, was

pumped past the cylinder at flow rates from 10 to 110 GPM,

mixed in the surrounding reservoir and then recirculated.

Care was taken to assure that the cylinders and test frame

were cooled in crushed ice for over four times their 1‘,

here about 15 min. and that they were transferred to the test

section in not more than 3 seconds. The mean temperature of

the cylinders throughout the third to fifth f'th portion of

the heating period was compared to the mean.process water

temperature for that period. Differences were applied to

correct the apparent processing temperature during the first

two 1‘ periods. ,

The calibrated cylinders were then heated in the sev-

eral baths used in the other experiments. Both left and

right container positions in‘the baths were investigated

since the jars attached to the 6 second print instrument

were always processed. in the left position and the jars

attached to the 5 second print instrument were always proc-

essed in the right during the principal study. In order to

evaluate the effect of position (of the two cylinders) the

cylinders were (1) centered on a mixer (Position A), (2)

Placed in the corresponding position at the other end of the

bath (Position B), and (3) centered on two mixers the second

of which was 6 in. further away from the corner.

The natural convection contribution due to convection

from the cylinders and also due to additional natural
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convection from the heating (or cooling) elements were deter-

mined. For these tests the mixers (and heat sources) were

turned off prior to the start of a run. The baths were

partially insulated, covered and draped for evaluation of

natural convection on the cylinders in order to reduce cool-

ing convection patterns at the surfaces of the baths.



SECTION IV

RESULTS

The results will be presented in four parts: (1) The

shape or heat penetration curves and the temperature and flow

distribution; . (2) Evaluation of the container and external

film resistances; (3) A comparison of the f and j behavior as

affected by position within the container, container, product,

temperature difference and the temperature associated property

variation; and finally (4) A comparison of slowpoint location,

and the heating rate parameter r 'with those predicted from

quasi-steady—state film coefficient correlations and Newtonian

heating models.

The Shape of Heat Penetration Curves and

Temperature and Flow Distribution
 

Typical. heat penetration curves for a few of the many

cembinations are shown in Figures. 4.1 to 4.4 and their three '

Nels. (The mean values of parameters 1‘ and J for the treat-

ment combinations are shown in Figures 4.17 and 4.18. The

individual I and 3 values are tabulated in the Appendix.)

Figures 4.1 to 4.4 present but penetration curves '

for water or sucrose in 16-02. No. 303 glass or tin containers

when heated from 60° to 120° or 1800?, or from 120° to 180°F.

The temperatures were measured at 1/8 in. above the bottom
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surface of the fluid and on alternate sides of the multi-point

thermocouple rod at successive 1/2 in. increments. Only data

points on one side of the rod,.- except for point two, are shown.

The temperature histories at the other side of the rod seem to'

correspond quite closely, considering variation in glass wall

‘thickness'. These curves. illustrate aspects of the temperature

histories and temperature distributions which are difficult to

appraise when presented in tabular form. These aspects include

the curvature of the heat penetration curves, that is, the val-

idity of a linear approximation; ’the‘effect of the container 3

wall on the shape of the heat penetration curve and the vertical

temperature differences; and a reugh check on similarity and

the crossing-of the heat phnetration curves both initially and

later in the transient process.

The Shape of the Heat Penetration Curves

The heat penetration curves for points in the vicinity

of the cold point-"for the combinations testeduappsar to be

fairly straight (once convection has been established) until

relatively late in the process. Some curvature exists however,

as is evident from the values of the heat penetration curve f

parameter as shown in Table 4.1 (from point 2,‘Pigure 4,11).

The curvature (as assessed visually from overlaying of trans-

Parent heat penetration graphs) appeared to the writer, to in-

crease as the distance away from axial cold point increases. The

curvature generally appeared to be increased (by any of the fol-

lowing: a decreased initial temperature, decreased initial
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temperature difference, a product with a moderately higher

viscosity, a decreased wall thickness or an increase in ex-

terior heat transfer coefficient. All of the above factors

increase the relative importance 'of the interior film coef-

ficient (and the influence of fluid properties, particularly

viscosity, and of the temperature difference).

TABLE 4.l.--The heat penetration curve parameter f at 5/8 in.

above the bottom of water in 16 oz. glass heated from 60° to

180°? and corresponding, relative errors for several different

thermocouple errors
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§jinilarity of Heat Penetration

Qurves Withih a Container:

It appears that the heat penetration curves at the var-

ious positions diverge sharplx as convection and the axial tem-

Perature gradient are established, but appear to ultimately

have very nearly the same slope (although significantly different

\



jvalues) when the curves at long times--relatiye to f--cou1d be

observed without possible appreciable measurement errors. The

time t/f required for the curves to become parallel seems to in-

crease and the temperature difference between that of the fluid

at the top and at the cold point seems to increase due to de-

creases of the initial temperature, initial temperature difference,

or exterior film coefficient, or due to increases of the (viscos-

ity, or the container wall thickness. All of these 'trends cor-

respond to slower heat transfer (that is, larger f values).

mung; ‘of Heat Penetration Curves

' Heat penetration curves were generally smooth except

when: (1) there was a change in controlling mechanism, as in

the establishment of convection; (2) the measurements were

taken near the origin of turbulent or laminar eddies; or (3)

errors as in the limiting sensitivity as T approaches T1 or

incorrect instrument calibration transcription errors or

plotting errors were made.

Abrupt changes in slope occurred when the controlling

mechanism changed, as in the establishment of convection or

as evident. in the behavior of point 9 for sucrose in No. 303

cans. In this latter instance, the thermocouple was just be-

neath the surface of the fluid (less than. 1/8 in.) and as the

Product heated the greater expansion of sucrose relative to

water caused the lid to bulge as the headspace gases were com-

Pressed, hence the thermocouple junction moved from a sucrose

convection region to an air conduction-convection region.



Erratic behavior near the source of eddies was some-

times evident in the behavior of points numbered 1 and 9 in

particular, that is, about l/8 in. above and about l/8 in.

below the horizontal fluid surfaces.

Errors, such as those mentioned above, were signalled by

the appearance of pronounced curvature or "apparent" transition

of mechanism. Reference to the multi-point records would invar-

iably distinguish between these spurious results and real

changes of mechanism .

' Horizontal Temperature Profiles

Horizontal temperature profiles for water in 16 oz. vege-

table jars, heated from 60° to 180°Pare shown in Figures 4.5

and 4.6.. These profiles are for the central 2 in. of the 2.95 in.

diameter at 1/8 and 5/8 in. above the bottom and below the top

fluid surface. The temperatures at five positions along the dia-

meter at éach of two levels were investigated simultaneously.

Theo to 7 replications were combined into half-profiles for the

measurements at the top when observation revealed a slight off-

center position of the horizontal multi-point rod as the prob-

able, cause for a slight asymmetry. D

Quantitative measurements of fluid movement utilizing tem-

perature measurements would require measurements of additional

1aVet's in order to obtain temperature histories on all sides of

a given Point to establish temperature and flow gradients and

diverBences at that point. Nevertheless the following compari-

sons can be used to indicate approximately the dit‘eCtiO“ 0f

heat flow: (1) higher temperatures near the outside of the



.
-

I
“

 

 



4-18

 

 

 

O

.4

t

a

 

 

 

 

 
 

 

 
 

 

                     

 
 
 

 

 
 

f
.
.

.
L
-
.
,
.
.
.
I
.
o
.
‘
.

u
‘
d
‘
Q
Y
l
»
V
-
a
.
t
l
.
o

«
o
w

  

9

fl.

_

V
.
.
u
.
a
v
.
.
4
:
5
9
'
l
t
.
.
0
¥
o
w

,
.

.
>

y
.
—

 

.
.

.
.

o
.

.
.
o
.
.
.

c
,

.
.

.

.

1
.
.
.
.

c
o
.
‘

.
.
o

.
s
.
.
.

.
4
.
.
.
F
P
:
V
.

.
,

.
n
l
n
l
’
.
|
0
‘
9
‘
.
L
a

O
l
t
l
‘
l
Y
f
‘
l
l
l
t
A
l
i
‘
.
.
b
|
0

A
’
9
1

-
n

a

.

 

 

  
 

 

 

 
 

 

 

 
 

 
 
  

.
O

.
o

.
4

A
.
.

a
.

o
A

.
.

C
t

.

-
I
"

.
I
i

1
‘

.
1
.
‘
1

0
I
Q
I
I
'
I
I
‘
-
4
n
l
‘
1
“
,
‘
r
'
l
‘
l
t
o
‘

t
l
I

p
o

.
o

.
.

v
.

.
.

.
.

o
4

.
9

.
.

.
.

.
.

.
.

.
”
.
9
.

.
.

D
o
n

A
0

¢
Q

L
I
V

.
.

.
.

t
d

d
u

+
.

.
A

o
f
.

.
.

v
v

.
.

a
c

.
a

t

I
V

o
l
e

o
v

.
0
.
.

9
|
.
.

o
.

.
_

_

.
.

.
.
1

M
.,

.
.

.
,

.
.
.

I
I

1
1
1
1
1

T
I

I
‘

I
!

-
1
1
.
}
I
I
L
'
1
1

J
x
l
‘
.
.
.
.
‘
{
‘
l
.
l
i
f
.

A
a

c
'
0
‘
.

.
I
.

p
.

a
.

.
.

.
.

_
v

b
.

.
.
.
.
.
.

d
9

V
.
«
H

o
o

v
o

_

.
.

o

.

.
-

v
.

,
»

.
.

.
.

a
s

u
.

.
.

.
.

.
,

.
.

c
o

O
%

v
.

o
}

.
o
.

v
r

,
‘

'
0

:
f

4
t
:

I
.

.
’
l
’
t
‘
l
f
l
t
t
i
l
f
l
t
l
f
l
l
i
'
t
l

I
L

A
.
l

I
I
.
.
-
J
I
I
'

\
l

'
0
]
.

.
.
.
.
.

b
‘
I

A

.
L

s
.

.

 
 

 
  

 
 

 

 
  

 

 

 

 
 

 

   
 

 

14

 

 

I

o

O

176 -»--

115 ',

7

73  
-

7c... - as -o.-—q-—.o

 
 

 
 

 

171

170 % .

160 a

150

60 to 180°!-

nu

a and 5/8in below the top mrflco or

'1

table jars hOItOd nonwater in 16 oz veg.

FIGURE 4.6 Horizontal profiles at



1
4
7
?
?

’-1.-'y .

- 6 .W

V

4.4

J

l

c

. l.

s-o

I

¢

e

8‘9;

n

o

47«

I I

i"

;
‘ v

i

z
4

s
,L,L

°
F

4-19

i

OQ‘w

1 a Y

/
2
0

+
—
~

.
a

4
-
}
;

l

i
,

F
T
j

t
“
?
-

4
9
4
.
.
.

«
~
+
_
+
,
4

88‘

 
F
I
G
U
R
E

4
.
6

H
o
r
i
t
c
n
t
a
l

p
r
o
f
i
l
e
s
a
t

5
8

a
n
d

8
‘
1

h
e
a
t
e
d

f
r
o
m

6
0

t
o

1
{
O
°
p
.

1
/

i
n
a
b
o
v
e

t
h
e

b
o
t
t
a
n

s
u
r
f
a
c
e

o
f
w
a
t
e
r

i
n

1
6

o
r
.

v
e
g
e
t
a
b
l
e



 

'i: s-

a
;
_

¢
O

5
‘

"‘.:n

..L,.,

I:'w"

u¢.“_

‘l

Ph

Have

1“ .
.

i..._;3

1“

I

 



4-20

container indicate increased heat transfer due to conduction,

and perhaps convection as well, but the converse is a sign of

convective flow; (2) the temperature differences (on a logarith-

mic scale) between planes are an indication of the relative rate

of transfer--heat transfer relative to the overall temperature

potential availableat that time; (.3) the differences in the

radial gradients (on a logarithmic scale) between positions can

be interpreted as an indication of the relative difference in .

radial heat flow. I

In both Figure 4.5 and Figure 4.6 the increasing rela-

tive gradient between layers as T approached '1‘1 may be interpre-

ted as a sign of decreased heat transfer rates--decreased heat

transfer which may be attributed to decreasing velocity of the

» convecting streams.

Within 5/8 in. of the top surface the fluid in the center

of the container is consistently hotter than the surrounding

fluid. This behavior may be attributed to increased convective

flow at this position. The radial temperature gradient at 5/8

in. was greater than that at 1/8 in. below the surface- This

suggests that although much of the fluid reached very near the

top, the cooler outer portions of the boundary layer left the

boundary layer and moved inward between 5/8 and 1/8 in. from

the surface.

Near the bottom of the container, however, the fluid ap-

Peared‘ to flow fastest at .a position 5/8 in. or more from the

center at 1/8 in above the bottom but somewhat nearer the center

at.5/8 in. above the container bottom. Although the bottom of
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the jar is curved away from the thermocouple junctions, the

thickness of glass, which is‘more poorly conductive than water,

. simultaneously decreases, hence a nearly uniform conductance

rather than increased heat transfer at the center might be

presumed .

The Inception of Convection

The transition from conduction to convection and the cor-

responding ascension and decline of bottom convective flow during

the establishment of lateral eddies are evident in the initial

portions of the heat penetration curves shown in Figures 4.1 to

4.4. This phenomenon is shown in the individual time-~emf( tem-

perature curves) of Figure 4.7. These curves are for water in

16 oz. vegetable jars heated from 60° to 180°F. The temperature

ordinate scale is slightly non-uniform as the emf-temperature

conversion is slightly non-linear. The use of a linear temper-

ature scale rather than the time-emf traces would have required

the conversion of the emf to the corresponding temperatures at

close intervals in order to retain the features evident in Fig-

ure 4,7. One such feature is random temperature variation which

may be associated with random eddy movement. This random eddy

movement is more pronounced initially and for points close to

the origin 0f lateral and bottom convection, e.g., points number

9 and number 1.

> The establishment of the quasi-steady turbulent flow of

this particular system is also evident in Figure 4.8.-
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Here the times required for a given temperature level to be

attained at a given position along the central axis are shown.

These are measurements scaled from the previous figure. If

the temperature fluctuated the several times at which an iso-

thermal crossed the given position were averaged. In the case

of the 0+°F isothermal the values are the intercepts of visually

smoothed t inc-temperature histories .

Also shown in Figure 4.8 are the times required for a

drOplet of dye to move from the bottom heel to various ver-

tical positions,first along the.side wall and subsequently in

the core. -

The isothermals and qualitative dye measurements indicate

that eddies from the bottom rise to about 40 percent of the

container height initially. These eddies soon diminish in

height as the' nearly linear temperature gradient and nearly

constant velocity lateral eddies form. By the time a droplet

of dye, introduced at the heel at the start of heating, had

reached the tap--less than B seconds-wits temperature had

risen about 45°F. This same droplet descended withhthe core

but at about l/llth of this rate.

anlitative Flow Studies

Individual dye droplets or different. colors were

released near the bottom center and heel and near the top

center at about the same time. The dye droplets in the

ascending portion of the lateral loops disintegrated in the

turbulent flow near the tap. Most of these smaller droplets



moved laterally in the top l/2 to 3/4 of an inch, i.e., within

12 to 18 percent of the top. -Some of the lateral deflection

may be attributed to the shoulder of the jar but this lateral

movement was noticed even when the fluid surface was deliber-

ately filled to below the shoulder. These droplets appeared to

descend parallel to one another before they vanished. The dye

droplets introduced into the core did not disintegrate but van-

ished at about l/Sth of the container height after some radial

movement toward the ascending boundary layer. The dye droplets

ascending from the bottom center stayed relatively intact but

looped randomly and frequently these drOplets did not stay in

the same radial plane. ' .

The films of dye movement used in the studies of Pager-

son(1950) and Fagerson and Esselen (1950) were examined for

details of flow structure. The technique itself was repeated

experimentally. The dye streams which rose rapidly along

the side wall did not ascend at the same rate. Some slight

turbulence was evident at the top of these streams. It was

not possible to distinguish droplet disintigration from

overall diffusion but it was noticed that the shoulder of

the container was responsible for an appreciable portion

of the lateral deflection and some of the eddy streams ap-

peared to bounce off the shoulder and descend immediately.

fhme_also the fluid in the core had moved about halfway

back to the wall by the time it had approached to within

l/Sth of the container height. The flow from the bottom



of the container was described by Pagerson and Esselen

(1950) as ascending to about 171/2 in. (i.e., 38 percent)

initially but only to 3/4 inch after five minutes.

The flow patterns were also indicated by the move-

ment of aluminum flakelets in a rectangular prism formed by

_ confining a U -shaped aluminum channel in an cpen topped

' plastic box. (Two sides and bottom were heated by warm

water which was suddenly introduced into one leg of the L)

and flowed out a weir in the other leg.) The gross flow

patterns seen in. the above two systems were evident here.

also. Turbulence, however, was indistinguishable from the

normal flutter of the flakelets.
'

‘ A composite sketch of the possible flow patterns which

might exist in the temperature range investigated, i.e., from

the establishment or the cold point to within 5°F or the heat-

ing temperature, is shown in Figure 4.9. This sketch is

based on the horizontal profiles and the qualitative dye

studies. The position of the horizontal profile measurement

points are denoted by crosses. The position of the temper-

ature measurement points in the Fagsreon study are denoted

by the cpen triangles. The 'behavior earlier-«luring the

establishment of lateral and bottom convective flows--are

shown in Figure 4.10.

Eggt Penetration Curves at Long Times~

Heat penetration curves at various positions for the

later portion of the heating period are shown in Figure 4.11.
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These curves are for water in 16 oz. vegetable Jars heated

from 60° to 180°F. The irregularities of Figure 4.8, except

at 1/8 in. above the bottom ’surface of the f1uid,-appeared

to vanish well before the slowpoint was within 20°F of the

heating temperature. This detail was lost, however, in the

conversion of the continuous emf-histories to temperature

histories based on-a few points as in this figure.

- Calorimetry

The results of the calorimetry experiment to determine

the.mixed-mean temperature of water in 16° oz. vegetable

Jars are shown in Figure 4.12. These results are the means

of seven observations at each point. The standard deviations

are about 0.4500 except that at 61 minutes which was about

twice as large.

Evaluation of Container and External

Resistances

Evaluation 9; Test Cylinders

Estimated film conductances in the annular calibration

apparatus are shown in Figure 4.13. These conductances were

determined from Figure 4.14. The 3 measurements were not

used here, due to the low sensitivity of jas a predictor of

the Biot number at low Biot numbers region (see Figure 4.15+

16) and unknown transfer associated errors, such as heat gain

and non-uniform initial temperatures. (The range of lag

values 3 determined at the beginning and end. of the three to

five second transfer period included the 3's calculated for
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corresponding experimental f values.) Also shown are film

. conductances for inner or outer walls of concentric annuli

in the turbulent region. The latter were calculated using

the recommendation (Equation 9-32c) of McAdams (1954). Also

shown for contrast are Hausen's (1940) equation (Equation p. '

212, Eckert and‘Drake, 1959 ) using the hydraulic radius of

the annulus formed by the cylinder, and the formulae of

FMiher (1925) and Hilbert (1933) as reported by Jakob (1949),

but modified by the usual correction for Prandtl number to

convert data for air to other low Prandtl number fluids and

the use of the equivalent square up-stream surface for flat

plates and the equivalent equidimensional cylinder in the

hydraulic radius. (The low flow region may correspond to

the region in which.natural convection would contribute more

than 10 percent to the film conductance on a short tube (see

Eckert 2.15.3.3.” 1955 ; also Eckert and Drake, 1959).)

Data for the 0.9 and 0.0 r thermocouple positionswere -

run signigicantly different (P = 0.05) and so are not differ-

entiated in Figure 4.15. There were no significant differences

(P = 0.05) among the cylinders and the thermocouple. installs-

tions.

Convection Heating and Cooling.Of

Epnfainers In Water «

The effects of some processing variables--waterbath

size and agitation, temperature difference, final fluid

Draperty level and heating vs. cooling-~on the film con-

ductances in several laboratory water-baths are shown in



4-41

Tables 4.2 and 4.3. The means and ranges are for two posi-

tions within the cylinders during two different immersions.

The effects of the film coefficients shown in these tables

are illustrated in the response of water in No. 503 cans as

shown by Table 4.4.

Convection Heating_of Containers

In Steam-Air Mixtures

The results of a recent experiment (Koppleman, 1963)

in which surface conductances in some steam-air mixtures

w'src determined and the results of the r'vs 10g velocity

correlationiof Pflug and Blaisdell (1961) are combined in

Table 4.5 to illustrate the effects of large changes in film

coefficient on the f and j.

The Container Wall

The results of the measurements of the thicknesses

at several positions on the jars used in this investigation

are shown in Table 4.6. Also shown are the results of

estimation of glass thickness by the method of Merrill (1948);

the method of Merrill but with a new empirical coefficient

suggested by Alderson (1963); and by approximation of the

glass thickness, suggested by Alderson (1965), which is deter-

mination of the area surface by division of the container

into cones and cylinders of‘ revolution and assuming that the

glass is distributed uniformly over the sides but twice as

thick over the container bottom.
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TABLE 4.2.--Erroct of initial temperature difference, and

position in several laboratory water baths on apparent film

.conductance, expressed in Btu/hr ft2 F

Treatment Individuals

 

Aluminum Cyl.*] Copper Cylwr mgggs

 
  

 

   

   
 

  

  
 

  

 

 
 

 

 
 

     
  

 
 

 

 

Bath Form Position means Means Range Process

(of 8)

60° 120 L 257 242-275 246-255

R 250 ) 255-275 217 L 195-257 241

180 L 248 242-256 246 242-250

R 256 250-266 250 . 225-255 245

120? 60 L 260 255-265 255 247-258

a 256 250-282 252 245-264 254

180 L 285 275-295 279 275-285 #_A

a 285 280-288 281 276-284 282

180° 60 L 205 197-206 ' 245 258-264

R 251 220-280 220 201-241 229

120 L 215 206-220 251 226-255

R 258 218-264‘ 208 195-222 223       
 

*Cyl. = Cylinder.‘



lhBLE 4.3.--Effect of agifiat
tance, expressed in Btu

M

T a t
‘lgp°~1gogmggocess) } Individuals

ign on the apparent film conduc-t QF 4 measurements for eachcombination except as noted)

 

 

 

M

 

Mixer Aluminum Cyl .* Copper Cyl.*

 

Position**
'

Means Range Means Range

________

Means

for‘

Process

 

——-

Natural Convection

Cylinders Alone 165

Natural Convection
Best Source On 173

Mixed Natural and
Forced Convection

l Mixer on Left

(at A)

214

(of 6)

Mixed Natural and
Forced Convection

1 Mixer on Left

(at.A): a rerun

203

Mixed Natural and
Forced Convection
1 Mixer on Right
(at C)

221

Mixed Natural and
Forced Convection

Mixers (1 each
at A and B)

304  

157-167

162-178

202-225

197-206

208-252

300-510 

188

191

240

(of 6)

‘245

220

297  

185-190

175-200

230-245

238-264

217-231

294-300  

175

182

.227

229

220

300

 

N
—
—
_

*Cyl. = Cylinder.

*“Refers to mixer position indicated in Figure.





EMBLE 4.4.-~Effects of ex

on f and J maxima (means

4- 44

No. 505 cans

3

terior film coefficients
of 6 replications

in water

) for water in

 

 

 

 

 

  

 

 

 
 

fNatural convection on cans but
to Processing equipment turned on.

     

Processing , Mean ho Parameters A Estimated
Temperature

height15 3 T1 °F Btu/hr rt2 °r min 3 in Btu/hr___ -
rt2 °r__

; 140* 8.7 1.26 .80

60-120 .
2‘6- -

649
254 5.5 1.47 .78

p_. *
~__

180 6.1 1.18 .48

‘ 276

60-180‘ 250 5.5 1.28 .51 l 646

1967
500 4.2 1.59 .59

 

W

with the heat supply



4‘45

TABLE 4.5.--Effects of exterior film coefficients on atmos-

pheric pressure steam-air mixture on f and 3 (after Pflug
and Blaisdell, 1961) for water. in No. 303 vegetable jars

Process ing

Mean

 
 
 

 
1

__

 

 

 

 
 

 
 
 

Temperature Velocity
N0 .

7CTo to T 05' ft/sec Btu/hr ft2 OF‘ min ' j
100 to 165 .15 - 54 16.5 1.55

.58
44 14.9

.58
45 14.5

100 to 180 .15
'75 15.0 ' 1.54

.58
75 - ' 12.0

.58
‘ 78 . ’ 11.7.____1..

_ , .1.100 to 195 - .15
129

10.0 1.54

.38, 145 9.7

.58 154 9.5     
 

IMeans of 4 replications for 60° initial temperature.



Factors Affecting the Parameters f and j
 

The parameters f and j for the various treatments

and positions are shown in the panels of Figure 4.17 and

Figure 4.18 as.a function of dimensional position above the

bottom surface of the fluid. The heat penetration parameters

were arbitrarily determined over the same u range, i.e., from

a u equal to 0.5 to a u equal to 0.0835 or in terms of tem-

peratures are 90 to 115, 120 to 170, and 150 to 175°}2 for

heating from 60 to 120, 60 to 180, and 120 to 1800f, respec-

tively. The data for points 1, 2, 3, 5, and 7 which establish

the slow point region and the temperature gradient above this

region are reported.

The data for the maximum f and j, their dimensional

position and the corresponding f 0r j are summarized in

Tables 4.7 and 4,8. These data, being visually selected

from curves drawn by visually weighing data with a coeffi-

cient of variation of approximately 10 percent, do not rep-

resent significant differences. The data do show trends

summarized in Table 4.9 which have importance when discussed

in light of other evidence.



447

FIGURE 4.17tabao.d. Heat ponetration parameters 1' at nrioua position

within the several container- for various prom-sing

condition.
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IABLE 4.9. --Summary of effect of variables on convection heat-

ing as measured by the parameters f and j

 
-fi_._

L

 

Variable Effect on f Effect on f log j Effect on j

Increasing Increase . Increasel Increase or

diameter decrease

Increasing Slight 2 Increase1 Increasel

height increase

Increasing Increase Increase Increase or

viscosity » A decrease

Increase T1 Decrease2 Decrease Decrease

constant

LAT

IncreasedAT Decrease Decrease Decrease
constant To.

4

Constant T1 Decrease Increase or Increase gr

. ' decrease decrease

Tin to Glass Increase ' Increase Increase or

decrease

Increased hO Decrease Increase Increase

' or decrease

Decrease x/L Increase Increase Increase
particles

Large Decrease Decrease Decrease

Small Increase Increase Increase
fl

1Opposite effect--attributab1e to glass thickness-when

comparing round or vegetable jars with cylinder jars.

2With some small exceptions.

3Except 16 oz. vegetable and sucrose in 28 oz. veg. jar,

4McAdams h estimates predict increase but Eckert h

stimates predict decrease.

5Except 16 oz. containers for sucrose.
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TABLE 4.10.--The effects of increase in level of treatment

upon the heating rate parameter f

Part I.

 

Other Treatments

Increase in temperature 19791. 1'°°: f120.180

“£60 to 120'

W

4

  

 

l.1

ll

Height above container bottom, in.

 

 

Water

1/8 5/8 1-1/8 2-1/8 3-1/8 4-1{8_

 

  
 

 

8 oz. 1 - - - + - ++

16 oz. + + + - 0 ++

503 can + - - - - -

22 oz. + - - - - -

28 oz. + - + - - +

50% 8 oz. + - - + + ++

Sucrose 16 oz. - + + + + ++

303 can + - - - - -
28 oz. + , + + + + 1-

Part II. Increase in product viscosity from water to sucrose.

8 oz. 60—120 + + '+ + + ++

120-130 + + + + + ++

160-180 + + + + - +
16 oz. 60-120 + + + + + -+

120-180 A+ + + + + -+

60-180 + + + + + --

303 can 60-120 + + + + + +

120-180 + + + + + +
60-180 + + + 1‘ 1' +

28 oz. 50-120 + + + + + ++

120-180 + + + + + ++

60-180 + + + + ~+ ++

52 OZ. 60" 180 + + + + + +

-—___   
 

Part III. Increase in tmmperature difference for constant To

A A——
 “wi— ‘

“

 

Water 8 oz. - - '- - 0 ++

16 OZ- "' "' - - V - +-

503 can - - ‘ ' ‘ ‘

22 OZ. "' - - - - -

28 02- "' - - - - ++

50% 8 oz. - - ' I : ::

Sucrose 16 oz. ' ' ’ _ _ -

305 can " : : 0 ... _+ 28  
 

OZ-



4—1-uulll-Iunngy-$~—~-
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TABLE 4.10--ggpt1nuod

Part Iv. Increase in temperature difference for constant T1

 

 

  

"' Hei t‘a eve container bottom in.

Other 1'1?“meW

7‘ a or ‘8 oz. - - - - + ++

16 OZ. "’ " " - - .+

503 can - - - - - +

22 020 " - - - - .-

28 oz. - - - - - -

. F020 " ~ - - 0 ++

Sucrose 16 oz. - - - - - -

305 can - - - - o -

28 oz. - - - - - -

d

   
 

iirtfiv. Increase in container

he t

a or "“I%§% oz. 60-120

iameter for nearly constant

 

 

 

 

 

 

 

 

 

    

+ + + + + ++

120-180 + + + + + +-

60-180 + + + + + ++

- oz . 0.120 + + + + + ++

. 120-180 + + r + + ++

60-180 + + +‘ + + ++

WW8 oz. 107-120 + + + + + «M

sucrose 120-180 + + + + + +-

‘ 60-180 + + + + + ' --

28-13 oz. soaififi' + + + 1“ + ++

120-180 + + + + + ++

Fifi I’ 60-180 + + + + + ++

. ncrease in container hei‘ht' diamEter va

wzier w22:802. 2603120 + if , + + rfable +

120-180 + + + + + +

. 60-180 + + + + + +

22-16 oz. 60-180 + + + + + +

120-180 + + + + + +

60-180 + + + + + +

28-22 oz . 603120 + + + + + -

120-180 + + + + + -

60-180 + + + + + -

Water 32-16 0'15"."J 60-180 + +' + + + +

32-22 oz. 60-180 + + + + + +

2-28 oz. 60-180 - - - - + +

55% "“”"32-8 oz. 60-180 + + _‘ 37‘ + + +“‘

Sucrose 32-16 oz. 60-180 + + t + + +

32-28 oz. 60-180 + + + 0 0 +
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TABLE 4.11.--The effects of increase in level of treatment

upon the lag factor j, i.e., (Tl'Ta)(T1‘To

Part I. Increase in temperature level

       

       

     

   

   
  

Other Treatments

    Water 8 oz. — - - - + +

16 OZ. - - - - + _

303 can - - - - + -

22 oz. - - - - — -

a - ' - - +

Sucrose

120-180

 

     

   

  
   

120—180

+
+

I
+

I
+

I
I I

      

120-180

 

+
+
I

I
+

+
+

 

  

*-

120-180

+
+

+
+

+
+

I
I
I
I

I
+

  
 

 

 

erence or cons 0

Water 8 oz. + 0 - - - -

16 oz. + + o + - -

303 can - - - - - -

22 02. O - "’ - " -

28 oz. + - - - - -

50% 8 02. + - - - - -

Sucrose 16 oz. + - - - - _

303 can + - - - - -

_ 28 OZ. + " - ‘ - -

Part IV. Increase in temperature difference for constant T1
 

Water 8 oz.

16 oz.

303 can

22 oz.

28 oz.

. 8 oz.

Sucrose 16 oz.

303 can

____A 18:22:

+
+

+
+
-
+
4
-
+
'
+
I

+
+

+
I

c
>
+
+
-
+
+
-
+

+

+
I
I

I
+
+
+

+
I
I

I
+
+

+
+

l
l
l
l
+
+
l
"

l

   



TABLE 4.11—-Cont1nued

Part'v. Increase in container diameter for nearly constant

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

height

Other Treatments He t above container bottom in

water T15:§~oz. 60¢12i» - - - - - ++

l20~180 - -‘ - > - O -+

. 60-180 "' 'I - - + ......

23-13 oz. “GO-120 + + + + + -

- , 120-180 - + O + - +

60-180 - - + -O + -

56% Ia-S oz. 30¥120 - + + + - I-+

Sucrose ‘ 1.20-180 + + - .- .. +4-

V 60-180 - - - - + ++

23-i6 oz. 60-120 + - + + + +

120-180 - - + + + +

T t V]: I f 60-180 + + + + + 1-

ar . -ncrease n container hef ht; diameter variabl ___
“flier 22-8 oz. “‘32-120‘ + E + + + e +

120-180 + + + ~ + + +

- 69:11.89 + + 4" + + +

22:16 65 '—BO-120 + + + + + +

120-180 + + + ‘+ + +

60-180 + (A; + + + +

28-22 oz. 75:12? “'1 -— - .- - *..‘*

120-180 - - - - - -

60-180 - - - - - -

Wafer. 32-15 oz. 60:180 + + + + + +

32-22 oz. 60—180 - - - - - -

32-28 oz. 60-180 + + + + + +

55% i—3246 oz. 66:IEG’ + O + + + +’*

Sucrose 32-16 02. 60-180 + + + + + +

F 32-28 oz. 60-180 - + O + + -

ar . Increase in cents ner resistance afia capacitance

ater 60-120 - - - - + +

16-305 120-180 - - + + + +

60-180 g_j + - + + +

35%:’ 36:120* + - + + + +

Sucrose 16-303 120-180 - 0 - 0 + +

' 60-180 - + 0 + - +   



 

TRBLE 4.12.--The effects of increase in level of treatment

upon the lag time, ta = I log 3

Part 1. Increase in temperature level

I
 

 

“2 Hei_fit above container BottomAjln.

0th" Treatments *‘ '718"”"57‘5s" '1‘7-j17’""7‘s2-1 8“”3-‘1/8 4-1Ts

Water 8 oz.

16 oz.

503 can

‘ 22 OZ.

28 oz.

55%; ’8 oz.

Sucrose 16 oz.

303 can

28 OZ. " " “’

Fart II. Increase‘1n¥proauct viscosityfrom wate

 

 

 

H
l
+
l
l
+
r
+
+
+

l l

to sucrose
 

 

 

 

 

 
 

 

 

8‘02. “504120‘ + + + + + --

120-180 + + + + - +-

60-180 + + + - - +-

16 02- 604I202 + + + + - --

120-180 + + . + + - +-

60-180 + + + - - +-

353 can 735-128 - + + + - ..

120-180 + + + +. + -

__, 60-180 , + + + - - +

28 oz. “80-120 + + + + - +- p

120-180 + ‘*' - - - +- ‘

32 oz. 80-180 + + + +

Fit III. Increase in temperature clifference for constant T;

Water 8 oz. + . — - - - --

16 oz. + - - + - --

303 can - - - - - --

22 oz. - -' - — - .-

28 oz. + - - - - --

55% 8 oz. + - - - - --

Sucrose 16 oz. - - - - - +-

303 can + - - - - f -

28 oz. -+ - - - — +-
 

Part IV. Increase n temperature Eifference for constant—Ti

water _§ oz. ‘3-

16 oz.

305 can

L- 22 OZ.

28 oz.

50% 8 oz.

Sucrose 16 oz.

303 can

28 oz.

 

 

+
I
I

+
-
+
-
+
4
»
4
-
+

+
I
I

I
+
-
+
4
-
+

+

I
I
I
I
'
+
'
I
I

I

+
~
+
I

+
-
f
+
v
l
4
-
+

+
I
O
I
+
+
+
+
I

   



 

TABLE 4.12--Contigpeg_
 

Part V. Increase in container diameter for nearly constant

height

 

 

 

 

 
 

Hei t above container bottom in.

0th” Tr°atm°nt8 mm

Water 16-8 oz. 60-120 + + - - - ++

120‘180 + a - - - --

605190 + + + + - ++

28-16 oz. ‘60-120 + + + + + ~-

120-180 + + + + - +-

60-180 .+ + + + + -—

55%' 16:8 oz. 60-120' + + + - - 4:—

Sucros 120-180 + + + - - -+

60-180 + + - - + _~ ++h

28-T6 oz . 66-126 + + + + - O-

120’180 + + + + - +-

_II 60-180 + + + + - +-   
Part VI. Increase in container height; diameter variable

 

 

 

 

     
 

  

Water 22-8 oz. 60-120 + + + + + +

120-180 + + + + + +

60-180 ' + + + + + +

- 6 oz. 60-120 + + + + + +

120-180 + + + + +' +

60-180 + + + + + +

28-22 oz. 60-120 - - - - - -

120-180 - - - - - -

60-180 - - - - - ~-

fiEker w32-16 oz. 60~180’ + + + + + -

32-22 oz. 60-180 + + + + + -

32-28 oz. 60-180 + + + + + +

32-8 oz. 60-180 + + + + + +

Sucros1» 32-15 oz. 60.130 + + + + + -

__I 32-28 oz. 60-180 + + + + + <¥g

W8 er [’60-120 + + + + - +

120-180 + + + + - -

60-180 + + + + - +

3.07 16:36? @120 + + + + - +

Sucros 120-180 + + + + - +

60-180 + + + + - +   
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The experimental f values were increased by the use

of products of higher viscosity, but differences in viscosity

due to temperature level were sometimes obscured by relatively

small increases in the exteriOr film coefficient, particularly

in the 16 and 28 oz. vegetable Jars. Increases in temperature,

differences with the same initial temperature (but with a 12

percent decrease in h) or with the same final temperature (and ,

about 2-1/2 percent increase in h) decreased f. Decreases in

the exterior film coefficient increased f. Increased diameter

for a constant height increased 1'. The r for both the 22 oz.

cylinder and 32 oz. increased over those of larger and smaller

diameter but smaller height. However, the f of the 22 oz.

container was larger than the f for the 32 oz. This may be

due to thicker glass walls or constrained boundary layer flow

for they are nearly the same height.

Increases in product viscosity and reduction in temper-

ature level increased both 3 and ‘f‘log 3. An increase in tem-

perature difference at the same initial temperature (and about

a 12 percent reduction in exterior film'coefficient) reduced

,1 and f-log 3. An increased temperature difference but at the

same final temperature (but with only about a 2-1/2 percent

reduction in film coefficient) reduced 1 and f-log 3 only

for sucrose in 303 vegetable Jars and 303 cans.



Comparisons of Heat P”Qii§“£i9” bats hith

Quasi-Steadx-State Vuatonian

Model Estititeé

 
 

 

 

The relations recommended by Mcllans For Hfiiuidi con-

vection film coefficients on vertical and horixwutal flat

plates (see Table 2.1 and Table 2.2) were incmrywratel in

the proposed Newtonian heating model (Equation 2,483), The

measurements of container wall thickness from Table 4,6 and

external film coefficients from Table 4.7 were usvd in order

to estimate (1) the slow point position (using the heat bal-.

ance hypothesized in Section II) and (2) the heat penetrution

rate parameter f. The driving force represented by initial

temperature at the cold point, a constant uniform external

resistance from Table 4,7, the internal area, the steady-

state wall temperature gradient, properties evaluated at the

arithmetic mean fluid temperature, i.e., ('1‘S + T)/2, the

total heat capacitance of the container and the internal

fluid area were used in these Calculations. In addition the

side of a square of equivalent area (and equivalent perimeter

per unit area) was used in the calculation of the film coef-

ficient on the bottom of the container, These overall U

values were usually determined to within one percent after

three oscillatory convergent iterations.

The slow point position estimates are contrasted with

observed‘positions in Figure 4.19.

The estimates of f values are contrasted with experi.

mental observations in Figure 4.20.
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SECTION V

DISCUSSION OF RESULTS

Part I, Possible Causes for Discrepancies Between

Predicted and Experimental Results

There are many possible causes for discrepancies between

the various models developed and discussed in Section II and

the results as presented in Section.IV, Foremost among these

are the experimental errors themselves. There are other errors,

however, due to the assumptions employed either in the experi-

mentation or in the models. This section will be limited to a

discussion of the errors of the particular system investigated, A

discussion of the overall problem is left to the following section,

Egperimental Errors

ErrorSvin (Tl-T)

The recording potentiometer and thermocouples at var-

ious points in the container in a container and heating medium

are the principal research tools available for the study of

temperature histories (and corresponding heat transfer by con-

vection of\f1uid). This system and the similar system which

is used to control T1 are responsible therefor for many of

the errors in observation. If Tx is the assumed retort tem-

t can be shown that at long times:

 

 

perature, i

T-T t A T .1.

log J n log 1.0-T1 + f and f .. T-Tl

where‘T is the temperature at time t, To is the uniform ini-

tial temperature, and T1 is the true retort temperature.

5-1



The drawing of heat penetration curves is a

subjective skill, representing a compromise between

the desire to use data at long times to assure the validity

of the use of the first term approximation and to obtain a

good estimate of the f near the process temperature T1 for

use in calculation of equivalent process times and the de-

sire to avoid the measurement errors which increase in mag-

nitude as T approaches Tl'

Townsend et a1. (1956) have recommended that an inves-

tigator "draw a straight line through the points, ignoring

the lag period and attempting to place the line not more than

l°F from any point above 200-2100F for low acid products, and

140°F for acid products." They "noted that a comparatively

large variation in the position of the line when it nears

retort temperature is much less significant in terms of tem-

swrature difference than a comparatively small variation at

low temperatures." These appear to be workable criteria for

drawing.

Townsend et al.'s (1956) criteria however, did not

include a consideration of an upper limit beyond which

errors in (Tl-T) might become excessive. The effect of these

errors will be examined before the sources of these errors,

and the control measures which.were used in this investiga-

tion. The selection of the heating medium temperature is

critical as is illustrated in Figures 5.1, 5.2 and 5.3 for

the data given in Table 5.1. In Figure 5.1 the data were

plotted assuming a retort temperature of 2529F. In Figure
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Table 5./ . Heating data

Time, min. Temperature, 0? Time, min. Temperature, °P

o 150 32 239

2 157 34 . 240.5

4 165 36 242 '

6 174 38 ' 243 ‘

8 182 40 - 244

10 190 ‘ 42 245

12 198 44 245.5

14 . 205 46 ‘ 246

16 212 , 48 246.5

18 217 so 247

20 222 52 247.5

22 226 54 248

24 229 56 248

26 232 58 248.5

28 235 - 60 248.5

30 237 62 249
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5.2, the data were plotted using a retort temperature of 250°F,

and in Figure 5.5, the data were plotted using a retort tem-

perature of 248°F. The variation in f and J and the presence

of broken heating curves in some of these plots is an example

of what can occur. With conduction heating products, this

problem is much simpler than.with convection heating products.

With conduction heating products, it is approprate

to make minor adjustments in the heating medium temperature

until the curve becomes a straight line. Since convection

heating curves are not straight lines, (see Table 4.1) the

problem is much more difficult and requires a'great deal more

eXperience in properly treating this type of data.

Instrument-thermocouple error§.--Inadequate sensitivity

of the instrument-thermocouple system produced by either a

long, fine thermocouple of low electrical (and thermal) con-

ductivity, or lack of instrument sensitivity, may result in

obvious stair-like time-temperature data in the region close

to processing temperature.

The errors in accuracy of the instrument-thermocouple

system are more serious, however. These affect the heat

penetration curve in much the same manner as an error in

positioning the thermocouple in the heating fluid, since in

»both instances the effect is the same as an error in retort

-t°mperature. Cepper-constantan thermocouples normally will

be within plus or minus 0.750F. However, measurement of tem-

Peratures inside a retort or other processing equipment is



carried on under rather adverse conditions. Manual potenti-

ometers are, in general, subject to fewer errors and problems

than are automatic potentiometers such as those used in this

investigation for the simple reason that a second emf system,

the line voltage, is brought into use in the automatic

pctentiometer.

Errors in El.--The selection of the proper retort tem-
 

perature to use in this data plotting procedure is not a

simple matter. In general, there are 5 or 4 different tem-

peratures that are available to use as the retort temperature.

These are the temperature on the recording temperature con-

trol, the temperature of the indicating thermometer on the

retort, the temperature of thermocouples in the retort and

the temperature of thermocouples inside the containers that have

been allowed to equilibrate with.the heating media. It must

be recognized, however, that the thermocouple inside the

container is under a different set of physical conditions

than the corresponding thermocouple outside the container.

This situation can be severe in steam atmospheres; however,

with water processing of glass containers it can be a night-

mare. In the case of glass containers processed under water,

the thermocouple in the water is in one electrolyte system

whereas the thermocouple in the container is in a second

‘electrolyte system with limited electrical paths between these

two electrolytes. One path.may be from failures in the insu-

lation of the thermocouple wires when they pass through the



heating medium to the heating media. Such failures in essence

may create a situation not unlike that of a battery that will

generate very small emf's that will either add or subtract

from the final measured variable.

Perhaps the only way to be absolutely sure of the heat-

ing medium temperature to'use with a given container is to

heat the container sufficiently long to allow it to equili-

brate and use this equilibration temperature as the heating

medium temperature.

.This is not free from errors because it is not uncommon

for the retort temperature to drift upward during the course

of the process so that the final temperature may be 1 or 2

degrees higher than the temperature during that portion of

the heating period when most of the heat is transferred.

(This may occur due to design of equipment with supply pres-

sures and control valves adequate for the peak load which

occurs during come-up. After this period the equipment ‘

capacity is excessive so that leakage through the control

valves alone may be sufficient to cause this drift.)

It is desirable to control the processing temperature

within 1 1/4°r as recommended by Townsend 22.32- (1955), how-

ever this is not always possible and it is increasingly more

difficult to control the temperature in water baths, cooling

.canals, steam-air atmospheric pasteurizers, than in steam

retorts. It is necessary to employ some method of correct-

ing datawhen such.changes in heating medium temperature
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occur. The analytical approaches of Thompson (1919, 1920),

Riedel (1947), or Gillespy (1953) for a linear change in an

otherwise steady environment temperature, or to Gillespy's

solution for eXponential come-up can be used for conduction

heating products. For convection heating products a drift

in retort temperature might be anticipated by using an equi-

librium effective retort temperature. -The equilibrium tem»

perature can perhaps be corrected for this drift by observ-

ing the amount of drift that may have occurred in the tem-

peratures in the heating media.

Control measures.--Accurate frequent calibration of

the instrument thermocouple system and of thermocouples with

one another, placement of the external fluid temperature

thenmocouple close tothe container and precise control of

retort temperature are control measures which may be used to

reduce the magnitude of these errors.

In this experiment the equilibrium temperature of the

thermocouple was compared to that indicated by the‘bath and

the correction was applied to the mean apparent heating tem-

perature during the period which was to be used for estima-

tion of the parameters f and J. This strategem was in addi-

tion-to the use of a calibrated potentiemeter-thermocouple

system and thermocouple wire from the same lot.

These and other temperature measurement errors have

been discussed intensively by Baker, Ryder and Baker (1953,

1961) and Dahl (1962) among others. One of these errors,

Spurious signals due to voltaic emf's at the thermocouple,
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in the container, or in the heating equipment or electrical

leakage not compensated fer, due to moderate resistance

grounds, has appeared repeatedly in this investigation (par-

ticularly with the sensitiveudljivolt potentiometer) and in

the field investigations of Pflug (1962). These errors ap-

peared in spite of varnishing of thermocouples,Junctions,

using wire whose insulation was not frayed,and normal pre-

cautions of grounding of instruments, their cases, and proc-

ess equipment. It is now the practice here to use common

electrical circuits wherever possible and to take particular

care to ground all equipment and the container to a common

low resistance ground with low resistance straps and contacts.

When working on wet floors it sometimes has been necessary to

wear rubber footwear to avoid grounding the apparatus to other

equipment or to floor drains. Another control measure is in-

place calibration of the thermocouples; the use of equilibrium

temperatures is in effect a calibration. Here

we are following the practice of not using data closer

than 5°F to the retort temperature. If Townsend's criteria'

of control, i.e., :_O.25°F could be attained at five degrees

below processing temperature in commercial equipment the

relative error in f would be (O.25°)/(5°F) or 5 percent, and

if the control is :l.O°F, which seems good fer the data re-

.ported in the literature, the error is :_20 percent. It is

difficult to assess the magnitude of the errors as they occur-

red during this experiment. Consider the 50° to 350°F instru-

ment used in this experiment: the sensitivity is :9.2°F; the
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estimated operational difference between thermocouples

is $9.40F; and the control achieved within a test (using the

180°F waterbath) with the additional use of the equilibrium

temperature is estimated to be about 19.40F. The estimated

possible error due to the above for this system is therefore

approximately :_20 percent.

VV—w

The thermocouples introduce three errors in addition

to those of calibration; these include:

1) A change in the velocity profile, and poorer con-

vection heat transfer due to the increase in shear

area, and reduction in core flow but an increased

heat transfer area due to a slightly higher fluid

height. V

2) A lag in the apparent temperature due to the re-

sistance, and small capacitance of the thermo-

couple.

3) A conduction error, generally causing a lead in

apparent temperature, due to conduction of heat

by the wire from the bath to the junction.

The velocity error on the overall pattern is presumed

small since the additional vertical Wall shear area is pro-

portional to the ratio of the diameters of the thermocouple

and the container, that is, 0.25/2.00 to 0.25/4 or six to

twelve percent. This flew restriction of (0.25/D)2 moreover

is introduced in the center Where the velocity is about one
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eleventh of that near the container wall.

The errors in heat penetration measurements in conduc-

tion heating products due to his lead wires and fittings have

been estimated by Ecklund (1949, 1956). Cowell and co-workers

(1959) investigated the effects of bare thermocouple wire of

various diameters on the heating parameters f and j in compar-

ison with a mathematical model proposed by Jaeger (1955).

Corresponding errors for convective heating products do not

appear to have been determined prior to this investigation.

One approximation to the error is to treat the product as a

conduction heating product with the observed "effective"

thermal diffusivity. A second approximation used here is to

assume that the fluid is a Jenes-Olson + Schultz-Newtonian

heating model and estimate the thermocouple lags using a pro-

cedure similar to that shown in Eckmann (1958) for a thermo-

couple in a well.

The f for various thermocouple assemblies installed

in 16 oz. jar lids were determined by direct immersion in

the 1800 bath but without the usual mechanical agitation.

The f's were on the order of 0.10; 0.10 and 0.60; 0.10 and

1.25; 0.10 and 0.60; min. for 24 gauge fiberglass thermocouple

wire (vertical multipoint rod, bakelite rod (conduction),

and fiber rod (convection) thermocouple units. Only the

second of the two constants f (the first corresponds to that

for bare wire before heat is lost to the body of the rod)

for the rods will be considered here.

The results of the effect of a 0.10 min., 0.60 min.



Table 5.2 . Errors due to resistance and capacitance of

thermocouple elements.

 

 

 

 

Percent relative error in f

True f

of product f of thermocouple element alone,

in container, minutes

minutes

0.10 0.60 1.25

3 <<0.017 1.24 1.69

6 do 1.11 1.26

9 do 1.07 1.16

12 do 1.05 1.12

15 do 1.04 1.09

30 do 1.02 1.04  
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and 1.25 min; f couples on apparent'? for containers having

1‘ of s, 6, 9, 12, 15 and 30 minutes (but j-values of 1.0)

are shown in Table 5:2.The corresponding j-values are of the

order of 1.0.

Investigations of thermocouple errors suggest match-

ing of thermal preperties of the product and thermocouple

probe to minimize error. Probes for convection heating

should be highly conductive (about 24 times that of water--

this is the effective thermal diffusivity as determined by

Tani ,1940 ),be small in diameter-~not only to minimize

interference witthroduct but minimum mass (lag) and cross

sectioned area (heat gain from the environment), have a

sufficiently long immersion length in an iso-J zone. and be

inserted axially into the central core to reduce interfer-

ence with flow. The multi-point rods used in this investi-

gation are an attempt to meet these criteria but with compact

but relatively rugged assemblies. The wrapping of the bare

thermocouple wire which emerged from the rod halfway around

the rod before making a junction achieved an immersion

length of about 40 wire diameters. The immersion length of

the horizontal multi-point rod was about 1/3 as great but

the 0.10 in. diameter supports were in a region of tempera-

ture very close to that of the Junction. Additional immer-

sion length can be achieved with the sacrifice of flexibil-

ity or rigidity. A single fine bare wire inserted either

through the top or through the sides of the container should

be supported in order to assure a known position, but
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fastening it to Opposite sides (very difficult for glass

containers) means that the thermocouples can only be used in

that one container. The additional wires necessary for with-

in-container comparisons_substantia11y add to the complexity

of the measurement system. A frame rather than the container

itself might be used to support the thin wires (a scheme

proposed by Sunderland, 1963). This frame could be used

interchangeably in various sizes of glass containers by

changing the closure size, but it is not readily apparent

how the frame could be used in various cans. This later

problem is solved for the vertical (but not the horizontal

multipoint thermocouple rods) by inserting the probe into

the Opening of an Ecklund packing nut or other such adapter

which is soldered onto the can lid after closing.

The_gualitative Nature of Flex

Eisualization

The qualitative nature of flow studies using chemical

tracers or minute discreet particles, the two techniques

which seemed most promising for study of the slow flows

encountered in confined transient natural convection, was

recognized in the design of the eXperiments. All three of

the techniques employed, injection of dye droplets, layering

‘of dye and suspensions of aluminum powder have their peculiar

limitations however.

5 The injection of dye drOplets had to be done with care

in order not to impart an unwanted initial velocity to them.

These draplets gradually faded due to diffusion. This is the
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reason that the core flow was not seen rejoining the boundary

layer flow. This disadvantage could be overcome in future

“experimentation, however, by injection of dye droplets closer

to the bottom and side of the container rather than only at

the tap center of the core as in this experiment.

This dye technique was deemed to be not suitable for

study of flows at longer times since expansion forced the

dye out of the needles continuously and the droplets from

the tap needles sank too rapidly and droplets from the bottom

rose too rapidly due to their not being at quasi-equilibrium

temperatures and injection velocities caused by this expan-

sion. for these reasons no observations were made of the

height of the lateral loops.

The layering technique used by Fagerson (1950) and in

this experimentation was difficult to employ, fbr the diffu-

sion process would begin immediately thus causing a dark

background above the dye layer. The dye was all tooeasily

mixed with the water during transfer to the heating bath.

Since the dye rose on all sides and the core soon became

colored it was difficult to assess radial extent of the

somewhat darker boundary layer (darker because it was viewed

on edge) even with a reference grid behind.

A satisfactory suspension of aluminum powder like

that used by Tani (1940) was prepared, but here as in the

'layered dye technique the myriad of flashing flakelets ob-

scured the motion of the particles in the boundary layer and

a view from the top was necessary to determine the radial
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extent of the particular feature being viewed. It was not

considered.feasible to attempt two dimensional simultaneous

photographs of drOplet movement against a dark bottom layer

or the movement of a particular particle among myriads cf ,

particles. (It was difficult.to follow visually the motion

of a particular particle even in the plastic side rectangular

vessel in which there was little radial uncertainty.) In-

stead readily identifiable discreet colored droplets were

injected then viewed radially (through a grid) and axially.

In this way it was possible to assess radial and vertical

position. -

These techniques, however, are approximations of two

different characteristics of the flow. Individual dye

(here assumed not to diffuse) droplets and aluminum parti-

cles when photographed for brief intervals show the direc-

tion (the tangent to the recorded path) and the velocity

(the length of the image relative to the exposure speed and

the magnification of the camera system). The tangent to the

path of a particle is the instantaneous direction of the

stream lines. If the flow is steady, however, the stream

lines no longer must be constructed from very short path

lines but may be determined from long time exposures,

<n:multiple short re-exposures, for the stream lines and

Paths of these particles are now coincident. Dye streams

(either from needles or from a layer at the bottom of the

container are a measure not of the stream lines or of the

path of particles but of the streak lines, that is the paths
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of fluid elements which have passed the point of the needle

or from somewhere in the bottom layer. If the flow is steady

the streak lines become coincident with the streamlines and

the path lines.

The techniques employed here are therefore experimen-

tal approximations to the path and streak lines but have been

used as approximate steady state stream lines in Figures 4.9

and 5.5 and in the diagrams of Tani (1940) and Ban and

Kaziwara (1941). The photographs used by Fagerson (1950)

and Fagerson and Esselen (1950) are more complex however:

the assumption inherent in interpretation of these photo-

graphs is that the dye will be concentrated in the regions

of greater fluid movement and that the approximate quasi-

steady stream lines may be distinguished due to greater

absorption by the boundary layer (when seen on edge) and in

the core center as contrasted to the dark backgrounds.

Assumptions

Eye Assumption of Symmetry;

A symmetrical flow and temperature distribution about

the central axis has been assumed without question in pre-

vious investigations, due to geometric symmetry. There is

some evidence within this experiment which indicates that

although this is an excellent assumption, in practice it is

’not'entirely correct. The irregular rate of rise of dye

streams over the surface of the container when the layering

technique of Fagerson (1950) was used, the observation that
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glass thickness was not uniform either vertically or circum-

ferentially, and the sensitivity of the metal cylinders used

to evaluate the external film coefficients to position with-

in the equipment all indicates an uneven flow pattern inter-

nally. The dye flow irregularity may be due in part to

turbulence, as it might in the irregular flow pattern re-

ported by Sparrow and Kaufman (1956) for free convection

flow of water in a narrow vertical enclosure cooled at the

top and open at the bottom to a heated reservoir. This

latter investigation, the only one which the author has

found which reports gross non-symmetric and irregular behavior,

may be a special case of turbulent eddy flow (turbulent due

to the tall height of the enclosure) in which the narrow

apperture has restricted the formation of even turbulent

eddy 100ps but in which the flow is not restrained laterally

along the enclosure. Nevertheless the horizontal profiles

were symmetric within the experimental time and temperature

errors when.the horizontal multipoint rod was placed ver-

tically in the center of the container.

The Flow Regimg_

Film coefficients for the flow regime encountered in

thermo-syphon tubes and between parallel horizontal plates

have been summarized in a consideration of the engineering

‘ problem and the regimes themselves will be discussed in re-

gard to the overall problem in Section.VI. Since these flow

regimes have been shown to have great influence on the



phenomenon observed it is necessary to examine the presumed

and apparent flow regimes in order to interpret other results.

The film coefficient computed by the\McAdams (1954)

formulae for vertical and horizontal plates using the assump-

tions outlined previously, are for Rayleigh numbers from

8 x 106 to 2.3 x 109, i.e., the laminar flow range for these

formulae except for the lateral surface for water in 16 oz.,

9

i.e., 503 cans, in which the critical NRa = 10 is not ex-

ceeded within 20 to 30°- of '11 (with T1 of 180°F) and very

nearly this level, i.e., 0.7 x 109 in 16 oz. vegetable jars.

(All the containers containing water and heated from 60 to

180°F had NRa which exceeded this level when the film coef-

ficients were calculated using resistances corrected to the

internal area and Eckert's relations for laminar flow on

vertical flat plates.) .

The.investigations of Martin (1955) and Martin and

Cohen (1954) of heat transfer in open thermo-syphon .

tubes with length to radius ratios ranging from 7.5 to 47.5

give little assistance in.determining the probable flow

regime in the jars used in this experiment,for from NRa

based on container radius turbulent flow would be expected

but on the basis of fluid height laminar flow would be f

expected. The transition between domains when based on

radius have been indicated in Table 2.1. The transition on

10
V the height basis occurred at NRa from 2.4 x 10 down tov

8 x 109 as L/r decreased. Foster (1953) found transition

9

occurring in thermo-syphon tubes at NRa ranging from 10 to
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1010 as smaller diameter tubes or higher viscosity (and

temperature coefficient of viscosity) fluids were used.

Calculations for the bottom film coefficient using

the correlations of O'Toole and Silveston (1961) and the

experimental cold point height as an estimate of the thick-

ness of the confined horizontal layer (here insulated on

the tOp) place the bottom flow in the turbulent region, i.e.,

Nha3>105 throughout the period in which Observations were

made. Calculations made assuming the effective height was

lower-~perhaps only half as high--might permit laminar eddy

flow at the bottom late in the heating period for sucrose,

however.

Turbulence-~or at least random eddy motion-~was

detected in some instances. This behavior was detected

during the flow visualization studies at the top of the

side walls and to some extent in the bottom eddies during

the initial phases of heating of water in 16 oz. vegetable

jars with a 120° temperature difference. The Reynolds

number for the dye droplet in the rising film was on the

order of 1400. This is in excess of the NRa associated

with turbulent flow in natural convection, (Eckert and

Drake, 1959). Temperature fluctuations which correspond to

irregular convective movement of fluid were observed ini-

tially at points near the bottom and near the tOp, i.e.,

' near the discharge from.the boundary layer. These fluctua-

tions appeared to decrease in magnitude as the flow time

away from.these surfaces increased. These fluctuations also
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were noted to have disappeared before the cold point temper-

ature had approached to within 20°F of the heating medium

temperature. The shape of many of these fluctuations appear

to be like those of Martin and Cohen (1954), i.e., a tell

shaped curve skewed to the right, for turbulence in thermo-

syphon tubes (see Figure4.7). Turbulence or lack of turbulence

were not detectable in the tests which used the recording

multipoint recording potentiometers since these instruments

recorded the temperatures at discreet intervals (1 minute or

1.2 minutes). -For this reason the temperature histories

provide no information about the flow domain for other sizes

or for sucrose solutions.

Transition to local turbulence at the top of the

rising stream is enhanced by the inflection of the boundary

(Schlichting, 1960, and Lin, 1955) due to discharge of fluid

from the boundary layer into the core and local mixing of

core-mixing such as reported by Hammitt (1958), Martin (1955),

Martin and Cohen (1954), and Foster (1953). The transition

all along this vertical boundary layer is retarded someWhat

by the decrease.in viscosity as the temperature increases.

This effect does not appear to have been investigated ex-

perimentally however, (schlichting, 1960, and Lin, 1955)

but abundant evidence is available for the contrary effect

observed in air, due to its increase in viscosity with in-

'creasing temperature. (See Gebhart, 1962,as well.) The

viscosity of these fluids, among others, as a function of

temperature is shown in Figure 5.4.
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The cyclic behavior of the temperature at 1/8 in.

above the bottom as point number 1 seen in Figures 4.1-4.4

and particularly in Figure 4.1 is attributed not to tur-

bulence but to cycling of the bath temperature once the bath

had recovered from the disturbances caused by adding cold

containers. Variation between the apparent film coefficients

(see Table 4.2,and Table 4.3 ) on a given cylinder within a

treatment combination are nearly of the same magnitude as

the difference between film coefficients with and without

heat supply during a test, and may be confirmation of the

influence of cycling of the bath temperature.

There was no indication from the motion of dye drop-

lets that the central portion of the core was turbulent.

Since turbulence deteriorated relatively soon in the heating

period there is no major disagreement between these observa-

tions and those of Hammitt (1962), (p. 62) for steady state

cooling of a larger vessel with internal generation but with

slightly lower NRA, i.e. from 105 to 108. He had not_ob-

served turbulence in the boundary layer under conditions of

laminar core flow. In addition Reynolds number calculated

from the dye measurements is on the order of 102, well

below the 2100 criteria near which turbulence in tubes may

occur and hence on this basis might be presumed to be laminar.

From this discussion it may be concluded that the boundary

layer flow regime was generally laminar within 20 to 30°F

of T1 and the core flow was laminar throughout the heating

periods investigated here. The flow at the bottom appeared
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to be turbulent eddies up but not within 20 to 30°F of T1.

None of the systems previously investigated correspond well

to the geometry of can and jars, however.

The Assumption of Quasi-Steady-State

Quasi-steady-state film coefficients have been computed

and contrasted, with observed values through graphs of experi-

mental versus predicted f values and in the evaluation of the

film coefficient on the exterior of container-sized copper and

aluminum cylinders. Is this a reasonable assumption however?

The use of these steady—state coefficients for gases and for

boundaries with negligible or appreciable.capacitance has been

reviewed briefly in an examination of the problem. Fluids in

the food containers investigated here have opposite viscosity

temperature coefficients to those for gases and are in contact

with container surfaces which have moderate, not neglibible or

appreciable thermal capacitance. Theselpredictions can be used

as a guide here however. Consider water in a 4 in. high con-

tainer which has negligible capacitance or resistance. At

about 65°F the F = 1 x 10'4 for water (for 50% sucrose it is

about twice as large) According to the Sparrow and Gregg

(1960) criteria as modified in Section II the heat transfer is

steadyostate within 5 percent when the f value is greater than

2.5, 3.1, 3.8, 5.1, 15.3, 30.6, and 306 for temperature differ-

ences of 120, 100, so, so, 20, 10, and 1°P reSpectively. The

'experimental f values for the most nearly comparable case,

water in # 303 cans, were on the order of 5.4 and 8.0 for water

and 50 percent sucrose reSpectively. If this criteria is
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apprOpriate the heat transfer would be quasi-steady up to with-

in 22° and 75°F of T1 for water and 50 percent sucrose res-

pectively. According to the Siegel (1938) criteria the time

required for the boundary layer to become two-dimensional for

these same conditions but with a 100°P temperature difference

are 5.3 and 5.5 seconds. The time required for the flow to

cease being conduction is 1.9 seconds. These times would be

increased by exterior resistances or capacitances however.

These times will also be increased substantially by large'

Prandtl numbers (Goodman, 1962 and Sparrow and Gregg, 1958).

Other Assumptions

There are many other assumptions inherent in a quasi-

steadyastate Newtonian heating model; some of these have been

introduced in an examination of the problem. These include

(1) Negligible axial temperature gradient, (2) Negligible wall

temperature gradient (both axial and longitudinal), (3) the

use of constant exterior films coefficient and wall conduc-

tances, (4) the use of one temperature difference--the quasi-

steadyostate temperature difference between the wall and the

fluid at the axial cold point--to estimate film coefficients

and the arithmetic mean temperature to evaluate thermal prep-

erty, (5) the assumption of no interaction between vertical

and horizontal surfaces. Little or no information is avail-

‘able fram the other investigation in order to evaluate the

0

Possible errors introduced by these assumptions however.
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Part II. The General Flew Patterns
 

The flow patterns shown in Figures 4.10 and 4,11 confirm

the gross flow patterns as reported by Bitting (1926—1927).

Jackson and Olson (1940), Jackson (1940), Tani (1940), Fagerson

(1950). The techniques of these several investigators were'

refined and used to supplement one another in order to examine

the flow and corresponding temperature histories in greater

detail.

From the calculations based on the Siegel (1958) formulae

it can be seen that convection starts quickly. It also could

be shown that a very small temperature difference between con-

tainer wall and the bulk fluid temperature (see the lower

limits for laminar flow in Tablesg; and 22) 0.010;: for water on a

4 in. vertical surface might be required in order to cause convection

motion to start. The dye movement and the 0+ OF isothermal

shown in Figure 4.8 compare favorably for these estimats.for

negligible container-exterior film resistance and capacitance.

The flow at the top had affected the temperature at 1/8 in.

below the surface'within 3 or 4 seconds. The dye droplet at

the heel appeared to start moving upward about this same time.

The flow at the bottom center (where the glass is thicker and

near two heating surfaces as at the heel) appeared to start

much later, but still within 6 to 8 seconds.

The flow patterns found in this investigation are not

~as simple as those described in most of the earlier investiga-

tions but neither are they as confused as in one Widely re-

printed artist‘s conception.
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The pise and decline of the bottom eddies was comparable

to the initial 38 percent x/L rise and the later‘IQPEI‘CGnt X/L

relative height reported by Fagerson. Their random pattern had

not been previously reported however. The decline of the height

of these eddies as the lateral flow becomes established suggests

that the position of this axial cold point is due to a balance

of convective heat transfer from the sides and from the top of

the container. This phenomenon could also be expected later

but in the Opposite direction as convection declined and con-

duction from the perpendicular to the direction of eddy move-

ment became important. V

The boundary layer formed on the side walls of the con-

tainer resembles that found on flat plates (there is little

curvature). The boundary layer appears to start to form near

the t0p of the fluid as it does in thermosyphon tubes (Light-

hill, 1953, Martin and Cohen, 1954, Martin, 1955) because the

time required for the thermocouple at point # 9 appears to be

equal to or less than the time required to induce a dye droplet

at the heel to start moving upward. The mechanism for lateral

movement of fluid from the boundary layer into the core before

velocity pressures have been established has not been estab—

lished. Pflug (1962) has suggested a probable mechanism, how-

ever. The fluid along the side wall eXpands upward as it is.

heated. This raises the fluid meniscus above the equilibrium

level. The fluid then moves inward due to this slight gradient.

The dye studies show however and the horizontal profiles at 1/8

and 5/8 in. below the fluid surface appears to confirm that

only a small portion (the innermost portions of the boundary
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layer) rises to the top and Spreads inward over the surface

of the liquid as suggested by Jackson and Olson (1940). In-

stead a substantial portion appears to be deflected inward by

container curvature and perhaps due to greater velocity pres-

sures on the portion of the boundary layer nearer to the con-

tainer wall. Bitting (1926-27) noted this discharge from the

boundary layer as have Tani (1940) and Hammitt (1958).

Since sketches of fluid flow in a container are approx-

imations of the quasi-steady stream lines the area between them

represents flow tubes containing equal mass flow rates. The

sketch published by Tani (1940) implies that there is a sub-

stantial established laminar profile in the control core as the

flow area shown in the center is substantially smaller than

that in the neXt flow tube (annulus). This type of velocity

profile has also been preposed by Hamilton ££_gl. (1954) and

Hamilton and Lynch (1955). Most of the evidence including

this investigation points to almost plug flow, i.e., a nearly

flat velocity profile in the central core. (Jackson, 1940;

Hammitt, 1958). There are small deviations from the flat veloc-

ity and temperature profile.

The variability of temperatures within the same con-

tainer even when great care is taken (see Hammitt, 1958) have

made it difficult to examine the core temperature profile in

greater detail. In this investigation the upper and lower por-

_tion of the core (but not the center portion) were investigated

with the multipoint horizontal profile thermocouple rod in order

to compliment but not duplicate Fagerson's study (1950) of tem-

perature profiles. Dye flows were observed however. Flow
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visualization, Fagerson‘s movies and iso-ta and iso-Fo contour

maps (see Figure 6.9 ), Bitting's flow visualiza-

tion and the radial temperature profiles of Hammitt all indicate

that outside a thin rising boundary layer and a buffer or quies-

cent region there is a layer which is descending more quickly

than the remainder of the core. In this layer the fluid is

tranSported more rapidly and fixed particles in this area

receive more equivalent minutes F0 than in the outer buffer

zone or in the inner portion of the core. This layer appears

to be nearer the surface, i.e., larger r/ro for the No. 2-1/2

vegetable jars. The time required for a draplet of dye from'

the heel to reach a point along one of these stream lines of

course increases as it becomes more distant along this path or

if it were in a slower moving path. This is a refinement of

the observation by Jackson that the lag factor increased from

values of about 0.5 near the top to near unity near the bottom.

The sweep outward of fluid in the core before it reaches

the bottom of the container has also been noted by Bitting

(1926-27) and to a lesser extent by Tani (1940). This effect

can be seen in the iso-Fo maps of Pagerson's data (see Figure

6.9 ). In these maps the iso-Fo lines are normal to the

streamlines which form the boundaries for the flow tubes. This

outward sweep as the fluid rejoins the ascending boundary layer

and the by-passing of the area between the boundary layer and

,the more rapid streams within the core may be responsible for

interaction which mask the effect of tranSport lay in a sta-

tistical of Fagerson's data.
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This outward sweep of the core flow before it reaches

the bottom makes it possible for the establishment (and de-

tection) of the bottom flow patterns in food containers. The

presence of bottom eddies in thermo-syphon tubes as hypothesized

by Lighthill (1953) has not been confirmed experimentally in

this system. The large L/r ratios and hence large hsAs/hBAB

ratios investigated may be responsible for masking this phe-

nomenon.

It can be seen from Table 2.2 that the flow regime at

the bottom probably correSponds to either laminar flow (based

on the McAdams formula for single flat plates) or to the lower

portion of the turbulent region for flow confined between two

hotizontal surfaces. Schmidt and Silveston (1959) have char-

acterized this flow as a completely disorganized eddy pattern

which is constantly shifting. The spacial arrangement of the

bottom eddies is not clear: because if (1) the flow correSponded

to Benard cells the fluid would rise in the center of the eddy

100ps, (2) Benard cells (which are known to appear above a NRa

of 1,700 up to NRa of about 47,000) are usually thought to have

a nearly hexagonal shape of toxrus whose diameter is.about

twice its height, and (3) it is not now clear what the effect

of lateral confinement of the eddies is on such eddies. The

effect of lateral confinement, however, is probably a function

0f the perimeter per unit area and hence may decrease as $5

with increased r (as in the McAdams formulae for single horizon-

tal plates).

The implication of the flow patterns discussed above are

that the tranSport lag, t = f - log j, due to convection and
a
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supplemented by conduction increases along a stream line and

as the flow area between stream lines increases, r regions,

which receive less Equivalent minute F0, therefore will existCl)

at the center of buffer regions within (vortex centers) and

between flow streams,(e.g., the buffer zone between the ascend-

ing boundary layer and the descending core)(2) within estab~

lished bottom eddies or ringjvortices (3) axially above the bot-

tom flow and between the lateral eddies (4) at the heel of the

container between the bottom eddies and the last fluid to IE-

turn to the ascending boundary layer. When correlations of lag

time ta as a function of axial position and other physical and

geometric factors are attained, the Food Engineer and Food

Scientist may have adequate information-oassuming plug flow--

to Calculate the lethal treatment imparted to particles travel-

ing with the fluid to supplement estimates based on the temper-

ature history of the ‘coldest‘ spacial point.

The temperature histories near cold point (3) rather

than near the cold point (4) (which was pointed out by Fagerson

and Esselen, 1950 and Fagerson, Esselen and Licciardello, 1951)

were investigated here. Movement of this cold point was in-

plied by the analysis but neither confirmei (nor--the author

feels-~contradicted) in the experimental phase of this investe

igation for reasons which will be discussed shortly. The above

discussion seems incomplete without a brief projection of the

flow patterns for smaller NRa than investigated here. The bound-

ary layers for the system investigated here are thin, leSs than

0.48 in. the measurement closest to the wall in this investiga-

tion, i.e., within the 0.75 in region not investigated by
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Fagerson (1950), but between 0.1 and 0.6 in: the thermocouple

locations used by Jackson and Olson (1940) and Jackson (1940).

The thermal boundary layer thickness on a 4 in. high vertical

plate for as a function of Rayleigh number and Prandtl number

are shown in Table 5.2. These values were calculated using

the formula for laminar flow on flat plates given in Eckert

and Drake (1959) .

 

g (0.952+NP,.)1/4

'- = 3.93 1‘h* 1 4
X NP]: / NRa /

TABLE 5.3.--Ca1culated thermal boundary layer thickness on a

4 in. vertical plate

 

 

 

N NPI'

ra 1 10 100

10 . . .
10 .059 1n. 0.051 in. 0.050 in.

109 .105 .091 .089

8 \

10 .186 .161 .157

7
.10 .354 .306 .299

6

10 .590 .511 .498

105 _ 1.046 ‘ .906 ' .885

4

10 1.86 1.61 1.57

The velocity boundary layer thickness for natural convection

based on an electronic computer solution of the boundary layer

,equations have been reported by Ostrach (1952). For this dis-

cussion however it is sufficient to use the approximation given

by Schlichtingf 1960).
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é momentum = VFNE;

5 thermal

This means that the velocity boundary layers which are not

sensed by thermocouples are 1, 3.16 and 10 times thicker,

respectively than those given in Table 5.2. These calcula-

tions are not apprOpriate for NRa or NPr such that there is

appreciably curvature or core flow is restricted. The eXperi-

mental observations of a thermal boundary layer greater than

0.1 in. (Jackson, 1940) but less than 0.475 in. and a velocity

boundary layer of 0.1 in. or less (from flow visualizations

studies) agree well with those estimated for NRa = 109, Nprzzi,

approximately the condition of this and the several investi-

gations cited.

This boundary layer thickens toward the t0p but grows

most rapidly near the bottom. This is the reason that most

.of the core flow, particularly the central portion of the core

returns to nearly the start of the boundary layer before re-

joining it.. The boundary layer would also be expected to

thicken either late in the process or as more viscous fluids

were used-~both of which imply lower NRa values. When the NRa

are such that the boundary layer occupies more than half of the

flow area at the top (of thermo-syphon tubes) Lighthill (1953)

has hypothesized that mixing of core and boundary [probably

more here than for thermo-syphon tubes] will occur. The re-'

duced velocities due to this mixing were hypothesized to cause

(the boundary layers to move upward causing a possibility of a

stagnant fluid layer below. These domains have been repeatedly

confirmed experimentally. Tani (1940), however, observed no

0
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decrease in height of the lateral eddy loops as T approached

T1 but FagerSon and Esselen (1950) reported that the eddy 100ps

only rose to 1/2 the jar height after 27 minutes heating of

water in No. 303 and No. 2-1/2 vegetable jars. The latter study

used the same fluid but slower heating containers than the for-

mer. 'A sketch of a the possible flow pattern for these NRa

is shown in Figure 5.5 . In this sketch some upward (downward)

movement of the bottom (tep) of the lateral eddies is indicated.

Such diSplacement might be caused by the increased role played

by conduction. As the conduction role increases less confi-

dence can be placed in reliance on the stagnation points in the

flow patterns as indicators of cold point position, e.g., the

importance of the cold point at the bottom of the lateral eddy

decreases and the importance of the axial cold point (now

higher) increases as conduction through the bottom and normal

to stream lines increases. The importance of the axial cold

point (as determined using multipoint rods) for lower NRa and

the irregular behavior of the bottom eddies as well as conven-

ience suggest continued use of axial temperature histories as

basis for Spacial lethality calculations.

Part III. The Mixed.Mean Temperature

The calorimetry eXperimental data were subject to mod-

erate errors which generally increased as T approached T1.

.Much of the variation found at 61 minutes may be attributed

to heat storage error, an error which Short (1944) overcamef

byusing 12-hour equilibrium periods. Other errors, such as

spillage and evaporation, heat loss to surroundings, nan-
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uniform agitation, and cycling of bath temperatures (and others

which have been discussed by Sturtevant, 1959 and White, 1928

among others) are felt to be of lesser magnitude. Such equil-

ibrium periods were not practical here.

It would seem that the most striking feature of this

figure, the lepe after the break, is due to such errors._ It

is interesting to note, however, that the slepe correSponds to

a coefficient of about 0.3 Btu/hr-ftz-OF. This is near an ex-

perimental limiting natural convection film coefficient on ver-

tical plates of 0.45 reported by McAdams (1954). Two other

general observations can be made, however. First, at 10°F

below the retort temperature an axial position of about 0.60

to 0.65 for the vertical profile studies (reported below) seems

to correSpond to the average temperature of the product; sec-

ond, since heat loss experimental errors all would cause obser-

vations which were too high, any break seems to occur much

less than 2°F from the retort temperature.

I The first of these observations, the vertical diSplace-

ment of the mixed mean temperature of the bottom and the prom-

inant lateral eddies is to be expected for the bottom eddies

would diSplace these latter flows upward. The axial position

is not as high as would be expected from the mean of the slow

point and container height because the thin fast moving por-

tion of the eddies which is near the walls is quite warm rela-

.tive to the core. It is evident that the axial cold point tem-

Perature is a conservative estimate of the mixed mean tempera-

ture and that it changes at nearly the same rate (%).
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The second observation implies that the practice of heat-

ing a product at 1°F above the nominal process temperature may

satisfactorily prevent any under processing of a highly convec-

'tive product due to transition to conduction heating.

‘Part IV. Overall Heat Transfer Coefficients

Exterior film coefficients and container conductances

as well as the product film coefficient may play a significant

role in transient convection heating and cooling of canned

foods. Seemingly minor changes of processing conditions, or a

change of heating medium therefore may cause detectable dif-

ferences in heat penetration rates.

Differences among heating medium undoubtedly are de-

tected only when the exterior film coefficients become important

relative to other factors that affect the overall heat transfer

-coefficients;| It will be seen in the succeeding section that

these factors may include'variations in retort operational

practices such as retort temperature come-up time, venting,

stacking.and air agitation; and container-product variation such

as fill, size, initial temperature, consistency and thermal dif-

fusivity. The exterior film coefficients themselves, however,

man also contribute to theu7--but as high as 10 to 15 percent

coefficient of variation of heating rates (Hicks, 1961) often

encountered.

Estimation of film coefficients from present engineering

correlations is difficult: (l) the shapes for which data
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presently are available are not those of the typical food

container which is usually a finite cylinder, and (2) the

fluid velocities within retorts, baths, tunnels and canals

are difficult to measure and have not appeared in the

literature. (Film coefficients for a few canned food systems

These data

\

have been reported and are shown in Table 6.7,

can be used as guides.)

The purpose of this phase of the experiment was (1) the

evaluation of heat transfer film coefficients, using metal

objects of known geometry and thermal properties, (2) eval-

uation of the influence of low film conductances on the f

and jo of convection heating products, and (3) relation of

the surface conductance to the parameters f and j of Ball

(1923) using theoretical relationships.

The use of metal cylinders of known thermal proper-

ties in itself is not new to the thermal processing

literature. They have been successfully used in the re-

search of Merrill (1948), Evans and Board (1954), and

Cowell 3£_al, (1959). These investigators, however, did

not describe the equipment or procedure for this promising

technique.



Possible systems errors.--The effects of thermocouple
 

conduction errors on heat penetration parameters f and j,

of conduction heating foods have been discussed by Cowell

gt_al. (1959). The effects of these errors were found to be

neglibible here, due to the fortuitous use of thermocouples

whose thermal properties closely match those of the product.

More serious is the effect of the thermal property variation

with temperature for the relative error in the f of a solid

having a uniform internal temperature is approximately the

same as the relative error in the thermal capacitance (see

Table 5.1). Where film coefficients cause low NBi’ the rela-

tive error in f will be substantially due to that of thermal

capacitance while at high NBi both the thermal capacitance and

the opposing thermal conductivity are important. Thus these

cylinders would be anticipated to give apparent f values too

high by 1.5 to 3.3 percent and 4.7 to ~2.2 percent for copper

and aluminum, reSpectively, and hence--since f is nearly pro-

portional to h in the useful range from h = l to 1000, an

average error of about 2 percent low would be anticipated when

the aluminum and copper cylinder data are combined.

Discussion of the Film Coefficient

Determination Method . .

The method and the equipment seem to give satisfactory

results: (1) the differences between thermocouples appears

not to be significant; (2) the variation within tests in

forced flow seems acceptably small; (3) the difference_between

cylinders is substantially that anticipated from property
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differences (and the use of handbook values of thermal prop-

erties) and (4) the agreement between these and engineering

correlations for other systems seems acceptable. The transient

film coefficients would be anticipated to be slightly higher

than steady-state coefficients. The 'lower values for most of

the engineering correlations could also be due to the use of a

reduced diameter in the equivalent diameter of the annulus (a

diameter which had been reduced in order to account for shape

of the cylinders). The correlations for flow perpendicular to

flat plates would be anticipated to be somewhat higher than

for the flat surfaces of the cylinder since the flow might not

converge as fast behind a long cylinder as behind a flat plate.

Convection Heating and Cooling of

Containers in Water

The effects of some processing variables on the film

conductances in several laboratory water-baths are shown in

Tables 4.2 and 4.3. The means and ranges are for two posi-

tions within the cylinders during two different immersions.

The effects of the film coefficients shown in these tables

are illustrated in the reSponse of water-in No. 303 cans as

shown by Table 4.4.

There appear to be differences (but not significant)

between water baths which might be attributed to different

relative size (for the same mixer), increased temperature dif-

'ferences, and higher fluid temperature level--that is fluid

Properties between those of the initial and final temperature--

but temperature difference seems to have more effect.
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The data in Table 5.4 give insight into the components

of the film coefficient. A substantial portion was due to

natural convection (low turbulence to high laminar flow

region on the side walls). Although the contribution of

natural convection from the heating elements was small it is

of the same order as that of much of the variation within

tests and hence may have been reSponsible for variation in

the 60 and 1800F baths in which the bath temperatures cycle--

period was approximately equal to the f values. The agitation

appears to increase the film coefficient by about one-third.

This would indicate that the exterior film coefficients might

drop to one-quarter or less of their initial value during the

latter stages of the heating or cooling of canned foods and

hence would contribute to a break in the heating rate very

late in the process.

The natural convection coefficients for a 60-1800F

treatment agree well with computed values of 226 and 103

Btu/hr ft2 0F at 120° and 10°F below processing temperature

using the recommended correlation of McAdams (1954) for natural

convection.

The data in Table 5.5 show an inverse relationship

between f and j, part of which might be attributed to the wall

capacitance--exterior film coefficient effect (but its contri-

bution would be anticipated to be greater for the data of

‘Table.5.6 for glass with high exterior film coefficients).

Much of the relation between f and j may very well be due to

tranSport lag.
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The high values of calculated convection film coef-

ficients using the lumped capacitance-conductances model

(the modified Merrill model described in Section II) is rather

unexpected. If these high values are not due to the small

differences in f and h relative to precision of the measure-

ments they may be due to higher than steady—state internal film

coefficients turbulence (suggested by Hammitt, 1958), higher

surface temperatures on the surface of the transducer and

hence to low film coefficients inertial effects of the core

which might cause maintenance of faster boundary layer flows

and possible error of about 12 percent due to weighting the

contribution of heating through the t0p of the container in

determining the overall film coefficient on the transducer.

These factors are opposed by the nonlinear temperature gradient

in relatively thick walled containers with moderate to higher

internal and external surface film coefficients.

The application of the technique described above seemed to

give satisfactory definition of the film coefficients on con-

tainers. It does not appear that the transducers or the tech-

nique in itself is reSponsible for the observed variation in

f of either the cylinders or the canned foods, hence refine-

ments such as those taken by Stolz (1959), i.e., measurement

of temperature histories at several points within an object

and computer calculation to determine the time rate of surface

,heat flux, are necessary at this time.' The method of calcula-

tion of f from film coefficients, thermal properties and char-

acteristic lengths is similar to its inverse, finding h from

f as illustrated here. The problem of finding f for conduction
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products if head Space resistance is to be accounted for is

much more troublesome. It would appear that Equations 21, and

22, and 23 of Section 3:11 of the text by Carslaw and Jaeger

(1959) should be used for the purpose rather than to construct

graphs such as those shown by Cowell and Evans (1961) (but with

the ratio of NRa on the two surfaces as additional parameters.)

Convection Heating of Containers in

Steam-Air Mixtures

The results of a recent experiment in which surface

conductances in some steam-air mixtures and the results of the

f vs the logatithm of velocity correlation of Pflug and Blais-

dell (1961)9 shown in Table 5.6, show the same behavior.

Glass Container Wall Thickness

The effectsof container capacitance and resistance have

been discussed in Section II. The problem here, however, is

the determination of a wall thickness, either through measure-

ment or estimation from the geometry of the container.

Merrill suggested a fprmula for estimation of glass

height

0.145 (Wt of glassJ 02. Av.)
L =

C [(Capacity, fl oz.) - (Height, in.)]1/2

without derivation. The formula

2

Lclz WrL+(0)zfm.] 0.145

 

L =
t

c l (7rr2L)(0.554 f1 oz,/in.3)(L)][o.69 in?/oz.g1ass]

which neglects the bottom surface will give the same answer.
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The empirical constant suggested by Alderson (1963), i.e.,

0.104 instead of 0.145. Previously the formula seemed to be

of the form

t f .

t = §'L2Gl + G2f] where G1 = 2 then 62 = 0. Now the

constant in the denominator is 2.79. Since r/l range from

about 0.5 to 0.28 for baby jars to quarts with a mean of 0.34

the equation t = £779 [2+2 i] would give approximately the

same answer as Alderson's modification of Merrill's formula.

For the containers contrasted in Table4.5 these modifications

give equal or better answers than the basically superior methodd

of Alderson. The Alderson method appears to have given poorer

but satisfactory results because the container bottom was as-

sumed to be twice as thick as the side walls although in these

instances it was usually appreciably thinner and the horizontal

projected area of the closure had already been taken into con-

sideration in the frusthms of right-cones which were used to

approximate the lateral surface.

The glass jar thickness, as determined by destructive

testing, Showed large variability with highly significantvar-

iation within wall positions in the containers which was :25

percent and an intefaction between wall thickness at various

positions and the particular jar, which may be due to the meth-

od of manufacture. The nearly significant variation from jar

. to jar within a given size may have increased the range of f

sufficient to have destroyed the sensitivity of a statistical

analysis to real but small differences between T0 and T1

treatments.
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Part V. Discussion of f and igin Convection

The effect of container and product on the time-timper-

ature heating pattern must be made in terms of f and j; how-

ever the time for the onset of heating, t = f log j, i.e.,
a

the time for the fluid elements to move from the wall to the

point in the container under consideration has more real mean-

ing and the effect of variables on this quantity will be in-

cluded in addition to their effect on f and j.

\

The Use of the Terms f and j for Convection Heating

to Describe Convection Heating Data

The terms f and j are derived parameters for conduction

heat transfer. Rigorous analysis of conduction problems permit

correlation of f and j with the Biot number ha/k and other para-

meters of the conduction heating system. The significance of f

and j in conduction heat transfer does not extend into convec-

tion heat transfer. However, it is possible to show that con—

vection heat transfer can be described by the following equa-

tion if thermal prOperties and the overall heat transfer coef-

ficients are constant

log(Tl - T) = 5}- + log 3' (T1 - To)

This equation also can be used to represent portions of the

heating curve if these restrictions are not met. However, f

.Can no longer be related to thermal diffusivity and distance

but now is a function of the convection coefficient, viscosity,

and container geometry among others. The physical significance

0f the lag factor j is even more remote in convection than 15

.Mfln_;_‘rrflflJa-Ill‘
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the f value. There is a thermal lag in convection heating as

in conduction heating but this lag is now basically a time

function, that is, a transfer lag that depends on the length

of time required for the particle to'move from the side wall

stream to the point being measured (after the brief interval

of conduction heating of the exterior film wall and the inter-

R

tion is attained). If the several lags in the system were due

nal fluid until the critical N a for the incidence of convec-

to non-interacting components it would be possible to partition

the transfer lag into its several components using the tech-

niques of system analysis as outlined by Caldwell, Coon and 2055

(1959) among others. The time when a given point begins to

heat can be described in terms of the f and j nomenclature as

f log j, (see Figure 5.6 ). .Even though the basis of f and j

is not as strong in convection as it was in conduction analysis,

Pflug and Blaisdell (1963) believe these terms are 3‘ Q009 as

any terms that can be developed and their historical use and

their veneral convenience is sufficient to warrant that thev

be used in convection analvsis.

The status of methods for analysis of convection and

combined convection and condrction data are tenuous. The avail-

able models all suggest heat penetration curves similar in

Shape to conduction but provide little or no information to

Predict j other than that tentatively prOposed by Merrill

-(1948) and the treatment of container wall lags in Section II

of this disertation.
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Comparison of a Small Diameter Container

with a Large Diameter Container, Both

.of Which Are the Same Height

. As the diameter of the container is increased, f in-

creases and f log j increases; however, j may either increase

or decrease depending on the relative magnitude of f and f log

j. Consider a small diameter as opposed to a large diameter

The ratio of the heat transfer surface to thecontainer.

The quantityvolume of fluid decreases as diameter increases.

of heat transferred to the container is a function of the sur-

face area and therefore as the surface to volume ratio. de-

creases, the heat transfer per unit volume decreases and hence

f will increase; the side wall convection stream flow through

the area 21Tr 8 is a smaller percentage of the center slug

area, 7r(r-8)2, and hence the rate at which the slug in the

center of the container moves downward will decrease causing

an increase in f log j. The lag factor j would be expected to

be nearly constant but be sensitive to changes in Lw'

Effect of Increasing Height, Diameter

Held Constant

As the height is increased, holding the diameter con~

stant, the heat transfer surface to fluid volume ratio (reZL)/rL

L 2 .

0M}: ‘12:) will decrease slightly since the can is taller, the

heat transfer through the bottom remains the same with height

‘PIOportional to volume. The inside film coefficient for lam-

inar flow of the side wall is inversely proportional to the

fourth root of the height for laminar boundary layer flow;
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therefore the inside film coefficient will decrease slightly

with height. The net result is a small increase in f, an in-

crease in f-log j and an increase in j. The cold point will

move up very slightly as the height increases but the distance

the cold point is from the bottom expressed as a ratio of this

distance to the total height will decrease as the height of

the container increases, in other words doubling the container

height will not double the distance of the cold point from the

bottom of the container. ‘

Relative Values of f and j at Different Locations

Along the Center Line of the Container

Moving from the t0p to the bottom of the container f,

folog j and j all increase until at the point of slowest heat-

ing, f, j and f'log j reach their maximum values. The f in-

creases as we move from top to bottom of the container because

the amount of fluid passing a given point along the center axis

of the container decreases toward the bottom of the container.

The wall film stream increases in thickness as we go from the

heel of the container to the top; the fluid that is added to

this rapidly rising stream comes from the central slug, and

since the wall stream increases from bottom to top, the central

slug velocity must decrease from tap to bottom. The lag time,

f'log j, increases because the flow path is greater and hence

greater time is required for an element of fluid to move from

"the tOp of the wall stream to a measured point farther along

the axis of the container. Since a greater mass of the core

must be heated first before this position in the jar is effected,



j will increase.

Considering a given location along the axis of the con-

tainer in the vicinity of the cold point and moving from this

point toward the wall stream, there will be a small decrease in

f, f-log j will decrease slightly as will j increase slightly.

The f will increase because we are moving into an area of higher

fluid velocity. Considering the overall flow path and now mov-

ing away from an axial limitation, the slowest heating point,

i e , largest f and f-log j in the container will be near the

heel where the downward flow pattern turns to become the side

wall stream.

Effect of Viscosity

For any given system, increasing the viscosity as in

sucrose versus water or a 60° to 120°F as contrasted to 120°

to 180°F has the effect of reducing the boundary stream film

coefficient and flow rate which in turn tends to increase f

at any particular point. The lag time f log j, will increase

but the lag value j may show very little effect or be smaller

due to greater relative importance of thermal prOperty varia-

tion of viscosity. Viscous materials such as high concentra-

tions of sucrose or glycerol have a greater temperature coef-

ficient of eXpansion than water and therefore have greater

buoyancy for a given amount of temperature change; however,

the viscosity may actually overshadow this buoyancy effect.

It is possible for viscosity drag to be sufficient to pre-

vent convection flow.



Increases in T

An increase in T at constant final temperature T1

increase the drivin force [ST but also increase the fluid
8 g

viscosity if there is quasi-steady-state heating and no effect

of momentum the heat transfer rate and internal temperature dis-

tribution (see Hammitt, 1958) will be equal at the same Tl-T.

If Prandtl number effects on the coefficient G of NRan in the

equation NNa = GNRan are negligible as in the McAdams formulae,

the initial temperature difference rather than the quasi-steady—

state temperature alone is governing factor3the containers heat-

cd from 60°to 180°F instead of from 120° to 1800F are predicted

to have smaller h and hence larger f and presumably tranSport

lagjf-log j. If the equation of Eckert and Drake (1959) in

which G is Prandtl-number dependent is used the converse is

predictedgin addition sucrose is predicted to heat faster and

water slower than predicted using the equation from McAdams

The eXperimental data indicate that a relation like(1954).

If thethat of Eckert and Drake gives better predictions.

Eckert and Drake formula had not improved the overall estimate

for sucrose and water there would have been a greater possibil-

ity that.the comparison of f over a constant u range (from

u = 0.5 to u = 0.085) rather than at constant T was reSponsible

for this effect. Comparisons at constant T have been made.

An increased temperature difference but'at the same final tem-

>perature (but with only about a 2-1/2 percent reduction in film

coefficient) reduced j and f. log j only for sucrose in 303

vegetable jars and 303 cans. This seems to indicate that
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initial viscosity may have a detectable effect on the heating

lag for products which heat slowly due to appreciable glass

thickness or volume to surface ratio but this effect is over-

come somewhat when internal resistance allows the wall to be

heated to nearer the processing temperature earlier in the

process.

Addition of Particles in the Fluid

When particles are introduced into a fluid that nor-

mally heats by convection, both j and f can be expected to

decrease (see Table 5.1%) because (1) the ratio of heated sur-

face to actual fluid volume has now increased (the Volume of

fluid has decreased),(2) the heat transfer coefficients between

the fluid and the food product, which would remove heat from

the fluid9will be much lower than the film coefficient be-

tween the fluid and the wall (the velocity in the center core

will probably be less than 1/10 of the side wall film stream ‘

velocity) and (3) the thermal conductivity of the food products

is comparatively low compared to container wall. As the size

of the particles decrease; in other words, as we go from large

particles to small particles, both j and f will increase be-

cause small particles will increase the fluid flow friction

by reducing the size of the channels between them, and will

have a greater amount of surface area and less internal re-

sistance r/k and therefore will absorb heat from the fluid

bulk at a higher rate.
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TABLE 5.4.--Comparison of f and j for water and 50 percent

sucrose solution in 303 jars with and without plastic Spears

(data of‘Nicholas et al., 1960)

 

Fluid in No Particles Plastic Spears

Container f, min j ta, min f, min j ta, min

Water 10.2 1.29 1.13 9.0 1.05 .19

50 percent

Sucrose 12.3 1.32 1.43 12.0 1.13 .63
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Changes of Movement in the Cold Point

During a Heat Processing Cycle

As convection heating progresses, the flow patterns,

bot side wall film stream and the slug moving down the center,

decrease and the heat conduction through the bottom and sides

will,toward the end of the logarithmic phase, move the cold

point from the heel of the container back toward the geometric

center of the container. The cold point along the central

axis will, at the same time, be pushed toward the geometric

center as the conduction of heat through the bottom of the

container makes its presence felt through the bottom section

of the container. To prevent the cold point from moving, heat

flow from the top of the container and heat flow from the bot-

tom must continue in about the same prOportion. However, dur-

ing the later stages of heating, heat flow from the bottom

continues at an approximately constant rate whereas heat flow

from the top decreases, which causes the cold point to move

as shown in Figure.5.7fl

Summary

In Table 4.9 are summarized the general conclusions

that we have reached regarding convection heat transfer. In

all generalizations there are exceptions and these will occur

in convection heating due to variables such as container mate-

‘rial, exterior film coefficient, and product behavior.
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Part VI. Predictions from Quasi-Steady

State Film Coefficients

Slow Point Position

The prediction of axial cold position from a balance

convection of heat flow from sides and tap was unsatisfactory.

This balance is shown schematically in Figure 6.14. In the

region NRa investigated the McAdams and other predictors of

heat transfer have higher NRa exponents than for heat transfer

on vertical plates hence the slow point position was predicted

to decrease rather than increase in this NR; range as NRa de-

creased. A subsequent correction for the parallel conduction

components through the bottom and through the closure, a cor-

rection which would predict a conduction slow point above the

geometric center due to greater steady state heat transfer

through the bottom than through the headspace, predicted no

detectible ( a fraction of a percent) movement of the cold

point. The estimator0¥ cold point x/l.was insensitive because

there were not sufficient measurements taken below the cold

point to adequately fix the position at which dT/dx = 0. The

movement of cold point which is noticeable in Bentonite sys-

tems occurs for substantially lower NRa than those investigated

here.
0

Heating Rate Parameter f

The McAdams (1954) and Eckert and Drake (1959) formulae

for flat plates, rather than any of the correlations for thermo—

syphdn tubes or fluids confined between horizontal plates were

used because these correlations were for the Nka and NPr range
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of this investigation, the thermo-syphon tube investigations

had been for substantially higher L/r, and the fluid was not

confined by a rigid boundary at the cold point.

In the prediction of’f using both the McAdams formulae,

shown in Figure 4.20a, the correlation is due to container and

sucrose-water differences rather than temperature treatments.

In fact there is a persistant triangular pattern within these

temperature treatments for a particular product and container.

This observation suggested that fluid property might be re-

sponsible. It was also noted that the correlation could be

brought to more nearly a 45° slope by correcting the heat

transfer for the difference between internal and external area,

The new calculations which used the.Eckert and Drake formula

for the sides give noticeably improved predictions but appear

to over-correct for property effects. Neither the two ele-

ment or simple element lumped capacitance-conductance Newton-

ian heating models developed in the analysis were used here

due to the experimental uncertainties in ho, L and f, relative
W

to differences between the f for the various treatments.

Change in f as T Approaches T1

The non-linear nature of convection heat penetration

curves has been shown both in the analysis of the problem and

in aqualitative appraisal of the effect of container, viscosity,

exterior film coefficient effects on the degree of curvature.

only the studies of heating at long times (see Table 4.1)

aPpear to have sufficient precision to warrant a quantitative

appraisal of curvature as T approaches T1. In Figure 5.8



values are for #503 cans.

of temperature of contents during processing.

Figure 5.8 Relative change in heat penetration parameter r as a function

The calculated
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and 5.9 are shown the experimental f data for water in 16 oz.

vegetable jars from Table5¥iand f estimates for 16 oz. (303)

cans. Figure 5.815hows a pronounced relative change in f, i.e.

(df/dT)/(f) = ln:fwith temperature. The higher order curva-

ture is reduced by the exterior resistance on.a can or by a

glass container. The approximation of a linear change in

overall heat transfer coefficient v, which is preportional

to l/f, used in Section II was an adequate approximation for

intermediate TléT and it illustrated the nature of the inter-

relationship of f and j due to changes in heat transfer rates.

The linear approximation does not appear to be satisfactory

for smaller Tl-T values, however. The curves are aysmptotic

to T1 and since u is a function of (Tl-T)Lfl£ and (Tl-T) is a

function of time, these data were also compared as log10 f

as a function of log (Tl-T). The logarithm parameter f appears

to be a linear function of log Tl-T, i.e., log f = -m log

(Tl-T) + log b, for values of (Tl-T) 0f 30 or 1355- The

predicted curvature at larger values is more severe than the

observed since the McAdams formula which estimates slightly

higher h at high temperatures and low h at lower temperatures

(Npr) for vertical plates was used. The temperature in the

Newtonian model is now

f(T1-T)d[Tl-T]

[Tl-T]

 

-111

1but here f = b[Tl-T hence
9

Tl-T

‘J//° -b[T1-T]-m+l d(Tl-T) = t

Tl-To ‘
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T -T

bLTl--T]"m~4y l = t

“Tl-To

This expression is not explicit in log (Tl-T) and arithmetic t,

and is not readily solved for an unknown m for given Tl-T and

t data. A single f value no longer has physical significance,

but two or more f values approximations might be preferable to

determination of the Fo value using the experimental values of

b and n in the ingregation of the equivalent lethality. It can

be shown that such an integration would require tables of the

incomplete gamma functions or more general tables of the con-

fluent hypcrgeometric functions. The exponential integral

function which appears in the development of the formula method

(Chapter 12) in Ball and Olson (1957) and the error (probabil—

ity) functions are Special cases of the incompletegamma.func-

tions. A treatment of convection like that of Ball (1923,

1928) and Ball and Olson (1957) for conduction would require

tables for several values of m. Several values would be

required because it has been shown that external resistance and

property changes during heating reduce the_m from its theoret-

ical value (for laminar natural convection) of 0.25.



SECTION 6

DISCUSSION OF THE OVERALL NERD-1A1. PROCESSING

PROBLEM

We cannot be impartial. We can only be intellectu-

ally honest; that is, aware of our own passions, on

our guard against them and prepared to warn our readers.

of the dangers into which our partial views may lead

them. Impartiality is a dream and honesty a duty.

--Gaetano Salvemini, Historian

Transient heating and cooling with particular attention

to the natural convection phenomena, as it occurs in food

containers, will be treated in four parts: (1) a brief re-

view of the methods of analysis of heat penetration data and

their develonment; (2) a consideration of the temperature

and flow patterns in convection heating and the validity of

these methods, particularly the analogies to conduction

models; (3) a brief examination of processing equipment

factors influencing prdcess heat transfer; and (4) consider-

ation of the individual product, container, and heating

medium factors influencing process heat transfer.

PART I- METHODS OF ANALYSIS OF TRANSIENT HEAT TRANSFER

Conduction Heat Transfer

The Basic of the Parameters f and j (Ball, 1923) -
 

Williamson and Adams (1919) develOped equations for

the transient temperature histories in some regular shapes

using the Fourier series techniques. These solutions were

6-1
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limited to certain regular solids, e.g., the Sphere, the

cylinder, and the plate, whose properties were constant and

isotropic, and whose surface transferred heat to the sur-

roundings as a linear function of the temperature difference

or was at some uniform temperature. Additional restrictions

were that such bodies were initially at some uniform

_temperature and the surface temperature either changed sud-

denly to some new value or changed linearly with time.

About the same time Thompson (1919, 1920, 1922) re-

ported series solutions for finite rather than infinite

cylinders of the geometry of food containers when their

surface temperature was changed suddenly to a new temper-

ature that either remained constant or increased linearly to

a new value and then remained constant. He also reported

the solution for cooling in air, in which the heating medium‘

temperature changes suddenly, but the large surface resist-

ance to heat transfer permits only slow cooling of the Con.

tainer surface. These cases, which he also investigated ex-

perimentally, are the basis for most of the current analysis

of the processing of conduction products.

Bigelow, Bohart, Richardson, and Ball (1920) presented

a chart by Adams, based on Williamson and Adams (1919) which

gave the logarithm of the fractional unaccomplished temper-

ature rise, u, for several lengths to diameter ratios as a

_function of the non-dimensional time cit/r2 (now called the

Fourier modulus) when the surface temperature of the container

changed suddenly and then remained constant. These relation-

ships were further illustrated with curves showing the
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temperature in various sizes of containers filled with a

solid with water-like thermal properties and in one container

size whoSe contents had various thermal prOperties. Although

their own experimental time-temperature curves in recti-

linear coordinates showed that the retort temperature did

not change suddenly, they felt that the assumption of a

sudden-step-change in processing temperature was sufficiently

accurate for most practical purposes. A portion of one of

these curves was plotted as the logarithm of the unaccomp-

1ished temperature rise Tretort - Tin container as a

function of time. ,

Ball (1923) approximated the curve of the logarithm

of the unaccomplished temperature rise as a function of time

by a straight line representing a first term approximation,

rather than the theoretical curve described by all the re-

maining terms of the slowly converging Fourier series Solution

of Thompson (1919). (See Figure 6-1 for this heat penetration

curve and Figure 6-2 for an illustration of the mathematical

problem.) This line was the asymptote to the curve and repre-

sented the heating curve best in the region in which thermal

destruction was greatest, The parameters which describe the

line on this heat_penetration curve are f, the time in minutes

for the curve to traverse one log cycle, and j, the ratio of

the intercept of the asymptote and the intercept of the ex;

_ perimental curve. Ball relatedth’e fof the cans to thermal

diffusivity, the diameter, and to the length to diameter
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ratio of the containers. In this instance the surface con-

ductance was assumed to be infinite as the film coefficients

for condensing steam are large. 'Additional linear segments

(see Figure 6-3) were to be drawn if the slope of the heating

or cooling curve changed during a process.

I There appear to be many excellent presentations of the

mathematical solution for the sudden temperature change of a

uniform finite cylinder to assist the reader in understand-

ing the basis of the approach of Ball (1923, 1928): Hurwicz

and Tischer (1952) present an exceptionally complete develop-

ment of this case. Both Cooper (1937) and Okada (1940) cite

an early analytical and experimental development‘of this

case by Langstroth (1931). Hayakawa and Ball (1962) credit

Kawaguchi and Okada (1940) with a presentation of the

» theoretical formulas comparable to that summarized by Ball

and Olson (1957).

Other investigators have extended Ball's (1923)

nomenclature to other shapes subject to the same conditions.

Iwata (1940) treatedoval cans in a somewhat similar manner.

Okada (1940), following the work of Ball (1928), related the

Bergman (1928) solution for brick-shaped rectangular cans to

this nomenclature. Olson and Jackson (1942) presented

equations for the relationship between f and the thermal

diffusivity, and between j and position for brick, rectang-

‘ular rod, infinite slab, finite cylinder, infinite cylinder,

and Sphere.

In view of the extensive treatment of heat conduction

by separation of variables and Fourier (1878) series and by
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Ball and Olson (1957) (who built upon the engineering texts

of Ingersoll, Zobel, and Ingersoll (1948) and the classic

mathematical texts of Carslaw (1921) and Carslaw and Jaeger

(1948) and the approach of Ball (1923, 1928) in order to

show the relationships between the mathematics of conduction

heating and thermal processing problems), subsequent treat-

ment of certain special cases as solved using Laplace,

Finite Sine, and Hankel transforms by Hayakawa and Ball

(1961), as well as the treatment of related problems and

additional techniques in many engineering texts, the mathe-

matics of the problem shall not be considered here.

Temperature Histories at Short Times

The non-linear or log portion of the heating curve,

during which the series solution converges slowly since the

exponential portion of the second and subsequent terms is

still relatively large, assumrs great importance when changes in T1

are made at high temperatures. The lag during the cooling portion of a

thermal process has received considerable attention, as have

the less important lags during the time the processing equip-

ment is coming up to processing temperature.

Approximate cooling lag.--Ball (1923) approximated

the lag pertion of the cooling curve by an empirically

determined hyperbola. The j of this cooling curve was as-

sumed to be 1.41. He assumed that the temperature does not\

continue to rise sufficiently long so that the product was

nearly uniform in temperature, such that the temperature
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does not rise after the heating medium is removed and cool-

ing has begun. Hicks (1951), however, showed that in

practice the product temperature at the center may continue

to increase for a brief period before it is affected by the

cooling of its exterior.

GilleSpy (1951) estimated that the fictitious uniform

temperature which would give the same j as that for an

actual process would be that attained if the heating period

was continued for 0.03 f minutes longer. (The tabulations

for the integrals used in lethality calculations also in-

corporate factors to account for container shape and

asymptotic convergence as well as for final temperature and

heating vs. cooling temperature.)

Jakobsen (1954) suggested approximating the time-

temperature history with the hyperbolic secant in order to

attain an improved representation of the initial curved

portions of the heating and curves. He related this approxi-

mation to the theoretical slope and to Ball’s (1923)

nomenclature.“

V Board, Cowell, and Hicks (1960) made an eXperimental

.investigation of the computation of the sterilizing values

of commercial processes using the methods of

Ball (1923) and of Gillespy (1951), but not that of Jakobsen

(1954). Neither method was found to take into account the

lethal value of the holding period in which the steam was

turned off and the cooling water introduced into commercial

retorts. Although Gillespy‘s method gave results quite
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close to those obtained by graphical integration (Bigelow

££_31., 1920) when product movement such as that found by

Hemler ££_g;, (1952) and Powers ££_gl. (1952) did not occur,

in the latter cases GilleSpy's method seriously overestimated

the lethal value. Ball's method, on the other hand, gener-

ally underestimated the lethal value.

Approximate heating lag during come-up.--Ball (1923)

approximated the come-up time lag that occurs in commercial

retorts at the start of the process. During experimentation

‘he found that the surface temperature averaged from 47 to 66

percent of the final process temperature and that this ex-

posure period, as determined by graphical integration (Bige-

low s£_§1., 1920) varied from 82 to 91 percent of that which

would have been attained at this average temperature. If

50 percent of the final process temperature is a good estim-

ate of the average process temperature, as it would be ~

during linear 'come-up' from the initial temperature of the

product, and 85 percent is a good estimate of the lethal

effectiveness of temperature, then the comeoup time is 42

percent effective. This procedure was found to move the origin

of the heating curve from the time the retort temperature

attained its final constant value to a new point 42 percent

of the come-up time earlier. The measured j of this curve

is then calculated using the intercept at this new 'zero'

time.

Alstrand and Benjamin (1949) made an experimental

investigation which showed a percent effective time of 37.5
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percent or very nearly that proposed by Ball. Logarithmic

come-up increased the effectiveness to about 70 percent.

(The erratic results for convection indicated an average per-

cent effectiveness of 34 percent, but ranged from 18 to 65

percent.) GilleSpy (1951) and Jakobsen (1954) have employed an

effective time of 50 percent in accordande with EurOpean

praétice.

In 1953 Gillespy extended his treatment of the

sterilizing value of a process to include complex processes

and exponential come-up of the process temperature. The

consideration of the exponential come-up was introduced in

order to improve upon the estimate based on the assumption

that the come-up is linear in those instances where the pro-

cessing steam supply temperature is nearly that of the pro-

cessing temperature. In these latter cases the come-up

curves were said to be more nearly an exponential curve

aSymptotic to the steam supply temperature. The portion of

the come-up time to be incorporated in the calculations, in

order to achieve equivalent sterilization as calculated by a

point-to-point integration, was determined for one length to

diameter ratio as a function of the fraction excess of the

temperature and the steam process temperature above the

initial temperature, and as a function of the come-up time to

f ratio. Corrections were given for other length to dia-

meter ratios. ‘

Charts for the Special case in which the steam supply

temperature is that of the processing temperature can be

determined by combination of the solutions and tabulation
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given by Crank (1956) (see Equations 4.29 and 4a28 and

Figures 4.3 and £14) for diffusion in the infinite slab and

the infinite cylinder. Crank said that this exponential

variation can be used to represent experimental attempts to

create a sudden change in surface concentration (temperature

here).

Tabulated experimental temperatures or lethalities

for complex processes.--The general method described by

Bigelow g£_gl. (1920) or the Pasternik (1952) modification

may be used to evaluate the lethal value of highly irregular

processes. It is a graphical integration of the lethal

values accumulated correSponding to the temperatures en-

countered during the thermal process. It, like the Simpson

or trapezoidal rule integration of tabulated experimental

temperatures, makes no assumption as to the form of the time-

temperature history. I

The capabilities of this method suggest that irregular

temperature histories might be reported in tabular form or

that some representative cumulated lethalities at one or

more times might be tabulated as well. Some workers, as in

the dissertations examined further by Powers ££_31, (1962),

have reported their data in these forms.' The precision

gained by reporting data in these forms, which may well con-

sume excessive journal space, is gained at the eXpense of

readily interpreted heat penetration parameters, if the

time-temperature histories are at all regular.

The experimenter may have little choice when studying
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relatively regular heat penetration in some agitating pro-

cessing equipment: he may remove the cans and measure the

temperature of different cans at specified times or of the

same can (which may cool during measurement) which is rein-

serted after each measurement (GallOp, 1960); or he may use

an organism (Schmidt and Bock, 1956) or chemical (Pf lug, 1952;Reed,

1963) with a known initial concentration and destruction rate.

In the first instance the certainty of both the heating

curve and the equivalent lethal process may be limited un-

less many more than the two minimum points required to fix

a heating curve are known. In the second instance all know-

ledge of the heating (or cooling) phenomena are lost in

order to attain more accurate information about the lethal

value (for the test subStance). For the moving but ’non-

agitating' hydrostatic cookers, such as the "Hydron" unit

(patented and manufactured by Mitchell Engineering Ltd.,

London, England), temperatures in process simulators have

been successfully used (Bee gt_g£., 1961) to obtain the

customary heat penetration parameters f and j. Simulators

are usually used fom designing processes for Food Machinery

Company reel-type agitating cookers.

Calculated temperatures for simple processes.--The

counterpart of tabulation of experimental temperature time

data at close time intervals is the calculation of these

‘temperatures using the series solutions in spite of con-

vergence problems. Olson and Schultz (1942) felt tabu-

lation of the solutions of the cylinder and the slab was
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warranted for the following reasons: (1) the principle re-

ported by Newman (1931, 1936) that certain solutions for

different geometries could be combined to give solutions for

other regular shapes could be used to apply this table to

diverse geometries; (2) the heating equations were applicable

to drying and other problems (see Newman 1931a, 1931b,

1931c); and (3) the accuracy of the then available Gurney and

Lurie (1923), Schack (1930), and Newman (1936) charts

particularly at the beginning of the heating period was ’

limited. Their tabulations for the uniform cylinder and slab

whose surface temperature is suddenly changed may well be.

still the most extensive tabulations. When these solutidns

are combined with one another or with tables of'the prob-

ability integral solution for an infinite slab, as required,

many solutions may be obtained. These include the infinite,

semi-infinite, and finite cylinders; the semi-infinite,

quarter-infinite, and eighth infinite solids; the infinite,

the semi-infinite, and the quarter-infinite slabs; and.

infinite rectangular and the semi-infinite rectangular rods

and finally the brick. To obtain the solution for a finite

cylinder, for example, the solution for flow through the

cylindrical surface (of an infinite cylinder) is multiplied

by the solution for flow through the plane surface (infinite

slab or plate). Only those product terms having the same

index of summation need be retained. This is, of course,

subject to certain restrictions. .

The principle of Newman (1931, 1936) and Schultz and

Olson (1942) has significance far beyond its use here, for:
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(1) there are eleven separable orthogonal coordinate systems

for the wave equation (see Morse and Feshbach (1953), Ch. 5)

which include the familiar rectangular solids, the circular

cylinders, and Spherical coordinates; (2) the requirement

that the boundary heat transfer coefficient (or surface

temperature) be uniform (in a direction orthogonal to the

direction of heat flow through a Specified surface) although

it may be a function of time alone is often a reasonable

assumption; (3) the thermal conductivity is usually equal in

all directions, although it may not be quite true in the

case of meat (Hurwicz 5£_gl., 1956, and Lenz, 1961) or in

‘woody‘ products (McLean, 1946) in which the conductivity

along the grain may be greater than perpendicular to the

fibers; and (4) the additional requirements that the initial

temperature distribution also be.expressed by a Similar

product solution can often be met by prescribing surface

conditions and prior heat treatments from some time at which

the temperature is uniform throughout until the actual zero

time. (See Carslaw and Jaeger, 1959 , Sections 1.5, 6.6, and

8.4 for a partial proof.)

This device means that solutions for much more diffi-

cult problems or unidirectional heat flow for less familiar

shapes might be extended to new three-dimensional solids,

e.g., the solution by Iwata (1940) for oval cans perhaps

might be expressed as a product of solutions for elliptical

cylinders and the infinite slab, that solutions for potatoes

could be expressed as products of the solutions for the sur-

faces which make up the prolate Spheroidal coordinate system.
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Although such solutions or convenient tabulations very likely

would not be available, this principle suggests a means of

expressing eXperimental results to account for changes in

geometric factors.

Calculated temperatures for complex_processes.--

Riedel (1947) extended the treatment by Thompson (1919, 1920),

for uniform cylinders whose surface temperature suddenly

changes from ambient to the ambient in the processing equip-

ment and, thence, rises linearly to the processing temper-

ature and remains constant thereafter to include a process-

ing temperature whose change could be described by any

number of jumps and linear rises. Theoretically, any vari-

ation in the process temperature could be approximated by

breaking the curve up into enough segments. There are

practical limitations, however, since each term in Riedel's

simplified formula represents an infinite series which con-

verges only slowly and extensive tabulations like those of

Olson and Schultz (1942) for the constant temperature

portions are required. Even the conventional process at a

constant temperature but with linear come-up and come-down

times requires what to some would seem like an unreasonable

amount of computation time. Riedel employed the formulas

and tables that he constructed for a one-liter can (9.9 x

12.2 cm. or about a 314 x 413, i.e., a 3-14/16 in. diameter

x 4-13/16 in. high can as designated in the United States

canning literature) to illustrate various strategems, such

as preheating or heating at a high temperature, then
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processing at a lower temperature (a process quite similar

to the 'soaking' of billets in the metal industry) in order

to achieve greater temperature uniformity, hence, less

severely over-processed food at high temperatures.

Hicks (1951), following the techniques described in.

Carslaw and Jaeger (1959), developed an equation for the

cooling portion of a simple process with instantaneous come-

up and come-down and no surface resistance. This equation

was then used to calculate the temperature histories (and

subsequently the lethal process) and many positions within

representative sized containers. The first term approxima-

tion of the series, such as used by Ball (1923) (see Figure

6.2), was employed except for the initial portion of the

cooling process (where the terms converge slowly). This

latter portion of the series was eXpanded in terms of error

functions, and hence this series converged quickly at small

values of time. The solution for the cooling portion was

Shown to be adequately represented by a straight line when

the time was large as compared to the time at which cooling

began.

GilleSpy (1953) tabulated the necessary functions for

shapes other than that calculated by Riedel (1947). Ap-

pended to this paper is a very complete restatement (in

English) and development of the formulae used by these in-

vestigators.

This method leads to the use of one of the general

methods described above. Some sense of the heat penetration
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phenomena is retained, however, if, as Gillespy (1953) re-

quires, one obtains the thermal characteristics of the pro-

duct from the f and j of a simple process.

Jakobsen (1954) has illustrated that Biedel's tech-

niques can be adapted to his hyperbolic secant approximation

to the heat penetration curve.

‘Hayakawa and Ball (1961) illustrated the Hankel,

Laplace, and Finite Fourier transformations with some

familiar and with some new assumed changes in surface temper-

ature. The simple case of instantaneous come-up and come-

down is illustrated. Also illustrated are the cases of

linear come-up and'come-down, variants of the cases presented

by Riedel (1947) and GilleSpy (1953) which might correspond

to those encountered with a hydrostatic cook without hold-

ing in steam, and similar come-up and come-down but with a

_hold. A second type, the case of exponential come-up, then

a hold, followed by a linear come-down is also a variant of

the general problem as considered by Gillespy (1953). An

analytic solution for the temperature with a quadratic

come-up, a hold and a linear come-down also was presented.

With an appropriate choice of constants this approximation

should give results quite close to those for the exponential

come-up case described above. They gave a more thorough

consideration of the effect of time during the cooling pro-

cess on apparent f and j than did Hicks (1951). They also

considered the f and j for the linear come-up and come-down

with hold case. ‘The parameter f if measured at long times

as compared to the come-up or come-down times was found to
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be unaffected by these regions. The parameter j, however,

was affected.

Numerical approximations of cooling processg:.--Charm

(1960) has approached a related problem-Accoling a container

below that mass average temperature (equilibrated) which

would readily support thermophiles, uSing finite difference

equations. These equations which are applied to an infinite

cylinder (since in a retort stack the heat transfer through

the ends might be low) might also be extended.to finite

\

cylinders.

Numerical solutions by finite.differences invariably

lead to computer solutions. One of the practical problems

with this method is stability and the small time increments

often required for stability. New techniques are being

developed (e.g., Brian, 1961), but others (e.g., Elrod,

1960; Goodman, 1960; Erdogan, 1962) are using computers to

solve the integral equations for the same problem.

Numerical solution and subsequent integration of the

correSponding lethal value are as flexible as tabulations

of experimental temperature and are not restricted to con-

stant or isotropic properties or simple environmental

temperature histories. Like all predicting methods they re-

quire Specification of preperty values which are often

lacking. It is ironic that one way of determining interior'

or external properties is the analysis of the time-temperature

histories of simple Shapes like the Sphere and the finite

cylinder when subjected to a sudden change in environmental
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temperature (Ellerbrock/and Ziemer, 1950; Chung and Jackson,

1954; Boberg and Starrett, 1958; Paschkis and Stolz, 1956a,

1956b; Stolz ét al., 1959; Beck, 1962).

The Effect of Initial Temperature Distribution

. In the derivation of the formulas which form the

basis of Ball‘s (1923) heat penetration parameters, it was

assumed that the initial temperature was uniform. Since

containers may have just been hot filled or exhausted or may

be waiting in a crate for processing, the assumption is

infrequently met.

In the above consideration of temperature histories at

short times, it was pointed out that the initial temperature

might be taken. into consideration by prescribing suitable prev-

i6us temperatures T1. The wide range of conditions which might be

encountered following filling but prior to retorting make an ana 1y-

tical approach seem rather academic and impractical. Olson and

Jackson ( 1942), however, have presented a simple‘ formula for j in

terms of T", the temperature at 0.1 in. from the can wall

(approximately the surface temperature); T1, the retort

temperature; and To the initial temperature at the center;

5 = 1.27 + 0.77 (T - r')(71 - To)

No derivation of this linear relationship is given. It is

interesting to note that at a uniform initial temperature j

is that for a finite cylinder, while if the side wall were

at retort temperature already the j becomes that for an

infinite slab. Their experimental check showed this relation-

Ship gave reasonable results for values of the second term

near one.

' L— — _ —_



Alstrand and Benjamin (1949) made an eXperimental

study which resulted in a recommendation that an average

(mass average) temperature at the beginning of the process

be used as an initial temperature instead of the above.

Conversion of Data to New Container Size

The desirability of being able to convert data for a

product in one can size to estimates for another size was

recognized by Bigelow £1_21. (1920), Ball (1923, 1928), and

by Cheftel (1935), Olson and Stevens (1939), and Tabbert and

Farrow (1941-1942), Townsend g£_gl. (1948), Fagerson (1950),

Townsend §£_gl. (1956), Ball and Olson (1957), and un-

doubtedly by other investigators as well. All of these

tables are for the simplest case, that of a cylinder at uni-

form initial temperature whose surface temperature suddenly

was changed to a new level and no head-Space resistance.

Unfortunately, the corrections for seam heights and widths

and head-Space, and no head-Space resistance appear not to

be uniform and have only infrequently been reported.

Such conversions are of great potential importance

and might be used as a tool to distinguish between conduction

and convection (Jackson and Olson, 1940; Ball and Olson,

1957).

Thmperature Dependent Thermal Properties

Evans'(l958) made an eXperimental and analytical~

investigation on the effects of variability of product

thermal properties on the apparent f and j. Since suit-

able transformations were not available to reduce the
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equation to an ordinary differential equation, the equation

was integrated by the numerical procedure of Crank and

Nicolson (1946). Such analytical results are, unfortunately,

applicable only for the several conditions investigated

although qualitatively the results are applicable to most

processing conditions. The heat penetration curves were

shown to take the same form as those without property vari-

ation. The f and j values were affected, however. These

effects are tabulated in Table 6-1.

The effect of f and j seem to be opposing so that

the resulting effects on the process value are decreased.

The f approaches that which would be computed if the pro-

perties at the cooling or heating temperature are used. This

was attributed both to the long portion of the process

during which the product is nearly at the process temper-

ature and to the increase in thermal diffusivity with

temperature encountered here. It was also pointed out that

temperature histories, due to the cylindrical and the plane

surfaces, approach the asymptotic approximation at different

rates so that for containers with one much larger dimension

the linear portion is approached much more slowly than would

be anticipated at first. It seems reasonable to believe

that property value variation, film resistances, and the

relative contribution of heat transfer from the lateral and

end surfaces will assume much higher importance for con-

vectively heating liquid and liquid-solid products. The

failure of the thermal diffusivity to increase mono-

tonically, i.e., alwaysincreasing, in the region above
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250°F. and the differing temperature dependency of viscosity

may well produce some interesting anomalies for high temper-

ature, short-time processes in containers.

TABLE 6-1. Influence of some factors as they affect heat

penetration in a No. 1 tall can (Evans, 1958).

 

Heating ' Cooling

f j f j

Property variation AJRT +7% ‘n'at CT -10%

(decrease) , ‘Tincrease)

HeadSpace resist-

ance +3.6% -4.5% +3.8% -4.5%

Differing asymptotic

approach of energy

from lateral and end ‘

surfaces +1.8% -7.5% +1.7% -10%

 

Tsang (l960)has pointed out that variation in pro-

perty values, i.e., C o/0 , the product of product Specific
P

heat and density, from an analytical standpoint cannot be

considered to be summed in a temperature dependent thermal'

diffusivity, but that the temperature dependence of the

thermal conductivity and heat capacitance should be con-

sidered/separately. Beulter and Knudensen (1953), however,

have shown that the effect of density change is much smaller

than that for the change in thermal conductivity.

Heisler (1946, 1947) has recommended that the pro-

Perties of the surface film correSponding to the time-

average temperature be used to calculate central tempera-

tures. This procedure requires iteration because the surface
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history is not known at first. The properties at two-thirds

the estimated surface temperature (the environmental temper-

ature at long times) are used in the initial calculation.

In his problem the change in the surface heat transfer co-

efficient caused the major change in the Biot Number, NBi'

This dimensionless group may be thought of as the ratio of

the film coefficient h to the conductance of the solid,

k/L, where L is the distance from the surface to the coldest

point in the interior of the solid.

Finite Surface Film Coefficients

Okada (1940a, 1941) expressed Ball‘s heating rate

parameter f in terms of the analytical expression of

Thompson (1919), for finite cylinders, and Berger (1928),

for rectangular solids, when, as in cooling, the surface

heat transfer coefficient is important. The parameter f is

a function of the length to diameter ratio, the container

size, the thermal diffusivity and the Biot number, and if the

surface heat transfer coefficient is very large, f is a

function only of the first three of these factors. He was

able to use the ratio of experimental data, f/fx,, for two

cases, a finite surface heat transfer and the very large

heat transfer coefficient, respectively, to estimate the

overall surface heat transfer coefficients. (An estimate,

only, for one must know k, the surface heat transfer co-

efficient and the characteristic length to calculate the

Biot number NBi') Since the effect of film coefficient on

the heating of canned fish products in boiling water was
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presumed large, Okada was able to show that cooling in air

was from 5.60 to 54 times as long and in water was 1.1 to 10

times as long as heating when the film coefficients ranged

from 1.4 to 1.9 and 6.6 to 26 Btu/hr. ft.2 oF., reSpectively.

Studying conduCtion heating products, Evans and Board

(1954) considered two factors: the effective conductance

through the headSpace and the effective conductance elsewhere

on the container that are of great importance in convection

heat transfer in containers. They established that in

their equipment the film resistance on the outside of their

container was, as is usually presumed for processes in steam

or water, negligible for all practical purposes

(h = 400 Btu/hr.ft.2 0F.). They found from experimental

investigations-~ana1yzed according to their development for_

a container with a finite top surface resistance--that head-

Space resistance was substantial when compared to the re-

sistance on the other surfaces. It is understandable that

Jackson and Olson (1940) found no significant effect of head-

Space for their conduction heating product since Evans and

Board found no great difference in heating rate between the

geometric center and the actual slowest heating point within

the container.

Ball and Olson (1957) considered the effect of film

coefficient on the heat penetration parameters f and j. They

showed that for large Biot numbers, ha/k or hr/k, correSpond-

ing to the film coefficients of the order of several hundred

for the agitated water in well mixed water baths or retorts

0r as large as the thousand or more Btu/hr.ft.2 OF. of film



coefficients expected for processing in steam, that f and j

were independent of the surface film coefficient. They

anticipated, however, that h could become important in cool—

ing cans. Relations were presented for the effect of Biot-

number on f and on j. These tables can be most readily in-

terpreted as the effects of surface conductance as compared

to product diffusivity (most product diffusivities would be

anticipated to be near that for immobile water) for given

Size container of equal height and diameter. They also main-

tained that there were negligible effects for NBlas low as

10. These or similar tables are useful tools in determining

surface conductances from heat penetration data. If the

size of the conductance causes it to be important, these

same tables could be used to correct for their effects when

converting to new can sizes or new process equipment. These

tables could also be used to determine the cooling character-

istics of meat, fish, vegetable, or fruit products. The

implications of this work on can factors, temperature

distribution, and the technique for determining film co-

efficients as well as the aforementioned factors will be

treated in more detail in later portions of this review,

and have been illustrated in the experimental phases of this

study.

Summary of Available Relations for f and j
 

Some of the available solutions which have been dis-

cussed are presented in Table 6.2. Particular attention is

given to step changes in temperature for negligible and
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surface resistance and to the generalized solutions of

Riedel (1947) and Gillespy (1953). It will be shown that

these solutions can be applied to products in which con-

vection is suSpected in order to confirm its presence by con-

trast, and may be applied to products having limited con-

vection in small, confined Space. The latter products

correSpond to group 2 of Jackson's (1940) classification.

Shown in Table 6.3 are the values for the slope,

intercept, f, and the root of the boundary equations used by

various investigators for calculation of the cooling times of

fruit. Most of these are reasonable approximations only for.

the low Biot numbers, i.e., film coefficients of less than

1 to about 35 Btu/hr.ft.2 °F., encountered in that problem.

In some instances researchers have assumed that there is no

internal resistance, hence j = 1. These researchers' cool-

ing rate coefficients in terms of f are also given.

iijors in the Determination of the 'Heating' Curv:

The last assumption inherent in the use of the first

-term of asymptotic approximation (Ball, 1923) is that the

tangent (or cord) is a good approximation of the asymptote

and that this tangent can be readily attained. ~

Several writers have considered the effect of con-

tainer shape and the value of u, the unaccomplished tempera-

ture rise, on the lag factor. Schultz and Olson (1938) pre-

sented a graph for the relationship between the j of the
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tangent to the heating curve at a Specified point on the

asymptote.

Cowell and Evans (1961) improved the accuracy of this

graph and restated the problem in terms of the point on the

heating curve. This graph is a family of bell-shaped curves

which show a marked decrease in j as the square ratio of

_half-height to radius departs from values near 0.8 and which

Show an increasing reduction in j as the u value decreases.

Cowell and Evans (1961) also showed that the errors

in f (with reSpect to the asymptote) are of similar shape

(but of opposite direction and approximately several times

less than those of j). The parameters f and j, therefore,

vary in Opposite directions due to these factors.‘ These

analytical relations are confirmed by the earlier experi-

mental work of Evans (1958).

Since the point at which the tangent to the smoothed

curve is drawn affects both the f and j, the weight of each

datum of heat penetration curves will vary. This observa-

tion suggests that regression lines fitted to the "straight

portion" of heat penetration curves (Hurwicz and Tischer,

1956a, 1956b) should include such weighting of the data.

The curve might be fitted visually, weights for points as

calculated from this first line would be‘found from tables

and be used to calculate a new line. (Such a procedure, but

for fitting probits to biological reSponse data, has been

described by Finney, 1952). If the necessary tables were

to be calculated, they might well include the effect of the

head-Space resistance and the preperty variation, both of
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which cause nearly equivalent errors as shown in Table 6.1.

Since Evans and Board (1954) have shown that the effect of

can geometry (as it influences the Biot number) is appreci-

able, such tables of weights for j and f as a function of

geometry and point on the heat penetration curve would also

need to be tabulated for each of several Biot numbers. If

the properties of the product are assumed to vary like those

of water for a process from an arbitrary initial temperature,

e.g., 1300F. to an arbitrary retort temperature, e.g., 240°F.,

no additional factors would need to be tabulated.

The influence of measurement errorS.--The tables of weight

prOposed above to account the convergence, headSpace, and

property variation errors could readily grow to unmanageable

size. There are measurement errors of nearly as large potential

effects as these errors in assumptions. These measurement

errors include the systematic conduction error induced by the

tresence of thermocouples (Board, 1953; Ecklund, 1956;

Cowell g£_gl., 1959; Baker, Ryder, and Baker, 1961), limited

sensitivity (random) and accuracy (Systematic) of the

instrument-thermocouple system and the inaccuracy of position-

ing of the thermocouple junctions in the product, but more

eSpecially in the heating fluid. There is also the error

due to temperature variation of the heating fluid (Ayrton and

Perry, 1878; Townsend s£_gl., 1956, pp. 13-10).

Cowell £t_§l, (1959) have shown that both f and j are

decreased by the presence of a thermocouple, since the

diffusivity and conductivity of the wire are greater than
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those of the product. The error in f and the larger error

in j were substantially reduced when 30 to 40 SWG wires were

used. The error can be further reduced by using thermo-

couple materials other than highly conductive copper and if

supports such as Ecklund (1949) thermocouple rods are used.

The properties of the bulky rod and the product should be

matched as closely as possible.

The conduction errors might be further reduced by

using the maximum possible immersion length (Mohn, 1948;

Rizika and Rohsenow, 1952; Beck, 1961; Baker, Ryder, and

Baker, 1961) preferably parallel to the controlling heat

transfer surface (Beck, 1961), although Cowell ££_gl. (1959)

found no advantage for such an arrangement.

In Spite of these above precautions errors of Several

percent may remain. The problem is to calculate what the

temperature history would be if the thermocouple were not

present. Beck (1961) has illustrated for the Semi-infinite

solid how, with the aid of a computer, the actual tempera-

ture history could be calculated knowing the constant pro-

perties of the thermocouple and the product and the measured

temperature history. One might also assume, as Evans (1958)

did, that effects of relative errors on f and j were

additive. Then one might modify Beck's approach to that for

a finite cylinder; assume thermal prOperties like those of water

and an arbitrary but generally acceptable thermocouple as-

sembly; and a surface coefficient in the range of 275 to 400

Btu/hr.ft.2 0F. found by'the C.I.S.R.O. workers; and tabu-

late the relative error in f and j at the center as a

I_ 7__-7
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function of the square of the length to diameter ratio with

the number of log10 cycles along the heating curve at which

the measurement is made as a family of curves.

Inadequate sensitivity of the instrument thermocouple

system, such as might occur if a long, fine thermocouple of

low electrical (and thermal) conductivity is used, may cause

the instrument to give stair-like heat penetration curves in

the region close to processing temperature. The errors in

accuracy of the instrument are more serious, however. These

affect the heat penetration curve in much the same manner as

an error in positioning the thermocouple in the heating

fluid, since in both instances the effect is the same as an

error in retort temperature. If Ti, the assumed retort

temperature, is subtracted from both sides of an analytical

eXpression for the temperature at the center of a can, a

relatidn like that of Cowell and Evans (1961) for the temper-

ature in the center of a can, it can be shown that at long

times:

0 T - T
log j = log x + t

Io ' I1 7 6.1

and

(f f) ' T' _ =T -
62

'—-}-—- _l____§
.

where T is the temperature at time t, T0 is the uniform

initial temperature, and T1 is the true retort temperature.

Frequent calibration of the instrument-thermocouple system

"and of thermocouples with one another, placement of the ex-

ternal fluid temperature thermocouple closed to the container

and precise control of retort temperature (Townsend et al.,
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1956, recommends control to within 10.25 F. for processing in

steam and allows somewhat wider limits for processing of

water) can be used to reduce this error. The author has

illustrated a technique, that of using the equilibrated

temperature at the end of a process which can be used to

avoid some of these difficulties.

Ball and Olson (1957) have shown that the lag factor,

at the center of a cylinder, is only slightly affected by

position errors. An 8.3 percent radial or a 4.5 percent

longitudinal diSplacement is required to produce a 1 percent

error. Position errors are critical, however, when the

difference in the lags at two or more points are to be used

to obtain estimates of surface heat transfer rates (See

Baker, Ryder, and Baker, 1961, pp. 223-5). Nicholas (1962)

in Motawe (1962) has shown that this conclusion is also

true for a Spherical geometry.

The influence of drift of the environmental tempera-

£253.--A1though it is desirable to achieve the control of

the processing temperature within 3 0.25 0F. as recommended

by Townsend gt_3&, (1956), it is not always possible. In-

deed, the author knows of no published data for heating in

laboratory retorts which meet this criterion. It is in-

creasingly more difficult to control the temperature in water

baths, cooling canals, steam-air atmOSpheric pasteurizers,

and refrigerated sterages than it is in steam. It is,

therefore, necessary to employ some method of correcting

otherwise satisfactory data for such changes. ,If an
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analytical approach were desired, one could use the relations

of Thompson (1919, 1920), Riedel (1947), or Gillespy (1953)

for a linear change in an otherwise steady‘environment

temperature, or to GilleSpy's solution for exponential come-

up. Approximate methods may be more satisfactory in

practice, however.

Ayrton and Perry (1878) used two different methods to

correct for a changing environmental temperature. The first

was the use of the instantaneous environmental temperature.

This strategem would seem to be most apprOpriate for a body

with a nearly uniform internal temperature. Heisler (1946),

has shown that the temperatureat the center lags behind

that of the surface by a time, which in Ball and Olson‘s

(1957) nomenclature is equal to folog (j surface/j center)

e.g., f [log cOS/i + log do 63)] where ”aand‘t,are the roots

of the equations imposed by the boundary conditions for a

finite cylinder. The second stratagem was the differentia-

tion of the Fourier series equation for a sudden change in

environmental temperature to obtain in our nomenclature, the

equation:

 

 

‘1 d (T - T3) = 1 de - 2.303 . 6.3

T-Tg dti ‘ro - 1%. dt T

This equation was solved for f and this value was sub-

stituted in the original equation to find the 3 value and

from this the surface film coefficient as well.

A procedure for the analysis of response data, e.g.,

as a can in a retort crate or a fruit in a box, when the

environmental temperature itself can be said to be described
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by a lag and a slope, is presented in Section 11.2, ”Transfer

functions from step reSponse," of Caldwell, Coon and 2055

(1959). This method consists of a visual fit of the best

asymptotic line to a plot of incomplete reSponse vs. time,

i.e., a heat penetration curve, followed by a plot of the

difference between the experimental curve and the asymptot:

and then linear approximation. This process is continued

until eXperimental and computational errors become excessive.

Usually up to three terms can be obtained. A similar pro-

cedure has been suggested by Richards (1953) for cooling of

fruit. This analysis procedure has one serious fault: the

physical mechanisms causing these responses are not defined.

One must rely on prior knowledge of the system or parallel

analysis of the system components in order to determine

individual reSponses and thereby an approximate mechanism.

This means that one should measure the fluid temperature

and if the surface coefficient on the solid product is not

known, it should be measured also.

The variability of conduction heating data.--Hicks

(1961) has made a thorough analysis of the uncertainties in

canning process calculations, including the thermal heat

transfer parameters f and j. He suggested that coefficients

cf variation of 7 percent for f are often encountered and

sometimes reach as high as 15 percent. There appeared to be

little information about the variability of j. It was

pointed out that many factors affect both f and j, although

j seemed to be affected more. Some-of the factors, such as



 
 

L
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-property variation, headspace resistance, variation in draw-

ing the curve, overall surface resistance, and retort temper-

ature errors cause Opposite effects in f- and j and others,

such as thermocouple conduction, error, cause, f , and j to

change in the same direction. It would appear that the

position in the object has little or no direct effect on f

The initial temperature distribution also seems to have

little direct effect on f . However, these last two factors

do affect j substantially. Disregarding these two in-

stances of the independence of f and j, it would not be

surprising if some factors did not appear to affect the

sterilization value of a process, since f and j are

oppositely affected by so many of the above factors.

Factors to be Considered in In; Analysis

of Conduction HeatinggData

Drawing the straight line approximation to the heat

penetration curve is a subjective skill and it represents a

compromise between the desire to use data at long times (to.

assure the validity of the use of the first term approxima-

tion) and the desire to avoid errors, the measurements which

increase in magnitude as T approaches T1.

Townsend.gt_gl, (1956) recommend: "draw a straight

line through the points, ignoring the lag period and at-

tempting to place the line not more than 1° from any point

above ZOO-210°F. for low acid products, and 140°F. for acid

products."- They noted that a comparatively large variation

in the position of the line when it nears retort temperature

is much less significant in terms of temperature difference
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than a comparatively small variation at low temperatures.

These appear to be workable criteria for drawing. The sug-

gestion correSponds to the recommendation that values of u

of about 0.4 [e.g., u = (240 - 200)/(24o - 140)] be con-

sidered. This is nearly the criteria of a u < 0.3 that

Baehr (1953, 1959) recommended for Biot numbers of approxi-

mating 35 and below. (Baehr, however, used the controlling

geometry rather than all surfaces to estimate the time re-

quired, hence his estimates are too low.) In terms of the

number of log cycles on the heating curve p' of Cowell and

Evans (1961), these criteria are about .4 to .5, since

p' - dog,O u. The lowest p' value for which corrections

for j and f are given is 0.6, however, correSponding to a

u of .25 and hence a temperature of 225°, 15° below the ‘

retort temperature in this illustration.

Townsend gt_gl,'s (1956) criteria did not include a

consideration of an upper limit beyond which thermocouple

errors might become excessive. This author's own arbitrary

practice has been to use data not closer than 50F. to the

retort temperature. If Townsend‘s criteria of control, i.e.,

10.25% is attained at 5° below processing temperature, the

relative error in f is (1/4°)/(5°) or 5 percent; however.

if the control is :1.0°F., which seems good for the data

reported in the literature, the error is 20 percent. What,

however, is the convergence error if data closer than 50F.

to heating_or cooling temperature are not used? Returning

to the above example, one finds that at 50 below retort

temperature u = 5/100 or 0.05, hence p‘ = 1.3. At this
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value of p' the error in f is less than 0.8 percent and the

error in j is less than 6.9 percent for the geometric ratios

plotted by Cowell and Evans.

This example points out that the seemingly usable data

lie in a rather narrow range, that is, from a u of 0.4 or

0.5 to u53 0.05. An extension of Cowell and Evans' (1961)

charts for the usual sizes in which the can diameter is about

equal to can height would permit extending the range of use-

ful data. -There appears little hOpe of reducing the 50F.

criteria suggested as an upper limit, however. To those

interested in cooling at lower film coefficients this ex-

ample may point out another need-~a need for similar charts

for film coefficients other than that for Biot number > 100.

When utilizing the Cowell—Evans charts, the author

suggests that the log arithmic mean correction

(H1 - H3)/ln(Hl/H2), be used where Hi and H2 are the rela-

tive errors at the upper and lower criteria used.

There appears to be no great need for charts to

correct for thermal property changes if one only wishes to

fit the heating data with the best straight line, a line

where lepe and lag are to be used in lethality calculations

' for this product under these experimental conditions. If

this were not the case, charts for one range, with a relative

property change, h of about 400 as calculated by a Crank-Nich-

olson (1946) procedure might be quite useful. Some such

approach is useful if diffusivity values are to be calculated

from transient data.
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It appears from the consideration of Cowell gt_3l.

(1959) and Bcklund (1956) that thermocouple corrections for j

(and f as well) should be used. Since Cowell g£_gl. have

shown that the rod and the wire size used by Ecklund as

reference thermocouples introduce errors, there appéars to be

a need for new eXperimentation using improved reference

thermocouples. The new eXperiments might evaluate these so-

called Ecklund reference couples and an internal fitting,

rather than the 'chisel'-nose, plastic, rod-type thermo-

couple.

The exponential come~up time corrections of GilleSpy

(1953) appear preferable to those of Ball (1923).

The lethality of the cooling portion of a thermal

process is said to usually lie between the estimate of Ball

(Ball and Olson, 1957) and that of Gillespy (1951), and Board

(Board g£_gl,, 1960). Ball's methOd, since it is conserva-

tive, would seem to be preferable. It is eXpected to fit

best for small temperature differences at the end of heating

time, and for immobile products. The general method should

be used to evaluate a process if there is any reasonable doubt.

It appears that a computer would be required to ex-

amine the heat transfer phenomena and a general method to

evaluate the lethality for complex processes. It would also

appear that GilleSpy's (1953) procedure is a workable method

to predict lethality for a complex thermal process before

EXperimental confirmation of the process is selected.

For slight changes in retort temperature, the use of

the exterior temperature one lag time f log 3 earlier as the
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effective environmental temperature appears workable. More

extensive changes might require the systems analysis approach.

Convection Heat Transfer
 

Transient natural convection in enclosed Spaces is a

complicated phenomenon as contrasted to conduction for there

is flow as well as conduction. In its simplest sense, this

phenomenon is the transient equalization of a nearly uni-

formly mixed fluid with a heat transfer resistance to the

container wall. If one assumes that the temperature is uni-

form throughout, then the problem is analogous to so-called

Newtonian heating of a solid of uniform temperature through-

out. If, on the other hand, one assumes that the heat

transfer by convection (bulk movement) is isotropic and con-

stant throughout, then the analogous process is a solid

whose effective thermal diffusivity is the sum of the con-

ductive and the eddy diffusivities. When the convective or

eddy diffusivity became small, as it mightht small tempera-

ture differences, or in interstices of tightly-packed vege-

table or fruit products, then the phenomenon would approach

true conduction.

Before the advent of any preposed mechanisms or the

develOpment of methods of analysis of transient heat trans-

fer data, investigators may have been intuitively applying

these two different concepts. Early investigators of con-

vection heating measured the temperature at the center of

the containers the same as for conduction (see Ball and

Olson, 1957). (In both of the idealized models this is the
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location of the least severe lethal~treatmentl) These in-

vestigators recognized_the uniformity called for in the first

model could be achieved in rapidly convecting or rapidly

agitated products.

These two idealized approaches are essentially the

only workable ones available today, although Okada (1940)

has suggested that data might be correlated in terms of

dimensionless groups which represented the conduction and

convection contributions, and currently the assumption of a

quasi-steady film coefficient is being used in engineering

studies of transient convection on simple surfaces, such as

flat plates. Since much of the experimental investigations

are contrasts with the phenomena predicted by these ap-

proaches and an understanding of the approaches would en-

hance interpretation, two simple approaches will be reviewed

below.

The Effective Diffusivity Model

Thompson (1919) used the second approach--the mea-

surement of the apparent effective thermal diffusivity

which water and/or brined vegetable products would have if

the conduction theory applied. This diffusivity seemed to

depend on the ratio of brine and solid product volumes.

This diffusivity might also be eXpected to vary during the

process, because fluid properties, such as viscosity, are

much more temperature dependent than thermal conductivity.

If the requirement that the experimentally determined ef-

fective diffusivity be isotrOpic is met or, in practical
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terms,'the temperature distributions for convection heating

products are like those for conduction heating, then all of

the previous work on the effects of come-up, on complex pro-

cesses, on can factors, and on convergence errors may be ex-

tended to convection heating.

Tani (1940), in his study of flow patterns and temper-

ature distribution, relaxed the restriction of isotropism to

permit the effective thermal diffusivity to depend on axial

position in the container. He found that these local effec-

tive diffusivities are about 24 times those of still water.

The time-temperature histories at a point can be analyzed

using heat penetration curves, but conduction relations, dis-

cussed above, can no longer be used to predict the effects

of come-up, etc.

The Uniform Temperature Model ’

Jones (1931) applied the convective approach of the

well mixed fluid with surface heat transfer resistance.

For this case the heat added by conduction is:

(
"
‘
7
7

=A (To - T)

where:

is the area of the filmI
D

3 is the constant film thickness (always small)

k is the constant thermal conductivity of the

liquid

T is the mixed mean temperature of the fluid

T. is the initial temperature of the bath

T1 is the temperature of the external bath
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Heat is absorbed by the ‘stagnant‘ layer of the fluid (neg-

lecting the heat capacity of the film), hence:

kA(To-T)= Vp Cp_d__'I_‘

dt m 5

Where V is the fluid volume

Cp and (0 are the Specific heat and density,

reSpectively,

dT/dt is the instantaneous rate of rise of the

fluid temperature.

The solution of this equation is:

T711... v 'a' 6-5

0

where CK is the thermal diffusivity. In this equation, A

is taken as the area of the fluid in contact with the can

neglecting the headSpace area, and V is approximately the

volume of the can. This formula was applied to the data of

Magoon and Culpepper (1921) for distilled water in a No. 10

metal can whose initial temperature was 20° and whose final

temperature was 100°C. At a temperature of 90°C. the ap-

propriate film thickness was found to be 0.035 inch (a

surface overall coefficient of heat transfer U of about 130

Btu/hr.ft.2 °F.). This value was applied to the Magoon and

Culpepper (1921) data for No. 2 and No. 3 tin cans. Since

these calculated data were said to correSpond in position

and in form (on a rectilinear plot of T vs t) to the eXperi-

mental curves Jones suggests, "This (correSpondence) sug-

gests that the thickness of the film does not depend upon

the size of the container though it will of course vary with

the nature of the contents." (This assumption is true only
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when boundary layer flow is fully established.)

I Schultz and Olson (1938) examined convection heating

with the assumption of a uniform fluid temperature in order

to obtain an estimate of factors to be used to convert con-

vection heating data from one container size to another.

They showed that in Ball's nomenclature:

f = 2.303 (cp V)/VA 6.6

If the product is the same,la might be assumed to be inde-

pendent of can size, then if the total surface area (in-

cluding headSpace) is effective and V is taken to be the

container volume, the ratio of f 's for two sizes becomes:

 

f =r1. r'+L'

f—' r + L r”L' 6.7

where :1 -.X = harmonic mean of a and b

r i 1,- A 2

fleat Coef icient Trans er

In both of these treatments of a uniform temperature

solid the lag factor was found to be unity. Ball and Olson

(1957) have suggested that variation in the overall co-

efficient of heat transfer U (or k/é) helps explain experi-

mental values of j, values which were said to be less than

unity.

The overall heat transfer coefficient, U, varies

directly with the magnitude of the convection currents, cur-

rents which are induced by differences in buoyancy due to

temperature differences. The overall heat transfer co-

efficient, U, is, therefore, anticipated to be greatest at

the start of the equalization process. As these temperature
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differences decrease the value of U also decreases. First,

conduction, as well as convection, becomes important. Ultim-

ately the overall heat transfer coefficient U becomes that

for conduction. These changes produce heating curves which

are concave downward, hence j values less than unity are

anticipated. It was suggested that "it should be possible to

get a good correlation between U Ugo , and j where U0 isor

the initial and Use the final coefficient of heat transfer.”

This is perhaps an oversimplification for although the

initial and final values are for convection and conduction and

hence initial and final values of f might be prescribed the

position of these lines, hence, j depends on a knowledge of

the temperature preperty value history, hence this approach

would require that U be a prescribed function of temperature

product properties and container factors.

Sullivan and Holland (1961) have treated an analogous

problem, the determination of the area (time for our problem)

for a fluid in a concentric pipe heat exchanger (can) to

reach a given final temperature given Specified preperty

variation, the initial temperature, and a dimensional equ-

ation for forced convection (agitation). The applications

of this for our cases are limited, however. ‘

Since this reasoning seems sound, other factors must

be reSponsible for the many convection investigations in

which the j values are reported to be larger than unity.

Charm (1963) Variant of the Uniform Temperature Model?

Charm (1963) has shown that if one assumes only the
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lateral surface to be effective for heat transfer then the

ratio of f values for the same product is preportional to the

ratio of the radii of the containers. (Under similar condi-

tions for conduction, the f ratio would be proportional to

the square of the ratio of the radii.)

He notes that "the Grashof modulus describes the

conditions for similarity in the natural convection system,"

and from this concludes that one may calculate the tempera-

ture history for a new size (or product) if the temperature

history in a container is known, and that the characteristic

length in the Grashof number is the diameter of the container.

One must not succumb to the temptation of taking the

logarithm of both sides of the relation:

(
5
)

0
6

NGr== Plsl’laeggl ATl ._., 192310ng2 M‘z

.Pl Ju2

solve for the temperature differences and differentiate with

reSpect to time in order to use the known f for the first

container, for one finds that the f's are identical since

one does not know at what relative times the similarity is

attained.

\The choice of similarity criteria and characteristic

length also seem to need further examination. It can be

shown that the similarity of Prandtl number groups (Cpfl/k)

is also required for natural convection heat transfer and if

the core velocities are not small, the Reynolds number 2:?

'is required as well. The diameter D is most frequentlyu

chosen as a characteristic length for horizontal cylinders
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and established flow in vertical cylinders while L is chosen

as the length in the interior or exterior of vertical

cylinders when the boundary layer is not restricted and

(r‘l/L)l/3 is preferred for open thermo-syphon tubes, hence

arbitrary choice of D for a characteristic length is suSpect.

It might be preferable to substitute a dimensionless

correlation for film coefficient (using NGr ' NPr ' r/L )

into the Ball and Olson formula ,

fl = C11‘1V1U2A2

TS 2E3 2 l l . 5,9

to obtain {or Charm‘s case:

 

  

4 2 .

£1.....(______W31I‘i)(:2:2)(L1Pl‘il 11532 Seat-T2029“

2r 2 °
f2 C292)(1'2 ’1 Pl 8514'?le ,“21‘2142 5'10

01‘

2 n 2-4n- n n
ii: ,I :’:‘(+f‘21"1 P 8320-23) (fl) (£1) < T2) 6.11

r2 \1 P123510. 42kg r2 L2 T1

where n is approximately 1/4 for laminar flow and approxi-

mately 1/3 for turbulent flow, and the second term is an

inverse ratio of the reSpective Grashof-Prandtl numbers.

This relation may be further simplified to:

3 1 l

fl12)? (It) (We>111 __1_2: I112): 6-12

f2 M1 112 f1 \r2I‘IL2’ AT1

for laminar flow; hence, the f in convection is seen to be

less sensitive to diffusivity changes than in conduction

heating, proportional to the radius of the container, pro- .

portional to a power of the length of the side wall over
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which convection develOps and directly proportional to the

same power of the viscosity and inversely to the same power of

the buoyant force.

The Plug Flow Model

In the above variants of the uniform temperature model

there was no provision for the fluid film. Since the fluid

film is assumed to be stationary, the heat transfer is across

the film and into a stagnant core. If, on the other hand,

one recognizes that (l) the heated fluid in the film becomes

buoyant since it is hotter than the fluid in the core; (2)

assumes that the fluid layer is of constant thickness, i.e.,

the fluid rises to the t0p of the container; (3) assumes that

this fluid then sinks as hotter fluid covers it and descends

to the bottom of the container before re-entering the rising

film; and (4) assumes that the fluid rises so fast that the

heat transfer between the rising film and the descending

core is negligible, then the problem is analogous to the

jacketed kettles with external heat exchangers, treated by

kern (1950). Inherent in this model is the assumption that

heat transfer through the side walls is the principle

mechanism, or alternately that there is some demarcation in

the container between the regions heated principally by the

lateral and bottom surface, reSpectively.

Kern presented two cases with implications for con-

vection in cans. In the first the kettle contents of the

jacketed kettle (can) are well mixed (conduction along the

core is infinite), and in the second there is no mixing and
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axial conduction in the kettle (core of the can) is assumed

negligible. For the case usually encountered in Irocessing,

the exterior temperature is constant, correSponding to a

condensing or boiling vapor in heat exchanges, so only con-

stant heat exchange fluids will be considered here.

In the first instance, with agitation, kern found

 

that: , ‘

2.303 log 31.3.: = -wC (my 6.13

Tl ' To VPC “2

where

‘IA wC

K236 /

when w is the constant mass flow rate of the rising fluid

f

stream in lb/hr. Hence, j = l and f = 2.305 Xg_[23_£:2_,],

This relation might be adapted to end-over-end agitation

where the movement of the headSpace through the container

(see Clifcorn ££_3l., 1950) is sufficiently rapid to cause

uniform mixing of the core and additional heat transfer is

obtained by inducing a velocity w due to the superimposed

rotational axial body force. For still processes, although

the natural convection is strongly temperature dependent,

the above relation can be used to examine the heat penetration

parameter f at some instant, assuming then that the heat

transfer and fluid flow are quasi-steady. The overall cog

efficient of heat transfer is composed of the exterior co-

efficient (usually large), the container conductance (large

only for thin metal or laminated film containers), and the
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interior film coefficient. This interior film coefficient,

as it appears in the Nusselt number, hL/k, and the amount of

liquid circulated due to natural convection are each functions

of the Prandtl number (Cp’u)/k, the Grashof number,DgBCAT) lefifa

and w is also a function of the heated area. Therefore, f

is a function of the product mass, inversely a function of

the product flow {which is a function of the cross-sectional

area and the Grashof and Prandtl numbers) and directly a

function of the bracketed terms.

When the flow in the central core, although slow, is

so fast that axial conduction is negligible, Kern showed

that the temperature at a point in the kettle remains con-

stant until the interface of the hot fluid descends to that

level, at which time the temperature increases suddenly and

remains at this new level until all the fluid has once again

Passed through the heat exchanger.

Experimental temperature profiles, however, show a

lag, depending upon position; an absence of step-Wise

reSponse; and an axial temperature gradient. The

"agitation," therefore, is not complete. Further, an

assumption of negligible agitation or axial conduction can

be partially justified only for the first circulation.

Models of the behavior within the container ultimately should

consider axial conduction.

kern pointed out that agitation increases the film

coefficient but for external heat exchangers, uniformity

within the kettle means a lower temperature difference for

heat exchange and hence slower heating. The analogous axial
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temperature gradient effects within containers therefore

may need more study. These temperature gradient effects pre-

sumably are reSponsible for (l) the complex bracketed term in

the above equation, (2) smoothing of the vertical profile,

and (3) may influence the heating rate in the rising film.

Limitations of the Available Modelg

The available models suggest that the value of the

heat penetration parameters f and j perhaps lie intermedi-

ate between those for an assumed uniform effective thermal

diffusivity and those predicted on the basis of a uniform

temperature distribution. The lepe parameter f is seen to

be a function of the product thermal diffusivity, buoyancy,

the product viscosity, initial (or some other characteristic)

temperature difference, and the container height and dia-

‘meter, on the basis of an untested relationship. The lag

factor j is perhaps subject to the time required for the

core to circulate and is reduced by the tendency of natural

convection to diminish during the process, but once again

quantitative relationships are lacking. (Some qualitative

relationships have been suggested as an outgrowth of the

experimental phases of this investigation.)

There appears to be very little information even of

an experimental nature on complex processes. The effect of

initial temperature distribution appears not to have been

investigated. Alstrand and Benjamin (1949) have shown the

effect of come-up time on the equivalent lethal value of

convection heating to be more variable than for conduction
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heating and that j was substantially increased while f was

reported to be nearly invariant. Townsend 3£_2l. (1949)

found similar behavior for convection in glass containers

and considered convections for thelethal value of cooling.

McConnell (1951) has considered the effect of drops in re-

tort temperature upon the lethality of convection heating

products. None of these investigations have been related to

the models; hence, there is no indication as to what

temperature difference and property values should be uSed in

the formulae.

The heating medium, i.e., the exterior film co-

efficient, has sometimes been shown to influence the heating

of fluid products. The container material (usually tinned

steel or glass) has been shown to influence the heating of

such products. Merrill (194d) combined these series re-

sistances into an overall heat transfer coefficient U where

 

L 1

* 6.14
u:—i+..£’_ ....-

ho kc hi

and ho, hi are the outside and inside film heat transfer

coefficients, k is the thermal conductivity of the wall
c

and L(,is its thickness. This is an accepted stratagem (see

Carslow and Jaeger, 1959, Section 1.9) to simplify the re-

lations for a composite body when the skin of the body is a

Poor conductor whose thermal capacitance may be neglected.

When 1/ho or Le /1<c are large resistances compared to l/hi’

a dimensionless correlation for hi can no longer be sub-

stituted directly into the Newtonian heating model relation
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for f . Merrill had moderate success in combining experi-

mentally determined ho, h and Lc/kc to predict f values.it

The combination of these two approaches, correlations for hi

and lumping of the heat transfer resistances seems to merit

further consideration.

Since investigations of the thermocouple errors sug-

gest matching of thermal preperties of the product and thermo-

couple probe, it seems that the probes for convection

should be highly conductive (at least 24 times that of water,

i.e., at least as large as the effective convective thermal

diffusivity of water as reported by Tani (1940)). They

might also be small in diameter--not only to minimize inter-

ference with product flow. The need for long immersion

length in a nearly iso-lag, i.e., an iso-j zone, as well

as the need to reduce interference with flow suggests that

thermocouples be inserted axially into the central core.

Such techniques were used in the eXperimental phase of this

investigation and have been discussed in the previous section.

The effect of retort temperature errors would be expected to

be approximately of the same magnitude as conduction. A

drift in retort temperature might be anticipated by using an

effective retort temperature somewhere between that at

time t8 = f log (j surface/j center) earlier and the tempera-

ture at that instance, since there is some tranSport lag

and inertial effects are presumed small.

There appears to be no published criteria on how to

weigh the data when drawing a heat penetration curve for a
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convection heating product. It would appear that the line

should represent the data in a region from about a u = 0.4

to 11= 0.06 as in the conduction example, and if changes in

slepe above this region (u < 0.00), then the general method

should be used.

It would now appear (after completion of the experi-

mental work) that if temperature histories or f and j are to

be reported for various positions they should be reported

for a u at the cold point in this range rather than for the

same u value but at different times. Some precision will be

sacrificed for points warmer than the cold point but it now

appears that the cold point temperature may be a useful tool

in the estimation of f values. Since Ball and Olson‘s

(1957) reasoning predict a strong curvature and thereby a

relation between f and j, it would appear preferable to re-

port either u or t as well as f and j. Then, when effects

of the change in heat transfer coefficient U are known the

data may be reinterpreted.

Combined Conduction and Convection Heat Transfer

The two principal models for ideal convection, the

uniform temperature model and the uniform effective diffus-

ivity model, seem to be bounds for real convection. It is,

therefore, natural that investigators have attempted to

combine these models. The simplest of these is the linear-

ization of differential equations or the linear combination

of solutions. A second approach is the correlation of re-

sults in terms of dimensionless groups. These dimenSionless
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groups may be obtained from differential equations or from

physical and dimensionless considerations a1bne. In both

approaches the principal effort has been to obtain improved

can factors.

Kaneko's Method (1941)

Kaneko (1941) compared the conduction relation for f

from Okada (1940a), namely:

2.503 L2
f = .—

[5.78(L/r)2+9.87] fi’

 

and Schultz and Olson's (1938) relation for convection heat-

ing, i.e.,

 

f = 2.503 Cpfi¥ L = 2.503 CpP (rL ) 6.16

U (1+L/r) v r+L

when applied to Lang's (1935) data for tuna fish in oil.

This is essentially a solid product, but there is some con-

vection of oil. He reported that the conduction estimate

more clearly fitted the experimental data. (Olson (I9H7)

suggested that the convectiOn estimate was not appropriate

in this instance, and that it might have been applied due to

a translation misunderstanding.)

Kaneko made an interesting modification of the Schultz

and Olson (1938) approximation as a result of the comparison

of Equations 6.15 and 6.16. He noted the approximation

represented by Equation 6.16 was strictly true [for con-

duction] only when the cans were geometrically similar,

i.e., the length to radius ratio was constant. He therefore,



6-57

weighted each heating surface in pr0p6rtion to its distance

from the surface, L/2 for the ends and r for the lateral

surfaces. To obtain a weighting coefficient:

 

R ... (L/2)2;1Tr2+r(2TTrL) = gy r1.) 6.17a

2er2r + 2nRL 2 r+L

2 5 L - 6.17b
 

2' (1+L/r7 L

when this weighting value was introduced into the above

formula, the following relation was obtained:

 
 

‘2
r : 2-30é CPPVL :.. ($5.) 2:303 OPP (£31) 6.18a

mm 2 EU r+L

 

2(3) 2.30:5 CpP (L )2
6 . 18b

2 r0 1+L/r

where B is an eXperimental constant. A plot of the squared

term versus firo , the parameter f for the product processed

in steam as in the Okada approximation ( 1940 ), gave a

linear relation. This curve was slightly concave upward,

such that departures were eXperienced only at lower values.

0f L, e.g., 10 cm, and generally only for low L/r ratios.

Kaneko (1941) maintained that data for products in which

there was stronger convection, such as that of Shiga Iwao for

water in No. 2 and No. 5 cans could be compared using this

relation. The eXperimental ratio of the f (a can factor)

was 0.59 while the predicted ratio was 0.54.

The values for f for tuna fish in 211 x 109, 307 x 113

401 x 201, and 603 x 408 cans were said to be nearly
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pr0p0rtiona1 to the Lz/(l + L/r)2 factor. Unlike the plot

of f versus the Schultz and Olson factor, i.e., L/(l + L/r),

mentioned above, the intercept appears to be zero, but a

smooth curve connecting the points seem to the writer to be

as concave downward as the Schultz and Olson curve had been

concave upward. It would seem, therefore, that for such

products in brine the can factor is some non-integer

(between 1 and 2) power of the volume to surface ratio.

' Ban and Kazewara (1941) have modified Kaneko's

formula so as to apply to the cooling of the lateral surface

alone and to the cooling of the t0p cover alone. For side

cooling the weighting coefficient becomes r = R, hence:

2.503 CpQrZ 6.19

Bu(2)

f :3 

or proportional to the square of the radius as it is in

conduction. For lateral surface cooling the weighting co-

efficient becomes L/2, hence:

2.30QVCpE L3 6.20

2 BU

 

and also is proportional to the square of the distance as

for conduction. These formulae were evaluated using the f

obtained from water-filled 4.5 x 14.5 cm and 6.0 x 6.8 cm

cans cooled with water. The pr0p0rtiona1ity constants were

reported to differ only by about 4 percent for total surface

cooling, and about 10 percent for cooling of the lateral

surfaces. The arithmetic means of the proportionality
\

constants for each size were used as factors in the comparisons
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shown in Table 6.4.

Ban's Approximation (1941)

Ban assumed that the heat lost from a container is:

d .. 22‘
3%“ clvdt 5.21

where T is the temperature of the can contents [at center]

and Cl is the pr0p0rtiona1ity constant [which includes Cp/o].

He further assumed that:

d _ k . .

3% - C273: A(T - TS) ' . 5.22

where C2 is a pr0p0rtiona1ity factor, Q is Kaneko's weight-

ing coefficient or equivalent length and Ts is the surface

temperature. The heat lost through the surface is:

9.9.
dt =1UA (Ts . Ti) 6.23

Eliminating T1 and integrating, he obtained:

0 k\ ‘A-- ‘13.?

legatwrmh 6-24
(T-Tl) = (T-Tl)O 6

hence:

f =K2.30:5 0' Y- r(1 «Ll-- 6.25
1(9) 52k VB)

\

which for negligible surface resistance became:

1‘ =2.303 9.1_(Y.)(5‘) 6.26
.02 A k! s

This last formula is similar to the-form of a Newtonian

cooling body (hence Ban assumed that the surface resistance
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TABLE 6.4. Some experimental and calculated can factors as

reported by Kaneho (1941).

 

  

 

r—
 

 

Can Experimental Ratio Calculated Ratio

Tall f total/f side = 1.57 = 1.53.

Plat f tota17f side = 0.79 = 0.77

1211 f total/ f top 0.19 0.13
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was negligible and that the internal resistance could be concen-

trated at the surface of the body). He showed that:

01v

 

f - fa; = 2.303 6.27

AU

and

hi.“— \.-. Czk 6.28

f... vr

if the above equations are valid.

These relations were evaluated using the data of Ito

and Itani (1915) and Ito and Tawa (1916) (as had Okadaw

(1940a, 1941) in the earlier mentioned analytical strategem

to find exterior film coefficients). A plot of

log [foo /(f - fag )] from experimental values versus

log (u/k) gave linear relationships with 45° lepe for each

can size, which differed slightly with different intercepts

as can geometry was varied and another different tight family

of curves for rectangular cans. This seemed to substantiate

the above approximation which DICdiCted.f99 /(f - foo ) was

pr0p0rtiona1 to u/k. It was also shown that the pr0p0rtion-

ality constant C/h was inversely proportional to r, Kaneko's

R value. Similarly f - foo was found to be nearly inde-

pendent of can contents for air or for water cooling. A

plot of log V calculated by Okada's method versus log v/gugf)

the desired 45° slope between the water and air data I

clusters although the data for cylindrical cans was about 30

percent of those predicted analytically and the data for

rectangular cans were about 50 percent of those predicted

analytically.
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Merrill's Linear Combination (1948)

In contrast to Kaneko's lumping the internal transfer

and the external heat transfer into one overall heat transfer

coefficient linearization of the analytical conduction

equation, Merrill (1948) attempted to combine Ball's (1923)

relation for f for conduction heating and Schultz and

Olson's (1938) relation for convection heating.

For a semi-infinite slab of half thickness 0 inches,

v = Specific gravity - Specific heat, and all properties ex-

pressed in inches and minutes instead of in feet and hours

as is customary in engineering work, this combination be-

comes:‘

.f 0.9 3:12 + 0.0831 Va
4 w-

’— ...: ”T‘— 6.29

which was said to agree within 5 percent with values as

determined from Gurney and Lurie charts (1923) and the

values of Bachman (1936) when the latter were plotted on semi-

logarithmic coordinates. The range over which this compari-

son was made was not Specified.

For an infinite cylinder:

f ,. 0.39m»2 , 0.0416 vr ,
.. O: *v 6.30

This relation was said to have a maximum error of about 9

percent over the full range of Nusselt numbers.

For a finite cylinder:

2

0.0955(%) D2 0.0416 (L/D)0_ 6.31

f = «((L/D)§+0.427] + _E(L/D)*l'

where once again the first term is the conduction control-

 
 

Y.

v

ling contribution and the second term is the surface
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controlling contribution.

The overall heat transfer coefficient was related to

container thickness by the following equation:

1 :.ll + Lc

V h' ”’TZomo 6.32

whereLw is the average glass thickness in inches.

Equations 6.31 and 3.32 were evaluated using the re-

sults of heat penetration experiments in N0. 2 and No. 3

cans and three weights of bottles with water, bentonite, and

Spaghetti as products, and experimentally determined h

external film coefficients. The effective thermal

diffusivities C3 used in the equations were determined

experimentally in earlier experiments in which the external

and container resistances were presumed negligible.

A brief consideration of the property values for

uhich this method calls may serve to illumine the assump-

tions inherent in this method. The exterior film coefficient

components of the overall film coefficients h were deter-

mined from the heat penetration curve of a lead cylinder of

known diffusivity. The thermal diffusivity of steel and

also a fireclay refractory material were determined using

_the same heating medium and temperature and the previously

determined film coefficients. The comparisons of calcu-

lated and experimental f values for other shapes of the same

materials, therefore, were a test of the validity of

Equation 5.31 and also of the independence of h' with

respect to geometry.

The modified effective thermal diffusivity values
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mentioned above, CK values were determined rather circuit-

ously. The experimental exterior film coefficient for wahmv£it

is not clear whether this was an agitated or unagitated

water bath], and the exterior of can-shaped cylindenawas said

to be equal to the interior film coefficient for natural

convection of water. Hence, one-half the film coefficient

h' was used in Equation 6.31 to determine the effective

thermal diffusivity Ci of the core from heat penetration

curves. The value of the effective thermal diffusivity of

the core, about 40 inZ/min. is about 2.5 x 103 times true

diffusivity of still water. In contrast, overall effective

diffusivities of 24 (Tani, 1940) and 16 (Thompson, 1919)

times that of still water have been reported.

The effective core diffusivities were said to be in-

versely proportional to the square of the apparent viscosi-

ties. The basis for this functional form and the proportion-

ality constant used are not given. It is interesting to note

that if flow similarity in the core were attained, and the

Reynolds number were the only similarity parameter then the

viscosity influence would also be inversely proportional to

the square of the viscosity. It might be inferred from this

that the effective diffusivity contribution of the core to f

is small; it is still largely determined by convection.

The comparison of actual and computed f values for

the-products and containers mentioned above in Merrill's

Table IV, therefore realistically are a test of: (1) the

effects of geometry changes, (2) secondary temperature in-

duced viscosity changes in the vicinity of a region, and (3)
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partitioning of surface resistance and an unfortunate em-

pirical relationship in which Equation 6.31 was made to fit

the data. This table was said to show a satisfactory con-

SiStency throughout (perhaps due to an average error of

+2.5 percent and a median and mode of +2.2 percent) although

the errors for the 27 comparisons of three or more runs each

-ranged from +21.8 percent to -10.7 percent. Although the

deviations are signs that further work should be undertaken,

the relationships presented by1Morri11 give very good results,

particularly since the range of Biot members for which this

was applied was very wide, i.e., l x 10"2 <NN1< 2.5 x 103.

The controlling mechanism therefore ranged from neafly ideal

convection to conduction.

The parameter j was shown to be generally intermedi-

ate between the j values for conduction (with a,the core ef-

fective diffusivit%,as the controlling diffusivity) for an

infinite slab and an infinite cylinder at a Specified value

of the Biot number. This finding is similar to that found

for the effect of film coefficients and wall conductance

Kc/I.c on the j'of a fluid in contact with a slab as outlined

in Section 11 of this investigation. The use of the latter

j, it being larger and hence a conservative estimate for

thermal destruction of microorganisms, was recommended.

Pagerson‘s Innovations (1950)

Fagerson (1950) tried two different methods to obtain

improved can factors for the convection heating of Townsend

et a1. (1949) for 1 percent bentonite in four commercial
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glass jar sizes. The first approach was fitting a powern

of Schultz and Olson's (rt/r + L)n factor to the data. The

overall heat transfer coefficients, U values, were assumed

invarient, i.e., exterior film coefficient and jar wall

thickness constant as well as an interior film coefficient

independent of geometry. The resulting exponent was

n = 1.2. This is a value intermediate between the n = 1

predicted by the Jones-Schultz and Olson model, and the n = 2

of Kaneko's model, as Kaneko's results seemed to indicate to

us.

The second method was a dimensionless analysis, using

r, L, K , V, and Cp(0 as factors. Since the properties

and V for the Townsend ££_gl. (1949) study were presumed‘

constant, only exponents for r and L could be obtained.

 

Hence:

0.80 0.42

:1 ... 1'3. ‘1‘1 6 .33

0. .

It is interesting to note that these compare favorably with

the 1.2 power of the length dimension found using the first

method (r is approximately 50 to 80 percent of L) and the

1.25 power of length hypothesized in the modification of

Charm's (1963) approach.

Ball and Olson's Index of Convection (1957)

Unlike Okada (1940a, 1941) and Ban (1941) who examined

the convection (assumed external) contribution to heat trans-

fer using a (f - foo )/£;> ratio, Ball and Olson (1957) ex-

amined the convection contribution utilizing the can factors.
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A convection index C was defined as follows:

1

C :.EEH_EL_.... 5.34

where f and f‘ are known f values for two different sizes

and Cd and Cv are the Olson and Stevens (1939) can factors

for conduction heating and the Schultz and Olson (1938) can

factors for convection heating, respectively. For pure con-

f' and, therefore, C = 0 and for pure con-duction de

vection fCV = f' and hence C = l. The index, therefore,

seems to take one value from 0 to 1. It would seem that

this index should have equal or nearly equal value if estim-

ates were to be made using f' instead of f. This new index

 

 

 

 

would be:

0': f'Cd' " f 6.35
I

f‘Cd - fCV

but by definition Cd' = 1/cd and cv' = 1/cv, hence:

v-1: 1" fc)c
C. :6; =( - d V. 6.36a,b

f’ -f‘ f' (CV-Cd)

ea“ c: .

so that if C' is to equal C, i.e.,

; (de - f') - . _ (f - f) CV 5

C f (Cd - CV) - C - TTQ€CH-:-CVT .37a,b

0r:

1l__-_CV=1

f"' f' C ’ 6.38a,b

This is a presumed equality which is true only if ideal con-

vection occurs in both cans.

In the illustration of this method for real convection
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in 401 x 411 and 603 x 700 cans, Ball and Olson obtained an

index value C = .92 with the above sizes being f and f‘,

reSpectively.' One can obtain 0' * 0.87 for the same example

by reversing the nomenclature. It would appear that these

values would diverge as if less ideal convection were

achieved. Since this index of convection appears to be

ambiguous, the concept might be retained by defining f

'(or fl) as that for the same product in a No. 10 tin can,

603 x 700, as for Ball's (1928) proposed index number for

conduction or for a No. 2 tin can, 307 x 409, as has been

informally used as a conduction index in the canning industry

(Ball and Olson, 1957, p. 24).

The concept is a useful one: conduction and con-

vection have been employed by Jackson and Olson (1940).to

distinguish between conduction and convection of 3.25 per-

cent bentonite in No. 10 cans using experimental data for

the same product in No. 2 cans. The presumption is that the

container resistance and the exterior and interior film co-

efficients are equal for the two sizes. Can factors for

conduction heating products seem to be relatively insensitive

to changes in h for this Biot number range, and very likely

external dimensions could be used for glass containers, but

it would be preferable to use the Merrill (1948) approach

of lumped heat transfer resistances when comparing sizes for

convection heating products.

Qkada’s Dimensionless Analysis (1940)

Okada analyzed the equations of fluid momentum, thermal
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energy, and continuity for an essentially incompressible con-

stant viscosity fluid in order to resolve the dimensionless

groups which could affect the temperature distribution in a

container with a uniform external heat transfer coefficient.

The ratio of u/uo of two systems was found to be:

”t
6.39u x y z m

T T Fl("’ T f? ’ NNu’ NGr’ NPr’NRe')! T.)

110 L b

or a function of dimensionltss position, the dimensionless

““3 ’ 2228413 0py... LPV
hL/k,———2—-——,--—and-——-

< P k P

where “G becomes unimportant for forced convection and Re
r

becomes unimportant at small velocities.

To these numbers one may add FS/TUELXt) where the 3‘

is the reference value and 01 the temperature coefficient to

account for the temperature sensitive kinematic viscosity

and flAT, but this second factor is presumably accounted for

in the buoyancy terms in the Grashof number NGr (see

Langhaar, 1951, pp. 126-7).

It also has been shown that if inertial forces are

small then the Grashof number and the Prandtl number can be

written as a product, sometimes called the Rayleigh number.

(This Rayleigh number is not to be confused with the square

root of the Weber number--the ratio of inertial and surface

tension forces-~which has also been called the Rayleigh

number (see Boucher and Alves, 1959).) This NCr ' NPr

Product has also been called the modified Grashof number

(Ipsen, 1960, pp, 209-13). The Rayleigh number is sometimes
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modified further by multiplying it by the r/L or so-called

aSpect ratio to improve the correlations. Such a modified

Rayleigh number was introduced in an extension of Charm's

approach.

[The author would recommend the develOpments by

Schlichtlrg (1958), Ch. 14, Thermal Boundary Layers in

Laminar Flow by Eckert and Drake (1959), Ch. 11, Free Con-

vection; or by Kreith (1958), Ch. 7, Fgee Convection, to
 

the reader who wishes to obtain a working knowledge of the

development of the above dimensionless groups for free con-

vection.]

Okada's conclusions, like all_dimensionless group

analyses, does not Specify the form of the equation, but

only possible effective groups. The temperature in a uni-

form temperature solid is known only to be some function of

the Fourier modulus cult/L2, and the Nusselt number hL/k,

where L is a characteristic length of the body. Langhaar

(1951) has shown that for this particular example, the

limit of the first term of a MacLauren series eXpansion for

a small temperature difference corresponding to a small time

change can be integrated to obtain the formula:

_ Tl‘T 1_ -€(hLflk)-%5§ 6.40

LL‘ Tl-To." °

This device cannot be used to obtain the form for a corre-

lation of f here. .If the Rayleigh number appears to a

fractional power, as is usual in practice, the temperature

relation would be of the form dT/(Tl - T)n where n is
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approximately equal to 1.25. Thus the integral would be of

the form (%h)(T1-T)n+l rather than loge (Tl-T)

as in heat penetration curves. It would, therefore, appear

that a heat penetration curve would be straight only if the

influence of the temperature difference can be assigned to a

particular fixed temperature difference for a particular

system. This, contrary to previous assumptions, would re-

quire that inertial forces are controlling. Eckert and

Drake (1959) have Shown analytically that for a flat plate the

Nusselt number is related to the Grashof and Prandtl numbers

by an equation of the form:

12

= c Gr1/4 NPr / 6.41

N“ 3 (Npr+c4)1/4

N

(where C3 and C4 are experimental constants) rather than a

function of the Rayleigh number. This is analytical evidence

that inertial effects may be important although not neces-

sarily controlling.

Ball and Olson (1957) have pointed out that as the

buoyancy forces decrease the heat transfer approaches that‘

for conduction heating. It would seem, therefore, that an

eXpression for the Nusselt number ultimately should include

a constant term which is the conduction component. This

constant would be 2 for a Sphere. This correSponds to a

sPhere in an infinite conductive media at a different

temperature. For flow external to Spheres (Zenz and Othmer,

1960), data equations have been forced to have the theoretical

limit of 2. The author knows of no application of such a

h.—
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theoretical limit for other geometries or for the case in

question, the internal region. An experimental limiting

value of NNu = 0.45 has been reported for a slab, however

(McAdams, 1954). It would seem that Kaneko‘s approximation

for this constant value might prove to be a reasonable

approximation for long times. V

Merrill's (1948) consideration of the container as a

skin resistance of negligible capacitance, when demonstrated

to be a good assumption, might also be incorporated in the

arbitrary form of the correlation.

It has been shown in the above discussion that Okada's

dimensionless correlation, which has been said to have great

promise, has many unresolved aSpects, not the least of which

is the functional form.

Although Okada (1940b) has cited Tani's (1940) ob-

servation that the temperature within various sizes of cans

seemed to remain similar during heating, there is now some

reason to doubt this conclusion in Spite of no firm con-

clusions from the eXperimental phase of this investigation.

Lighthill (1953) has hypothesized three domains in closed

end tubes, only one of which is a domain in which the temper-

ature profiles are everywhere similar. ~Yang (1960) has con-

sidered the necessary and sufficient conditions for laminar

free convection external to vertical plates and cylinders.

The only transient condition for cylinders for which.

similarity could be attained was for uniform but unsteady

surface temperatures at large distances along the cylindrical

surface. This corresponds to fully established boundary layer



6-73

flow. The implications of the similarity domain and the re-

striction of wall temperature profile will be examined in a

later consideration of the experimental and analytical

temperature and flow patterns.

Limitatigng 9f the Combinatigng and Suggestigns

for Further Research

Merrill has Shown that a linear combination of sur-

face controlling and internal controlling conduction with
 

no headspace resistance has an error of not more than 5 to
 

9 percent for predicting f. This is much better than the

scatter about many engineering heat transfer correlations.

This is also comparable to the precision of experimental

heat penetration data (Hicks, 1961). Further departures of

linear Combination from eXperimental observations may be

attributable in part to failure of the two terms to describe

even the limiting cases, and—the simplifications applied to

determine pr0perty values.

All the conduction and convection representations

except that of Evans and Board (1954) for conduction and

Jones (1931), Kern (1050), and Charm (1963) for convection

fail to consider that the headSpace is relatively ineffective

for heat transfer. None of these later models seem to have

been applied by others. Also none of the models mentioned

previously in a discussion of convection as mixed conduction-

convection systems have allowed for finite axial conduction

(but negligible radial conduction) for nearly ideal convection.

Better components of a linear approximation for convection

might be an isotropic core thermal diffusivity conduction
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model and a unidimensional conduction model with effective

eddy and heat transfer through the t0p equal to that ab-

sorbed by "Newtonian" total surface heat transfer. For this

pr0posed model the lag factor j due to convection would be 1

at the top and increased to those for an infinite slab (of

twice the cold point depth, i.e.,the container height minus

the cold point height above the bottom) at the bottom.

The.Merrill (1948) hypothesis and the consideration of

Section II of this investigation suggest similar relation-

'ships for j as a function of position. This trend will be

discussed further in Part III of this section and has been

discussed relative to one system in the previous section.

Okada (1940a, 1941) applied analytical equations to

obtain a basis for a comparison of f and fa: where the

latter is for negligible surface resistance. Hicks (1951)

has pointed out that the results are not exact due to:

(1) failure to consider the headSpace resistance; (2)

temperature dependence of the film coefficient; and (3)

incorporation of internal film coefficient and eddy diffusi-

Vity into an effective diffusivity of the solid-liquid packs

used in the eXperimental phase. It was also pointed out

that it is not easy to find simple assumptions that are more

exact.

A Study of the components of f for constant pr0per-

ties for a particular case might entail: (1) the uSe of

metal cylinder (Merrill, 1948; Evans and Board, 1954; Cowell

££_gi., 1959) to determine the exterior coefficients; (2)

heat penetration in a full can of product which had been
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immobilized by agar, a jel or bentonite, when exterior re-

sistance was negligible in order to determine solid diffusi-

vity; (3) a repeat of step (2) but with free fluid to deter-

mine by comparison with the results of part 2, and the re-

sults of an experiment (3‘) with a well-mixed product core,

but constrained film flow to determine: (a) the internal film

coefficient and the (b) vertical momentum diffusivity; (4)

a repeat of step (3) and its components with headspace to

determine the headSpace contribution and its interactions;

and finally (5) a repeat of steps (3) and (4) with finite

surface resistance to eXplore the interactions due to a

combined reduced driving force and non-uniform wall tempera-

ture distribution. The variability of heat penetration data

encountered with present techniques as illustrated in the

experimental phase of this investigation very likely would

obscure-the differences in the pr0posed comparisons. The

comparisons suggested are also first approximations. Some

portions of such a scheme might broaden our understanding of

the mechanism, however. Steps (1), (2), and the conduction

leadspace contribution of (4) have been studied and analytical

relations are available. Step (4) for a free liquid without

a solid product could be examined with available techniques

and analytical relations which may be forthcoming from in-

vestigations of homogeneous liquid reactors by Hammitt and

coworkers, among others. There is also a developing literature

for porous media, analogous to a product with slow convection.

Analogies to fluidized beds might indicate how to correlate

product particle shape and fill ratio (void fraction),the
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principle factors (Ball and Olson, 1957) for particular pro-

ducts.

kaneko (1941) introduced a lumped resistance at the

surface, hence incorporated isotropic conductivity into the

surface resistance. Ban (1941) partitioned this relation

into surface and conductive components and his application

is subject to the errors of both Kaneko (1941) and Okada

(1940, 1941). Merrill's approach gives improved estimates

over the above for the region in which the internal film co-

efficient can be approximated. Ultimately, this method

would require that internal film coefficients of homogeneous

fluids be approximated by heating metal cylinders in a bath

of product, and that film coefficients for nonqhomogeneous

liquids be,determined as in step (3') above. Figure 6.4

shows an apparatus which might be used. The effective ther-

mal diffusivity of the core Cfi required for Merrill‘s formula

might then be determined by differences between experimental

results and those predicted from the convection component.

Ball and Olson's (1957) convection index is somewhat

ambiguous and is subject to the errors of Okada's (1940a,

1941) method, as well. Nevertheless, the Jackson and Olson

(1940) comparison shows that can factors are a useful tool

with which to distinguish conduction from convection.

Merrill's neglect of jar capacitance and his relation

for j are relatively unevaluated: although impr0ved models

were developed in the analysis of Section II, the experi-

mental data do not seem to warrant these refinements at pre-

sent.
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Okada‘s method has not yet been formulated into work-

ing equations and has certain limitations which have been

discussed above and in the treatment of Charm's (1963) pro—

Aposal.

Status of the Analysis Methods

Ball's (1923) method of analysis of conduction heat-

ing is Simple, readily related to an analytical basis, and

to other methods, such as system engineering time constants

or food cooling half cooling times, does not require‘approxi-

mation to obtain the roots of the boundary layer equations

and unlike most other methods introduces the concept of a

lag. The method has several deficiencies, however; the

approximated series converges slowly so that the temperatures

Snortly after temperature changes are not represented, it is

increasingly sensitive to measurement errors at long times,

headspace effects may be appreciable and slow convergence

may introduce errors even at long times, and thermal pro—

perties are often lacking. Only the first of these can be

said to be a deficiency in the analysis method for an experi-

mental curve which is to be used for most lethality determin-

ations. It would seem that GilleSpy’S (1953) method could be

used for prediction for complex processes.

The status of methods for convection and combined

convection and conduction are tenuous. The available models

all suggest heat penetration curves like the shape of those

of conduction, but provide little or no information to predict

the heat penetration parameter f and no information to predict

the lag factor j other than that tentatively proposed by

Merrill (1948).



PART II. TEMPERATURE AND FLOW PATTERNS

EXperimental study of the temperature and flow patterns

during transient heating or cooling of a food product are an

important element in the examination of the mechanism of the

process. Temperature measurements have been the principle

quantity used in studies of convection. A knowledge of tem-

perature histories and distributions is essential to the de-

sign of a thermal process. Since microorganisms are in sus-

pension as well as on surfaces, both spacial or Eulerian tem-

peratures and fluid or Lagrangian temperature histories should‘

be known. It has been shown that present models do not permit

the calculation of either for convection, and it will be seen

that flow measurements of even a semi-quantitative nature are

extremely difficult to obtain. For these reasons local tem-

perature distributions have been studied.

Three modeLshave been hypothesized: the uniform ef-

fective diffusivity, the uniform temperature, and the plug

flow model. A preliminary examination of conduction profiles,

before examination of experimental data for convection will

be undertaken. It should provide a basis for later acceptance,

rejection, or modification of the uniform effective diffusiv-

ity hypothesis. It had been the intent of the author to exam-

ine the engineering studies of transient natural convection

on the various surfaces which make up a container. The rapid

growth of this field will preclude such a treatment here.

Instead, the author will refer to those studies which scan,
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to have most immediate bearing on transient natural convection

in enclosed spaces.

Conduction Patterns
 

92E§Q€§l£fliyéflB§£§§EE§_Piggiléi

Jackson and Olson (1940) and Jackson (1940) studied

the temperature distributions of 5 percent Bentonite, a

thixotropic clay which appears to immobilize water at rel-

atively low concentrations and hence approximates the thermal

properties of high water content foodstuffs. In this study

(in large, i.e., No. 10 cans) thermocouples at four radial

positions and three elevations were used to determine the

temperature at specified intervals. At the central plane the

isochronals were initially strongly concave upward indicating

large initial temperature gradients which are gradually equal—

ized. The isochronals at the central axis of the container

behaved similarly. Contrary to What one might expect from

the Evans and Board (1954) study of headspace resistance the

temperatures near the top of the containers are reported to

rise faster than those at the bottom. This may have been due

to thermocouple conduction error. It was noted in earlier

discussion that the effect of headspace was small. Having

this recent information, one might be tempted to accept an

effect on f for the conduction and convection regions of

3.25 percent heating data at a .10 to .20 probability rather

than rejecting at a .05 level..



The Influence of Container Position and

Headspace on Slowpoint

 

 

Townsend §t_§l, (1949) studied the heat penetration in

several sizes of glass jars. Only the locations of the cold

point or location of least lethality during the given heating

process are reported. These are shown in Figure 6.5. They

'are cited here visually to illustrate that When the jars are

on their sides (and all heating surfaces are glass) the slow-

est heating positions are above the geometric center of the

product. When the caps are down the slow points also seen nabs

above the geometric center of the product. Since the head-

space volume is not reported and the jar geometries are not

known precisely, it is difficult to determine if the slow

points are at or below the geometric center of the product.

The relative heat transfer coefficients might indicate the

probable direction: Evans and Board (1954) have indicated

that the U through a tin enclosed headspace ranged from about

2_to 10 Btu/hr ft2 or; while U for a 0.2 in. thick glass wall

is approximately 56 Btu/hr ft2 oF which suggests that the

slow points may be slightly above the geometric center.

The IsgiFO Shells and the Influence

of 3ar Shape

Fagerson (1950) studied temperature profiles of 5

percent bentonite, but only in No. 2-1/2 and No. 305 glass.

jars. The isothermals at the central plane of the jar ap-

peared to be similar in shape to those reported by Jackson

and Olson (1940) and Jackson (1940). The isochronals for



a

0
m
m
?
n
o
"

G
O
M
C
T
I
O
N
h
"

°
n
S
i
d
e

000x +*

5
3.

8

6-82

   
 

B
A
B
Y

i
f
5
'
1
/
2

J
u
n
i
o
r
.

5
5
0
5

a
n
d

.
5
9
2
—
1
/
2

j
a
r
;

)
o
r

f
i
v
e

p
e
r
c
e
n
t

b
e
n
t
o
n
i
t
e

F
1
3
3
9
;

o
p
e

m
a
t
i
o
n

o
f
s
l
o
w

h
e
a
t
i
n
g

r
e
g
i
o
n

f
o
r

b
a
b
y
,

t
h
e
i
r

s
L
i
o
a
.

a
f
t
e
r

o
o
n
t
fl
h
i
n
g

1
p
e
r
o
m
t

b
e
n
t
o
n
i
t
e

(
c
o
n
v
e
c
t
i
o
n

(
c
o
n
d
u
c
t
i
o
n
)

w
h
e
n
g
m
c
p
s
s
o
d

u
p
r
i
g
h
t
.

i
n
v
e
r
t
a
l

o
r

o
r
.

t
h
e

t
i
n
t
“

o
f
‘
t
a
w
m
o
n
d
a
t

.
1
1

(
1
9
4
9
)

 



 

m
u
s
s

m
a
m
a
}
;

6
.
5

C
o
n
t
'
fi
o

 

 

 

 



6-84

the central axis, however, showed faster heating near the

bottom of the container during the initial stages, but the

j's and reported F0 values indicate faster heating near the

top of the container than at the bottom. Iso—FO value curves--

constructed from the nine reported values for each of the two

sizes in the same manner as one might construct topographic

profiles--are shown in Figure 6.6a, b. Radial symmetry was

assumed. In both containers the lower F0 contours are egg-

shaped with the small end up. _This constriction at the top

is greatest in the 16 oz. container. In this instance the

curvature of side walls at the shoulder is relatively larger

and the closure is relatively smaller than that for the 2-1/2

jar. Likewise the appearance of a hot zone near the bottom

center of the 16 oz. jar may be due to the greater relative

curvature of the bottom of this size jar. Although the F0

curves from all the EC values taken together, suggest that

the cold point is slightly above the geometric center of the

product, the results of this investigation alone are incon-

elusive.

ggggggiiéiz§ibuted to Anisotropic

Hurwitz gt_§l. (1956) studied temperature distribution

in meat, which has a greater axial thermal conductivity than

transfer to the fibers, in metal cans. They reported that

the cold spot for heating and cooling combined may be a to-

roidal zone slightly above the geometric center of the product.
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This shape of cold region was attributed to the anisotrOpic

thermal conductivity, to the initial temperature distribution

caused by searing the meat, and by residual heating. Since

computers are now more widely available and can readily handle

McLean' s (1946) formulae for transient heat transfer in aniso-

trOpic finite cylinders (round thnbers), it might be feasible

to obtain analytical results to determine if anisotropism is

the cause for this toroidal-shaped cold zone.

Effects of Surface Resistance

to Heat Transfer

The headspace resistance and isotropism both appear

to distort the shape of the isotherms’(or since f is con-

stant the shape of the iso—j shells) from the analytically

derived curves of Hicks (1951), Stumbo (1953), and Carslaw

and Jaeger (1959), among others. Overall surface resistance

or thermalproperty variation analytically would be antic-

ipated to have greater effect on the position of these con-

tours than on the general shape. I

Surface heat transfer resistances reduce the level of

j and increase f. Hence, a greater relative portion of the

can volume would be anticipated to have nearly the same-

thermal destruction value as the center of the container.

This effect is comparable to the greater relative portion of

lowlethal treatment, reported by Hicks (1956) to occur in

Centers of cans as the can size (particularly diameter) or

the lethal value at the center were decreased. The greater



uniformity of temperature obtained with appreciable surface

heat transfer resistance is also analogous to the uniformity

achieved in convection heating, uniformity which results in

more severe thermal processes.

Effects of Variable Thermal Properties
 

Evans (1958) has shown that the f values approach

those obtained at the final equilibrium temperature and the

effects on 3 are in the Opposite direction to the changes in

thermal properties. In the region in which thermal diffus-

ivity increases with temperature, the j values would be antic—

ipated to be higher and closer spaced and hence the proportion

of low lethal treatment is decreased slightly. The effects of

prOperty variation during the cooling portion of a process are

in the opposite direction, however. It would appear that

these Opposing trends make it necessary to examine with great

care the overall effect for a particular case.

Convection Patterns

An Early Flow Study

Bitting (1957) made a study of dye movement in 1926‘

and 1927 prior to the develOpment of the uniform temperature

or plug flow models. Quart and gallon glass jugs were coated

With heavy agar. This agar was drawn to points at several

heights and distances from the container walls. The path of

dye flowing from these dye coated points was observed. It

was concluded that "the convection currents in a jar or can
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in the standing position follow up the outside, become more

rapid as they rise above the middle, are deflected inward

near the top and turn downward but sweep outward before they

reach the center of the jar" and that "a cold zone results

below the center with the apex near the tOp and the base about

5/4 in. from the bottom of the jar."

These findings are substantially the same as those

reported in later and more detailed investigations which are

discussed below.

A different picture for horizontally-oriented containers

was found. "The convection currents rose almost directly from

the bottom with less following of the contour of the container,"

and "the time required in heating all parts was reduced from

15 to 30 percent in all fluid media, but not with equally good

results when there was a combination of liquids and solids."

These results were reported to have been confirmed later with

thermal measurements.

Later investigations also confirmed these findings:

heat transfer rates from heated horizontal are higher than

from vertical plates, the Schleiren flow patterns reported

by Schmidt (1956) or analytical patterns of Crawford (1961)

or personal observation of flow in the heating of water in a

spherical bottomed double boiler or steam kettle confirm the

general flow pattern and Townsend g£_§l. (1949) have inves-

tigated heat penetration in horizontal containers somewhat

more intensively.



Egmperature Patterns
 

Jackson and Olson (1940) and Jackson (1940) reported

the temperature profiles of 1 percent Bentonite, a convection

heating product, in No. 10 tin cans. The reported j values

were substantially less than for conduction heating and the

one heat penetration curve shown is substantially linear even

with a nearly 180 degree temperature rise.

At the central plane the isochronals were essentially

flat over the central 2-1/2 inches of the 5-7/8 inch radius,

and the thermal boundary layer was between 0.1 and 0.6 inches

thick. In the center of this thermal core the temperature

rose somewhat more slowly than the rest of the core. This

seems to be partial confirmation that the flow in the descend-

ing core sweeps outward before reaching the center. It is

interesting to note that although this slower central heating

is shown as a cusp, the condition of symmetry in the absence

of a central heat or flow source suggest a zero radial tem-

perature gradient at the center.

The isochronals at vertical axis were observed to con-

cave upward for a plot of temperature versus position during

the establishment of convection, and concave downward after

convection had been established. This corresponds to faster

convective than conductive transfer initially and the increas-

ing importance of axial conduction thereafter.'

Jackson and Olson have described the overall convection

phenomenon as follows:
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Apparently the rising hot liquid forms a thin-walled

tube adjacent to the can wall. As the hot liquid

reaches the top of the can it spreads inward over the

upper surface of the remaining liquid. The uniform

temperatures shown across a horizontal plane indicate

that the large cylinder of liquid within the rising

tube is relatively quiescent. This cylinder must

move downward slowly as the liquid in contact with the

bottom is heated and enters the rising tube, and the

liquid replaces that at the top of the cylinder.

They noted that the rise in temperature throughout most of

the can is due to convective movement of liquid, although

the mechanism was said to be complicated by some eddy currents

and some transfer‘by conduction. Jackson (1940) commented

that between the rising film and the descending core there

would be a rather vague buffer region rather than a clear

interface.

The reported j values seem to reflect the movement

down the central core as suggested by the Kern (1950) model

of plug flow. The 3 values were reported to be about 0.5

near the top of the can and to increase to a value near unity

at a point about one inch from the bottom.

Some Details of the Patterns

forHeating

Tani (1939) followed the convection heating currents

in glass vessels 7.5 x 11.5'cm, similar to a l-lb. tin can,

and a vessel 1.34 times taller with a suspension of aluminum

Powder in water. Temperatures near the wall and also on the

central axis, near the top, the geometric center, and near

the bottom were measured concurrently with the flow, and also

in a tin container.
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An approximate shape of the eddy movement was sug—

gested (See Figure 6.7). The initial disturbance was said

to diminish rapidly and the eddy shape to remain approximate-

ly constant. A comparatively thin ascending current, which

he surmised might be found even with particulate products,

and a slowly descending central core was observed. Compar-

atively stable cellular eddhxswere found at the bottom when

the temperature differences were small but they seemed to be

combined with the general circulation for large temperature

differences. Once established, however, the cellular eddies

remain nearly constant in height in spite of the gradual re—

duction in local temperature and the axial temperature gra—

dient.

Tani assumed that the thermal data followed a form

similar to that of a conductively heating infinite cylinder.

The relationship between cannonical temperature at each posi-

tion and the Biot number was said to be independent of ini-

tial temperature difference and container diameter. The pro—

portional gradient between vertical planes was said to be

almost constant and independent of initial temperature and

diameter. The radial temperature gradient was found to be

small in comparison to the vertical gradient. The mean tem-

peratures within the containers compared and found approx-

imately equal to the theoretical conduction, have a diffu-

sivity equal to the experimental effective diffusivity at a

cannonical temperature of 0.5. This effective diffusivity
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was 35.4 x 10-3 cgs. or 24 times that of still water.

These two studies seem to confirm the plug flow model.

This model has not been eXpressed analytically, however. The

observation that the temperature distributions were similar

and that the temperature responses are expressible in the

same way as for conduction, but anisotropic effective diffu-

sivity suggests that dimensional analysis might be fruit-

fully employed.

Tani's flow lines seem to confirm a conical flow quies—

cent region in the central region, but here it does not

reach to near the tep. The sketch of the flow shows regions

of flow separation (identified with circles on the figure)

and of internal stagnation within the lateral and bottom

eddies. Bitting (1937) reported a central cold point above

the region for which Tani (1940) has_reported several bottom

eddies. Since minimum convection occurs at stagnation points,

the separation points occur at balances between buoyancy

forces, and the positions which receive the convection ef-

fects of lateral heating or bottom heating last are near the

bottom of each eddy loop, one might eXpect the cold region

to be somewhere between the two separation points indicated

by the partially filled circles.

§gme Details of the Patterns for Cooling

Ban and Kaziwara (1941) applied the experimental meth-

ods of Tani (1940) to the investigation of circulation and

temperatures within 4.5 x 14.5 cm. and 6 x 6.8 cm. glass
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cylinders during cooling of the sides and also the total sur-

face, and for the first container cooling of the top alone.

The thin layer of descending fluid, slowly rising central

core, with rapidly diminishing disturbance and approximately

constant shape of eddy movement reported are moderately sim—

ilar to, but opposite in direction to the heating behavior

reported by Tani (1940). The cellular flow shown in Figure

6.6 was suggested as a possible pattern.

The logarithm of the temperature excess above the cool-

ing temperature at the six points plotted against time was

shown. These values were compared to the average temperature

excess and then used to suggest isodeparture fractions (from

the mean temperature) for the above cases.

The approximate formula for the effect of can dimen-

sions upon f, derived by Kaneko (194OL*was assumed to hold

for the case and was modified to approximate side and top

cooling. The mean values of the diffusivity so calculated

using experimental 1‘. were 0.27, 0.51, and 0.50 cmg/min. The

ratios of experimental f for the several conditions were

found to agree with calculated ratios which employed the mean

experimentally determined diffusivities for the same cases.

Surprisingly the f of the mean temperature for the tall can

was smaller when cooled on lateral surfaces than when the

vtotal surface was cooled.

It is interesting to note that Ban and Kaziwara (1941)

did not report the cooling flow patterns for total surface
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cooling to be the inverse of those reported by Tani (1940)

for heating. Possible eddies were reported and in the de-

scription, vertical flows in the core were indicated to be

even more tenuous.

Indications_of the Effects of the

Varipus Heat Transfer_Surface§

 

 

Two differences in the physical system may partially

account for the suggested patterns. The bottom of the glass

container used for the visualization studies is an admittedly

poor conductor but any cooling of the bottom would be in cp-

position to vertical movement of the core and might cause the

formation of a stagnant layer at the bottom. The temperature

profiles reported seem to confirm the view and more uniform—

ity is observed at the bottom of tall cans, as would be antic-

.ipated. The layering effect also seems to be less for side

-cooling alone, but not for a flat can. This last secondary

effect may well be due to the decreased area and momentum.

It should also be noted that the decreased heat trans-

fer through the headspace seems to barely sustain eddies,

which were reported with greater certainty when heating from

the more conductive bottom. The decreased heat transfer

through the headspace during heating might interfere less

with the height of the lateral eddies than cooling through

the bottom. ’

T0p cooling of the tall can gave slower cooling, but

was reported to give higher effectiveness per unit of cooled
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area than had side cooling alone. This observation is

not compatible with Evans and Board's (1954) values of 2 to

lO Btu/hr.ft.2 OF. and anticipated side wall film coeffi-

cients of 60 and above. Their observation that the water

from the top cover flowed down the side walls in a thin

layer-~a highly effective way to promote heat transfer-~may

be responsible for the apparent higher unit effectiveness of

top cooling. If the containers were full,higher heat transfer

through a cooled horizontal surface facing down than through

a vertical plate of the same dimension may be responsible for

this phenomenon.

gpfluence of Container Position and.

Headspace on the Slow Poin3_

Townsend et_gl. (1949) studied the temperature dis-

tribution of'l percent bentonite in jars as well as the con-

duction heating of 5 percent bentonite, only the "slow point"

locations are reported however. These slow points are also

shown in Figure 6.5.. The slow points were higher for slight-

ly faster heating which occurred when the jars were heated

with lids down and were in higher absolute and relative posi-

tion for the slightly faster heating which occurred when the

jars were processed on their sides. This movement of the

slow point would once again suggest that the so-called con-

trol slow point results from a balance of forces due to buoy-

ancy from bottom and indirectly from lateral surface heating.

If flows and temperature were similar, as Okada (1940) has
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suggested, movement of the slow point to the same relative

axial (or for jars on their sides, radial) position. Move-

ment of the slow point was reported only for horizontal cyl-

inders, however.

Part of the answer to this apparent paradox may be

due to a difference ih overall flow mechanism in the container.

The Schlieren photographs of a heated horizontal cylindrical

container taken by Schmidt (1955) have shown that the heated

fluid tends to rise vertically instead of following the walls.

This is a confirmation of Bitting's (1957) findings. Since

the overall influence of lateral surfaces on circulation is

reduced, it seems reasonable to assume that an increase in

jar diameter would increase the relative portion of the fluid

rising immediately from the heated surface, and that this

mechanism might explain the increase in relative position

observed. At a nearly steady-state,that is when heat trans-

fer is exceptionally slow, temperature gradients dds to dif-

fering heat absorption might be presumed small. For such a

condition the cooling of a horizontal container is analogous

to the cooling of a filled horizontal annulus with a warmer

inner tube (thermocouple). Crawford (1961) found that the

thermal cold point was above the central axis and the stag-

nation region in the center of predicted flow loops for this

Slow convection was above the axis and to the side of the

central plane. This point was nearer the axial height for

low Grashof numbers than for Grashof numbers on the order of
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50. It seems, therefore, that the flow patterns for horizon-

tal cylinders are like those of vertical cylinders only for

very low Grashof numbers. It also seems that once again the

cold point was displaced. This displacement, however, was

observed only when inertial forces were small.

. The standard engineering heat transfer texts indicate

that the average natural film coefficient h on a vertical

plate is pr0p0rtiona1 to LEE%EZE. where L is the height of

the plate. The strength of the side wall eddy loop decreases

slightly with an increase in container height. This yields a

decrease in effective buoyancy per unit volume.

The bottom eddies reported by Tani (1940) resemble a

Benard cell structure (see Eckert and Drake, 1959) for con-

vection between parallel plates, which forms only for Grashof-

Prandtl numbers of about 1,700 or larger and deteriorates in-

to irregular turbulence for higher values, i.e., 45,000.

Here the depth may be pr0p0rtional to the cold point height

above the bottom surface. Thus, the lateral eddies are 0p-

posed by high reference temperatures due to conduction and

some columnar flow (Ostrach, 1957) and buoyancy due to reg-

ular cellular movement or turbulent eddies.

In the first region the temperature decreases linearly

with depth for a steady state but the transient heat flow

Which can be cenverted into buoyant flow decreases as the

square of the depth; also the jar component is approximately

a low 56 Btu/hr. ft.2 0?.
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When Benard cells, unconstrained by lateral boundaries,

are fonned, the Nusselt numbers have been reported by Jakob

and Gupta (1954) to be for laminar flow.

Nu = 0.500 (NQr-' Npr)1/4 ‘ 5.42

2 x 105.: NGr 'NPr< 1.5 x 105

for turbulent flow

_. I. T 13

NU — 0.125 (NG: hpr) / 6.43

5 . 9

5 x 10 <: NGr NPr <.5 x 10

McAdams (1954) recommends for laminar flow on vertical

flat plates:

Nu = 0.59 (NGr ' upr)l/4 ‘ 5.44

Hence, an increase in height would cause a decrease in film

coefficient proportional to .59 L-l/4 for the lateral wall,

but only (0.500 to 0.126) ' (x/L or 0.2)-1/2L-l/4 or

(.2 to .4) L-1/4, when the cold point location is assumed to

be aboutSIx/l.of 0.2. If the balance suggested in the ex-

perimental phase but not confirmed therein is correct this

position is dependent on the L/D ratio of the container.

In the region in which both the bottom and lateral

flows would be turbulent, little work seems to have been done

to establish the relation for the Nusselt as a function of

the Grashof'Prandtl number for horizontal layers with either

a free or a confined upper surface. Tani's (1940) observa-

‘tions suggest that he observed the second and third of these

regions, i.e., cellular and turbulent bottom flows.

Althought the heat flow and temperature differential
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briefly characterized above are responsible for the buoyancy

(the Grashof number alone is responsible for this) and at-

an axial slow point there is no heat flow between the bottom

and tOp flows, the shape of the container, as well as the

effective heat transfer area for the t0p and bottom flows,

greatly influences the ultimate balance. The momentum, ther-

mal energy, and continuity conditions must be fulfilled as

well. The geometric aspects are reported in the thermal

processing literature. These aspects of the location of the

cold point will be analyzed in a later section of this dis-

sertation, following a review of later thermal processing

studies and a review of the effects of geometry.

Fagerson and Esselen (1950) also studied the temper-

ature profiles and slow points in glass jars, but supplemented

these by visual and photographic obServation of dye movement.

Since thermocouples were not placed closer than 5/4 of

an inch from the wall, little can be said about the width of

the thermal boundary layer other than it seemed to be less

than this thickness. This does not conflict with an apparent

width of between 0.1 and 0.6 inches noted for the Jackson

(1940) and Jackson and Olson (1940) system.

Although there was general agreement with the Jackson

and Olson description of the phenomenon including the general

shape of the isochronals, there were some interesting dif-

ferences. The first of these differences may be an artifact,

but at all planes in both of Fagerson and Esselin's jars

there was faster heating at the center of the core rather



6-103

than the slower heating previously reported. In this investi-

gation faster heating was observed in the center near the top

but not in the possible bottom eddy region.

The parameter f generally increased from top to cold

point of the container as in the present study. It was noted,

however, that for the 16 oz. (505) vegetable jar that the f

at l in. from the jar wall was larger than those above or

below at the same radial position and larger than those at

the jar center and also 5/4 in. from the wall at the same

height. The effect of radial position is not as readily ap-

parent, shown in Figure 6.9a, b.

The j values increased from top to bottom of the jar

but most were greater than unity. This also was confirmed by

this study although the j values were somewhat lower. Some

of the overall increase in j value might be attributed to a

thermal transport lag due to increased wall capacitance of

the jars. There seem to be other factors as well, for heat-

ing to the same temperature with a lower initial difference

(and higher initial viscosity) decreased the mean j values in

every instance (not always significant at the 5 percent level,

Fagerson, 1950) while generally increasing the f value. There

seemed to be no simple relationship for j value with radial

position for although the 3's were smaller at about 1/3 r

near the tOp and center planes the low j values near the

bottom were normally closer to the container axis.

The F0 contour diagrams for convection, shown in
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Figure 6.9a, b, are grossly different from those shown earlier

for conduction heating. The curves, although.symmetric radi-

ally, show no indication of the symmetry around a half plane,

as for conduction heating. The slow points are well below the

central axis and are so far displaced from the central axis

that they are outside the region for which data were reported,

although these are the F0 distributions for a minimal observed

PC of 8.0. The convection patterns differ between themselves.

There appears to be less radial differences for the 2 No. 2-1/2

jars which might be said to have a wider proportion of uniform

temperature core. The F0 gradients for the No. 2-1/2 container,

however, do seem to be steeper in the vicinity of the cold

point. It is interesting to note that the F0 contours for the

16 oz. jar are approximately normal to the flow lines reported

by Tani (1940) for a 1 lb. jar and the F0 contours for the

No. 2-1/2 ’jar are approximately normal to the flow lines sug-

gested by Figure S-C of the Fagerson and Esselen paper.

It should be noted that unless the largest J and

largest f are found at the same position within the con-

tainer, both the "thermal" and "lethal" slow points will

change during the process. Some evidence for a possible

change was found in this experiment; further investigation

is required however.
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§ome Semifigpantitative Flow Studies

Their results.--The dye studies in the No. 2-1/2 jars

were reported by Fagerson k1950) to show a central column

which formed within about 15 seconds and which reached the

bottom about three to five minutes later. Hence, the core

velocity is approiimately 1/12th to 1/20th of that in the

rising film. These are of the same order as the value of

1/11 found in this experiment. These ratios are of the

same order, i.e., 1/5 to 1/20, as those reported by Hammitt

(1958a) for a somewhat different system-~a cylindrical ves-

sel with internal heat generation (analogous to the heat

sources and sinks in transient heating and cooling). This

difference in results may be due to the difficulty in obtain-

ing data of even a semi-quantitative nature. During this

' period bottom currents were observed to grow until they at-

tained l and léiinches in height (about an x/L of 0.18), but

had decreased by the end of this period to about 3/4 of an

inch. These currents may have been in the third domain,

irregular turbulence. Tani's (1940) Benard cells (see Fig-

ure 6-7) were not reported, however.

Later in the heating process (by 20 minutes or about

2 f) the lateral loops were reported to be of similar shape,

but only attained about an x/L of 0.8, by 27 minutes had de-

‘creased to an x/L of 0.5, and by the time the cold spot was

within 8 OF. of processing temperature, a w of 0.084 reached

only an x/L of 0.17. Tani (1940) had found no change in

height of the lateral eddy loops.
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Their limitations.--The geometry and the nature of
 

the problem places severe limitations on the quality and type

of measurements. Schlieren, or other photographs using the

difference in refractive properties of fluids due to tempera-

ture changes, or photographs of dye or particle movements are

of limited utility and validity. Only when jars are on their

sides are non-refractive surfaces normal to the direction of

observation and only in this position are the flows nearly

uniform along the line of sight. This second limitation makes

it necessary to have discrete readily identifiable particles

or dye filaments and simultaneous observations in an axial

direction when observing vertical cylinders. The vertical

velocities are subject to only a little distortion as con-

trasted to the lens-like radial distortion by the jar and

its contents. Streak photographs of readily suspended par-

ticles, such as micron—size alumina powder, are of limited

value because identification of an individual particle is

difficult and the supplemental axial photographs are also

difficult to interpret (many particles are usually present).

Tani (1940) has admitted to difficulty in interpretation of

such.motion, but unidirectional photographs. His observa-

tions seem generally very good in spite of his not detecting

a possible change in lateral eddy height. Fagerson (1950)

followed only unidirectionally the many filaments formed

from dye which was initially layered at the bottom of the

container.
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Dye movements, like temperature measurements, are sub-

ject to some diffusion error since the temperature or concen-

tration level progresses faster than the velocity level.

When such probes as for dye injection, thermocouple,

thermal conductance, hot wire, or velocity pressures are in-

' troduced in order to fix the location at which the measure-

ments are taken, the flow patterns may be disturbed. This

seems to be preferable to uncertainty about position, however.

Hammitt (1958) has discussed these techniques and found only

the first two suitable for conditions similar to those found

in convection in food containers. The dye techniques used

in the investigation are suitable only for the initial stages

of convection. Two dimensional photographs of rectangular

cylinders would be a preferable technique.

Some Analogous Systems
 

 

Theoretical flow regimes in thermo—syphon tUbeSv*Light'

_hill's theoretical domains would seem to substantiate Fager-

son's, rather than Tani's, observations on the change in

.height of the lateral eddy loops. Lighthill's system was a

vertical tube closed at the bottom, but open to a reservoir

at the top. When L/r is small (for a given NGr . NPr) the

flow is said to be boundary layer flow like that on a verti-

cal plate. Since r is presumed large enough so curvature is

negligible and the flat plate solutions usually do not take

into consideration a velocity outside the boundary layer, for

this solution, the boundary layer must be small compared to
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_the whole cavity--a severe restriction. For this reason core

flows are examined fUrther.

In the first flow regime, up to the point at which the

flow area in the core is no longer larger than the flow area

of the film; the flow occupies all the height, and the flow

and temperature profiles are those for a boundary layer.

Boundary layer profiles were assumed which fill the require-

ments for the first derivatives and boundary conditions of

the momentum and thermal energy equations. The temperature

and boundary layers were assumed to be of equal extent, com-

parable to an Npr = l as for equal momentum and thermal dif-

fusivities, even.though inertial terms were neglected, i.e.,

comparable to an NPr .>;> 1. This apparent paradox has been

shown to give generally valid results for NPrJ>l. (NPr for

water is=>l.5 and other food syrups, brines, and sauces have

appreciably higher NPr numbers.) This domain was hypothesized

to be valid for a (r/L’Nérashof . NPr above 5.4 x 10:5 and to

approach the flat plate solution. The NGr ' NPr values of the

system investigated experimentally herein were about 104 to

106 higher.

Later in rapid convection processes the second domain

might be encountered. In this region THE BOUNDARY LAYER DOES

NOT OCCUPY ALL THE CONTAINER HEIGHT, and the profiles are not

fully developed. Below this flow is a stagnant liquid layer.

This region was predicted to persist down to a (r/L)(NGr)a Top

NPr of 5.1 x 102 (or long into a transient process).
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Below such a criterion a similarity region with fully

developed flows is said to exist.

In the first region the NNu,a was said to be propor-

tional to the 1/4 power of the modified Rayleigh number and

in the second and third regions to be pr0p0rtional to the

first power of this number.

Experimental evaluation of theoryg--The second and
 

third of these regions have been confirmed experimentally by

Eckert and Diagula (1952); Foster (1953); Martin and Cohen

(1954); and Martin (1055); among others. The last two of

these publications noted reduced heat transfer above a modi-

fied Rayleigh number of 104'4 to 104's, the eventual drop in

performance uponttransient heating predicted by Lighthill

was not grossly evident but heat transfer was below that pre-

dicted for turbulent flow when no interference of turbulent

boundary layer and cores would exist.

Although, as in Lighthill's thermo-syphon tubes, the

boundary layer forms would be anticipated to decrease in

height, rather than depth, for a transient heated closed

tube, such a direction of recession with reduced modified

Rayleigh number (temperature difference here) would seem to

be necessary if lateral flow were to be retained. In light-

hill's analysis the critical modified Rayleigh number was

’taken at the top of the tube where the driving force between

the cold entering core and the exterior surface is greatest.

The greatest difference for transient heating is at the slow
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point. A decrease in height of lateral eddy 100ps may not be

inconsistent with a vertical movement of the axial cold point

as conduction heating is approached if the loops do not fill

.the tube, i.e., if they have less radial extent.

Slow Point Location
 

Hartnett and Welsh (1957) also have studied flow in

thermo-syphon tubes and have illustrated both a cold fluid

centerline temperature and a minimum film coefficient at-an

X/L of about 0.2. Later investigations with mercury do not

show this minimum, but report a minimum at the bottom of the

test section;(Hartnett gt_§l., 1958; and Larsen and Hartnett,

1961). Barnett (1965) was able to shed no light on this

question or the projected (Hartnett and Welsh, 1957) study

of bottom stagnation or possible bottom cellular flow as the

research program was discontinued. Lighthill had hypothesized

the possible existence of such body eddies for the first, or

boundary layer regime.

§gme Charactegistics of Convection

In the above consideration of convection patterns it

has been noted that the qualitative plug flow model, modified

to include any or all of three regimes of conduction, Benard

cells, irregular turbulent filaments, or bottomheating, and

five possible regimes of lateral flow, and mixed turbulence

boundary layer, briefly or not at all a laminar boundary ~

layer, a non-similarity region of undevelOped flow with
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stagnant layers below, a fully develOped similarity region

filling the tube and ultimately conduction, describes the

phenomenon.

When the temperature histories are characterized by

Ball's (1923) heat penetration parameters, the f and j may

vary with time of heating as a reflection of a change in the

natural convection components of the overall surface coef-

ficient of heat transfer. This variation was qualitatively

q

observed to reduce 3 from the Newtonian model j = l, but

0 apacitance of the container and transport lag of the fluid,

as lateral loops are established, may increase j's. Lag

factor values below those predicted by effective diffusivities

might be anticipated.

The relative position of the slow point has not been

established, and the current apparatus appears not to be

sensitive enough to detect the movement in rapidly convec-

tive systems such as those investigated here. It is thought

that its position may be a complex relation depending on the

modified Rayleigh number and container geometry. Conductive

limiting cold regions may exist in the center of eddy loops,

but convective limiting cold regions may exist at the bottom

of eddy loops, particu arly between the lateral and the near-

est bottom eddy.

The temperature profiles may be distinguished from

conduction by the speed of heat penetration, a wide, central

region of nearly uniform temperatures in a radial diTBCtiOH.
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steep monotonic decreasing concave downward axial temperature
gradients from tOp to bottom of the container. The tempera-
ture distributions may or may not be similar. Inertial
forces are presumed small although it is apparent that they
may be responsible for predicted f values which are substan-
tially larger than predicted on the basis ofzyuasi-steady—
state film coefficients for flat surfaces, but if of even a
moderate relative size will decrease curvature of the heat
penetration curves.

Epal Products

Many products in which convection may play a promi-

nent role have either a non-Newtonian or non-homogeneous

fluid and added particulate matter.

It is difficult to interpret heat penetration in

such products with our present knowledge of the factors and

mechanisms involved. Two aspects of studies of heat pene-

tration in food products (and for comparison, in the fre-

quently used model product-~bentonite) are analogous to pro-

posed behavior in model systems. These aspects are the pos-

Sible change in position of the slow point due to container

size and product, and some additional factors which may lead

to changes in thermal and flow domains analogous to the

changes in homogeneous Newtonian liquid models. The reader

may refer to the cited publications for background material

if he wishes to examine a particular system or mechanism.
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Townsend 33.22} (1956) have reported that axial cold

points are about 1/2 to 5/4 in. above the container bottom

for convection heating, and near the geometric center for

conduction heating products. When there is a gross change

in the mechanism or regimes of heating, the axial slow point

might be anticipated to be at an intermediate position depend-

ing on the time of heating of the lethal portion of the proc-

ess. O

Many causes which can be advanced for such 'breaks’ in

heat penetration curves are shown in Table 6.5.

The practices Of many laboratories are reflected in

the slow point locations tabulated in Table 6.5. These loca-

tions are reported to be invariant, some arbitrary height, or

at a fixed axial ratio. Investigations at this laboratory

indicate possible movement of the slow point during a process.

Slow points may also be anticipated at constrictions between

solid phases--e.g., between wings and legs of fowl (Bock,1961)

as well as the interior or eddy loops and at stagnation points.

The particular toroidal zone suggested for black-eye

Peas by Powers m. (1962) may be a result of effective '

anisotropic eddy difussivities which in convection are larger

axially than radially, supplemental to radial conduction. In

this instance the rising film will be constricted and the de-

'soending core retarded by the product, so that radial conduc-

tion, unimportant in rapid convection becomes important as

well.
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TABLE 6.6.--Factors which.may cause changes in local heat

transfer mechanism or convection domain

 r AL

 

1. Anomalous viscosity such as:

a. jel-sol transition (Jackson, 1940)

b. thixotropy

c. "real" plasticity

d. Bingham plasticity

e. phase change of fats

2. Stratification:

a. Layering of dissimilar fluids, one of which is

eluted from the product by osmotic forces.

b. Layering of the same fluid upon release of water

from the thermally degraded product.

0. Intentional stratification to cause improved over~

all processing; may not necessarily lead to breaks

in the heating curve.

d. Stratification due to product movement.

5. Gross changes in the exterior coefficient of heat

transfer.

a. Natural convection exterior coefficient (Olson)--a

somewhat uniform change.

b. Change from a convective to a diffusion mechanism

as in steam air mixtures (without agitation) near

the saturation temperature.

 

 



PART III. EQUlPMENT FACTORS INFLUENCING

PROCESS HEAT TRANSFER

In the foregoing considerations of methods of analysis

of heat penetration data and of theoretical and experimental

velocity and temperature distributions, it was assumed that

the processing environment could be adequately controlled.

There is a large and growing body of literature on the need

for controlling certain aspects of the processing environment.

These aspects include an adequate and calibrated temperature

(and pressure) control system, adequate venting, proper stack-

ing, and to a lesser extent controlled come-up true.

It has been shown that fluctuations of retort tempera-

ture are reflected in changes in cold point temperature at a

somewhat later time. Some practical control measures recom-

mended by Townsend 23.2}: (1956) are close temperature (and

pressure) control by calibrated controllers set to give a

processing temperature about 10F. high so that the tempera-

ture is always slightly above that for which the process was

designed. Process time control is also important. The cor—

rection measures suggested in "Methods of Analysis of Heat

Penetration Data" are somewhat tenuous, and hence are recom-

mended only for obtaining reference values of thermophysical

properties (C() with higher precision than allowed by the

'precision of available laboratory equipment. These system

methods suggested for analysis of complex systmes seem to be~

a valuable research tool. Application of these to temperature
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distribution in properly stacked crates in retorts or cool-

ing canals might clarify the phenomena of such cooling, but

may well be impractical for more routine application in the

canning industry.

Since Pflug and Blaisdell (1962) have shown that heat-

ing in steam~air mixtures is not retarded when the velocities

are sufficiently high, the presence of air in a retort is a

hazard only if the velocities are so low that diffusion or

natural convection between points in a retort are major heat

transfer mechanisms. Adequate venting is a must, however, if

the retort fluid is not sufficiently agitated.

Come-up time enters into a consideration of heat trans-

fer mechanisms because it may be responsible for causin-r gross

errors in reporting values for f and j, and process lethality

FO- Experimentally based corrections for adequately specified

come-up have been considered earlier. Examination of come-up

for convection has analytical hnplications as well. First,

it may have obscured other factors; second, it may give in-

sight into the role of inertial forces in convection. If

inertia forces are controlling, the convective velocities are

established early in the process. This means that neither

'Viscosity changes with temperature or temperature difference

changes through a process will influence the internal natural

~convection; hence, the heat penetration curves will be essen-

tially straight. Length and path of come-up during the

establishment of the convection currents would be reflected
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in large changes in f and j. If inertial forces are negligible,

f at a Specified u below retort temperature should not be af-

fected. Some intermediate region in which inertia can cause

discernible effects but is not controlling seems now to be the

case.

Alstrand and Benjamin (1949) have investigated the ef-

fect of come-up time and the manner (linear or eXponential)

of come-up on heat penetration in conduction, heating cream

style corn, and 5 percent bentonite and also on convection

heating 2 percent bentonite. The f values for conduction

heating were made equal in accord with theory in order to ex-

amine the effects of come-up on experimental 3. When come-

up is not large with respect to f and the heat penetration

curves are fitted to the data at a long enough time after the

equipment is at processing temperature to assure convergence,

this procedure is correct. Here the tau/f<40 percent convec-

tion heating curves were also reported to be essentially

equal. The come-up times were about :20 percent of f.

The data of Townsend 25.3}! for 5 percent bentonite

in tin and glass containers processed in water with differ-

ent come-up time are shown in Figure 6-10. The decrease in

f with increased come-up time (perhaps not.significant

statistically) might be eXplained on the basis of higher heat

transfer rates due to more of the can being near the retort

temperature. An increase in f would be introduced by slow

convergence if the lines were not fitted sufficiently long
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after the end of the come-up period.

Townsend et al.'s (1949) data and approximate con-
 

fidence lhuits for their studies of convection in tin and in

glass, in water and in steam for various come-up times are

shown in Figures 6-ll and 6-12. Two overall trends can be

noted: a general slight increase in f as come-up thus is

increased and faster heating at higher processing tempera—

tures (and initial temperature differences). The increase in

f may be due to inertia although the slopes must have been

determined at small temperature differences if the lines were

fitted after the end of the longer come-up period. The proc—

ess.temperature effect may also be due to faster eddy and con-

ductive transport as temperatures are increased. The Fagerson

and Esselen data (1950) has been added to these figures.

A comparison of the Alstrand and Benjamin (1949) and

he Townsend §£_al3 (1949) data for 2 percent bentonite in

No. 2 tin cans is made in Figure 6—13.

The principle variable (as shown) affecting the f

value is the come-up time (Townsend £3,213 data).

The variable of next import is the heating medium--

steam or water. The higher film coefficients in steam de-

crease f for Table 8 data steam, but not substantially for

Table 9 data (Townsend §t_gl3). Perhaps the degree of agi-

‘tation of the water or the capacitance lag effect of the water

on the shape of the retort come—up are responsible for the

internal differences.
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Within the Townsend gt_gl3 eXperiment for similar con-

ditions, an increase in retort temperature decreases the f

in contrast to the Alstrand and Benjamin data. As the heat-

ing process may here be assumed to be principally a convec—

tive process and the temperature dependence of viscosity is

large, the viscosity change in favor of a decreased f with

increasing processing temperature may be assumed to be of more

import than an increasing thermal diffusivity (for non-aqueous

solutions the diffusivity decreases). Also of importance is

the temperature difference which creates the flow due to den-

sity differences. If this last effect is considered, the

Alstrand and Benjamin data and the Townsend gt_al, data can

be reconciled. In addition, the known fractional power de-

pendence of the convective film coefficient upon the temper-

ature difference explains in part why this temperature dif-

ference effect does not predominate over other eXperimental

factors within the Alstrand and Benjamin eXperiments. From

the above considerations the inertia forces can be seen to

have some effect.

It would seem desirable for further understanding of

the role of inertial forces-~and come-up path-~to compare the

temperature histories with those obtained for specified come-

UP and large or with negligible inertial.

For the exponential approach to retort temperature

with the f of the retort equal to g;%9§.and not equal to

UA/CLV) of the container when.subjected to a stepwise response
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and subject to inertia, then:

_ UA

%{—% a(W0 W -(a) e-Bt 6'45

Q B- 613/“

and for B = UA/(CQV)

(T11 : r0 ,(CgVGUAt) 9" 3%- t 6.4,;

Equations for other prescribed come-ups can be obtained by

the Laplace transform or the method of undetermined coeffi-.

cients because the CkTOrappears in the Grashof terms of the

overall film.coefficient V. The‘velue of such.e criticelzi'l'cr

is presently unknown; hence, the come-up path.would have to I

be changed systematically in order to determine the possible

existence of such a‘cerr' This CxTCr is possibly in the

vicinity of the largest LlT, between the surface temperature

and the temperature of the fluid at the axial cold point,

which is encountefed during a process.

When inertial forces are_negligib1e the differential

equation

‘ dT -q? ‘

CQV ....“ .. _ (TM [T1(t)-T] 6.47

could be integrated term-wise so as to account for the tem-

Ipersture dependency of U’as well as the path of the environ-

ment temperature T1.

The equipment factors mentioned above, temperature

control, venting, and stacking, and come-up time, all can
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cause marked departures from design processing conditions.

The temperature control effects may be comparable to the

experimental errors in measurement of temperature differ-

ences mentioned in method of analysis; the venting and stack-

ing may be associated with a change in exterior heating,mechs

anism and so called "broken” heating curves, and the come-up

path and time seemingly may cause more effects on heating

rates than evidenced in conduction heating, due to the ap-

pearance of the temperature difference in the controlling

overall surface coefficient of heat transfer.
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PART IV. SOME PRODUCT, CONTAINER, AND HEATING MEDIUM

FACTORS INFLUENCING PROCESS HEAT TRANSFER

The phenomenon of transient natural convection of liq-

uids in enclosed spaces is but one component of the transient

system encountered in practice. The components of this sys-

tem are the heating vessel, the heating medium, the container,

all the product fluids (for vacuum process the head gas is

important as well), and the product solids. These components

are shown schematically in Figure 6-14. As the diagram illus-

trates, these components may be in series.

Each of the components may transfer energy or mass to

the fluids by convection, conduction, radiation, or diffusion.

These mechanisms are not all equally important nor are their

transfer rates constant. The system capacitances may not be

equally important. For this reason, only a few mechanisms,

or system components may need to be considered.

..In Part III above, it was pointed out that control of

stacking, venting (and heating medium agitation) and of come-

up may so reduce the effects of time and spacial temperature

distribution within the heating vessel that they may be neg-

lected. in further considerations. If they cannot be so con-

trolled, the overall phenomenon may become exceedingly complex.

The remaining, components of the overall transient sys-

> tom, namely, the heating mediumuthe container--and the two

closely interrelated product phases, will be considered brief-

ly below. An examination of the magnitude of the transfer
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rates and the effects of the components.may serve to clarify

the phenomenon of transient natural convection.

Heating_and Coolingguedig

Exterior film conductances become important in the

processing of canned foods when they produce recognizable

differences in heating and cooling rates.

Differences between cooling rates of products cooled

in air and those cooled in water were reported by Bigelow

‘2£_gl. (1920), Magoon and Culpepper (1921), and Jones (1931),

and have been«confirmed by subsequent investigations. Faster

air cooling of glass containers compared to that of tin, at-

tributed incidentally to a higher radiation emissivity, has

been reported by Jones (1931b) and Esselin (1950), among

others. .

Differences between processing in water and in other

media have not been consistently detected, however. Although

' Thompson (1919) reported a difference between convection heat-

ing products in cans in boiling water and steam at pressures

above one atmosphere, he attributed this difference to the

reduced product viscosity. Bigelow gt_§l. (1920) were not

able to determine a difference‘between.steam and water, nor

were Magoon and Culpepper (1921). Merrill (1938), however,

areported faster heating in steam than in.water at the same

temperature. Roberts and Benjamin (1947) reported faster

heating of tomatoes processed in steam,‘but McConnel (1949)
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found the converse for peach halves. subsequently, Townsend

EEJEl' (1949) and Powers g£_gl< (1952) detected no significant

difference in the heating rates of bentonite suspensions be-

tween retort or atmospheric pressure processing in steam and

in similar processes in water. Pflug and Nicholas (1961)

found markedly faster convective heating in saturated steam

and faster heating in.water than in steamsair mixtures. They

also confirmed the finding by wehmiller and wehmiller (1940)

and Esselen g£_gl, (1952) that heating in water sprays is not

substantially faster than in water.

The factors which.mask differences in heating and cool-

ing rates caused by different heating media may include var-

iations in Operational practices, such as come-up time, vent-

ing, stacking, and air agitation; product fill, size, or con-

sistency; and, to a lesser extent, initial temperature dif-

ference and processing temperature. It is interesting to

note that Pflug and Nicholas (1961) found the above differ-

ences between media for model products in glass, which in

itself is a large heat transfer resistance. In experiments

the come-up time was negligible and the other factors were

fixed. Later investigation by Pflug and Blaisdell (1961)

. of the effects of velocity showed that heating rates even in

steameair mixtures were greatly improved at moderate veloc-

ities. \

Since improved product quality may be obtained by
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control of these factors during commercial processes, con-

cern about exterior film conductances is not unreasonable.

TABLE 6.8.--Approximate Conductances of Containers and Prod-

uct, Btu/hr ft2 °F

 

 

W,

Representative Thermal

Material Thickness ConductivétgF g:33fi;t:: o

_l_ in. Btu/hr ft

Glass Wall 0.125 0.6 58

Bottom 0.200 0.6 ‘ 36

Tinned Steel 0.09 26 35,000

Water-like

product 1.5 0.56 3

    
Film Conductances

Some surface and overall heat transfer coefficients

for canned food products or analogous systems are Shown in

Table 6.7. These heat transfer coefficients become signif-

icant only when they are small in respect to the product

interior fiLm or equivalent conductance as to the container

conductance, whichever is smaller. The findings of the in-

vestigations mentioned above illustrate this principle.

The film coefficients encountered during air cooling,

on the order of 2 (largely due to radiation) are small with

respect to the conductances of a liquid product film, 36 to

103, of glass, 58, or even a solid product. For air cooling

the film coefficients, although about ten times as large,

are still about 10 percent of those of a solid product. Since
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Tablec5.7 . Some exterior surface a d overall heat transfer

coefficients, Btu/hr,ft ,OP. (D values unless

otherwise specified)

A. COOLING IN STILL AIR
 

1. Canned Fish (Okada, 1940, 1941)

Tall No. 3 (305 x 404)

Tall No. 4 (215 x 404)

7 oz. Tuna (305 x 109)

1/2 Kilo (303 x 207 x 100)

1/4 Kilo (215 x 201 x 104)

Large Rectangular (412 x 115 x 104)

Small Rectangular (401 x 112 x 104)

2. Eg£g£_(Jones, 1931b)

No. 2 (212-68°F)

3. Radiation from Surfaces (ASHRAB, 1960)

( 6 = 0.9, AT = 10°F)

HBADSPACE (Evans and Board, 1954)

1. At Lou'Tenperature (32-104°P)

No. 2-1/2 (401 x 411)

No. 1 Tall (301 x 411)

-No. 1 Squat (401 x 211)

2. At Elevated Temperatures

No. 2-1/2 (401 x 411) (75°P-240°P)

(83.5-24109)

No. 1 Tall (301 x 411) (75-2400F)

(62.5-2420P)

1 lb. Squat (401 x 211)(75-240°F)'

COOLING IN STILL WATER

1. Canned Fish (Okada, 1940, 1941)

ThII No. 3 (305 x 404)

Tall No. 4 (215 x 404)

7 oz. Tuna (305 x 109)

1/2 Kilo (303 x 207 x 100)

1/4 Kilo (215 x 201 x 104)

Large Rectangular (412 x 112 x 104)

Small Rectangular (401 x 112 x 104)

C
1

H
H
H
H
H
H
H

c
o
m
m
o
n
s
-
«
b
o
o

lfl

1.5-1.6
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Thble 6.7 (continued)

2. Unagitatcd Jacketed Kettle (Posts, 1924)

Water to Water

3. Citrus Se ments in A itated No. 2 Can in

Countcrcurrent Spray CooIer (Reid and

 geott,

86 rpm

4. Citrus Juice in A itated No. 2 Can in

Couniercurrent Spraz CooIer (Reid and

co t,

0 rpm

70 rpm

100 rpm

261 rpm

555 rpm

D. HEATING IN WATER

1. Agitated Water Baths

No. 2, No. 10 can (68-212) (Jones, 1931a)

Unspecified (41-122) (Cowell et al., 1959)

no = 270 "'""""
Unspecified (32-104) (Evans and Board, 1954)

h = 400

312°x 708 (ambient to 150) (Merrill, 1948)
(of lead-water) h = 150

(ambient to 190) (Merrill, 1948)

so = 175

(ambient to 220) (Merrill, 1948)

h = 190

(angient to 250) (Merrill, 1948)
no = 210

2. Citrus Juice in A itated No. 2 Cans in

Countercurrent Spray CooEer (Reid and

geott, I937)

70 rpm

3. Citrus Se cuts in A itated No. 2 Cans in

Countercurrent Spray CooEer (Reid and .

 

26 rpm

4. Unagitgteg_dg§ke££d Kettles (Kern, 1950)

Water-water

Water-water solutions

43

36

38-45

285

145

295

130

70

95

105

130

180

31

100

75-80
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Table 6.7 . (continued)

Water-hydrocarbons

Water-medium organics

5. Natural Convection Plat Plate 4-1/2 in. high

ans, 9 4)’

180° Bath (129° T)

180° Bath (10 T)

HEATING IN STEAM

1. Can of lead-water, 312 x 708 (Jones, 1931a)

(ambient to 220) h = 620

(ambient to 240) h = 780

(ambient to 250) h = 880-

2. 'Unagitated Kettles (Kern, 1950)

Steam-water

3. Condensation of Steam on Plat‘ Plates

5 Cam, er,

0% air

1.07 air

1.96

2.89

4.53

50

10-20

226

103

175

215

240

175-250

2800

1400

920

730

480
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the film coefficients for such cooling are relatively small,

their effects have been repeatedly detected.

It can be seen that when water baths or retorts are

used, the small conductance of glass, 58, becomes significant

only for convection heating products, 36-103. For this reason

the conversion factors between f for glass and f for tin as

reported by Townsend gt_gl, (1949) are near unity for 5 per-

cent bentonite and are important for 1 percent bentonite.

The aforementioned factors for 1 percent bentonite also

reflect a very small difference between processing in water

and in steam as suggested by Figure 6.13. Since film coeffic-

ients for water and steam are reported to be 150 to 210 and

above, and 620 to 880 and above, respectively, and the con-

ductance of glass is about 58, such.a small but detectable

difference can be expected. The implication is that conduct-

ances of 150 to 210, as reported by Merrill (1948) or even

lower are encountered in commercial equipment rather than

300 and above as is commonly inferred. The difference be-

.tween water and steam.becomes somewhat more important for

convection in tin when G = KN/Iv,= 36 to 103, are encountered.

This concept of controlling resistance can be used to estimate

the approximate range of h of a given heating medium.

Since Pflug and Nicholas (1961) found no effect of the

Poorly conducting air film encountered with still steam-air

mixtures even with 30 percent air for conduction. products

in glass and Pflug and Blaisdell (1961), found an effect for
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convection in glass(k/Lw-30L one may infer that the film, co-

efficient between 30 and 300, depending on velocity, is en-

countered with steam-air mixtures. These values have been

examined in more detail in the previous section of this dis-

sertation. ,

Determination of Film Conductances

Although heating rates of food products themselves

have been used to obtain approximate values of the overall

coefficients of heat transfer, e.g., references a, h, f, g

of Table 6.7, estimation from heat penetration and models

of known thermal preperties are preferable, e.g., references,

d, h, 1,.3 of Table 6.7.

Okada's values'which.were determined from heat pen-

etration in canned fish products cooled in air or'water with

thermal properties estimated.from.heat penetration heating

in boiling water are uncertain. Neglect of the headspace

resistance and the brine film coefficient both would tend to

give a too low value of the apparent effective diffusivity,

hence this reduced heat transfer would not be attributed to

a low value of the surface conductance. The headspace would

have more effect for these low film coefficients than for

heating in boiling water and, therefore, might cause the

apparent film coefficients to be too high.

‘Jones (1931a, 1931b) and Reid and Scott (19:57) measured

the overall coefficient of heat transfer using the Newtonian,

i.e., uniform, temperature model, and the heat penetration in
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canned fluids. Jones neglected heat transfer through the head-

space, but Reid and Scott did not. Nevertheless, the values

reported by both investigators may be too small since Jones

used the central temperature of unagitated cans and Reid and

Scott may have used the central temperature of agitated cans.

In both instances the use of too large temperature, i.e.,

fluid temperatures below the mixed mean temperature of the

fluid, would cause the apparent overall coefficients to be

too low. Schmidt (1955) avoided both of these errors,‘when

investigating internal coefficients in spheres using tran-

sient histories, by filling the sphere, using the'volumetric

expansion of the fluid itself as a thenmometer, mixing at the

beginning and end of a small temperature change, and like

Held and Scott, the logarithmic mean temperature difference

over the heating interval. This type of device, including

that suggested in Figure 6-4, is a convenient way to obtain

overall coefficients or internal coefficients for actual

food products. ‘

Metal cylinders of approximate size of the container

in question are most suited fer and may be preferable for

measurement of external film coefficients. An investigator

may extend the tables of Ball and Olson for the j of various

Shaped cylinders and for f for cylinders of equal semiheight

~and radius to the lower values of Biot numbers encountered

with metal cylinders and extend the 1‘ tables to other shapes.

From these tables curves for film coefficient (presumed
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constant) as a function of observed f or 1 for a particular

metal cylinder may be constructed as shown in the previous

section. Such measurements, of course, are subject to all

the errors of heat penetration conduction heating food prod-

ucts except that of the headspace.

Since the use of a cylindrical geometry requires con-

struction of curves for that geometry or two-way interpola-

tion in tables, engineering correlations for heat transfer

to or from finite cylinders are not available for calibration

purposes (indeed the finite length.may cause unknown flow

separation), some investigators have used spheres, which do

not have these limitations, instead. This geometry is par-.

ticularly advantageous if the time variation of surface con-

ductance (see Stolz g£_gl:, 1959, Stolz, 1959) or to the free

convection heat transfer properties of fluids (Boberg and

Starrett, 1958) are to be determined. When time variation

of surface conductances on a sphere or infinite slab (see

Beck, 1962) is desired, temperatures at several positions

in the body are required. Since high conductivity bodies of

small dimension are used for sensitivity, position (3) and

thermocouple errors become critical.

The desire for increased accuracy in the determination

of the temperature dependency, introduces the additional

~ thermocouples and thereby makes machine computation almost

necessary. Both of the procedures cited use the integral

equation approach, an approach.which ironically is evaluated
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by comparison with the asymptotic solutions, i.e., Ball's

(1923, 1928) approach, although not his nomenclature (Elrod,

1960). There is some question as to whether or not the film

coefficients so determined satisfy the quasi-steady-state

assumptions.

Precisely because engineering calculations for short

cylinders are not available and there are no relations to

assist interpretation of results for spheres in terms of

finite cylinders, their use is suggested in the food industry.

At this time it does not appear that the admitted temperature

variation of film coefficients, natural convection in partic-

ular, warrants adaption of the above refinements. Some in-

formation about this variation.may be obtained from analysis

of short segments of the heating curve for the central temp

perature.

99mparison of Can and Jar Heating_Data

Townsend 23_al, (1949) have examined heat penetration

for conduction and convection heating products in tin and in

glass in order to establish "rules of thumb" which would per-

mit microbiologically safe conversion of data from tin to

glassor from one glass container size to another. Since the

objective here is to have increased understanding of the con-

» vection phenomenon, their data will be examined in new come

parisons. .

Conversion factors for-tin to glass for 1 percent

bentonite processed in water are shown in Table 6.9. The
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same systems, but with glass processed in water and tin proc-

essed in steam, as is commercial practice, are compared in

Table 6.10. The difference between glass and tin is seen to

decrease as processing temperatures (and initial temperature

differences) decrease. There is also a general decrease in

this difference at long come-up times in water when once

again the film coefficients are anticipated to be lower.

TABLE 6.9.--Conversion ratios, f glass/f' tin for 1 percent

bentonite processed in water under various conditions, after

data of Townsend et a1. (1949), Table 8.

5 Min. Come-up-time

 
 

 4;—

 

 N

  

 

Baby Junior _303_‘ 2-172*‘ A

Temperature Bag _ Junior fl 2-l/_2_

. 250° F 5.55 5.24 2.05 2.45

240° F 2.14 2.68 2.06 2.44

212° F 1.86 2.22 1.85 2.12

     
20 Min. Come-up-time

 

250° F 2.22 2.40 . 1.79 . 2.04

240° F 2.76 ‘ 2.52 1.57 1.97

Recommendeda 1.85 2.49 2.86 2.84

     
*Townsend et al.'s (1949) recommendation is of the

slowest heating 0? I2 to 22 Jars (Table 4) processed in water

With 22 to 24 min CUT (but frequently with the largest tems

perature difference) and unspecified number of cans processed

in steam.wish 5 min. CUT (Table 9), for processing tempera-

ture of 240 .

The condition of comparison, including comparison of

slowest heating containers is commercial practice however.
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This is in agreement with the Opposite trend shown in Table

6.10. In the latter instance temperature differences, i.e.,

natural convection, are important for water and so are af-

fected by come-up, while steam condensing coefficients in

the absence of air are not as sensitive. (The behavior of

baby and junior containers, which.were processed together,

at 240° may be due to some secondary factor, such as the

‘path of the come-up.) The individual ratios principally re-

flect the relative total weights of container and product

(an estimate of the relative heat capacitance). In critical

cases the difference would be anticipated to be less for.

tall containers, since the film coefficient decreases as the

container heights increase.

The comparison shown in Table 6.10 must be inter-

preted with.care,for a check comparison, Table 6.11, of the-

heating data of two tabulatiOns shows poor agreement.

Tin containers heated faster in steam at 250°F. and

240°F. than inrwater except for the‘babybsize containers;

hence, Townsend gt_gl. have reported no significant differ-

'ence. In this instance 5 is smaller rather than larger, also.

This behavior may be due to errors in the experimental equip-

ment, for_some baby cans are reported to heat slower than

Junior cans even though the f ratios for constant film total

area are 1.09; constant film top neglected, 1.14; tap neg-

lected with heating like a flat plate, 1.04; and tap neg-

lected with modified Rayleigh number controlled heating, 1.9.
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TABLE 6.10.--Conversion ratios, f glass/f tin for 1 per-

cent bentonite processed in water (Table 6) and in steam

(Table 9 mid-ranges) under various conditions, after the

data of Townsend et a1. (1949)

 

5 Min.Come-up-time

 

 

 

. Bab Junior 303 2-172

Temperature abl;_ ‘_Aunior ‘ 2 g, -1 2

250° F 1.50 2.54 2.22 2.72

240° F 1.41 2.09 2.09 2.55

   
 

20 Min.Come-up-time

 

250° F 1.79 2.79 2.61 2.92.

240° F 1.65 2.22 2.56 2.44“    
 

*Note that Townsend et a1. recommendations would tend

to give a safe process. The reason for this is the generally

larger number of containers tabulated in Table 4 produces

greater variability and hence slower heating (larger f ).

TABLE 6.1l.--Conversion ratios, f tin/f tin for 1 percent

bentonite in tin (means Table 8, mid-ranges Table 9 respec-

tively) processed in water with 5 min. come-up time after

the data of Townsend et a1. (1949)

M

Temperature a aby Efizgénior - 2- 2

250° F 0.58 0.74 0.95 0.92

 

 
 

240° F ~ 0.66 0.76 1.01 0.97
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TABLE 6.12.--Can factor comparison. Convection in tin proc-
essed in water** for (1 percent bentonite data Table 8, Town-

 

 

   

 

 

 

  

 

 

 

  
 

 

  

  

send et al. (1949))

e_-——————~—
' :::==================5 Min. Come-up Time 20 Min. Come-up Time

Eémp. saby**tunior ' 2 2-1/2 Baby Junior _2 2-1/2

250°F 1.00 1.59 2.56 2.94 1.00 1.16 1.94 , 2.121.00 1.94 2.12 1.00 1.69 ‘ 1.941.00 1.15
1.00 1.10

1000

‘ ' 1000

240°F' 1.00 1.11 1.71 1.96 1.00 1.56 2.69 2.99' 1.00 1.55 1.79 1.00 1.97 2.12
1.00 1.15

1.00, .1.07,
' 1.00

1.00

212°F 1.00 1.17 1.61 1.91

1.00‘ 1.59 1.55'

1.00 1.12

A 1.10

Recommendedfi (1956)

1.00 1.15 1.65 1.99

1.00 1.44 1.64

1.00 1.14

1.00

 
*Townsend et a1. (1956), A Laboratory Manual for theCanning Industry, 2nd Ed., NCA.

*aProcessing tin in water is not usual canning practice.

***Elements across the diagonal of the matrix are the re-ciprocals of the elements shown.
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TABLE 6.13.--Can factor comparison. Convection in glass

processed in water for 1 percent bentonite data, Table 8,Townsend et a1. (1949) ,

  
“_ .

  
 

 

 

 

 

  

  

 
  
 
 

 

 
 
  
  

 

 
 

 
 

 

 

       

___
5 Min. Come-up Time

20 Min. Come-up Time
33mp. Baby Junior 2 2-1/2 Baby Junior 2 2-1/2
250°? 1.00 1.55 1.57 2.15 1.00 1.25 1.56 2.25

1.00 1.16 1.59
1.00 1.14 1.611.00 1.57

1.00 1.55
__

1.00
1.00

24099 1.00 1.59 1.65 2.25 1.00 1.29 1.62 2.061.00 1.19 1.61
1.00 1.26 1.601.00 1.55

1.00 1.271.00
1.00

212°]? 1.00 1.59 1.60 2.06
' 1.00 1.15 1.49

1.00 1.29

1.00

Recommendedfl

240°F' 1.00 1.25 1.76 1.99
1.00 1.45 1.62

1.00 1.15

1.00   
 

(1949) Table 10, data
are for approximately 22 min. come-up time at 240° processing
temperature and were calculated by taking ratios of slowest
heating upright jars as tabulated in Table 4. The number of
replications was 15, 12, 19, 22 respectively compared to the
5 to 10 replications averaged and presented in Table 8.
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TABLE 6.14.--Can factor comparison. Conduction in tin proc-
essed in water** for 5 percent bentonite data, Table 8," Townsend et a1. (1949)

 

 

 

  

    

  
 

 

  
 

M
'
-""_"N-W

5 Min. Come-up Thus 20 Min. Come-up Time
;;fi 202 x 2TIT§““307'i—’401 x 202 x 211 x‘“367 x 401??_i,p° 214 210 409 411,_ 214 210 408.. 4ll_
25099 1.00 1.51 2.50 5.55 1.00 1.51 ---- l---1.00 1.91 2.56 - 1.00 ---- ----

1000 1054
1.00 ...-_-

1.00
1.00

24099 1.00 1.50 2.59 5.44
1.00 1.99 2.65

1.00 1.55

1.00

212°F 1.00 1.50 2.64 5.55

1.00 2.02 2.70

1.00 1.54

1.00

Recommendedfl

1.00 1.52 ' 2.75 5.60

1.00 2.06 2.72

1.00 1.52

1.00

a» “Recommended by Townsend et a1. (1956) after Olson &Stevens (1939) for conduction heating products (for negligible1m resistance).

“*Processing tin in water is not usual canning practice.
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TABLE 6.15.--Can factor comparison. Cprocessed in water for 5 percent bent

Townsend et al. (1949)

5 Min. Come-up Time

onduction in glass

onite data, Table 6,

"

~

~—

20 Min. Come-up Time

  

 

  

 

   

 

 

 

 

Temp. Baby Junior 2 2-1/2 Baby Junior 2 2-1/2

2509? 1.00 1.59 2.25 5.59 1.00 1.59 ---- ----
1.00 - 1.62 2.45 1.00 ---- ----

1.00 1.51 1.00 ----
1.00

1.00

240°F’ 1.00 1.42 2.24 5.46

1.00 1.59 2.44

1.00 1.54

1.00
.____. _ _ - _. ---“--- -,__...._.-__- (~- - «+-

212°F‘ 1.00 1.44 2.55 5.49

1.00 1.62 2.42

1.00 1.50

1.00

 



6-154

TABLE 6.16.--Some characteristic lengths for external flows“

The Characteristic Lengths l/L L

...-

 

A. All Equal Contribution.

According to 6.49:

  

1 4 _1_ 1 D +1. LD

LC L + 15 10 1475' 6’51“

or 2r + L 2rL
-—§557' Efififi" 6.51b

According to 6.50:

LC= (2E421rDzé‘ a + D LD 6 5

or I.+ r * Dr I
T. W 6.521)

B. No Heating Through Top Surface.

According to 6.48:

1 = l + g. 2: + D ID

1: ‘L n 4m" m 6°53“

or l.+ r [r
11‘ m 6553b

According to 6.50:

L= 24 we 4L+D 216 654
1HL+TT “2715‘ 5'55- . a

"I .

0r 2L +r 2rl.

‘22? m- 6'5“

 

“The investigation of Evans and Board (1954) for con-

duction heating products is also applicable here. They found

conductances from 2 to 8 Btu/square ft(°F),hr--a negligible

Quantity if the product is well.mixed by convection. '
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TABLE 6.17.-—Some characteristic lengths for canned food

products in cylindrical containers

 

A .h__

“WV ‘

  

System Characteristic Length ‘Reference

1. Conduction

a. Infinite slab

1) Finite surface ' L/(l(NBi) Ball & Olson

resistance (1957)

2) Infinite surface .L/E20NLTW Ball & Olson

(1957)

b. Infinite cylinder ‘

1) Finite surface Ji/Xf(NBi) Ball & Olson

resistance (1957)

2) Infinite surface n Ball & Olson

resistance /h)(2°408) (1957)

0. Finite cylinder

1) Finite uniform [ ,B2 + £2 ]'l/2 Ball & Olson .

overall surface 1:72) a?" (1957)

resistance

2) Finite top sur- .

face resistance [ 82 (2-408)2]1J23Evans & Board
 

Infinite lateral —E§'+ n2 (1954)

resistance r

3) Infinite overal 2[ 2-34 +_£P[L)é]-l/g Ball & Olson

resistance 0.935fiz' (1957)

Where /3N‘b,, and 5,are roots of the indicial equation

hasntp-‘fi Scots =fi1_L_

R k

LLréé «Jl(x) .: 30(h)

2. Convection
/.

a~l. Newtonian model--To- (l)[rl.]1 3 Schultz & Olson

tal surface effective (1958)

9-2. Newtonian Model--

 

 

Top surface ineffec— [ rl.]1/3 Jones (1951)

tive r+ZI (

b. Lumped resistance Model [ r1. )3/2 Kaneko (1941)

total surface effective 2r+21 Ban (1941)

0. An Empirical Model ' F r1. 1'2 Fagerson

total surface effective L2r+21 (1950)

d. A Fitted Dimensional Fagerson

Analysis Model r0°8 L'42 (1950)
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Similar comparisons of the data for 5 percent bentonite

were made for contrast. (The trends mentioned above, except

for differences in individual ratios due to geometry, were

not observed.

Com arison of Heating Data Among

Cans and Jars
 

Comparisons within the data of Townsend gt_gl, (1949)

were extended to size comparisons for glass and for cans con-

taining l or 5 percent bentonite when processed in water.

These are shown in Tables 6.12, 6.13, 6.14, and 6.15. For

the shorter come-up times, lower processing temperatures

(and initial temperature differences) generally reduced the

differences between container sizes. This is in contrast to

the larger differences observed in Table 6.14. In this latter

instance the Biot numbers for the small cans are such that a

further reduction in the magnitude of this ratio may affect

the smaller cans more severely. In the former instance,

since the properties and 4§,t are presumed equal at a par-

ticular tenperature and hence may not affect the factors-as

the level changes, the above results may be due to a change

in the flow mechanism from turbulent toward laminar flow and

hence a reduced power of the geometric factors from n = 1/3

1/4 in equations 6.11, 6.42, and 6.45. It must beto n

noted that the above comparisons also reflect changes in

come-up time and come-up path in an undetermined manner.
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The Container

In the previous discussion it has been'pointed out

that container shape at the shoulders and bottom of jars may

affect the iso Foprofiles and that container heat transfer

resistance must be considered in comparison with exterior

and product resistances. There is another aspect of container

shape and size which seems to deserve specific attention here.

This is the problem of choosing an appropriate characteristic

length both for use in film coefficient correlations and in

.the convection Fourier modulus. The right hand side of the

familiar equation for the Newtonian model, f = 2.303 CpV/(UA)

may be rewritten as C (V) 2 1 in the form of the

61%7I) II 1?

reciprocal of.a Fourier modulus. In this instance, V/A be-

comes the characteristic length of the system. Several char-

acteristic lengths, in addition to this one, have been intro-

duced in the various models, hence they need to be examined

further.

Natural convection heat transfer data have been tradi-

tionally correlated and with some success by equations in the

form proposed by Lorenz (1881).

.h°L = GP L3 Frag WAT 922‘. 6.49

kr #12 1‘ 1'

King (1952) correlated his own data of heating of 1/2 to 12

 

inch long vertical plates with those of other investigations

of heating of vertical plates and also tubes. Included were

the data of Colburn and Hougen (1930) for vertical tubes with
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small water flows. As confirmed by Jakob and Linda (1933),

data for horizontal cylinders and spheres were well correlated

with those of vertical tubes and cylinders when the character-

istic length was defined as follows:

l/L = l”horizontal + 1/I‘vertica1 6'49

I

where the characteristic circular dimension is the diameter

and the characteristic spherical direction is the radius, and

the characteristic dimension for blocks is as in (6.49) above.

McAdams (1954, pp. 172, 177) points out, however, that

the data for the spheres and the blocks'fell in a range where,

due to the exponent, the geometric factor had substantially

no influence. He also points out that if L = DV/2--the max-

imum distance traveled by the fluid-~19 chosen for horizontal

cylinders, that the constant C in (6.48) above is the same as

for the vertical plates and cylinders.

Tsuboushi and Sato (1960) have suggested an alternate

representative linear dimension similar to the hydraulic mean

depth:

L = 2V/A 6.50

They compared this definition to that of King using the data

of Hermann (1936) and Yamagata (1943) for horizontal cylinders

'and spheres, and the data of Merk and Prins (1954) for.a

horizontal cylinder and sphere using the discrepancy--spherea

“cylinder/sphere--and concluded that relation (6.50) is superior
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to (6.49) even for bodies having shapes as different as

spheres and cylinders.

These characteristic lengths for a container with and

without effective heating through the top surface are shown

in Table 6.16. They are seen to be quite similar to those

proposed in the food processing literature as summarised in

Table 6.17.

It has been pointed out earlier that the characteristic

length may well be some system length appearing to approximate-

ly a 1.25 or 4/3 power. This was evident in the intermediate

fit of system lc(l) and system 2b to data for canned fish

products and the improved fit of both of the Fagerson formulas

over the schultz and Olson formulas for the data of Townsend

gg_§;. (1949).

It would appear from the consideration of relative

resistances that for heating or cooling in media above film

coefficients of’about 50 that the contribution through the

headspace should be neglected. It would also appear that

since the radius is used in the thermo-syphon systems to

correlate heat transfer data, it might well be used in both

V and in the V/A characteristic. The characteristic length

would also need to incorporate the L factor to insure forced

similarity, hence the length would be in the form of Fager-

son's second correlation. Unfortunately, this approach.would

mask the significance of an unheated top.

Comparison of experimental data seems to shed very
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little light on the appropriate characteristic length. Al-

though Nicholas and Pflug (1961b) have shown that correla- '

tion is improved by neglect of the heating through the head-

space they reported a plot of f- versus the gurface to vol-

ume ratio to give a better fit than the reciprocal relation
 

produced by Jones (1931). The data of Nicholas and Pflug

(1961b) for whole cucumber pickles, of Nicholas and Pflug

(1961a) for cucumber slices, and of flight (1963) for snap

beans and phmentos were correlated with the Jones (1931),

Schultz and Olson (1938), the two Fagerson formulas (1950),

and the Nicholas and Pflug relation (1961b). No one formula

consistently gave a higher correlation, but the Fagerson

relations gave generally poorer results. It is interesting

to note that the Nicholas and Pflug relation (1961b) gave

nearly as consistent correlations as the others even when

the bottom surface as well was subsequently neglected.
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Product Factors
 

There are numerous factors which may influence heat

penetration in canned food products. Some of these include

fill, headspace, percent solids in liquid phase, pr0p0rtion

of solids in brine or syrup, syrup strength, viscosity, vace

uum (in vacuum packed products), arrangement of pieces in the

container, position of container in retort, tendency of prod-

uct to mat, method of preparation, maturity, growing condi-

tions, and formula changes (Townsend gt_£1,, 1956). To these

Nicholas (1962) has added presoaking, jar size, point in jar,

year, product shape, covering liquid composition (with re-

spect to diffusion gradient as well as the aforementioned

viscosity): covering liquid temperature, and bath tempera-

ture, which have appeared in cucumber processing studies.

Not all of the above factors are explicitly physical

characteristics and not all the required physical properties

are given here. For this reason there have been few at-

tempts to characterize the effect of even the highly impor-

tant fill ratio and the product viscosity. These factors,

the orientation of the product and understandably the jar

size and position within the jar often seem to be much more

important than the thermal diffusivity of components, prod-

uct buoyancy, size, shape (or shape factor) void fraction,'

-headspace and vacuum.

It would seem desirable to study model product sys-

tems in order to establish the forms of dimensionless number



A
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type correlations which could be used to examine a limited

number of factors simultaneously, examinations which are

presently quite difficult. Some techniques which might be

used to partition the problem into velocities, film coeffi-

cients and conduction rates have already been mentioned pre-

viously.

Other techniques‘which may be used to examine are

typified by the model stratified sucrose-water systems with

and without model plastic spears (Nicholas 2£_gi,, 1960).

These studies showed grossly reduced heating rates when the

sucrose layer was not deep enough to sustain its own lateral

convection loops and indicated the slowest heating points

just beneath the water-sucrose interface and slow points

just above and below all system interfaces. These findings

are compatible with the behavior of ideal systems. There

are two anomalies reported that have significance for other

systems.

The first of the anomalies is the faster heating of

the product liquor upon the introduction of plastic spears.

Higher fill ratio has been encountered with real cucumber

spears (Nicholas, 1962). This is in direct contrast to the

opposite behavior which has been observed in other products

(cog-, cucumber slices, Nicholas, 1962; mustard and turnip

greens, Alstrand and Ecklund, 1952; whole kernel corn,

Thompson, 1919). These latter products have larger heat

transfer area and small size and hence may quickly absorb
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heat from the fluid as well as retard fluid flow. In the

-case of spears, vertical channels are provided for the ascend-

ing film and the descending core, the product absorbs heat

from the liquid more slowly, and the amount of exterior heat-

ing area per unit volume of the liquor may even be increased.

The second anomaly is that the slower heating points

for the layered systems with spears are much slower. This

may be due to the restricted flow area for lateral flow at

the top or bottom.of the side eddy lOOps. Such a mechanism

may also be responsible for the faster heating (Ball and

Olson, 1957, p. 255) of asparagus when processed with tips

down then with tips up. Since asparagus is brine covered,

tap flow is not appreciably restricted in either instance,

but processing with butts down would restrict the formation

and maintenance of the lateral loops by the descending core.

Viscosity

. The product viscosity is the principle product prop-

erty which.is present in both liquid models and in real food

products. This viscosity can be Newtonian as for water,

brines, syrups, and glycerol-like fluids or any of a large

number of so-called non-Newtonian fluids which may have a

certain yield stress which must be exceeded to induce or

maintain flow, a region in which molecules must be oriented

to the flow direction and thixotropic--that is, work sensi-

tive structure as well as gelatin or similar mechanisms

which.take place in a finite time and during a finite
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temperature range. Starch pastes, CMC agar, or alginate

derivatives, Juices with relatively high pectin contents and

bentonite are among these materials (see Bigelow, 1922; Ma-

goon and Culpepper, 1921, 1922; Joslyn, 1927; Irish g£_al.,

1938; Jackson and Olson, 1940; Jackson, 1940; Fagerson, 1950;

Cakes, 1956; Charm, 1965). The later group of products is

large, but characterization of the viscosity is often diffi-

cult; hence, an examination of Newtonian fluids may more

readily illustrate the effects of viscosity in the natural

convection phenomenon.

Bigelow (1922), Magoon and Culpepper (1921, 1922),

Joslyn (1927, 1928), Irish.g£_glo (1928), and Jackson (1940)

have shown that the effects of viscosity due to an increase

in sucrose concentration only slightly reduces the heating

rate when contrasted to fluids like pectin containing juice

or starch. The largest relative change seems to occur be-

tween a concentration of 60 and 70 percent sucrose (Joslyn,

1928). More marked influence of sucrose concentration is

noted during cooling (Magoon and Culpepper, 1922; Joslyn,

1928) Which.may be attributed to an increasing viscosity as

well as the concurrent decreasing temperature difference.

During heating, on the other hand, the simultaneous decrease

of viscosity and temperature differences is said to be re-

sponsible for the relatively similar heat penetration in

water and in sucrose solutions.

Joslyn (1928) has presented a correlation between
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the leglo of the apparent diffusivity and the loglo of the

viscosity of sucrose solutions which has a slope of about

-l/3. This is precisely the exponent which would be obtained

if a controlling interior film characterized by a Rayleigh

number for turbulent flow-were substituted into the Newtonian

model equation for l/f as a function of film coefficient.

Since these studies were conducted in No. 2-1/2 tin cans

heated from 200 to 100°C. in a steam agitated boiling water

bath, this substitution appears reasonable. Unfortunately,

this apparent agreement does not confirm the Newtonian heat-

ing model and the neglect of inertial forces since the ex-

perimental viscosity values used in this experiment are much

lower than those reported by Swindells g£_gl! (1958). The

corrected graph has a slope of about -l/5; hence the exponent

on the Prandtl number correction for inertial forces seems to

be about 0.0 to 0.11 when exterior resistances are accounted

for.

Other Factors

In spite of the almost universal recognition of the

effect of temperature difference on the degree of convection

and the recognition that convection will be eventually fol-

lowed by a conduction domain, there appears to have been

little concern about the effect of temperature level or ini—

tial temperature differences on convection until fairly re-

cently. These temperature differences are associated with

the long recognized temperature dependent viscosity and also
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with the temperature thermal diffusivity and the processing

medium, however. Those aspects and factors which may be more

significant and hence have obscured these effects will be

examined briefly below.

Thompson (1919) attributed the higher effective dif-

fusivities he observed in processing in steam as contrasted

to processing in water, to the higher.processing temperatures

employed, but this phenomenon was not examined further.

Bigelow 22.21‘ (1920) examined heat penetration in

many products under many experimental conditions, but did not

report a difference due to temperature difference. It is

interesting to note, however, that a replot of the data of

Figure 69 for water pack salmon (chosen for its known ini-

tial temperature, quick come-up, and smooth heat penetration

curve in spite of poor convection) showed a slight increase

in heat transfer with an increase in retort temperature.

Magoon and Culpepper (1921) reported that the tempera-

tures in their containers "reached" the processing tempera-

ture at approximately the same time--an error which.Ball and

Olson (1951) have discussed at some length. Their data were

not abstracted and plotted as heat penetration curves since

the small scale of the figures did not seem to permit suf-

ficient precision.

Magoon and Culpepper (1922) noted for water in quart

Jars processed at 116°C. that "the temperature of the retort

is 'reached' [sic] six or seven minutes sooner when the
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initial temperature is 80° than when it is 20°C," a fact

which makes higher initial temperatures important in order

to secure more lethality for a given process time. These

data, however, also show that the heating rate is increased

when the initial temperature differences are larger (although

high initial viscosity) and the product is processed at the

same temperature. Since this conclusion was confirmed for

water in No. 3 tin cans (which gave larger relative differ-

ences), Figure 6, string beans in quart glass jars, Figure 11,

and string beans in No. 2 cans, the first such data examined,

'these comparisons were not continued. Replotting of the data

of Figures 12 and 13 for string beans 1h No. 2 tin and No. 3

tin indicated slightly faster heating when the retort tem-

perature was increased. The curves for the latter system

appeared to be broken with a slope change within 7°C. of

retort temperature.

Tani (1941) reported on the effect of different ini-

tial temperatures for heating of water in two different size

containers. An evident crossing of the time temperature his-

tories which would accompany smaller f and larger 3's as

the temperature differences increased may have obscured these

effects. The curves seem too small to replot, however.

Jackson and Olson (1940) did not detect a difference

in f for broken heating of 3.25 percent bentonite in No. 2

cans and unspecified initial temperatures, with.retort tem-

peratures of 200° and 270°r., but did detect a significant
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effect on f2. This latter effect might be attributed to the

higher thermal diffusivity. The former difference could be

accepted if the null hypothesis were to be regulated with a

probability P, such that 0.3 > P>O.2. The probabilities fer

the effect of initial temperature were even greater, hence

no differences were detected. High closing temperatures and

hence higher water vapor fraction in the headspace may have

increased f1 for 0.lO> P >0.05.

Townsend g£_§l, (1949) did not report any effect of

retort temperature or initial temperature on heating rates.

Such differences are suggested in the previous examination

of come-up time and container comparisons in this review,

however.

In Alstrand and Benjamin's (1949) study of come-up

'path and time, increased retort temperatures appeared to in-

crease the heating rates of cream style corn, but no consist-

ent trends are to be observed for 2 or 5 percent bentonite.

A general but not always significant increase in heat-

ing rate, l/f and increase in lag factor J for an increase in

initial temperature difference but constant processing teme

perature is seen in the Fagerson and Esselen (1950) data for

1 percent bentonite in glass. There is some significant.ev-

idence that the converse is true for 5 percent bentonite.

This latter phenomenon may be due to higher film temperatures'

hence faster heating.

The data of Powers et a1. (1952) for bentonite in jars
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processed in boiling water and in steam and with different

come-up times and initial temperature show no trend with

temperature differences.

The one comparison.which can be made for whole cucumber

pickles, a highly variable product, as reported by'Esselen‘gt

51, (1952) does not show an effect of initial temperature

differences.

There seemed to be no consistent effects of tempera-

tures for canned pimentos in glass as reported by Hight‘gt

31; (1954).

Hurwitz and Tisher (1952, 1956) and Evans (1958) have

noted faster heating for meat and a water-like jel, respec-

tively, due to increased thermal diffusivities.

Jaffe (1959) found a significant difference, a reduc-

tion, in f for fresh cucumber pickles in quart jars processed

at 180°, 195°, and 211°F., but no significant difference in

1 value. .

Pflug and Nicholas (1960) reported that the heating

at the center of line pack fresh sweet cucumber spears in 16

oz. vegetable jars was significantly faster with 195° water

bath than 180° water bath (135°-l40°F. IT).

Nicholas and Pflug (1961a) maintained that the heat-

ing of whole No. 2 brine packed cucumbers, in 32 oz. veg-

etable jars, with.about a 135°F. initial temperature was

Significantly faster at a water‘bath.temperature of 200°,

than at 160 or 180°F. if the two broken heating curves are

eliminated from the analysis, yet report combined data.
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Pflug and Nicholas (1961b), in their study of heating

medium effects upon a convective, and also a conductive heat-

ing product (water and 5 percent bentonite suspension in 16

oz. and quart vegetable jars) reported that the heating rate

increased with increases in temperature. Their bentonite

data, however, do not in every case substantiate their con-

clusion. Both increases in thermal diffusivity and stronger

convection currents accompanying the larger initial temper-

ature differentials are suggested as possible explanations

for the general phenomenon. They found evidence which sug-

gested that f and j for convective products may be either

interrelated or a function of a common parameter.

Pflug and Blaisdell (1961) found further evidence of

a possible relation between f and j as is seen in the scatter

diagram shown in Figure 6-15. They also showed differences

in the heating rates at different processing temperatures.

There seem to be at least four factors which may con-

tribute to the increase in heating rate (decrease in f)

with higher retort temperatures: (1) an increase in effec-

tive thennal diffusivity of the product corresponding to the

higher processing temperatures; (2) a corresponding increase

in thermal diffusivity of the heating medium; (3) an increase

in the diffusivity of water vapor through air and an increase

in the saturation pressure of the steam, both.of‘which may

increase the surface heat transfer coefficient for steam-air

mixtures at atmospheric pressure; and (4) a possible effect
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of higher temperature rises on the degree of convection.

The effects of these factors are generally small, for

example, perhaps less than (%§?jl/° or (%§g)l/4, that is

less than 141 to 119 percent for a severe case such as nat-

ural convection both inside and outside a container. These

differences appear to be so small that experimental varia-

bility and change in product thermal properties may obscure

significant differences, particularly with a viscous product

or glass container.
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PART V. STATUS OF CONVECTION HEATING STUDIES

Transient natural convection.begins when temperature

differences are sufficiently large. A rising film (heating)

perhaps about 3/8 in. or less initially in water forms on

the lateral surface of the container. The flow from this

strean discharges near the top of the container.~ While the

eflux from the boundary layers is settling, turbulent fila-

ments may rise several inches into the container. These may

decay into quasi-stable ring vortices like Benard cells.

About this time the first elements of the lateral eddy are

reaching the bottom and are being heated once again. (These

side eddies descend at about 1/10 of the rate they rise.)

The side eddies may decay from a mixed laminar-turbulent

boundary layer to a laminar boundary layer with a stagnant

layer below and thence to a fully established laminar bound-

ary layer. Both bottom and side eddies ultimately decay in-

to conduction controlled heating.

Cold points may exist above or below interfaces be-

tween phases and at the meeting of eddy 100ps. The cold

point is thought to rise along the interface between these

loops as heating continues and ultimately reach.the center

of a relatively stagnant core as the bottom loops decay

completely.

The temperature profiles are noted for the nearly

uniform radial temperature and nearly linear axial temper-

ature gradients to the axial cold point.
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It appears that correlations similar to those used

for thermo-syphon heat transfer can be combined with surface

resistance into a modified Newtonian heating model--i.e.,

negligible surface resistance, in order to correlate f, j,

and cold point position. The model predicts that the heat

penetration curves will not be straight. They may be suf-

ficiently straight to be represented by no more than two

straight lines in the processing region, however.

Film coefficients assume an importance not found in

most conduction‘heating problems. The study of the inter-

relationships of f may reflect this concern.

The data of Fagerson and Esselen (1950) indicates

that it takes less time to establish the faster rates ens

countered with.increased surface conductances, slower heat-

ing rates, anda longer time to achieve them, both as the

heat transfer surface per unit volume is reduced of fluid

flow and as the fluid becomes either farther specially or

in terms from.the discharge of the boundary layer. These

transfer times may at times be reduced by the decreases of

the overall surface conductance during the process to values

less than zero time. It might be interesting to distinguish

between the effects of finite film coefficient on high effec-

tive diffusivity products and those for convection in order

to determine if a relationship between f and j can be used

to distinguish.convection from conduction heating.



SECTION VII

SUMMARY AND CONCLUSIONS

The physical problem of transient natural convection

of liquids in unagitated food containers and the food engi-

neering literature concerning the heating of canned foods

have been examined in an attempt to broaden our understand-

ing of the problem. Flow visualization, vertical and hori-

zontal temperature profiles, calorimetric measurement of the

mixed-mean fluid temperature, and film coefficients evaluated

from the transient heating of metallic can-sized finite cyl-

inders were used as experimental techniques to further ex-

plain the phenomenon.

Dye flow and vertical temperature profiles show that

convection begins at the lateral surface and the boundary

layer develops to fill the container. The time required for

convection to begin in a 16 oz. vegetable jar compares favor—

ably with the times predicted by Siegel (1953) for vertical

plates with negligible thermal capacity. This time to in-

itiate convection, is a function of the Prandtl number, the

Rayleigh number, and the Fourier modulus of the fluid. An-

alysis shows that it is also a function of the Nussettnumber,

and the Fourier modulus of the container as well. Turbulent

eddies rise from the bottom and penetrate well into (x/Lfi=.40)

the fluid above as the warmed central core descends. The flow

starts later than the convection on the lateral surface, in

7-1



part due to the thicker container thickness, but also due to

the theoretical requirement that a critical-NRa = 1708 be

exceeded. The eddies decrease in height to about one-half

their former level as the ring vortex pattern is established

on the side wall. The laminar core descends at about 1/11

of the velocity of the ascending lateral boundary layer.

This is in excellent agreement with the 1/3 to 1/20 range

reported by Fagerson (1950) and Hammitt (1959). TUrbulence

5‘5 to 109'2 but only in thewas observed at high NRa from 10

bottom eddies and at the boundary layer inflection at the

tOp of the lateral boundary layer. The boundary layer thick-

ness and the heat transfer and the flow patterns agree well

with those predicted from quasi-steadyostate flows on ver-

tical and horizontal flat plates.

The flow patterns and temperature profiles of this

investigation, when combined with the investigations of the

'central portion (x/L) of the core by Fagerson confirm and

.refine the pattern suggested by Tani (1940). Cold points

are shown to exist at stagnation points and vortex centers.

The axial cold point is hypothesized to be positioned where

heat transfer from the top and from the bottom is equal.

This cold point would be predicted to move upward for smaller

NRa: no movement was detected due to insufficient experimen-

tal precision and insufficient number of experimental temper-

ature measurements below the cold point. The coldest of

these cold points is near the heel of the container (as in

the Fagerson study, 1950). The movement of the minimum cold

point bacn to the central axis as convection declined was



not investigated. The axial cold point was shown to be a

conservative estimate of the mixed mean fluid temperature

which correSponded to an axial position slightly above the

geometric center of the fluid.

Quasi-steadyvstate film coefficients, a function of

”Ra and Npr, when based on the lateral and bottom fluid sur-

faces, and the temperature difference between the fluid sur-

face and the cold point, were closely related to the observed

heating rate parameters f. No correlation was develOped for

the lag factors j, but new quantity f,log j, which represents

the tranSport lag due to conduction and convection, has been

introduced in order to interpret the lags observed in con-

vection. The effects of the several processing variables,

including a hypothesized effect of particle size are sum-

marized in Table 4.9.

The limited experimental data for small Tl-T and the

predictions based on quasi-steady—state boundary layer theory

and the Newtonian heating model indicate that heat penetra-

tion curves are curved but not greatly so for Tl-T > 10°F.

The curvature is more pronounced as the internal film re-

sistance becomes a larger pr0p0rtion of the overall resist-

ance to heat transfer, hence will be less pronounced for

products in glass, and solids in brines or syrups unless a

change in heat transfer mechanism occurs during heating or

cooling. The fluid property changes are less important than

the convective driving force Tw-T in determining the curva-

ture of heat penetration curves. When the convection film

coefficients are incorporated in this model the temperature



(Tl-T) raised to a non-integer power is a linear function of

time. This eXpression is not convenient for direct graphical

analysis of (Tl-T) versus time. The lethality integration

leads to a complex eXpression in terms of the incomplete

Gamma function. Representation of the heat penetration

curves by two linear segments or the general method seem

preferable to evaluation of these integrals.
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Table A.5 . Heat penetration parameters f (in minutes) and

at several axial positions in 8 oz. cylinder

  

 

 

 

 

 
 

jars

Part I. Valnes of f

17eatment - ‘

OH *1 Position in container, inches above-bottom

an Run . 4-1/

3 ° # 1/8 518 1-1/8 2-118 3-118 f1 f2-

99 9.6 9.9 9.9 9.2 8.0 3.3 7.4

.3 105 10.1 10.1 10.3 8.9 7.8 3.4 6.2

$3 111 10.0 9.9 10.0 9.9 8.1 3.2 7.7

a 204 9.5 10.0 10.1 9.3 8.2 2.6 6.5

53 210 9.0 9.5 9.8 8.8 7.7 2.7 6.0

216 9.3 9.6 9.8 8.9 7.6 3.0 6.2

103 9.3 9.6 ’9.6 9.1 7.6 3.3 7.2

109 9.1 . 9.1 9.6 9.0 7.7 3.5 7.3

3 115 9.5 9.6 9.6 9.1 7.9 3.6 ‘8.3

1: 208 9.1 9.2 9.5 9.2 7.5 2.5 7.5

3’ 214 10.1 9.9 10.5 9.4 8.2 2.7 8.2

S 220 9.5 9.6 10.0 9.5 7.8 3.1 7.8
.4 7

8 101 9.0 9.1 8.9 8.5 7.7 3.6 7.2

2’, 107 9.4 9.4 9.4 8.9 8.0 3.9 8.4

113 9.2 9.2 9.2 8.9 7.7 4.0 7.8

206 9.8 9.8 10.2 9.2 8.1 4.5 8.4

212 9.6 9.8 10.3 9.2 7.9 2.9 9.7

218 9.4 9.7 9.8 9.0 8.0 3.2 7.9
f- 1._. __1 ._

122 11.8 11.9 11.8 10.6 9.3 3.0 9.1

128 11.0 11.7 12.1 10.3 8.9 2.5 8.1

5;; 134 11.4 11.8 12.0 10.6 9.4 4.2 9.4

1' 227 10.9 11.3 11.3 10.4 8.4 3.4 6.6

c: 233 10.7 11.2 11.3 10.1 7.8 2.7 6.7

‘3 239 10.5 11.4 11.6 10.1 8.4 2.7 6.6

120 10.8 11.1 11.2 10.6 9.2 2.4 7.4

g 126 11.2 11.4 11.4 10.8 9.4 3.4 8.7

8 132 11.0 11.3 11.4 10.2 9.2 3.3 9.8

o 225 11.5 11.6 11.7 10.8 9.2 3.5 11.8

,3 g 231 10.7 11.6 11.8 10.8 9.3 3.4 9.5

§ 7 237 11.3 11.7 12.0 11.2 9.6 3.8 9.6

c>

"" $3 118 10.2 10.7 11.1 10.1 9.1 3.4 9.0

124 10.4 10.9 10.6 10.1 8.7 3.5 8.7

130 10.7 10.8 11.1 10.2 9.5 3.9 8.4

223 10.8 11.0 11.4 11.0 9.9 3.7 8.9

229 10.6 10.9 11.4 11.3 9.6 2.8 9.0

235 10.4 10.7 11.1 10.8 9.2 2.9 9.2

 103ta are from lines fitted visually to data over the

U = 0.5 to U = 0.084 range.
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Table A. 5 . (continued)

Part 11. Values of lo factor j

; 3 Poution in container, inches above bottom

3 l Run 1.1/g

n. # 118 5/8 1-1/8 2-1/8 3-1/8 £1. £2

99 1.22 1.32 1.25 1.10 .90 .83‘ .39

105 1.17 1.31 1.20 1.17 .93 .93 .51

111 1.16 1.36 1.28 1.07 .92 1.04 .46

204 1.15 1.25 1.28 1.12 .87 .81 .34

' 210 1.28 1.42 1.30 1.18 .96 .89 .38

1° 216 1.19 1.31 1.28 1.12 .95 .80 .36

103 1.15 1.27 1.19 1.07 w.95 .78 .51

109 1.16 1.31 1.21 1.11 .97 .92 .49

115 1.19 1.26 1.24 1.16 .91 .88 .40

a 208 1.18 1.28 1.17 1.07 .92 .88 .38

o 214 1.15 1.27 1.13 1.07 .92 1.00 .42

E 220 1.26 1.28 1.17 1.03 .96 .75 .36

' 101 1.33 1.37 1.32 1.03 92 .76 .40

:3 107 1.25 1.29 1.23 1.07 .89 .72 .36

113 1.25 1.35 1.25 1.10 .93 .72 .41

206 1.32 1.36 1.12 1.04 .88 .53 .32

212 1.25 1.29 1.17 1.06 .92 .85 .30

218 1.19 1.32 1.21 1.06 .87 .71 .93

122 1.14 1.46 1.34 1.12 .95 1.00 .32

128 1.23 1.45 1.38 1.18 .92 (1.16) .34

134 1.18 1.45 1.31 1.14 .94 .89 .33

, 227 .1.24 1.50 1.40 1.16 .94 .68 .34

233 1.27 1.47 1.40 1.18 .96 .77 .32

“’ 239 1.22 1.49 1.40 1.23 .99 1.01 .34

120 1.23 1.37 1.28 1.08 .88 .83 .33

”1 126 1.17 1.32 1.25 1.03 .83 .83 .35

a 132 1.18 1.32 1.22 1.10 . .84 .84 .35

8 225 1.18 1.33 1.32 1.15 1.00 .75 .33

gt, 231 1.19 1.28 1.18 1.03 .83 .75 .35

”’59. 237 1.20 1.32 1.22 1.03 .83 .67 .38

5\° a

88 118 1.30 1.36 1.22 1.08 .76 .76 .35

.7 124 1.16 1.39 1.30 1.03 .80 .68 .35

130 1.23 1.37 1.22 1.05 .76 .64 .35

223 1.27 1.35 1.18 .94 .70 .58 .31

229 1.17 1.39 1.17 1.00 .66 .74 .29

235 1.28 1.44 1.24 1.02 .70 .69 .27   
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Table A.€’ . Heat penetration parameters f (in minutes) and

at several axial positions in 16 oz. vegetable

jars 7

Part 1. Values of f

T1ea3ment

Position in container..inches above bottom

E2111!!! 4 - 1/8
# f1 LS

“

 

W
a
t
e
r

7
1
2
0
4
1
8
0
7

r

 

 

5
0
%

S
u
c
r
o
s
e

 

282

288

87

193

202

95a

280a

286

185

191

200 
97 .

1/8 45/8 141/8 241/8 3-1/8

11.3 11.2 11.4 10.6 9.5

11.6 11.3 11.8 10.9 9.9

11.0 11.5 11.1 10.4 9.6

10.6 10.7 10.6 10.4 9.5

10.5 10.6 10.8 10.6 9.2

10.7 10.9 11.2 10.5 9.1

11.5 11.8 11.8 10.9 9.8

11.3 11.3 11.6 11.2 9.7

11.2 11.2 10.8 10.5 9.5

10.9 11.1 11.6 10.6 9.2

10.3 10.4 10.4 9.0 9.4

11.0 11.0 11.5 10.3 9.3

10.5 10.6 10.8 9.7 9.3

10.4 10.3 10.3 9.9 9.4

10.5 10.5 10.6 10.0 9.6

9.9 10.0 10.4 9.8 8.9

10.3 10.0 10.6 10.6 9.0

10.3 10.3 10.4 10.0 9.6

13.0 13.9 13.8 11.3 10.3

13.2 12.9 13.1 12.2 10.7

13.7 13.7 13.3 12.6 10.3

13.8 14.4 14.6 12.8 12.1

12.5 13.0 13.5 11.6 10.9

12.9 13.0 13.7 12.0 10.1

12.9 13.5 13.7 13.0 10.6

13.7 14.1 14.1 13.3 11.4

14.1 14.1 13.7 12.1 11.0

12.2 13.3 14.2 12.5 12.3

13.4 13.6 14.1 13.9 12.7

12.6 12.6 13.1 12.7 12.0

12.5 12.8 13.0 12.3 11.7

12.9 13.1 13.0 12.0 10.8

12.6 13.5 13.5 12.4 11.1

12.2 12.6 13.3 12.5 10.9

12.1 12.4 13.0 12.4 11.4

12.3 12.5 13.1 12.4 10.7

 

2.8 8.4

5.4 9.1

4.8 8.2

5.9 6.8

4.5 6.6

3.4 9.1

5.6 9.6

7.2 8.7

5.8 9.0

5.6 9.1

4.6 9.5

5.6 9.1

5.4 8.8

5.1 10.1

6.0 8.0

4.3 8.4

5.8 7.3

4.3 9.2

4.9 8.8

3.1 10.8

4.0 9.9

4.3 9.6

5.1 5.7

2.7 5.8

6.1 9.5

5.9 9.0

3.6 9.9

3.8 7.4

3.4 9.9

3.7 7.2

4.1 7.9

4.1 7.5

3.6 11.1

3.1 7.2

3.1 6.4

2 0 7.5

 

1Data are from lines fitted visually to data over the

U - 0.5 to U = 0.084 range.
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Table A.6 (continued)

Part 11. Values of lo factor 1

IEEQFmenffi iL‘

.4 5. Position in container. inches above bottom

‘3 'qRun 421/3

:1. [-4 4! 1/8 5/8 l-1/8 2-1/8 3-1/8 £1 £2

1 .97 1.11 1.00 .88 .72 .41

c, 7 1.18 , 1.38 1.23 1.09 .89 .79 .47

«n 13 1.17 1.28 1.24 1.10 .89 .78 .48

‘7 37 1.25 1.35 1.25 1.07 .94 .82 .71

g 43 1.25 1.37 1.29 1.07 .93 .80

49 1.23 1.33 1.23 1.09 .92 .38

5 1.16 1.19 1.14 1.04 .91 .88 .51

11 1.08 1.23 1.12 1.02 .91 .77 .47

z 17 1.16 1.23 1.22 1.03 .97 .80 .52

g 41 1.20 1.20 1.07 1.02 .90 .75 .50

3: 47 1.23 1.27 1.23 1.05 1.03 .83 .42

g 53 1.17 1.24 1.13 1.03 .89 .74 .45
H .

8 3a 1.25 1.31 1.22 1.08 .75 .82 .51

:3 9a 1.26 1.33 1.23 1.08 .89 .81 .51

15a 1.24 1.33 1.23 1.10 .90 .80 .57

35a 1.31 1.34 1.19 1.10 .91 .53

95b 1.23 1.32 1.15 1.08 .88 .83 .59

51a J1.29 1.32 1.23 1.06 .85 .84 .43

19 1.19 1.40 1.40 1.11 .92 .85 .48

93 1.20 1.48 1.32 1.09 .87 .37

g 98 1.21 1.43 1.39 1.10 .91 .45

-4 183a 1.19 1.37 1.31 1.15 .85 .70 .35

<5 189 1.30 1.50 1.39 1.21 .87 .68 .43

~° 196 1.21 1.49 1.33. 1.18 92 .84 .39

u 97 1.30 1.35 1.23 1.07 .98 .85 .49

g 282 1.21 1.33 1.19 1.03 .89 .89 .52

u 288 1.14 1.27 1.18 1.07 .82 ..92 .38

g 87 1.24 1.36 1.18 1.08 .80 .79 .39

“h 193 1.16 1.29 1.19 .94 .74 .75 .30

as g 202 1.27 1.41 1.29 1.08 .80 .75 .38

“:1, 95a 1.05 1.35 1.16 1.01 .73 .73 .42

cu 280a 1.25 1.31 1.25 1.04 .80 .84 .53

'* 286 '1.33 1.26 1.16 1.03 .82 .29

185 1.26 1.35 1.13 .88 .80 .67 .34

191 1.27 1.39 1.19 1.01 ' .79 .83 .38

200 1.24 1.41 1.22 1.01 .81 .86 .32  
 



3-1/8 4-1/8

parameters f (in minutes) and

2-1/8

1 positions in 303 cans with_

Values of f

, 1-18

 

a1 axia

1-1/8

one mixer1

Part I.

sever

5/8

Heat penetration

at

1/8

 _. Position in container, inches above bottom

.
3
6
2
5
0
4

7
3
7
2
1
4

“
5
5
6
5
6
5

5
5
5
5
5
5

 
 
  

Table A.7

o
n
o
u
o
s
m
-
$
o
n

F

isually to data over the
itted v

= 0.5 to U = 0.084 range.

1Data are from lines f

U
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Table A.7 (continued)

Part II. Values of log faCtQEAi
 
 

 

Treafment

3 7:1. Position in container inches above bottom

a a un """""""—‘L------—-—-—-——-—-—-

g E? # 1/8 5/8 1-1/8 2-1/8 3-1/8 4-1/8

311 1.08 1.40 1.25 1.03 .76 .93

317 1.23 1.50 1.33 1.04 .82 .86

g 347 1.18 1.43 1.28 1.03 .84 .68

H 245 1.37 1.59 1.44 1.16 .87 .77

5 251 1.33 1.45 1.33 1.07 .87 .77

o 256 1.29 1.51 1.33 1.09 .85 .68

315 1.23 1.21 1.13 1.01 .86 .63

H 323 1.07 1.18 1.07 1.03 .82 .63

o 309 1.22 1.28 1.18 1.00 .81 .58

g 243 1.31 1.26 1.16 1.01 .83 --

3 o 249 1.27 1.24 1.17 1.04 .91 -—

m 257 1.33 1.35 1.15 .97 .85 --

H

8 307 1 01 1.15 1.08 .88 76 .46

2 313 1.08 1.23 1.27 1.07 .80 .30

319 1.22 1.33 1.30 1 03 .78 .58

241 1.17 1 30 1.30 1 12 76 .58

247 1.36 1.32 1.18 1.05 .83 .50

.253 1.39 1.34 1.22 1.08 .87 .67

416 .98 1.51 1.39 1.11 .82 .94

o 418 1.18 ’1.56 1.44 1.08 .84 .86

m 428 1.09 1.49 1.31 1.03 .81 .76

1 385 1.17 1.46 1.31 1.10 .90 .73

o 387 1.21 1.40 1.33 1.15 .75 .67

6 ° 397 1.26 1.41 1.31 1.17 .98 .68

II)

3 422 1.32 1.28 1.21 1.06 .84 .52

g 426 1.30 1.33 1.22 1.08 1.02 .48

W 429 1.13 1.23 1.13 .93 .71 .56

.2 383 1.46 1.33 1.20 .90 .77 .50

8 c, 391 1.41 1.42 1.27 1.08 .93 .40

3 398 1.26 1.45 1.30 1:21 1.15 .42

I

8 420 1.27 1.33 1.10 .81 .54 .67

a 412 1.27 1.15 1.11 .83 .67 .67

424 1.39 1.33 1.16 .72 .61 .76

381 1.47 1.33 1.28 .96 .67 .52

389 1.38 1.41 1.29 .99 .67 .54

393 1.35 1.31 1.14 .93 .56 .55   
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Table A.8 (continued)

Part 11. Values of log_factor j‘

Treatment

43.5 [:2 Position in container, inches above bottom

w'l-fl I Run

W ° # 1/8 5/8 1-143 2-118 3-l/8 44./8

34 1.06 1.24 1.14 .99 .75 .75

343 1.01 1.25 1.16 .99 .77 .72

345 1.08 1.24 1.17 1.02 .75 .68

no 349 . 1.11 1.26 .1.16 1.03 .81 1.03

.5 361 1.05 1.34 1.20 1.00 .76 .76

,5 363 1.09 1.26 1.21 1.04 .75 .72

;z 365 1.05 1.29 1.20 1.03 .76 .76

o 53 369 1.04 1.23 1.13 .98 .73 .67

H H

:3 6 351 1.06 1.29 1.17 1.00 .82 .82

0 353 1.05 1.22 1.14 .98 .78 .93

P 371 1.05 1.24 1.15 1.00 .80 .76

1 373 1.02 1.25 1.15 1.02 .73 .76

1 .,-....- .... .. . ..._.

325 1.13 1.19 1.08 1.00 .75 .68

327 1.08 1.25 1.14 .94 .71 .67

331 .84 1.13 1.08 .90 .71 .67

333 .94 1.08 .95 .94 .70 .67

259 1.32 1.16 1.19 .94 .77 .67

261 1.23 1.25 1.10 .92 .75 .67

265 1.24 1.18 1.13 .91 .81 .64

267 1.25 1.24 1.11 .90 .81 .59

no 335 1.02 1.17 1.05 .92 .76 .68

.5 337 .99 1.18 .95 .85 .71 .55

,5 o 339 .94 1.15 1.04 .88 .67 .55

2 so 329 1.16 1.12 1.07 1.02 .80 .69.

u '1 357 1.34 1.17 1.08 .96 :81 .59

3 g 359 1.35 1.23 1.18 1.00 .74 .64

a 376 1.41 1.31 1.28 1.02 .84 .69

3 378 1.38 1.21 1.17 1.03 .84 .67

405 1.43 1.41 1.23 1.01 .70 .67

407 1.35 1.42 1.19 1.01 .81 .52

409 1.07 1.36 1.11 1.07 .81 .44

374 1.38 1.27 1.25 1.02 .82 .59
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Table A.9 . Heat penetration parameters f (in minutes)

. and at several axial positions in No. 2-1/2

vegetable jars

Part 1. Values of f
  

 

  

@fegfiment

-g a R Position in container inches above bottom

'4 0 un "

u. B 1/8 5/8 1-1/8 2-1/8 3-1/8 f1 f2

135 14.7 14.7 14.8 13.7 12.8 6.6 10.5

o 142 14.4 14.7 14.8 14.1 12.6 5.7 9.1

m 148 14.7 14.7 14.7 14.0 12.8 5.6 11.1

1' 78 14.5 14.9 15.0 14.0 12.5 5.3 10.2

g 79 14.5 18.6 14.7 14.5 13.3 7.6 11.2

85 14.0 14.2 14.5 13.7 12.5 7.1 10.2

140 14.6 14.2 14.3 13.9 12.2 5.6 9.3

o 146 14.3 14.1 14.3 13.6 12.2 5.8 10.7

33 152 14.7 14.8 15.0 14.0 12.7 7.1 11.0

:4 . 77 14 7 15.0 15.1 13.8 13.1 7.3 12.4

:13 83 14.4 14.7 15.0 13.8 12.2 7.7 11.5

ga 89 14.4 14.0 14.9 13.8 12.8 8.3 11.5

138 14.4 14.6 14.4 13.9 11.8 6.1 11.8

o 144 14.2 14.2, 14.2 13.6 12.5 5.7 11.0

so 150 14.5 14.1 13.9 13.4 12.3 6.1 10.5

1 75 13.9 14.0 13.9 13.6 12.8 6.8 10.7

o 81 13.8 14.0 14.2 13.3 12.4 7.4 10.3

0 87 14.1 14.1 14.3 13.8 12.9 7.2 9.9

155 16.5 17.5 17.5 15.3 13.5 5.5 13.3

5?, 161 16.8 17.6 17.2 15.7 14.2 5.1 14.1

1 271 16.8 17.9 17.0 16.6 14.5 4.9 15.1

o 165 17.2 17.4 17.6 16.3 14.5 5.8 15.0

‘9 177 16.7 17.2 17.9 16.4 14.3 5.3 13.1

-- -- a "tipped" jar -- -- ---

o 159 17.3 17.5 17.6 17.0 14.7 9.3 16.4

00 269 17.8 18.0 18.4 17.0 16.0 4.9 14.7

m 7 275 18.4 18.3 18.9 17.2 15.4 6.4 16.1

8 8 169 17.3 17.7 17.0 17.7 16.1 7.1 13.8

H .4 175 16.7 17.1 17.5 17.9 15.5 6.6 12.2

E; 181 17.4 17.8 17.9 17.3 15.3 5.9 16.7

13° 163 16.6 16.6 16.6 16.2 14.4 3.8 14.9

n 273 16.6 16.4 16.7 16.1 16.0 3.5 14.0

g 157 15.7 15.9 15.7 14.7 13.9 3.6 14.1

.4 167 16.0 16.3 16.9 17.0 16.0 6.1 15.6

5 173 15.3 15.8 16.6 16.1 14.9 4.9 13.7

o 179 16.1 16.6 17.4 16.4 16.2 4.5 14.7   
1Data are from lines fitted visually to data over the

U = 0.5 to U = 0.084 range.

*J l
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Table A.°

 

 

 

 

(continued)

Part 11. Values of log_factorfij;fi

eafment

« 54 Position in container, inches above bottom

5: 881m 7
u.s~ # 1/8 5/8 l-l/S 2-1/8 3-1/8 4-1/8

135 1.18 1.31 1.21 1.11 .91 .84 .57

(<3 142 1.21 1.34 1.26 1.10 .92 .88 .61

.1 148 1.19 1.37 1.29 1.10 .93 .85 .48

‘5 68 1.18 1.30 1.24 1.12 .95 .80 .52

‘6 79 1.16 1.37 1.15 1.09 .93 .83 ~ .56

85 1.24 1.37 1.30 1.17 .95 .85 .59

140 1.18 12.7 1.18 1.03 .94 .91 .56

g 146 1.14 1.23 1.16 1.04 .91 .89 .47

3 .7 152 1.15 1.22 1.10 1.02 .90 .82 .53

.1 o 77 1.16 1.18 1.16 1.09 .93 .90 .51

g :3 83 1.18 1.21 1.13 1.02 .94 .87 .54

89 1.17 1.30 1.18 1.08 .95 .84 .59

138 1.22 1.25 1.19 1.06 .84 .83 .45

144 1.23 1.28 1.20 1.08 .93 .80 .44

g 150 1.13 1.29 1.23 1.09 .94 .85 .44

v7 75 1.23 1.31 1.26 1.07 .91 .82 .41

<5 81 1.23 1.30 1.23 1.11 .96 .83 .60

‘° 87 1.22 1.30 1.18 1.07 .91 .89 .64

<3 155 1.27 1.41 1.31 1.17 .91 .86 .45

$3 161 1.22 1.40 1.34 1.13 ‘.88 .86 .43

n 271 1.23 1.40 1.38 1.09 .90 .95 .43

$3 165 1.23 1.42 1.39 1.13 .88 .93 .38

177 1.21 1.43 1.38 1.15 .91 .91 .47

-- -- a "tipped" jar -- -- --

<3 159 1.22 1.24 1.15 1.05 .92 .97 .53

:n 269 1.19 1.27 1.17 1.02 .80 .93 .38

w '7 275 1.13 1.23 1.12 1.00 .83 .77 .40

w <> 169 1.22 1.31 1.17 1.09 .90 .88 .42

8 $3 175 1.13 1.35 1.27 1.02 .85 .85 .48

g 181 1.22 1.29 1.22 1.00 .93 .91 .38

U)

52 163 1.26 1.30 1.26 1.01 .81 1.01 .35

{,2 o 273 1.26 1.34 1.11 1.00 .69 1.00 .31

=9 157 1.36 1.42 1.32 1.15 .86 1.03 .34

'7 167 1.41 1.41 1.30 1.10 .81 .93 .50

g 173 “1.44 1.46 1.32 1.27 .93 .93 .47

179 1.36 1.37 1.20 1.04 .76 .87 .33   
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Table A.11 . Summary of f and j data from study of

horizontal temperature profilesoin water in 16

oz. vegetable jars with To = 60° ,T1 = 180°P.

Part 1. Profiles near top of container

Run T *2 T 4 5'"—

# f i f j f i f 1' f 4’

A. TOp row (1/8 below free fluid surface)

position in container

 

 

 

 

 

 

447 7.2 .59 7.1 .61 7.1 .59 7.0 .61 7.2 .59

449 6.8 .60 6.9 .57 6.6 .63 6.8 .60 6.8 .64

451 7.1 .64 7.3 .60 7.4 .60 7.4 .60 7.3 .62

453 7.0 .62 7.4 .56 7.3 .57 7.4 .57 7.2 .59

455 7.1 .60 7.2 .55 7.2 .55 7.3 .55 7.4 .55

457 7.0 .61 7.0 .55 6.9 .59 6.9 .60 7.2 .58

459 7.2 .57 7.3 .53 7.3 .56 7 3.54 7.3.53

Mean 7.0 .60 7.2 .57 7.1 .58 7.1.58 7.2 .58

B. Bottom row (3 /8 in. below fluid surface)

nosition_in1cnntainer

6 7 8 9 10

f j f j; f j f j f <J_

447 7.4 .77 7.5.76 7.2 .76 7.1 .76 7.2 .74'

449 7.2 .82 7.0.85 7.3 .81 7.3 .81 7.4.79

451 7.9 .81 7.8 .79 7.7 .81 7.5 .84 7.7.81

453 7.7 .76 7.5 .78 7.5 .76 7.4 .79 7.6 .78

457 7.8 .70 7.8 .71 7.9.71 7.9 .72 8.1 .69

459 7.5 .79 7.5.77 7.4.69 7.8.73 7.7 .75

Mean 7.6 .77 7.6.77 7.5.75 7.5.77 7.7 .75

9Q“

/_ __ / '/1l

/: { 4 4 5 7'

//, //r //V

9 7 e 9 f
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Table A.11 . (continued)

Part 11. Profiles near bottom of container
 

 

 

 

Run 1 Z 3 T‘—

# f j f 4' f j j -j

A. T0p row (5/8 inch above bottom)

435 9.6 1.32 9.6 1.27 9.8 1.29 9.7 1.26 9.5 1.33

437 9.4 1.33 9.6 1.33 9.6 1.35 9.6 1.33 9.7 1.28

439 9.4 1.35 9.4 1.35 9.5 1.36 9.4 1.35 9.4 1.35

441 9.5 * 1.36 9.6 1.35 9.5 1.36 9.4 1.35 9.5 1.35

443 9.5 1.33 9.4 t 1.35 9.5 1.32 9.4 1.34 9.5 1.35

445 9.5 1.34 9.4 1.34 9.6 1.35 9.5 1.34 9 5 1.35

Mean 9.5 1.34 9.5 1.33 9.6 1.34 9.5 1.33 9 5 1.34

__Bl__Bottnm_znu_Lllfl_innh_abnxe_bnttnm)

6 7 8

f .L f .L f J i f i

435 10.0 1.35 9.7 1.34 9.6 1.34 9 9 1.26 9.7 1.34

437 9.7 1.37 9.7 1.33 9.6 1.39 9.5 1.39 9.6 1.38

439 9.5 1.43 9.7 1.36 9.6 1.36 9.7 1.38 9.7 1.40

441 9.7 1.42 9.6 1.36 9.6 1.36 9.6 1.37 9.7 1.40

443 9.6 1.37 9.6 1.36 9.6_ 1.37 9.6 1.39 9.7 1.37

445 9.7 1.40 9.7 1.34 9.7 1.36 9.7 1.35 9.7 1.39

Mean 9.7 1.39 9.6 1.35 9.6 1.36 9 7 1.36 9.6 1.38
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