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ABSTRACT

HEAT TRANSFER THROUGH AN AIR CURTAIN

by Gad Hets roni

The air curtain studied here consists of a stream of air discharged

downwards from nozzles above a doorway towards a return grille in the

floor. The curtain of air insulates the interior from outside temperature,

dust, fumes, insects, etc. It also provides an unrestricted and attractive

doorway.

The fundamental heat transfer and flow characteristics of the air

curtain were studied as dependent on the outlet air velocity and on the

geometry of the curtain. A theoretical analysis was made, assuming

that the air curtain is a two-dimensional jet. Semi-theoretical expressions

for shear stress, stream function and eddy diffusivity were derived and

plotted, based on an exponential type velocity profile, as suggested by

Reichardt. A form of an error function was used for the temperature

distribution in a two-dimensional jet.

A mechanism of heat transfer through the air curtain was suggested,

based on the process of the air entrained and spilled by the jet. Based

on this mechanism a functional relation was derived describing the heat

transfer through an air curtain.

A two-dimensional air curtain was installed between two well-

insulated chambers. The height of the curtain was varied from 5 to 7 ft. ,

the outlet velocity from 9 to 35 ft. per sec. and the thickness from 0. 115

to 0. 340 ft. Velocity, temperature and turbulence distributions were

measured, together with the quantities of heat transferred through the

air curtain.
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The exponential function for the velocity profile was confirmed

experimentally. However, the coefficient in the exponent varied from

the theoretical value for small aspect ratios and small outlet Reynolds

numbers. The temperature profile based on the error function repre-

sented the data reasonably well. The coefficient in the error function

was determined experimentally.

Hot wire anemometer studies revealed that the distribution of

turbulence is asymmetrical around the centerline when a temperature

gradient exists across the jet. The turbulence on the warm side of the

jet was much higher than the turbulence on the cold side. The higher

turbulence on the warm side caused a shift of the jet towards the cold

side.

The semi-theoretical correlation for heat transfer through the

air curtain is given by

b

St = 0.0 0 Ao 8 8 H

where H is the height of the Opening, Zbo is the thickness of the air

curtain at the outlet and Sto is the Stanton number at the outlet nozzle.

The above correlation was found to redict the heat transfer within :1: 20

’J H

. b
percent for the curtain parameter ’—-9— between the values 0.090 to

0.170.
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NOMENCLATURE

width in the jet defined by equation (2. 6. 3), ft.

a/JTCI'n H'

half the thickness of the air curtain, ft.

coefficient in the velocity distribution

velocity spreading coefficient defined by equation (2. 1. 33)

specific heat, Btu per 1b, 0F

temperature spreading coefficient defined in equation (2. 5. 5)

manometer head, in. manometer fluid

acceleration of free fall, ft per 36;. sec.

coefficient of overall heat transfer, Btu per hr, oF sq. ft.

height of the door opening, ft.

spill height, ft.

thermal conductivity, Btu per hr, 0F, ft.

numerical coefficient in equation (2.6. 17)

momentum flux, lb per ft, sq. sec.

sensible heat, Btu per hr.

mass rate of flow, lb per sec.

temperature, oF

t-tc, Tmth-tC

velocity parallel to x- axis (longitudinal direction of the jet), ft. per sec.

velocity parallel to y - direction (transverse direction of the jet)

ft. per sec.

x, y, z rectangular coordinates

O.

B

7m

thermal diffusivity, sq. ft. per hr

dimensionless coefficient defined by equation (2. 5. 5)

density of manometer fluid, 1bm per cu. ft.

vii
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apparent viscosity, sq. ft. per sec.

dimensionless coefficient defined by equation (2. 2. 2)

time, hr

proportionality function defined by equation (2. 1. 31)

dynamic viscosity, 1bm per ft. sec.

kinematic viscosity, sq. ft. per sec.

density of air, 1bm per cu. ft.

shear stress, 1bm per ft. sq. sec.

functional relationship defined by equation (4. 4.8)

stream function

h/ 1.1.0 Cpp, Stanton number

Bar above symbol indicates temporal mean

Primed symbol denotes a fluctuating component

The following subscript notation is also used

c cold side of the air curtain

m momentum

0 conditions at the outlet nozzle

T temperature

warm side of the air curtain

viii



1. INTRODUCTION

Cold storage areas should be as accessible as possible to workers.

Air conditioned areas often have to be accessible to customers and the

entrances should be as attractive as possible. Frequent opening of

conventional doors causes air exchange inside the cooled (or heated)

area. Where heavy traffic is encountered through such entrances, the

air exchanges cause costly refrigeration losses. Large losses may pre-

vent the refrigeration unit from maintaining a uniform and constant

temperature.

Williams (1958) studied refrigeration losses through the door open-

ing into cold rooms in a dairy plant. Under normal operating conditions

for a 389F room, losses through a 42 in. x 78 in. door ranged from

43, 320 to 57, 060 Btu per hr. Hukill (1946) estimated the losses through

a 48 in. x 84 in. doorway into a 35°F room as 100, 000 Btu per hr, plus

the losses due to movement of water vapor into the cold storage.

. An air curtain consists of a stream of air discharged from a series

of nozzles above the entrance. The air is discharged downwards to a

return grille in the floor. The air is then returned to the top nozzles

through ductwork which contains filters, heating or cooling elements and

fans.

(Air curtains have gained popularity in department stores, banks,

cold storages and other commercial buildings. A curtain of air insulates

the doorway and eliminates many of the hazards and drawbacks of con-

ventional doors by providing an attractive unrestricted opening. A curtain

of air keeps air exchange to a minimum.

Additional advantages of open entrances sealed by an air curtain

include: saving valuable floor space near entrance, eliminating door

maintenance and repairs, and doorway accidents.



The concept of an air curtain is not new. A patent for a device to

seal an entrance from outside weather by means of air flow was issued

to T. Van Kennel in 1904 (U. 5. Patent No. 774, 730, Nov. 8, 1904).

The Van Kennel curtain consisted of air streams introduced from both

sides of an entrance. The air streams counteracted the wind forces

blowing through the entrance. The idea had been successfully used in

Switzerland and England prior to 1952. Since 1952 air curtains have also

been used in this country. The largest known air curtain, 89 ft. wide,

is at the entrance of Pan American's air terminal at Idlewild Airport,

New York, and is described by Norton (1959).

There is little technical data presented in the literature concerning

the relationships of air velocity, thickness of the curtain, temperature of

air and rate of heat transfer. There is no reported information on the

effect of turbulence on the heat transfer properties of an air curtain.

Cadiergues (1957) suggested a velocity limit of 33 ft. per sec. at

head level for an air curtain. Air temperature at this level should be

approximately 88°F. A discharge opening with a long slot is preferred.

He recommended that the discharge air volume may vary from 1, 500 to

15, 000 cfm per linear foot of opening (he did not specify width of outlet).

Bjorkrnan (1961) recommends an outlet air velocity of 60 to 65 ft.

per sec. for a curtain 18 ft. high. He also reports that air is spilled

from the curtain starting at about 18 in. from the floor.

Michael (1960) recommends an air velocity less than 60 ft. per

sec. at the outlet nozzle and about 12 ft. per sec. at the return grille.

Hetsroni (1961) found that the overall heat transfer coefficient

through an air curtain varies from 5 to 16 Btu per hr. sq. ft. 01“ for an

air curtain with a thickness of 0. 97 to 1. 81 ft. and for an average outlet

velocity of 3 to 11 ft. per sec.

For an horizontal curtain Patchen (1961) suggests an air velocity

of about 3. 5 ft. per sec. at the outlet nozzle.



The work done to date presents data for some particular instal-

lations, rather than correlate basic relationships between the variables

involved.

Future improvements in design will be based upon a knowledge of

the basic information. Such information was sought in the present

investigation.



2. THEORY

For the theoretical analysis the air curtain is handled as a two-

dimensional jet. A commercial type air curtain is usually three-

dimensional and is too complicated to lend itself to any theoretical calcu-

lation at this time. After the basic heat transfer mechanism through a

two-dimensional curtain is understood it may be extrapolated to three-

dimensional cases.

There are three well defined regions in a two—dimensional jet.

The non-turbulent core is a triangular shaped region that has its base

on the nozzle opening and is about 5 nozzle widths long (x0 = 10 b0).

In this region the intensity of the turbulence is low and the velocity is

substantially uniform and equals the discharge velocity (3.). Surrounding

this core is a transition zone which extends to about 10 nozzle widths

from the nozzle. In the region of flow over a distance of more than 10

nozzle widths from the nozzle the flow is fully developed. The relative

intensity of turbulence is rather high.

Before any further analysis is carried on, a few basic assumptions

have to be stated namely:

a) The pressure is hydrostatically distributed throughout the

flow, i. e. , the pressure gradient in the zone of established

flow is negligible.

b) The diffusion process is dynamically similar under all con-

ditions, i. e. , the velocity ’profiles at various distances along

the jet are affine.

c) The turbulent effect is considerably larger than the molecular

effects.



d) The flow is incompressible and the temperature difference

between the cold and warm sections of the jet is small so that

essentially the density is constant.

The first and second assumptions are well established. Liepmann

(1947), Hinze (1949), Albertson (1950), Alexander (1953), Pai (1954)

and many others have been using these assumptions as a basis for their

analysis and reported them to be satisfactory.

The third assumption is used mainly in computations of turbulence.

Again it is well recognized and accepted for cases like free-turbulent-

shear flow.

The last assumption is an approximation of the case at hand, to

facilitate the mathematical handling. When the temperature gradient

across the jet is about 50°F, the density of the air varies by less than

ten percent. .Usually the temperature gradient is smaller and the approxi-

mation that the density is constant is even better.

2. 1,Basic equations and background.
 

The equation of motion for a two dimensional flow can be written as

bu bu bu_ 9.2 2u 2u
p(66+uF;+V—8';)--bx+ “(3:14'8—33') (2.1.1)

5v 5v 3v 5p 2v 2V
Y+uT+VT =--§—+ 31+"? 201-2

Making estimates of the order of magnitude of the terms it is found

that for a steady state turbulent flow in a boundary layer, Prandtl's

approximations of Reynolds' equation apply, namely

53 —5 5p 5T
pfi-E'I'VY --5';'+-8-; (2.1.3)

11'):

y

and ‘3‘? = 0 (2.1.4)



T: a: -—
where 0'3; - p u'v' (2.1.5)

and where the bars over the symbols indicate temporal mean values.

The equation of energy can be written as

5T ET 231‘ k, 2T 2T)
pCp(-8-6+u-B—;+v-E-; = Edi—W (2.1.6)

which simplifies, with same approximations as before to read as follows:

—2>"f —b"f_ k 32'1“

t1‘37 "Mp—3.37 _ pCp 3)" (LL?)

 

In addition to the equation of motion and the equation of energy,

the equation of continuity must apply:

3_9_(u) + L0") = 0 (2.1.8)
3 x a Y

The boundary conditions for the equation of motion are

at y=0, v=0, T=o (2.1.9a)

at y=00, u=0, T: o (2.1.9b)

Multiplying equation (2. 1. 8) by if and adding to equation (2. 1. 3) results in

ib(pfiz) + Mp???) = "LE 4,..— (2.1.10)

8* by bx by

Integrating equation (2. 1. 10) between two variable limits a(x) and b(x)

one obtains:

b b

IL(_3)d-T- T- uVI-fb—B—Ed (2111)

an'pu y- b a p a aaxy ..

Letting a = 0 and b = (I) and applying the first postulate, namely %}2‘ = 0,,

together with the boundary conditions of equation (2. 1. 9) one gets

00 .

——f pu?‘ dy=0 (2.1.12)

0



where it was assumed that the order of integration and differentiation

is immaterial.

From equation (2. 1. 12) it is evident that:

(n

f pu dy= M= constant (2.1.13)

where M is the momentum flux per unit width of the jet. Equation

(2. l. 13) states the constancy of momentum flux at every cross section

of a two-dimensional jet.

The second postulate states that the velocity profiles in the zone of

established flow are affine. In other words the rate of spread of the

profiles must be linear, progressing away from the outlet nozzle, or

u

— = 2. 1. 1u f (n) ( 4)

where

- i
n—n (x) (2.1.15)

Forming a ratio of momentum flux at some distance x from the

outlet to the momentum flux at the outlet, assuming that the density is

constant, 'and substituting equation (2. l. 14) one gets:

 

(D

.2

fxum fz(r))dn - 2

E =1: 0 _, —_- (Jig—)- in". (2.1.16)
M0 nobo “0 b0

where

(I) 2

Im- J f (man (2.1.17)

The same ratio can be written for the zone of establishment,

assuming that the functional relationship of equation (2.1. 14) holds true

in this region, -

b 2 a) 2
— '- 2

M of uody +b‘[ x u,n f (n) dn x0 .1.

—=1: _ = 2.1.].

Mo 33b. b0 ( 8’

 



From which lm can be determined and substituted back into

equation (2. l. 16) giving:

um = 1‘9— (2.1.19) 

where x0 is the length of the irrotational core. This computation was

suggested by Corrsin (1950) and Albertson (it a;1. (1950). The length of

the irrotational core was also determined experimentally by the same

authors. The length of the irrotational core for a three-dimensional jet

was reported by Corrsin (1950) to be 7d to 8d (where d is the outlet

diameter). Albertson St a_1. (1950) report that for a two-dimensional

jet xo=10,4bo, and x0 = 6. 2d for the three-dimensional case.

Since there exists at the present time no satisfactory theory of

turbulent flow some assumptions pertaining to the nature of the flow have

to be made.

The theories providing for such assumption, are based on either

statistical mechanics or on phenomenological theories, substantiated by

experimentation. ,

The statistical approach was first used by Taylor (1935). Taylor

based his theory on the assumption that the vorticity is conserved.

However, no further progress could be made without introducing further

simplifying assumptions. One such assumption is that the components

of vorticity are transported unchanged by the turbulence. This is a

drastic assumption and is clearly untrue for most cases, as was recog-

nized by Taylor himself. Howarth (1938) carried forward Taylor's

theory by introducing an apparent eddy viscosity, assuming that turbulence

is isotropic and that the momentum is conserved during the mixing

process. Taylor's theory clearly suffers from the necessity to make

quite drastic assumptions, which were not confirmed experimentally.



The limitations of Taylor's theory are pointed out by Liepmann (1947),

Alexander (1953) and others.

The phenomenological theories of turbulent shear flow date back to

Saint-Venant (1843) who introduced the mixing coefficient 6. It was

realized by Saint-Venant that 6 is not a constant throughout the flow and

is dependent on the scale and intensity of turbulent fluctuations.

Boussinesq (1877) suggested the coefficient em for momentum

transfer by turbulence. The equation of motion thus becomes

bu Bu _ B Bu
u—;+v-8';-—b—;(€m-§';) (2.1.20)

For a flow in a pipe 6m was supposed to be a function only of the Reynolds

number, but was also found to be a complicated function of the location.

Hinze (1948) felt that Boussinesq's hypothesis may apply to free jets.

Hinze evaluated the apparent eddy viscosity and found

6m: 0.00196(x+a)um (2.1.21)

where "a" is the distance from the outlet nozzle to an equivalent point

source. Hinze also introduced a coefficient er for apparent concen-

tration and temperature transfer by turbulence, such that the (energy

equation is

BI" 81" B N"
+ = — — 2. 1. 22

u-g-x V‘s— BY (6'. BY ) ( )

The ratio between 6‘, and 6m is inversely proportional to the distance

from the nozzle x. He found this ratio to be a rather complicatedfunction

of location and velocity, with a large number of empirical constants.

The concept of mixing length was introduced by Prandtl (1925)

and his school. Prandtl postulated that as the masses of fluid migrated

laterally they carried with them the momentum concentration of their

point of origin. A typical velocity fluctuation u' due to such migration
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is characterized by

63
u' 0c 2. 1. 23

1 S7 ‘ >

where 1 is the mixing length.

If it is further assumed that

v'ocu' (2.1. 24)

then the shear is given by

63 BE
T=p 2|—--—--—— (2123

1 BY by

If it is now assumed that the mixing length is proportional to the distance

from the outlet

I=qx (212m

then Prandtl's assumption leads to useful results because the stream

. function for the flow can be obtained:

— X.Y-xF(x) (Llifl

The virtual kinematic viscosity (eddy viscosity), as resulting from

Prandtl's hypothesis is

e=Xfib§3 (212$

where X; denotes a dimensionless constant, to be determined experi-

mentally.

Prandtl's theory was extended by Howarth (1938) to include heat and

mass transfer. Howarth suggested that the temperature distribution is

similar to velocity distribution. However, Hinze (1948), Forstall (1950),
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and others measured the temperature and velocity distributions in a

free jet and found that they are not equal. The discrepancy was large

enough to require a new theory.

An empirical approach to the problem of free turbulence was

suggested by Reichardt (1941). Reichardt noticed a similarity between the

turbulent process and molecular phenomena of thermal conduction. Even

though in their details the molecular and molar processes differ, it is

highly probable that with the turbulent processes also, purely statistical

distribution will be obtained. In fact, the measured velocity distribution

in free jets exhibits a strong similarity to the Gauss error curve. The

hypothesis that the distribution of turbulent momentum of the principle

motion is capable of being represented by a partial differential equation

of the type of the equation of thermal conductivity (the location parameter

appearing in place of the time parameter), can be put:

_2 -3

Z .

__9u = 9 ‘1 (2.1.29)
ex 3 y

The solution to equation (2. 1. 29) is

._ C 2

u2= C1+ J exp-( 1) (2.1.30)

b b

if the "transmission quantity” is

b db
A— E a; (Z. 1. 31)

where b=b(x) is a measure for the width of the mixing zone, and C1 and

C7. are constants.

Equation (2. 1.30) may be put in a similar form

_. ._. 2

u= u exp-( -—-Z-—) (2.1.32)

m 50’

where 0’: on)1 x (2.1.33)
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which has been found by Albertson (1950), Reichardt (1951), Alexander

(1953) and others to be in substantial agreement with experimental

observation.

In summarizing, there exists at the present time no satisfactory

theory of turbulent flow. The concept of simple mixing length is not

usable and does not agree with the experiments. The assumption of

constant exchange coefficient by Prandtl and G'drtler does not agree with

measured values, as pointed out by Liepmann (1947). The previous

theories have been successful in predicting mean-velocity distribution

'which agrees well with experiments becauseany reasonable assumption

regarding the dependence of u' on the mean flow parameters, results in

a solution which fits the data reasonably well. This, however, is not at

all a proof that the assumptions of the theory are correct. As Corrsin

(1949) mentioned, it does not seem possible to differentiate among these

theories on the basis of mean flow measurements made with a total-

head-impact-tube.

Since most parts of these studies deal with temporal mean

velocities, the velocity distribution as suggested by Reichardt was

chosen. This distribution involves the fewest objectionable assumptions

and offers the easiest mathematical handling. Several researchers

have used this approach and their results are very satisfactory.

2. 2 Velocity.

Making use of Reichardt's theory the velocity distribution is as

follows:

= exp (- 112) (2.2.1)

E
é
i
-
‘
l
l
t
‘
l
l

where

T! = —L— (2.2.2)

'\1 2 me
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Forming the ratio of momentum flux at any distance x from the

outlet to the momentmn flux at the outlet, using equation (2. 2. 1) one

 
 

gets

(114 0) 2

f u dy --7- f exp (-n)dy

M=1=° =um£ (223)
Mo 65130 1.13130 . .

After performing the integration and simplifying one gets

in
u0

30—... (2.2.4)

x} 1T me

Substitution of equation (2. 2.4) into equation (2. 2. 1) yields

which gives the temporal mean velocity at any point as a function of the

outlet velocity, of the location, of the geometry and of a numerical con-

stant Cm.

The constant Cm was determined by Albertson e_t a_1. (1950) for a two-

dimensional jet issued into an infinite medium. Albertson gives

cm a: 0.109 (2.2.6)

In order to determine the transverse velocity the equation of

continuity will be integrated with respect to y,

Y B—
— u
v=-f —— d (2.2.?)

0 5" y

Differentiation of equation (2. 2. 5) with respect to x and substitution

into equation (2. 2. 7) yields, after a change of variables
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3: chmfi -Z— In[[-exP( nz) - 41) eXP(- nz)]dn

2072' J— 0

where A=J -—2—139——- (2. 2. 8)

01—me

the first part of the integral is recognized as the error function of n,

and the second part can be integrated by parts.

Finally

3 = N]? Cm All, [n exp(-nz) - i2?- erf (77)] (2.2.9)

In addition the stream function can be determined from equation

(2.2.5). The stream function \y is defined by

__e__\i/ MI
"by : v=' 5;; (2.2.10)

Substituting equation (2. 2. 5) into equation (2. 2. 10) and integrating, one

obtains

Y 77_

W: Iudy=~12 mef quexp(-nz)dn

0 0

01'
 

‘15,] flbocmx :0 erf (n) (2.2.11)

which clearly satisfies equations (2. 2. 10).

In Appendix A it is shown that equations (2. 2. l) and (2. 2. 9) together

with expression for the shear T satisfy the equation of motion.

2. 3 Shear Stress.
 

For a two-dimensional turbulent flow, the boundary layer approxi-

mation of the equation of motion can be written as



15

where the bar over the symbols indicates temporal mean and the prime

indicates a deviation from that mean.

The second term on the right hand side is the derivative of the

shear stress T ,

 

1
:

I

T: (1%; -pu'v' (2.3.2)

However, in highly turbulent flow the first term on the right hand

side of equation (2. 3. 2) is usually much smaller than the second term,

and can therefore be neglected, hence

T=-p:'_v-' (2.3.3)

The shear, stress can be determined theoretically from equation

(2. 3. 1) by simple integration with respect to y. <Performing the inte-

gration, keeping in mind the first postulate, i. e. , fi = 0, one obtains:

y_ B: — 8-11
széfhlfifv 'Ty')dy (2.3.4)

Substitution for the velocities and their derivatives from the previous

paragraph gives:

Y _ 1'" _

T: p f { 110 A exp(-nz) $33 exp(-nz)(4nz-1) - Auocmfi [n exp(-nz) -

0

_
2 . 3 .

NJ 2 110A” exp(_n2)} d ( 5)

me y

  

4 erf (n11

changing variables and simplifying:

 

Z
_ 2 n T) I

T: 3221.229; {_ .1. 1 exp(_ znzmwz n) + 2 f n exp(-n’-) 2" erf(n)dn

~/—2— N/ 2 ° °

The first integral is recognized as the error function of n and the second

integral can be integrated by parts:
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r)

of [217 exp(-nz) fr- erf(n)]dr) = -~/—1: exp(-nz) erf(n) +Jg: erf(r)) (2.3.6)

The shear stress is, therefore

-2

T = - pCm‘V‘n’ 110A2

242

6XP (~02) erf(n)
 

or -Z

T = - 3112929- exp (-nz) erf (77) (2-3-7)

2 x

Using Boussinesq's coefficient Em for the momentum transfer by

turbulence, i. e. ,

BE
: 6 29308T “1.57 ( 1

one can determine 5m by combining equation (2. 3. 8) and the derivative

of equation (2. 2. 5), i. e. ,

- 2

T: 611.1% = " 6m ilflyil exP ('77:) (2'3'9)

combining this equation with equation (2. 3. 7) one obtains:

 

= Eebo Cm
6m 217A erf(r)) (2. 3.10)

It should be noticed that both T and 6m are functions of the

location, of the outlet velocity and of the geometry.

In a dimensionless form equation (2. 3. 10) can be written as:

 

 

7'.
fm = Re JCm'x/Tr x erf(n)

2.3.118bo n ( )

and consideration of the order of magnitude of the terms show that for n<103

 em <<1

V

which verifies the assumption previously made.
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In Appendix A it is shown that equation (2. 3. 7), together with

expressions for velocity previously obtained, satisfies the equation of

motion.

2.4 Mass Rate of Flow.

The mass rate of flow through any cross section of a two-dimensional

jet can be obtained by integrating the velocity profile with respect to y.

For a unit width,. one gets: .

Q=2 pEdy (2.4.1)

O
m
e

Forming a ratio of the mass rate of flow at some distance x from the outlet

(Q) to the mass rate of flow at the outlet nozzle (Q0):

 

f0)

0 0 p11 dy
:: E, (2.4. 2)

Q0 Do u0 b0

Using the fourth postulate, i. e. , that the density is essentially

constant, the above equation simplifies to

Q (1 udy

_ : —.-—-—— 2.4.3

Q0 110 b0 ( )

. E
and smce =- = f (17) (2.1.11)

urn

m _

Q {X umf(n)dn

one ets — = ——;————- 2.4.4

g Qo u0 b0 ( )

but " .._. u, (3‘2- (2.1.16)

and since x0 = b—6 (2 1.15)

Im

equation (2.4.4) becomes



 

 

00 110

or

Q x 137‘

_ = — 2.4.5Q0 be 1m ( 1

a)

where Iq = f f (n) (2177 (2.4.6)

0

In order to advance the study beyond a merely functional relation-

ship the velocity profile of equation (2. 2. 5) is substituted in equation

(2.4. 3) to obtain:

 

00.

I no A exp (-nz) dy

3 = 0 ’1': (2.4.7)

00 u0 b0

After change of variables and some simplification the ratio of mass rate

of flow is found:

A‘—

 

_9_= jm (2.4.8)

Q. be

and when equation (2. 2. 6) is substituted for Cm

Q x
-— = 0.438 /—: 2.4.

It should be noted from the aboVe equation that the mass rate of flow is

proportional to the square root of the distance from the outlet nozzle,

i. e. , air is entrained into the jet from the two sides. This fact was

confirmed experimentally by Albertson (1950). For a three-dimensional

coaxial jet similar analysis yields

Q x
--= 0.32 —-- 2.4.10Qo do ( )

for air jet issued into air as medium. This result was also confirmed by

Ricou (1961).
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2. 5 Temperature.
 

The process of turbulent mixing causes the transfer of properties

of fluid in a lateral direction of the stream.

According to Prandtl's mixing length theory the mechanisms of

transfer of momentum and heat in free turbulent flow are identical,

which means that the temperature profile should be identical to the

velocity profile. However, measurements by Reichardt (1942) in a two-

dimensional jet show that temperature profile is wider than velocity

profile. This result has been confirmed by Corrsin (1950), Hinze (1948)

and Forstall (1950), for a three-dimensional jet. These results agree

with Taylor's theory, discussed previously, that turbulent mixing motion

causes an exchange of vorticity rather than momentum.

The question as to why momentum should transfer less rapidly than

temperature, even though in all qualitative aspects there are remarkable

similarities among the turbulent transport of these two properties, has

yet to be answered. The explanation that temperature, being a scalar

quantity, is more readily transported than momentum, a vector, is not

quite satisfactory.

A remarkable relation between the temperature and velocity

distributions was derived by Reichardt (1944), based on theoretical and

empirical argument. Reichardt gives

'1"
fi _ exp(- ZCTX) (2.5.1)

or

f _ u J
”in _ (_) (2.5.2)

h c
were a: a: (2.5...

m

For a two-dimensional jet his results show (3 2 N12 .
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Forstall (1950) suggests that for a three-dimensional coaxial jet

the ratio of momentum transport to temperature transport is a constant

0. 7.

There is no information in the literature concerning temperature

profile in a two-dimensional jet with a temperature gradient across it.

Nevertheless the mechanism of heat transport in a turbulent jet, under

these conditions, should be similar to that of a jet issued into a medium

of different temperature. Therefore, the functional relationship should

hold, even though it might have a different form.

An integral of equation (2. 5. 1) is such a relationship and it is there-

fore suggested, pending experimental confirmation later, that for a two-

dimensional jet with a temperature gradient across it, the temperature

profile has the assumed form

Sim : 32-[14- erf (13)] (2-5-4)

where

(3 = ——Y——— (2.5.5)

\(2 CTx

and $37.}; , Em=?w-?C (2.5.6)

with the boundary conditions

at y = - (I) , T = 0

at y=+m , T=l (2.5.7)

2. 6 Heat Transfer Throigh an Air Curtain.
 

In section 2.4 it was shown that the mass rate of flow in a two-

dimentional jet is increasing proportionally to the square root of the

distance from the outlet nozzle, i. e. ,

l

meT (2.6.1)
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Namely, as the jet is progressing away from the outlet nozzle

air is entrained into it from both sides. When a temperature gradient

is maintained across the jet the temperature of the entrained air from

the cold side is tc and the temperature of the entrained air from the

warm side is tw. Due to the turbulence the heat is transferred from

one side of the jet to the other and a temperature profile is established,

given by equation (2. 5. 4).

At the floor level a mass rate of flow 00 is drawn into the return

grille, corresponding to the mass rate of flow at the outlet nozzle (provid-

ing the ductwork from the return grille to the outlet nozzle is a closed

system). Since the mass rate of flow is increasing as the square root

of the distance from the outlet, and then is decreased near the return

grille, it has to reach a maximum (Qm) at some distance H' from the

outlet nozzle. The mass rate of flow which is entrained into the jet is

spilled out to both the cold and the warm sides of the curtain. The mass

of air spilled into the cold side at the spill height H' is given by

QS = %— (Om - Q.) (2.6.2)

for a symmetrical jet.

At the distance H' from the outlet nozzle there must exist two

points "-a" and "+a” such that

+a

Qo =f pudy at x=H' (2.6.3)

-a

where points "a" are assumed to be symmetrical about the centerline of

the jet.

The quantity of heat (q) which is carried into the cold side with the

spilled air is the major part of the heat transferred through the air curtain.

Therefore it is suggested that the entraimnent- spill mechaniSm is the main

heat transfer mechanism, at a certain velocity range.
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The spill mechanism itself is evidently highly complex and difficult

to analyze. Hence the entrainment - spill model suggested here will be

simplified, as outlined below. This simplification is necessary in order

to get a heat transfer correlation.

The quantity of heat carried with the spilled air into the cold side

can be calculated by multiplying the ordinates in the velocity profile by

the corresponding ordinates in the temperature profile, and integrating

the product from "'a" to infinity, with respect to y,

(D _ _

q=f pC quy (2.6.4)
a P

where q is the quantity of heat, in Btu per hr. per unit width, carried

into the cold side by the spilled air.

In previous sections the expressions for the velocity and the

temperature were obtained:

T=me%-[l+erf([3)] (2.6.5)

and "" — 2

u=u0Aexp(-n) (2.6.6)

Substitution of equations (2.6. 5) and (2.6. 6) into equation (2.6.4)

yields

a)

q = p Cp uo Tm Ai—f exp (-n7‘) [1 + erf (0)] dy (2.6.7)

a

upon changing variables and simplifying one gets

 

_ _ 1 a)

q =p Cp “0 ij9_rn_1'1__bo_ f exp (-n2) [1 + erf (6)]dn (2.6.8)

F a"

a
 where a' = (2.6.9)

«I 2 Cm H'

The overall heat transfer coefficient is defined as

h = —3— (2.6.10)
HT

m
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Combination of equations (2. 6. 8) and (2. 6. 10) results in the expression

(D

f exp (-nz)[1+erf(-anr)] dn (2.6.11) 

 

where (3 = .3.—

wa s sub stituted .

In dimensionless form equation (2. 6. 11) can be written:

  

 

 

Nu H'
= |

o .1Pr f(a ) Re b0 (2 6 2)

. hH
where the Nusselt number is Nu = k (2. 6.13)

the Pl'andtlnumber is Pr = Z (2. 6.14)

. 11, ha
The Reynolds number 13 Re = —;—— (2.6.15)

and the function f(a') is given by

, m .

f(a') = (Cm f exp(-n-’-)[1+ erf (-})] dn (2.6.16)

fw— a‘

In view of the fact that the spill height H' is generally not known, equation

 

(2. 6. 12) will now be changed into the form:

Nu _ ' lH
Pr — K f(a ) Re b0 (2.6.17)

where the overall height H is substituted for the spill height H'. The

 

constant K has to be determined experimentally. The function f(a')

can probably be determined by numerical integration of equation (2. 6. 16).

The case of heat transfer through an opening in a vertical partition

is studied in Appendix A. 2. This case corresponds to an air curtain which

is issued at zero air velocity. The formula obtained in the Appendix is

11.4
= 0.044(Gr)°'59 (2.6.18)

Pr



3. EXPERIMENTAL

3. 1 Experimental Setup.
 

An air curtain was installed between two well-insulated chambers,

kept at constant temperatures.

'The air curtain is shown schematically in Figure 1. It consisted

of: a. outlet nozzle, b. return grille in the floor, c. ductwork,

d. straighteners in the ductwork, and e. fans.

a. The outlet nozzle consisted of two sections, made of carefully

rounded sheet metal on an iron frame. The cross section of each section

was a curve, providing the air with a smooth and straight edged outlet.

The nozzle thus formed was a long and narrow slot. The two sections

could be moved one towards the other, so as to change the width of the

outlet and to provide an air curtain of various thicknesses (2 be). The

width was varied between 0. 115 ft. to 0. 340 ft. Since the length of the

slot was 53*inches, the aspect ratio was never smaller than 12 and the

two-dimensional properties of the air jet were thus preserved.

The nozzle could be moved vertically to vary the height of the air

curtain. The maximum height was 83-;- in. and provisions were made to

reduce the height (H) by ten inches at a time.

b. The return grille in the floor was 53%in. long and 34%- in. wide

(in y-direction). During initial experiments it was found that the jet

of air is inclined towards the warm side by a few degrees. By blocking

eight inches of the return grille, at the cold side, better symmetry was

obtained.

c. The ductwork- connected the return grille to the nozzle. The

rectangular ductwork contained the fans, the straighteners and a

restriction gate in front of the fans. The restriction gate was used to

vary the air velocity at the outlet.

24



Figure 1.

this investigation.
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d. Straighteners were placed in two locations in the ductwork,

above the fans and above the nozzle. The straighteners consisted of

about 16 pieces of sheet metal, rounded to form a quarter of a circle

and held in place by plywood. The shape and location of the straighteners

was varied until the air velocity along the outlet nozzle was uniform

(in the z-direction) within i 4.4% of the value at the center (z = 0).

e. Two fans were placed in parallel in the ductwork to provide the

desired air velocity at the outlet. The fans used were type B No. 1185

by Aerovent, 18 in. in diameter, connected to a i— hp electric motor.

The nominal air discharge from each fan, at pressure of i—in. water

column, was 4,400 cfm.

The two chambers on the two sides of the air curtain were con-

structed of plywood and insulated with 3 in. of Micrdlitte (by Johns-

Manville) insulation material (density %- lb per cu. ft.k = 0. 25 Btu per

hr, CF, in.). The chamber on the left in Figure 1 was kept at high

temperature with four electric heating mats, each providing 850 watts,

connected in series with a thermostat. The chamber is 10 ft. high,

14 ft. long and 8 ft. deep (in the y-direction). The chamber on the right

in Figure 1 was kept at lower and constant temperature by a one hp air-

conditioning unit. This chamber is 10 ft. high; 14 ft.’ long, and 12 ft.

deep (in the y-direction).

3. 2 Instrumentation and Measurements.
 

The instruments used in this study are shown in Figures 2 and 3.

The probes for sensing velocity, turbulence and temperatures were

placed on a traverse mechanism that could be moved vertically (x-direction)

and across the jet (y-direction). The exact location of the probes in the

y-direction was considered important and therefore a point gage was used,

with the point removed and the probes placed on the end of the gage. The

gage used was a Leroy, type A point gage, marked every'0. 001 ft and

accurate to :1: 0. 0001 ft.
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3. 2. a. Velocity.

The velocity was sensed by means of a No. 16 hypodermic needle

as a total-head-impact-tube (on the right in Figure 2). The hypodermic

needle tubing had an outside diameter of 0. 065 in. and an inside diameter

of 0. 050 in. The end of the needle was carefully squared and burrs

removed.

The pressure was sensed with a micro-manometer (”A" in Figure 3).

model MM3 by Flow Corporation, which had butyl alochol as manometer

fluid and nominal accuracy of :t O. 0002 in. of manometer fluid. Since

this manometer had a slow response, only temporal mean values of total

head could be measured.

The readings of the manometer were interpreted according to the

equation _2

11
AP = [Sn £_2__ (3.1.1)

where

Ap=7mgd (3.1.2)

and Km- is a coefficient.

The coefficient Km. may vary somewhat, from unity according to

Research Publications of the ASME (1937), and should be determined

experimentally. However, Goldstein (1938) reports that the value of K.m

at speeds varying from 6 to 20 ft per sec did not differ from unity by

more than :I: 1 percent. Alexander (1953) calibrated a hypodermic needle

of the same size and shape and found that Km varied from 0. 941 to

0. 983, for the same velocity range. He further reports that impact

tubes used in free jets are not subject to significant errors due to fluctu-

ations in the angle of attack, up to an angle of 15 degrees.

In the present study most of the results are reported in the form

of velocity ratios and therefore are not affected by small variations of

the coefficient Km.
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Consequently in accordance with the common practice of other

investigators, the impact measurements were not corrected for the

effect of the angle of attack and the effect of the fluctuating components

of velocity.

3. 2. b. Temperature.
 

The temperature in the air stream was sensed by means of a copper-

constantan (1938 calibration, 24 B815 gage.) thermocouple located on the

traverse mechanism (center in Figure 2). The EMF from the thermo-

couple was measured with a millivolt potentiometer ("G" in Figure 3;

cat.~No. 8686 by Leeds 81 Northrup; Philadelphia, Pa. ). The millivolt

measured were then converted to temperature by means of tables available

with the instrument. The thermocouple was first calibrated with an

accurate mercury in glass thermometer.

There might exist some difference between the temperature recorded

by the thermocouple and the actual temperature of the air. This difference

is due mainly to fluctuation in the air velocity. In addition, phase trans:—

formation, Joule effect and the like may affect the readings. A rough

estimate by Hinze (1947) shows that the mean temperature recorded by

the thermocouple is only a few percent too high at most. Since in this

study the temperature profile was required, rather than sensible heat flux,

the thermocouple and millivolt potentiometer measurements were con-

sidered satisfactory.

In addition the temperatures on the two sides of the-air curtain were

recorded hourly. For this purpose copper-constantan (1938 calibration,

24 B815 gage) thermocouples were placed 4 ft. from the centerline of the

jet in the cold and warm sides at three distances 'x from the outlet nozzle

(1 ft. , 3 ft. and 5 ft. ). The temperatures were recorded with a recording

potentiometer (Brown Electronic Potentiometer, serial No. 712722, range

0

0-150 F) equipped with an electrical clock.
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The recorded temperatures were averaged over a test period and

then the average temperatures at the three levels on each side, were

averaged again to get a figure representing the temperature of the cold

side (tc) and the temperature of the warm side (tw).

In addition, two thermocouples were located outside of the warm

chamber to measure the outside temperature (to). These temperatures

were also recorded hourly.

3. 2. c. Heat.
 

The temperature of the warm side of the air curtain was kept

constant by means of electric heating mats, placed on the floor and on

the walls of the chamber. »The temperature was constant within :1: 2

degrees for any particular test period, but may have varied somewhat

more between the various tests. The quantity of heat required to keep

the warm chamber at constant temperature was measured by means of

a watt-hour meter ("H" in Figure 3), placed in the circuit of the heating

mats.

First the chamber was calibrated and the heat losses through the

walls determined. This was done by blocking the opening with i—in.

plywood and 3 in. insulation material, similar to that of the wall. The

quantity of energy required to keep the warm chamber at constant

temperature under these conditions was recorded for five days. This

quantity of heat was regarded as loss through the walls (qe in Btu per hr.)

and was subtracted from the quantity of heat required to keep the warm

chamber at constant temperature when an air curtain was applied over

the opening.

Radiation heat transfer was neglected due to small temperature

differences across the air curtain.
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3. 2. d. Turbulence.
 

A constant current hot wire anemometer (”E" in Figure 3; Model

HWB ser. No. 216 by Flow Corporation, Arlington, Mass.), was used

in the present investigation to determine the degree of turbulence.

The hot wire probe (on the left hand side in Figure 2), was a standard

10 in. Flow Corporation probe. The filament was tungsten 0. 0625 in.

long and 0. 00035 in. in diameter.

Figure 3 shows the various instruments used in conjunction with

the hot-wire anemometer. The signal from the hot wire anemometer

amplifier ("E"), was fed through a 7 KC low pass filter to a true-root-

mean-square voltmeter ("B"; Model No. 320 by Ballantine Laboratories,

Boonton, N. J.). The readings were very unstable, although the response

time of the r.m. 8. meter was increased to 2. 5 seconds. In order to

obtain an average of turbulence readings over a period of 100 seconds,

the r.‘m. s. voltage was converted into frequency with the assistance of

a voltage to frequency converter ("C"; Model 2210 by Dymec, Palo Alto,

Calif. ). The frequency was counted on an electronic counter ("D":

Model 522B by Hewlett-Packard, Palo Alto, Calif. ), with an open gate

for the desired period.

The converter and counter were first calibrated by applying a

steady voltage to the r.m. s. voltmeter and counting the frequency.

The calibration curves are given in Figure 4.

After the probe had been connected to the hot wire anemometer the

bridge was balanced cold, by using the bridge null variable resistor.

The value of the bridge balance was recorded. Next the current was

turned on and the bridge was balanced hot. The wire current "I" was

measured by means of the galvanometer and the meter balance resistor.

The value of the meter balance was recorded in units of four times the

milliamperes. The square wave was then turned on and the compensation
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Figure 4. Calibration curves for the true root mean square

voltmeter versus frequency count.
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frequency adjusted until the oscilloscope pattern was a perfect square-

wave. The square-wave and wire current were then switched off and

the frequency counted on the electronic counter with an open gate for

100 sec. The r.m. 3. value corresponding to this count was Mn, which

is the noise level. The current was then turned on again and the

frequency counted as before. The r. m. 5. value corresponding to this

count was Mn+V° The square wave was turned on again and the counting

repeated. The r.m. 3. value thus obtained was Mn+v+s- This procedure

was repeated for every location of the hot wire probe. The resistance

ratio was kept constant at 1. 4 during all the tests.

3. 3 Scope of tests and procedure.
 

The independent variables studied in this investigation were:

a. outlet velocity

b. outlet thickness

c. height

The heat transfer through the air curtain was determined for

various values of the above variables.

Scope of tests. A total of 31 tests were run. They can be grouped
 

in -six series:

The first series of tests included the calibration of the warm

chamber.

The second series included Tests 31 through 38. The height of the

air curtain was 83%- in. and the outlet thickness was 0. 115 ft. . In the third

series (Tests 21 through 30) the height was kept constant at 83%- in. but

the outlet thickness was increased to 0. 280 ft. The fourth series of tests

included Tests 41 through 44. The height was 83-3- in. and the outlet

thickness was increased to 0. 340 ft.

Before the fifth series of tests (Tests 52 through 56) was run the

height of the air curtain was changed to 73%- in. This series included
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three tests, for three different outlet velocities. The outlet thickness

was fixed at 0. 280 ft.

In the sixth series of tests the height of the air curtain was reduced

to 63%in. The outlet velocity was varied between one test to another, but

the outlet thickness was kept constant at 0. 280 ft.

All tests with even numbers were conducted while a temperature

gradient existed across the air curtain.

. Procedure. For each test the velocity profiles were determined
 

at the outlet and at three or more distances from the outlet. The velocity

was measured every 0.05 ft. in the transverse (y -) direction, for small

distances x from the outlet (x = 1 ft. and x = 2 ft. ). For larger distances

(x = 3 ft. , 4 ft. and 5 ft. ), the velocity was measured every 0.1 ft.

in the y - direction.

For tests with temperature gradient across the jet the temperature

profile was measured, at the same locations as velocity.

1 Both the velocity and temperature demonstrated large fluctuation

in several locations. Therefore particular care was exercised to obtain

a temporal mean value. In addition measurements were checked and

back measurements taken, to ensure that stable conditions existed. The

zero readings of all instruments were checked often and the instruments

were recalibrated if necessary.

For one series of tests (Tests 42 through 46), the turbulence level

was measured at the same locations as velocity.

After these measurements were completed the heat transferred

through the air curtain was measured for the conditions of that particular

test, for even number tests only. The quantity of heat required to keep

the warm chamber at constant high temperature was measured for a

period of about 12 hr. During this period the temperatures at the warm

and cold chambers, and the outside temperature, were recorded hourly.
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Five replica or more were made for each test and an average overall

heat transfer coefficient was calculated.

For the last two series (Tests 50 through 66) only the outlet velocity

and quantity of heat, together with the corresponding temperatures were

measured. - Neither temperature profiles nor velocity profiles in the air

curtain were established for these tests.
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4. RESULTS AND DISCUSSION

The results of the tests are presented in Table 1 and in Appendix

A. 2.

4. 1 Velocity.

The readings of the manometer which was connected to the total-

head impact tube were interpreted according to the equation

 

11: f2 Tm-g— d

H: 2.315 )_Z;n_ d-do (4.1.1)

where d is the manometer reading, in inches of manometer fluid,

01'

(n - Butyl Alcohol, F. W. 74. 12), and do is the manometer reading at

zero velocity. The density of air and the density of the manometer fluid,

at the proper temperatures, were taken from the International Critical

Tables.

Most of the data are presented in a form of a ratio of the local

velocity to the velocity at the outlet nozzle. This ratio is obtained from

the formula

 

(4.1.2)

where no attempt is made to correct for temperature effect, because of

small temperature differences.

In Figure 5 the data from the velocity measurements are compared

with the probability distribution of momentum flux used to arrive at

Reichardt's theory. For this comparison equation (2. 2. 1) was modified

38
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as follows. By defining b1 as the distance y at which the velocity is

1'

one half the value of the centerline, am, it follows that

 

61’-

exp (- zcirxz )=i' (4.1.3)

biz

from which 2 cm2 x2 = _Tr11-_2— (4.1.4)

substitution of this expression in equation (2. 2. 1) yields

- 2

:2— = exp (-—Xz— 1n 2) (4.1.5)

This function does not contain any arbitrary constants. Velocity

from four'tests, each at three distances from the outlet nozzle (x = 2 ft. ,

3 ft. and 5 ft. ), for outlet width b0 = 0.140 ft. and height H = 831%in. ,

are presented as data points in Figure 5. The solid line represents

equation (4. 1. 5). This line is seen to correlate the data reasonably well.

The standard deviation of the points was computed and found to be 0. 0545

and the coefficient of variation was 0. 133.

The velocity profiles as obtained from the tests are shown in

Figures 5 through 10.

~ In Figure 6 the velocity profiles are shown for tests conducted with

an aircurtain having an outlet thickness of 2bo = 0. 115 ft. Theaspect

ratio for this series of tests was 38.4. The figure presents eight tests,

with four different velocities. For each velocity there were two tests

run, one test with temperature gradient across the jet (dotted line) and one

test with no such temperature gradient (solid line).

-The points given in the figure are data points obtained from measure-

ments. The curves represent equation (2. 2. 5), with the constant Cm =

0. 109. The correlation is seen to be quite satisfactory.
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It should be noted that when no temperature gradient existed across

the air curtain the jet was inclined a few degrees towards the left side

(the warm side). When a temperature gradient did exist across the air

curtain the jet was shifted towards the right side (cold side) and was

inclined a few degrees to the right. The amount of shift from the original

inclination to the left, depends mainly on the air velocity. The higher the

velocity the less the jet is susceptible to shifting. The reason for such

a shift was not well understood. At first it was believed that the air in

the warm chamber expanded due to the heating and the larger pressure in

the warm chamber caused the shift of the air curtain. However, in

measurements made no static pressure difference could be detected across

the jet. - It was then thought that at higher temperature the constant Cm

varies, causing an asymmetry in the velocity profile, resulting in deflection

of the jet from its original location. However there was no indication in

the literature to substantiate this explanation and it was abandoned.

. Turbulence measurements yielded some information that may be a clue

to the explanation of the shift phenomena. < This will be further discussed

in section 4. 2.

In Figure 7 the data from the next series of tests are presented.

The outlet thickness of the jet was 2bo = 0. 280 ft. , which gives an aspect

ratio of 15.8.

The points given in the figure are data points and the curves repre-

sent equation (2. 2. 5), where the constant Crn was determined for each

test separately. For high outlet velocity (Tl-o = 21. 76 ft. /sec.) the constant

was Crn = 0.109. For the lowest velocity tested (do = 9.68 ft./sec.) the

data was correlated well by equation (2. 2. 5) with Cm = 0. 220.

The air curtain at 5 ft. from the outlet nozzle, in test 30 (do = 9. 68

ft./sec.) when temperature gradient existed ‘across it, is in a zone of

transition. The effect of transverse pressure and buoyancy force is

almost large enough to cause the curtain to break. It may be safely
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predicted that if the momentum of the air curtain at the outlet would be

further reduced, the transverse forces will cause a transverse flow of

air through the air curtain. In this case the air curtain actually ceases

to exist and loses its effectiveness.

The phenomena of the shift of the air curtain from its original

position, can be noticed in this series of tests also. Again the amount

of shift depends on the outlet velocity and probably on the temperature

difference across the air curtain. The higher the outlet velocity, the

less the jet is shifted toward the cold side. The higher the temperature

difference, the more the jet is shifted.

‘ In Figures 8 through 10 velocity profiles are presented for an air

curtain issuedat a thickness of Zbo = 0. 340 ft. The aspect ratio in this

case was 13.4. The points in the figures present data obtained from

velocity measurement. The solid line represents equation (2. 2. 5).

Again the constant» Cm was found to vary from the theoretical value of

0.109, and was determined for each test separately. The tendency

observed previously appears here too, namely, the lower the outlet

velocity the larger the discrepancy between the theoretical Cm(= . 109)

and the observed Cm.

In addition, to correlate the data from this series of tests by

equation (2. 2. 5), it was necessary to divide the equation by the constant

C2. This constant varied with the outlet velocity. Thus theair curtain

cannot be considered a truly two dimentional jet. The coefficient C2

increased proportionally to the distance x from the outlet. Two feet

from the outlet the coefficient was usually close to unity. At three feet it

increased to 1.15, then to 1.19 at four feet and l. 21 at five feet from

the outlet nozzle.

The shift of the jet due to the temperature difference is noticed in

this set of experiments also. The amount of shift is found to be inversely

proportional to the temperature difference across the air curtain.
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In summation it may be said that equation (2. 2. 5) does correlate

the data well and represents the velocity distribution in a two-dimensional

air curtain. The constant Cm, as found in the literature (for a two-

dimensional jet issued into an infinite medium), applies here only for high

- velocity and for high aspect ratios (Tests 31 through 38). For smaller

aspect ratio and lower velocity the value of Cm does vary from 0. 109.

There were not enough data taken to determine the exact dependence of

Cm and C2 on either the aspect ratio or the outlet velocity. These two

coefficients are probably temperature dependent. There is a considerable

difference in velocity distribution of isothermal and heated jets both in

the axial and transverse directions. This was pointed out by Cleeves

(1947) and is substantiated here.

Some idea of the change of the coefficient Cm with the aspect ratio

and outlet Reynolds number can be gained from the following Table and

from Figure 11.

Table 2. The coefficient CIn for the various tests.

 

 

 

M L j...

Test No. Aspect ratio (AR) uo(ft/sec) Reo Re0x(AR)x10-3 Cm

35-36 38.4 32.10 11,006 425 .109

33-34 38.4 30.22 10, 380 398 .109

37-38 38.4 25.65 8,800 338 .109

31-32 38.4 19.05 6,659 256 .109

27-28 15.8 21.76 17,869 2.82 . 109

23-24 15.8 15.52 12,596 199 . 155

25-26 15.8 12.40 10,426 165 .170

29-30 15.8 9.68 8,067 128 .220

43-44 13.4 21.35 22,000 295 . 121

45-46 13.4 16.56 16, 600 222 . 131

41-42 13.4 13.57 13,488 181 .135
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5001- I -o- 2b., = 0.115 ft.

1. A . —o— 2b0 = 0.280 11.

400.. a -A— .21.0 = 0.340 11.

I

o

I I I I

.20 .22 '5'
m

Figure 11. The coefficient Cm versus the product of the aspect ratio (AR)

by the outlet Reynolds number (Re), on a semi-logarithmic

paper. '

It is quite obvious that Cm is inversely proportional to both the

outlet Reynolds number and the aspect ratio. It is inversely proportional

to the product of the Reynolds. number by‘the aspect ratio.

From the data it appears that when this product is higher than 300,000,

the jet can be considered as truly two-dimensional. ~When this product

decreases, the discrepancy between the air curtain and a true two-

dimensional jet increases.

, In Figure 12 the theoretical stream function was plotted._ For this

purpose equation (2. 2. 11) was made dimensionless as follows:
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‘11 _ f‘x—
Hobo _ «In—Cm 70—0- erf(n) (4.1.6)

A theoretical value for the coefficient was used in the plot, namely,

cm = 0.109.

 

The lines in Figure 12 represent the stream function at equally

spaced values. The figure is given only up to a distance x = 5 ft. from

the outlet nozzle. The function was not extended to the zone where the

spill occurs since the spill mechanism is not well understood and the

stream function from the previous equation most certainly does not apply

to this region. However the figure demonstrates the entrainment and

_ -1 1

it is quite obvious that umoc x2- and Q (X1 x+2-.

4. 2 Turbulence.
 

The theoretical shear stress is plotted in Figure 13 in a dimension-

less form, using equation (2. 3. 7), namely

1

 

l T

‘2 = [\lz— x/bo ”PM?" erflnn (4.2.1)
10 no

where T) : __y__ y/bo (4.2.2)
 

\( 2 me ~12 Cm x/bo

From the figure it is quite apparent that the shear stress has two

maxima, and is symmetrical around the centerline. This plot represents

a semi-theoretical distribution, since it is based on Reichardt's theory,

which correlates experimental data adequately. The plot is theoretical

in that it is based on calculated values rather than experimental

measurements.

In Figure 14 the coefficient of apparent viscosity em is plotted in

a dimensionless form, according to equation (2. 3. 11),



 

  

 

 

 l5‘ —\ 1

20‘- -r

 
25~ )

1 , 1. 1

Figure 12. Semi-theoretical stream function in a dimensionless

form (C1.n = 0.109).
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Figure 13.

LA.

Semi-theoretical shear distribution, related to the outlet

velocity, at various locations in the flow (Cm = 0. 109;

b0 3 0.170 ft.)-
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A..—

Em ' ij3 Fx erf(n)

= R

8° 8b. n

 

(4. 2. 3)

where n = ——Y—-—— (4.2.4)

~12 me

The plot was made for four distances x/bo with Cm = . 109 and

for aReynolds number at the outlet corresponding to that of Test 44,

namely

Reo = 22, 000

Figure 14 can be considered as a semi-theoretical plot, based on

the exponential velocity profile. This figure may be used for determining

the heat transfer coefficient, if Reynolds' analogy or some other relation-

ships are assumed. It should .be noted that the ratio em/v reaches a

maximum value at the centerline of the jet and has a general shape similar

to that of the velocity distribution. The assumption that 6m >> v is

further confirmed for the particular values chosen here.

Another form of the shear stress distribution is shown in Figure 15.

The shear stress T is now related to the local velocity ii, rather than

to the outlet velocityuo that was used in Figure 13. . For this purpose

equation (2. 3. 7) was modified as follows

i — 1’ Em 7- i‘
_z - [ 7' 2 WW?) erf(n)] (4.2.5)

p 11

cm = 0.109 (4.2.6)

 

where

It should be noted that curves obtained have quite a different shape

than those in-Figure 13. The curves have one minimum at the centerline

of the jet and increase without bound toward the two edges.

Since the shear stress is given by

= -p u'v' (4.2.7)
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Figure 15. .Semi-theoretical shear sdistribution, related to the local velocity

(dotted line) and the velocityldistribution (solid line), (Cm = O. 109,

b0 = 0.170 ft.).
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and since it was assumed that u' is proportional to v', it may be concluded

that Figure 15 represents the turbulence, when a different scale is used

in the ordinate. The assumption that v' is proportional to u' and that'iiTv-I

is proportional to u' is quite a drastic one, and was neither investigated

nor confirmed in this investigation. . However, as pointed out in section

2. 3, it is frequently used and it gives some insight into the turbulence

process, (even though it may not be quantitatively exact. With this in mind

-Figure 15 may be compared with Figures 8 through 10. ~ In these figures

the results from turbulence measurements are plotted in a dimensionless

form, together with velocity profiles. All data were taken with an air

curtain issued at a thickness of 2bo = 0. 340 ft. The outlet velocity was

varied from 13. 57 to 21. 35 ft. per sec.

In Figure 8 data are plotted for an air curtain issued at 13. 57 ft.

per sec- (Tests 41 and 42). There are eight turbulence profiles repre-

senting four distances from the outlet nozzle. -On the right hand side in

Figure 8 are the velocity and percent turbulence profile when there was

no temperature gradient across the jet. On the left hand side are velocity,

percent turbulence and temperature profiles when such a gradient did

exist. The dotted line connects data points from turbulence measure-

ments, conducted with the hot wire anemometer. - The points represent

percent turbulence or (WAT) x 100. The percent turbulence at the

outlet was less than one percent in most cases. At a distance 2 ft. from

the outlet the percent turbulence was very high when a temperature gradient

existed across the air curtain. This may be due to the fact that at a

distance 2 ft. from the nozzle the jet is still in the zone of transition where

the flow is unstable and percent turbulence may be high. . Further from

the outlet nozzle, where the flow becomes fully developed, the percent

turbulence decreases, and keeps decreasing with x.

For the air curtain with no temperature gradient the turbulence is

approximately symmetrical around the centerline. There is always a
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minimum at the center point, and a gradual increase of percent turbulence

progressing away from the centerline. It should be noted that the very

high percent turbulence at the edges of the jet is due to a low velocity at

these points, rather than high fluctuations of the velocity.

The air curtain with a temperature gradient across it presents

quite a different situation. Here the turbulence profile is asymmetric,

where the turbulence on the warm side has, in most cases, a peak much

higher than at a corresponding point on the cold side. For example at a

distance of 3 ft. from the outlet nozzle the turbulence on the warm side

is about 12.4 percent at a distance y = 0.60 ft. from the centerline, com-

pared to 5. 8 percent at corresponding y-location on the cold side.

InFigure 9 data from Tests 45 and 46 are presented. The outlet

velocity is 16. 56 ft. per sec. and the percent turbulence at the outlet is

always less than 0. 82 percent. The tendencies observed previously are

present also in this figure, i. e. , the higher percent turbulence on the

warm side and the gradual decrease of turbulence progressing away from

the outlet nozzle. The peaks at the warm side, however, are not as

pronounced as in the Figure 8 . This may be due to 'a smaller temperature

difference across the jet (l4. 20F compared with 25. 60F in previous test)

or it may be due to the higher outlet velocity.

In Figure 10 the data from tests 43 and 44 are presented. The outlet

velocity is 21. 35 ft. per sec. and the percent turbulence at the outlet is

always less than 0. 65 percent. The observation that the peak in the

turbulence profile is higher in the warm side than in the cold side, is

certainly noticeable here too. Also, the percent turbulence decreases as

the jet progresses away from the outlet nozzle.

In summation, it may be said that the percent turbulence decreases

as the air curtain progresses away from the outlet nozzle. In addition,

there exists an asymmetry in the turbulence profile. . For a jet issued at

uniform temperature into a medium at the same temperature the
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turbulence profile is symmetrical around the centerline. However,

for a jet having a temperature gradient across it, the turbulence at the

warm side is considerably higher than the turbulence on the cold side.

This‘asymmetry is proportional to the temperature difference across

the jet, and may also be inversely proportional to the velocity at the

outlet. The exact effect of temperature and outlet Reynolds number were

not determined in the present investigation. The higher turbulence on

the warmer side causes several phenomena. .Since the turbulence is

higher it may be safely assumed that the shear stress is higher on the

warm side. This causes an asymmetry in the forces acting on the jet,

which in turn causes the jet to be deflected from its original position.

The phenomenon of the jet deflection toward the cold side, due to the

temperature gradient, was observed and discussed before. This deflection

is caused by the higher percent turbulence, even though the exact

mechanism cannot be stated explicitly. It may be stated that the higher

turbulence on the warm side is due to increase of the apparent viscosity

6m proportionally to the temperature, which is similar to the effect of

temperature on the kinematic viscosity. However, the coefficient 6m

represents a physical process which is not well understood and the above

statement does not help in clarifying the phenomenon and its causes.

(It can be safely assum'ed that the turbulence is increased due to an

increase in the buoyancy forces. This assumption is somewhat sub-

stantiated by the fact that the degree of asymmetry is proportional to the

temperature difference across the jet. The higher temperatures on the

warm side cause warm air to rise at the edge of the jet. This process of

counterflow induces turbulence at the edge of the jet, which then pro-

gresses into the main flow.

The effect of temperature on the apparent viscosity and the percent

turbulence in a free-turbulent shear flow deserves further attention and

study.
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4 . 3 Temperature .
 

The temperature profiles, as obtained from measurements, are

presented in Figures 6 through 10. The temperatures are presented

in a dimensionless ratio T/T—m where T := t — tc and Tm = tW - tC.

The temperatures of the cold and the warm sides were established at

a distance of 2 ft. from the outlet nozzle. The traverse mechanism

with the thermoc ouple was moved towards the warm side until the

temperature reached an asymptotic value. The same procedure was

followed in the cold side. Since at distances larger than x = 2 ft. , the

traverse mechanism could not be moved far enough to reach an asymptot,

the temperature difference at x = 2 ft. was considered the maximum

temperature difference Tm

In Figure 16 the data from temperature measurements are

compared with the form of the error function which was assumedfor

the temperature distribution. For this comparison equation (2. 5.4) was

modified as follows. By defining bi'as the distance YT at which the

temperature is three quarters (or one quarter) of the maximum

 

 

temperature difference existing across the air curtain, Tm, or

at (”413%, T=;}-TmandT=g-Tm (4.3.1)

it follows that

T" b1
71" =%—=%—[1+erf{ T )1 (4.3.2)

m N] 2 C x
T

or b

i- ): 1

therefore

b

or 47c X: i— (4.3.3)
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Figure 16. . Dimensionless temperature profile plotted on an

arithmetic probability paper.

Substitute equation (4. 3. 3) into equation (4. 3. 2) to get:

2- [1+ erf (Bf-£2111 (4.3.4)

This function does not contain any arbitrary constants.

'1‘"-1:-

Temperature ratios from three tests, each at three distances from the

outlet nozzle (x = 2 ft. , 3 ft. and 5 ft. ), for outlet thickness of 2130 = 0.280 ft.

and height h = 83%- in. are presented as points inFigure 1,6. rThe solid line
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represents equation (4. 3. 4). Since the figure is drawn on an arithmetic

probability paper, this is a straight line. Equation (4. 3.4) is seen to

<_:_orrelate the data reasonably well. Close to the center (at YT = 0;

i = i— ) the correlation is excellent, since the curve was made toffit

the data, at this region - or yT = 0 was defined at the point where Tm = 711-.

Further away from the center the correlation is less satisfactory.

This is due to the fact that small errors in measurement, due to turbulence

and inaccuracies, are multiplied as one progresses away from the

centerline.

The solid line in Figure 16 was also used as a mean to determine

the theoretical [3 and then the theoretical CT. From the temperature

measurements in each location the dimensionless temperature T/Tm was

formed. The value of [3 was then obtained from the abcissa in Figure 16,

corresponding to the ordinate T/Tm. Since the value of x, as well as

the value yT Were known, a theoretical value of CT was then calculated

from the formula

YT
C:—

T NIZ—xfi

(4. 3. 5)

The values of the coefficient CT thus obtained are presented in Figures 17

through 19.

In Figure 17 the variation of the coefficient C with respect to yT

is shown, for the different velocities and distances: from the outlet.

This figure presents the results of tests 32 through 38, where the thick-

ness of the air curtain at the outlet was 0. 115 ft. and the aspect ratio

was 38.4. The scatter of the data is not too wide and may be due to

experimental errors and effects of turbulence. An average value of

CT = . 154 is suggested as representing the data of this series of tests.

It should be noted that for the same series of tests Cm = . 109 was

confirmed. Therefore, for a two-dimensional jet issued into an infinite

medium a value of
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C =0.154 (4.3.6)
T

or

CT
6=_.__C = J? (4.3.7)

In

suggests itself. This value is in agreement with the value given by

Reichardt, as indicated in section 2. 5.

Figure 18 shows the variation of C versus yT for another series

of tests. In this series the aspect ratio :as 15. 8, with the outlet width

2bo = 0. 280 ft. The scatter of the data is wider than in the previous

figure. A reasonable average for the coefficient is CT = 0. 200. . It should

be noted that for test 28 a value Cm = 0. 109 was found for the velocity

distribution, and a value of C = 0. 170 approximates the coefficient for

T

the temperature profile. This test therefore comes closer to the sug-

gested theoretical value of C than any other test in this series.T’

In Figure 19 the results are presented for tests 42 through 46.

The scatter is seen to be rather wide and a value of CT = 0. 220 approxi-

mates the results. This series of tests was conducted with outlet thick-

ness of O. 340 ft. and aspect ratio 13.4. The deviation from the theo-

retical value is much larger than in the previous figures.

The values

CT = 0.154 with 26., = 0.115 ft.

CT = 0.200 with 2b., = 0.280 ft.

.cT = 0. 220 with 2bo = 0.340 ft.

were used for calculation of the temperature profiles according to

equation (2. 2. 1). The solid lines in Figures 6 through 10 represent

equation (2. 2. 1) with the coefficient CT as indicated. It is seen that these

lines correlate the data reasonably well.

In general the temperature profile becomes flatter, progressing

away from the outlet nozzle.



T
e
s
t

2
4

T
e
s
t

2
6

II

IV 'v

=
1
2
.
4
0

f
t
.
/
s
_
e
c
.
-
)

T
e
s
t

2
8

2
1
.
7
6

f
t
.
/
s
e
c
.
)

++i+

T
e
s
t

3
0

=
9
.
6
8

f
t
.
/
s
e
c
.
)

2
'
f
r
o
m

n
o
z
z
l
e

®
_
'
_
'
(
D

3
'
f
r
o
m

n
o
z
z
l
e

O
-
-
-
O

5
'
f
r
o
m

n
o
z
z
l
e

9
—
9

—
_

'
1

,
‘
‘
;
,
:
I

[
E
r

V
1
;

g
'
—

-

-
_

x
5
’
?

g
A
“

:
A
.

g
.
1
6
"
:
‘
A
’

7
.

'
—
—
.

‘
T
D
-
O
‘
"
‘
.

c
o
l
d

.
4

.
6

.
8

.
5
7
7
”
)

 
F
i
g
u
r
e

1
8
.

P
l
o
t

o
f
t
h
e
c
o
e
f
fi
c
i
e
n
t
C
T

v
e
r
s
u
s

t
h
e
d
i
s
t
a
n
c
e
Y
T

(
2
b
o

=
0
.
2
8
0

f
t
.

)
.

1
5
.
5
2
f
t
.
/
s
e
c
.
)

64



T
e
s
t
4
2

-
D
-

(
:
0
=

1
3
.
6

f
t
.
/
s
e
c
.
)

T
e
s
t
4
4

-
A
—
4

(
E
,
=
2
1
.
4

f
t
.
/
s
e
c
.
)

T
e
s
t
4
6

-
o
-

(
E
,
=

1
6
.
6

f
t
.
/
s
e
c
.
)

I
2
'
f
r
o
m

n
o
z
z
l
e

(
D
—
—
—
(
D

3
'
f
r
o
m

n
o
z
z
l
e

O
-
—
-
—
-
Q

-

C
T

4
'
f
r
o
m

n
o
z
z
l
e

®
-
—
"
'
G

‘
5
'
f
r
o
m

n
o
z
z
l
e

9
—
—
6
~

.L

_
‘

'
‘
X

I
p

‘
A

\
\
_

-
1

J
:

a
,

’
~
\

"
.
E
H
"

-
—

‘
:
’
0
.
“

\
\

R
-

:
w
h
’
w

fi
'

1
“
-
—
A
fl
A
n
fi
A

‘

—
—

“
7

1
|

-
3
.

.
1
1
—

4
1
’

-
-

I
4
-

0
%
“
_
§

0
~
‘

1
1

.
9
1
:
3
0

-
1
1
1
.

L
I
I
,

.
1
“
'
4
‘
"

_
L
.
>
“
W
W
7

‘
K
‘

_

“
x

0
'

-
'
‘
3
‘
"
3
"

A
’
"

A
;

‘
n
'
e
\

‘
"

.
\
-
—
—

_
_
‘

—
_

(
D
/

0
w
-
_
.
®
‘
_

4] 0

A -
s
‘

  
r
o
t
.

_
T
o

-
‘
=

i
.

q

.1

.4

F
i
g
u
r
e

1
9
.

P
l
o
t

o
f
t
h
e

c
o
e
f
f
i
c
i
e
n
t
C
T

v
e
r
s
t
i
s

t
h
e
d
i
s
t
a
n
c
e
y
T

(
2
b
o
=

0
.
3
4
0

f
t
.

)
.

65



66

In most cases the temperature profile and the velocity profile are

assymmetric, namely, Ti = am at y = 0 and T = i—Tm at VT = 0 but y ;( yT.

In most cases the temperature profile tended to be shifted more to the

warm side. However there were quite a few exceptions and no general

tendency can be given here.

The effect of the temperature gradient on the apparent viscosity

and the turbulence was discussed previously. It may be concluded that

since the apparent viscosity 6m is proportional to the temperature

gradient the effect of temperature on the heat transfer is twofold, i. e. ,

since

,. <12.
q ‘5de

and sinc e

emoc AT

it is obvious that q will increase as some power of the temperature

gradient, and this power is likely to be closer to two than to unity.

The effect of the temperature gradient on the heat transfer properties

of an air curtain was not studied in detail in the present investigation, due

to time and equipment limitations. This phase of the problem certainly

deserves much more work, theoretical as well as experimental.

4.4 Heat Transfer Through An Air Curtain.
 

The results from the measurements of quantities of heat and

temperatures are presented in Table 1. The results are presented in

 dimensionless quantities, where Re is a parameter describing the

H

be

outlet velocity and the geometry and Nu/Pr describes the overall heat

transfer coefficient. To correlate the data, reference is made to section

2. 3 where the semi-theoretical expression describing the heat transfer

through an air curtain was derived, based on the suggested entrainment-

spill mechanism.
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The equation there obtained was

Nu , H

_ = — 4.4.1Pr K f(a )Re ’ b0 ( )

- where the function f(a') was defined by the equation:

(C; a)

f(a') 2 NET— f exp(-nz) [1 + erf( air—)1 dn (4.4.2)

aI

and where K is a constant, to be determined empirically.

The magnitude of a' can be evaluated as follows. From equation

(2. 6. 3) and from the expression for the mass rate of flow at the outlet

nozzle one gets

a

23,160: Q0 = 2 f Edy (4.4.3)

0

Upon substituting equation (2. 2. 5) and changing variables equation

(4.4. 3) becomes

a!

(J 2 A CmH' f exp (-n7‘)dn 2 b0 (4.4.4)

0

which can be further simplified to read:

 

b0 '

erf(a') = le’J? (4.4.5)

CmH'

Upon substitution of the appropriate values for b0 and 11' one gets

the dimensionless width a'. .For the present investigation a' was always

smaller than 0. 5. Therefore equation (4.4. 2) was integrated numerically

on a digital computer for~a' ranging from zero to 0. 5.

The theoretical values were substituted for the coefficients, namely

C = 0.109 and 6: 1.414.
m

The plot of f(a') versus a' is shown in Figure 20. The equation of

the straight line passing through the points is the following:

f(a') = 0.3058 - 0.2718a' (4.4.6)
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fla‘)=.3058—.27lsa‘  

 
 

1

:3
.l .2 .3 .4 .5

Figure 20. The function f(a') versus the dimensionless

width a', as obtained-from numerical inte-

gration on a digital computer.

Equation (4.4. 6) can now be substituted back into equation (4.4. 1) to get

153-1- = K (0.3058 - 0.2718a')Re ’31— (4.4.7)
Pr b0

Since affinity of the velocity profiles was assumed, the dimensionless

width a' is a function only of the geometry, namely, of the ratio H/bo.

. Equation (4.4. 7) can then be modified and the functional relationship

determined, 1. e. ,

H , Nu _ ii

0.3058 K ’73-; - RePr — 11> (b0) (4.4.8)
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Figure 21. The function 4) (§-) versus the ratio H/bo, on

logarithmic papero.

-In Figure 21 this function is plotted on a log-log paper for five values

of the ratio H/bo. For this purpose experimental data were used to calcu-

late the ordinates, for the various values of H/bo encountered in the

investigation. The equation of the straight line passing through the points is

4) (37,-) -.-+ 0.0321(b0)

or

’0.500

<1 (5%) °-' 0.030013%) (4.4.9)

Upon substitution of this function <|> (ii) into equation (4.4. 8) one

0

gets the semi-theoretical expression:

Nu ’H
— = . K _ . .1Pr 0 2758 Re b0 (4 4 0)
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The experimental data are presented in Figure 22. These data

are correlated by a straight line with a slope of 0.0808, as determined

by the statistical method of least squares. These data therefore

indicate that the coefficient K is:

K ‘3! 0.341 (4.4.11)

The heat transfer through the air curtain within the experiment

range of the curtain parameters Re Ji- of 51, 000 to 141, 000 is

be

expressed by the final semi-theoretical correlation

Nu H

_ = 0 0 ._.- O o lPr 0 08 8 Re / b0 (4 4 2)

Equation (4.4. 12) is accurate within :1: 20 percent.

. The dimensionless heat transfer for an air curtain issued at zero

velocity is calculated in Appendix A. Z. The value obtained is presented

in Figure 22 on the ordinate. The suggested heat transfer mechanism

due to the entrainment-spill process holds true only for the parameter

Re £1- larger than approximately 50, 000. For smaller values of this

paramgter the air curtain ceases to exist and the heat transfer is due

mainly to free convection. The line describing the heat transfer in this

region is probably line (b) in Figure 22.. However, this region has not

been studied at the present investigation.

Equation (4.4. 12) can be modified as follows:

Sto = 0.0808 J91} (4.4.13)

where Sto is the Stanton number at the outlet. This equation is also

. - b
accurate within :1: 2.0 percent for the curtain parameter 1% between

the values 0.090 to 0. 170.
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5 . CONCLUSIONS

1. The expression suggested by Reichardt for velocity distribution

in a two-dimensional jet, viz.

"‘ z
u

—-.. - exp ‘- 38:1,?)

correlates the data reasonably well, with a coefficient of variation of

0. 133. The constant Cm as suggested in the literature applies for air

curtains having a product of outlet Reynolds number by the aspect ratio

larger than approximately 3xl0§ For values smaller than this the Cm

increases as much as O. 220.

Z. The semi-theoretical distribution of the shear-stress (Figure 13)

has a zero value at the centerline, at each longitudinal distance from the

outlet. This profile has a maximum on each side of the centerline and

drops to zero at- large distances away. The magnitude of the shear stress

decreases as the flow progresses away from the outlet nozzle.

The semi-theoretical value of the eddy diffusivity is found to be

maximum at the centerline and close to zero at large distance away.

In a substantial portion of the flow, the magnitude of this eddy diffusivity is

considerably larger than that of the molecular kinematic viscosity.

3. The temperature profile in a two-dimensional jet, i. e. ,

—- Y

(T = 1 [1+ erf(' ‘ )]

Tm T «12 ch

 

was confirmed reasonably well by experimental data. The coefficient CT

was found to be 0. 154. . For a three-dimensional jet, this coefficient

increases as much as 0. 220.

72



73

4. . The experimental distribution of percent turbulence is asym-

metric around the centerline of a jet subjectedto unequal ambient

temperatures on two sides. The intensity of turbulence on the warm

side is generally much higher than that on the cold side. This may

presumably be accounted for by the buoyancy forces. It appears that

the higher degree of turbulence on the warm face of the jet tends to

cause a shift of the jet more towards the cold side.

5. The final correlation for the heat transfer through an air curtain

is found to be

'Nu _ H

E;- — 0.0808 Re a:

where the curtain parameter, Re I? ranged between 57, 000 and

o

141, 000. The experimental accuracies were within the range of :l: 20

percent.



APPENDIX

A. 1 :Equation of Motion.

The equation of motion was given in equation (2. l. 3) as

bu_____2_>_g +_2_>__T
p(uT -+V —— bx b_-Y- (A.

This equation has to be satisfied by the assumed velocity profile

and by expression derived for V and T .

From equation (2. 2. 5)

 

 

.1: = o A exp (-n"‘) (A.

* 2b fl y
where A: -——-9-—— ; r) = —---—— (A.

«j 17 me N} me

From equation (2. 2. 9)

_ _. 1r

v = Ix] 2 Cm A uo[n exp(~nz) - 4 erf(n)] (A.

From the first postulate

b = 0 (A.

x

Now

 

.1)

.2)

.3)

.4)

.5)

or 33' A—

'3‘; :-. 7:9- exP(-nz)(4n'z - l) (A.1.6)

and — ._. _

3.3 _ a“ __a_?_')_ __ N]? u An

Y ”Fr? by " ' Cm: eXP (~02) (A.1.7)
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From equation (2. 3. 7)

Z

 

T = — 39—139 exp (#1 erf (0) (11.1.8)
«17.—x

and _

5T .. u b 1

.3? - 5:17:21 '7 erf (n) - up (412) n leXP (-nz) (A.1-9)

Subsitution of equations (A. l. 2), (A. 1.4), (A. l. 5), (A. l. 6), (A. l. 7) and

(A. l. 9) into equation (A. l. 1) yields

 :0 A exp(-nz)[ ‘3‘}:— exp(-nz) (4172- 1)] + A0191? Cm[n exp(-nz)- 4w erf(n)]

  

~__ _2

[355:1an ex130772)] 3 $332 [0 erf(n) ‘0': eXP(-nz)] eXP(-nz)

 

" (A. 1.10)

simplifying:

AZ A3
-2— exP(-nz)(4nz-l) - -2- [4nZeXP(-nz)- 4" n erf(nH

? b 2
= ——L—cx [ n erf(n) - exp (‘7? )l

m
17

Substituting for A from equation (A. 1. 3) one gets:

2 ? ("-
.32. —L_x.[ -exp(-nz) + «(Tr n erf(n)] = L?[ 1r 7’) erf(n) ' exp (“172”

5’ 1T Cm
M 1'me

(A. 1.11)

This last expression is obviously an equality. Besides proving the

correctness of the mathematical manipulations, equation‘(A. 1. 11) shows

that the expression assumed for velocity distribution, equation (2. 2. 1)

does satisfy the equation of motion, providing the shear stress T is given

by equation (2. 3. 7). This is not in itself a proof of the correctness of

Reichardt's theory and hypothesis, but is a prerequisite for any assmned

velocity profile or shear profile.
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A. Z 'Free Convection Through An Opening In A Vertical Partition
 

Theprocess of natural convection through an opening in a vertical

partition has been studied very little.

The system under consideration is one in which two. sealed chambers,

at different temperatures, are separated from one another by a vertical

partition having a rectangular opening of height H and width 0) . 7 Due to

temperature difference a density difference will exist between the two

chambers. The more dense cold air will therefore be spilled out, and

warm air will be introduced into the cold chamber. An example of a case

like this will be a cold enclosure, with a doorway that is not protected by

an air curtain, or a doorway protected by an hypothetical air curtain

issued from a slot over the doorway at zero velocity.

Assume the absolute pressure (p0) at the elevation of the opening

centerline is everywhere equal, since the density differences are small.

Brown (1962) used this assumption and confirmed it experimentally.

- Let the density in thecold chamber be pc and that of the warm

chamber be pw. The pressure p at a level 2 below centerline will be

pc =po+pcgz (A.2.1)

and in the warm chamber

pw=po+pwgz (11.2.2)

The pressure difference at that level is

Pc - pw = (pC - (ow); z (A.2.3)

Assuming that the air in both chambers is ideal fluid and that Bernoulli's

equation applies, i. e. , the velocity of flow from one chamber to the other

at elevation z is

%.
 

v: J2 “SW” ‘ (A.2.4)
p

where _ + .

p = 29.42114 (11.2.5)
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The mass rate of flow (0') from one chamber to the other will be

H

obtained by integrating equation (A. 8.4) from z = 0 to z = —Z-:

 

_ - 3

Q!:Cp —§—Jg ——-M3P HT
(A.2.6)

where C is the coefficient of discharge, similar to the coefficient used in

sluice-gates. The magnitude of C usually varies between 0.6 to 0. 9.

- The quantity of heat carried from one chamber to the other with the

mass rate of flow (2' can be approximated by

q :Q'Cp Tm ((A.Z.7)

where

T,n = tw - tC (11.2.8)

Define a coefficient (ho) for the over-all heat transfer between the

chambers under the se‘ conditions:

hozlw—I'SI-T‘ (A.Z.9)

where the subscript zero stands for zero velocity of the air curtain.

~In dimensionless form equation (A. 2. 9) with equationl(A. 2. 7) can

be written as

 

Nu:BE_:%Jg£%—%__my_).}i3 EBB——

k

=-3C-:—'\(Gr Pr

or

Nu C r—--

where the Grashof number is

. 3

Gr = ———z—%AfH
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Equation (A. 2. 10) cannot be exact because the viscosity and

thermal diffusivity have been omitted. On the other hand, in heat transfer

texts the Nusselt number is usually given as

Nu = A (Gr)a (Pr)b (A.2. 11)

where A, a and b are numerical constants.

The exponent on the Pradtl number is usually close to unity and

the exponent on the Grashof number is between 1/2. and 1.

Brown (1962) studied the problem of natural convection through

rectangular openings in a vertical partition and suggested the equation:

131—9- : 0.044 (Gr)°-59 (11.2.12)

Pr

for the problem.

Now let the following condition exist for an air curtain issued at

zero velocity:

tc 65°F pc = 0.07570 Ap

83°F pw= 0.07323 3

0. 00247 (lbm per cu.ft.)

0; 07446 (lbm per cu.ft.)
1:w

v = 1.649x10“ (sq.ft. per sec.) for average temperature? = 74°F

H = 83.125 (in.) g = 32.174 (ft. per sq. sec.)

Then the Grashof number can be evaluated as:

Gr = 1.305 x 101°

and with this value of Grashof number equation (A. 2. 12) yields:

= 41. 2 x 103

This figure is plotted in Figure 22 on the ordinate, where Re = 0.

A. 3 Sample Calculations.
 

Test 44 will be used to demonstrate the calculations performed. - In

Table A.3.-1 results from measurements at a distance x = 3. 0 ft. from the

outlet nozzle are shown.
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The columns in the table are as follows:

1 . Location - indicates the distance y from the jet's centerline in feet,

as measured by means of the point gage.

2. Total head - indicates the reading (d) from the manometer (connected

to the total head impact tube) in inches of manometer fluid.

3. Velocity head - the square root of the difference between the manometer

reading (from the previous column), and the manometer reading at zero

velocity (do = 1. 3430 in.).

4. , Velocity ratio - the ratio of the velocity at any location (II) to the

velocity at the outlet (Ii-0). Since the density difference is neglected

this ratio is also given by the ratio of 471—35 at any location tom

at the outlet.

5. Potentiometer reading, in millivolts, as obtained from the potentiometer,

connected to the thermocouple on the traverse mechanism.

6. Temperature - the reading from the previous column was converted to

temperature, in 0F, by means of conversion tables.

7. Temperature ratio - the ratio of the temperature at any location (I)

subtracted from the temperature of the cold-side (Ye), to the maximum

temperature difference across the air curtain (Tm = 14. 80F) as

measured at the distance x = 2. 0 ft. from the outlet.

8. [3 - a dimensionless number , defined by equation (2. S. 5), was read

from Figure 16, corresponding to the temperature ratio from the

previous column.

9- The distance, yT, from the centerline of the temperature profile

(yT = 0 at T/T-m': §-). This distance was measured after the points

from column 7 were plotted on graph paper;

10. The coefficient CT was calculated from the equation

_. YT

fix 0

where the a re riate and were substituted from revious columns.
PP P YT P

CT



ll.

12.

13.

14.

15.
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Meter balance, I. The values of the hot wire anemometer's balanced

circuit are given. The readings are four times milliamperes and

are a measure of velocity, if a calibration curve is used. The read-

ing at zero velocity was 10: 344/4 m. a. for this particular test.

Noise level, Mn- The count from the electronic counter, with an Open

gate for 100 seconds, was converted to r.m. s. millivolts by means of

Figure 4, to obtain the noise level.

The root mean square voltage Mn+v’ when the hot wire anemometer

was balanced on "warm, " namely, with current flowing through the hot

wire.

The root mean square voltage, M when the square wave was
n+v+s’

applied. The root mean square was measured by counting the frequency

on the counter and converting to r.m. s. by means of Figure 4.

The percent turbulence was calculated from the previous columns by

means of the formula:

 

   

 

z z

“j u _ 100!4x3.05 [ I 1 {M n+v Mn

- ‘ —17__T—_' Z 2

u 1+ 3;? I - 1‘ 1V1n+v+s - Mn+v

where N = 1.4 is the resistance ratio and B = 154.0 is the bridge null.
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In Table A. 3. 2 the results of measurements in quantities of heat

and temperatures are given. The columns of this table are as follows:

10.

11.

The date and time for each test.

The duration of each test, in hours.

7 The amount of energy required to maintain the warm chamber at

constant temperature in Btu per hr.

.The heat losses through the walls, qe. The losses were determined

by the calibration of the warm chamber to be 89. 2 Btu per hr. , 0F.

The temperature difference between the warm chamber and the outside

was multiplied by this figure to obtain the heat losses in Btu per hr.

.- The net quantity of heat transferred through the air curtain, q, is

given in Btu per hr. This quantity was found by subtracting qe from

q1,i.e.,

q = C1! "' Qe-

. The average temperature at the warm side, tw' All the hourly record-

ings from the thermocouples in the warm side were averaged for the

test period.

The average temperature of the cold side, to, obtained by similar

procedure.

- The temperature gradient across the air curtain is defined by

All} '-'- tW - tC'

. The outside temperature, to, an average of hourly recordings of two

. . o

thermocouples located outs1de of the warm chamber, 1n F.

The temperature difference between the warm chamber and the

outside, i.e. ,

At = t - t .z w 0

The overall heat transfer coefficient through the air curtain, in Btu

per hr. , oF, sq. ft. -The quantity of heat q is divided by the area of

the doorway (A = 52%x835—/144 = 30. 3 sq. ft.), and by the temperature

difference existing across the air curtain, Atl.
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In addition a dimensionless number describing the heat transferred

through the air curtain was calculated, namely

 
.1213 - EH
Pr pCpV

Where the overall heat transfer coefficienth is the average of the values

presented in column 12.

The properties of the air were obtained from the International

Critical Tables, for the temperature of the air at the outlet (ta). For this

test ta = 73.6 OF therefore p = .0745 lb per cu. ft. , v = 1.647 x 10" sq. ft.

per sec. and CF = 0. 24 Btu per lb, 0F.

The velocity of the air at the outlet, for this test, was calculated

from the equation

 

3. 4% %l (d'do)

Where 7m = 50. 55 lbm per cu. ft. is the density of the manometer fluid,

obtained from the International Critical Tables for the appropriate

temperature. . Substituting the prOper values

A

 

— 50.55
u0-2.315JW X0.356

or _

uo = 21.35 ft. per sec.

and the outlet Reynolds number

Re: 3’, b0 ___ 21.35 x 0.170

v 1.647x10“

  

Re = 22, 000

I H 83.125

Re :6: — ZZ'OOOJIZXO.170 - 140,710

Finally
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