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ABSTRACT

A STUDY OF A LEAF MODEL USED IN THE SPRINKLING METHOD
OF FREEZE PROTECTION OF PLANTS

by Jerry Lee Chesness

The need for an effective method of preventing agricultural
crops from freezing has led to extensive research into the sprinkling
method of freeze protection. Some of this research has been directed
toward the derivation of a sprinkling rate prediction equation based
on heat transfer theory applied to models of various plant structural
parts.

In this investigation a theoretical and experimental analysis
was made of the commonly accepted leaf model, a thin flat plate,
under simulated field conditions. Convective and mass-transfer heat
losses from a flat plate were measured in a wind tunnel with controlled
air temperatures between 15 and 32 F, air velocities between 50 and
900 ft/min, and relative humidity between 35 and 75 percent.

Radiation losses were not considered in this study. Free stream tur-

bulence in the wind tunnel was held to a maximum of 4.0 percent.
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Phase One of the study was concerned with determining
the convective heat loss equation for a thin uniformly heated flat
plate with laminar air flow parallel to its surface. The plate was
constructed from two 6 in. x 6 in. x .05l in. pieces of aluminum
with thermocouples imbeddedin the surface and a heating element
sandwiched between them. It was found that the heat loss can be
predicted from an equation differing only slightly from the theoreti-
cal equation for a plate with a continuously varying surface temperature.

In Phase Two the rate ofheat loss due to the mass transfer
of water vapor from a stationary water surface into a laminar air
stream was determined. Measurements were made of the actual
quantity of water removed per unit time from the cloth covered
surface ofan8in. x 8 in. x 3/4 in. heated (to prevent the water
surface from freezing) insulated plastic tray.

Phase Three involved the continuous sprinkling of a
4in. x 4in. x 1/8 in. leaf model with laminar air flow occurring
over both surfaces (angle of incidence = 0). The leaf model was
fitted with thermocouples to provide a measure of the local surface
temperature on the underside, the mean water film temperature on
the upper surface, and the mean temperature of the water leaving
the surface. The sprinkling rate and mean water drop temperature
(at the leaf model surface) was measured by an insulated catchment

tray. The equation for the average film heat transfer coefficient
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was derived for the condition of a flowing water film on the leaf model
surface. Using this coefficient in the convective and mass-transfer
heat loss equations for the upper plate surface, combined with the
convective heat loss equation from Phase One for the underside and
the heat gained from the sensible heat of the sprinkled water resulted
in a theoretical value for the water application rate which correlated
with the measured value. The theoretical water application rate can
therefore be predicted if the air velocity, air temperature, relative
humidity, local surface (un-wetted) temperature, and mean water

film temperature are known.
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I. INTRODUCTION

Every year partial and in some cases total destruction
of agricultural crops by freezing exacts a heavy economic toll from
the farmers in this country and abroad. As the crop yields per acre
increase along with their increased value the necessity of insuring
these yields against loss by freezing increases. A number of methods
for preventing freeze damage to agricultural crops have been tried,
each meeting with varied degrees of success.

The sprinkling of water on agricultural crops as a method
of preventing freeze damage has been successfully applied for over
30 years. The success of this method has been somewhat limited
with respect to the types of crops it can protect, and the nature and
severity of the freeze conditions encountered. The research work
leading to the adoption and utilization of the sprinkling method has
been primarily of the field experimentation type, directed toward
obtaining a broad working knowledge of the method. Precise theoreti-
cal descriptions of the sprinkling process in the field have not been
obtained owing to the almost inseparable manner in which the effects
of plant and environment on the heat and mass transfer process are

interwoven. If the limits and accurate application of the sprinkling
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method are to be obtained a concise description of the physical pro-

cesses leading to a quantitive sprinkling rate prediction equation must
be developed. This approach has, in recent years, been undertaken
by researchers who have applied heat transfer theory to geometric
models representing various plant structural parts. The prediction
equations arrived at through these analyses have met with a limited
degree of success when applied to the actual sprinkling of plants in
the laboratory and field. The limited degree of success may be
attributed to the fact that the prediction equations have not been ex-
perimentally verified for the models postulated. It is in this area

of the sprinkling method of freeze protection research that this study

will be conducted.

1.1 Objectives

The overall objective of this study is to examine theoreti-
cally and experimentally a leaf model under freeze conditions repre-
senting the actual field conditions encountered by the plant. This
overall objective can be divided into three separate objectives or
phases of study:

1. The convective heat losses from a heated flat plate under
freezing conditions will be measured.

2 The mass-transfer from a stationary free water surface
subjected to freezing conditions will be measured.

3% The sprinkling rate for a leaf model subjected to freezing
conditions will be measured.
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II. REVIEW OF LITERATURE

The first systematic investigations of the sprinkling
method of freeze protection for agricultural crops was carried out in
1938 by Kessler and Kaempfert (1949) . Investigations were con-
ducted by Kidder and Davis (1956) and Braud and Hawthorne (1965)
on the sprinkling rate and frequency required to protect strawberries.
Sprinkling rates for the protection of blueberries were determined by
Shultz and Parks (1957) in California. Rogers (1952) investigated
the physical tolerance of plant tissues to freezing temperatures.
Rogers et al. (1954) conducted research in England on the applica-
tion of the sprinkling method of freeze protection to deciduous fruit
buds. Von Pogrell and Kidder (1959) investigated the effect of drop
size and distribution, air temperatures, application rates, and
spraying frequencies on the frost protection of plant leaves. Gerber
and Harrison (1963) reported on the results of employing the sprink-
ling method of freeze protection on Citrus in Florida. Wheaton (1959)
determined experimentally the effect of application rate and spraying
frequency on the freeze protection of bean leaves.

The research work carried out by these and other inves-
tigators has led to an overall understanding of the variables involved
in the sprinkling method of freeze protection and their inter-

3
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relationships. Strawberries and other low growing crops can be pro -

tected from temperatures as low as 20 F (produced by radiation
freezes) with sprinkling rates in the neighborhood of 0.1 in. /hr. As
the quantity of heat removed from the plant surface by radiation, con-
vection, and evaporation increases the sprinkling rate and spraying
frequency must be increased in order to prevent freeze damage.
Some approximate limits have been established for this method of
freeze protection based on the adverse effects of soil saturation
accompanying prolonged sprinkling, inability to supply sufficient

heat for severe wind borne freezes, and damage to the structural
portions of the plant produced by heavy ice loads.

A few researchers have attempted a purely theoretical
approach to procuring a sprinkling rate prediction equation which
takes into account the many variables involved. Geometrical models
have been proposed to represent various structural parts of a plant.
The three basic models are: (1) a flat plate to represent a leaf;

(2) a sphere to represent a bud or individual fruit; and (3) a
cylinder to represent a shoot or branch. Applying heat transfer
theory to these models has resulted in the postulation of theoretical
prediction equations for the sprinkling rate.

Nieman (1958) described the various phases of heat
transfer, radiation, convection, and evaporation and how they affect

the heat balance of the plant,
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Beahm (1959) calculated the theoretical water application

rates required to protect various size flat plates, cylinders, and
spheres for various convective, evaporative, and radiative heat
losses. The author did not attempt to verify these values for the
model or the portion of the plant represented by the model. Beahm
arrives at the following prediction equation for a flat plate with an
angle of incidence equal to zero, laminar air flow, constant surface
temperature, constant radiative heat loss, constant plate length,
evaporation from top surface only, 100 percent of sprinkled water

freezing on plate surface, and 100 percent relative humidity;

28 + h[2931.5-1‘ii + 102(Pg-P,) ]

w =

780

In this equation,
w = water application rate, in./hr
h = film coefficient from leaf to air, Btu/hr ftZ F
Ta.= free stream air temperature
2

Ps = saturated vapor pressure at the plate surface, lb/it

Pa = vapor pressure at the plate surface, Ib/ft2
Businger (1963) made a theoretical study of the heat
transfer process taking place on a flat plate and a sphere. Applying

the energy balance on the flat plate results in the following sprinkling

rate prediction equation






o 2
= X— +h -
4 L,1 (hr+h e) (Tm 5

V

where
w = the water application rate

& = ratio of the actual quantity of water required to the
theoretical quantity required (x > 1)

latent heat of fusion of water

h!_ = coefficient of radiative heat transfer

h = coefficient of convective heat transfer

11e = coefficient of evaporative heat transfer

T__ = minimum tolerable leaf temperature
m

T1 = leaf temperature

The author assumes that both the upper and lower leaf surfaces are

covered with a continuous water film and that both surfaces have a con-

stant temperature. Comparing experimental values with theoretical
values calculated from the above equation results in a value of 1.5
for o« . This type of correlation offers no confirmation as to the
validity of the theoretical prediction equation since any unaccounted
or inaccurately accounted for heat losses will remain hidden in the
value of «

Gates and Benedict (1963) observed the free convection
from leaves in still air my means of schlieren photographs of broad -
leaved trees. A quantitative measure of the rate at which heat was

convected away from the leaf was obtained by photographing the size






of the convection plume, measuring its rate of flow by means of

movie photography, and measuring the temperature of the plume

with a fine thermocouple. Their observations of free convection

from broad-leaved plants confirmed the values predicted using

heat transfer theory for heated plates.






III. ANALYSIS

3.1 General Background

A plant located in its natural environment gains or loses
heat from or to its surroundings by three separate physical processes:
(1) conduction and convection; (2) evaporation and transpiration;
and (3) radiation exchange.

Conduction is a process by which heat flows from a region
of higher temperature to a region of lower temperature within a medium
or between different mediums in direct physical contact., For plants
this medium can be the solid material forming its physical structure,
the water films forming on its surface, and the air surrounding it.

Radiation is a process by which heat flows from a high
temperature body to a lower temperature body when they are separated
in space. Although the term ''radiation'' is generally applied to all
kinds of electromagnetic-wave phenomena, our concern in heat trans-
fer is only with those phenomena which are the result of temperature.
This energy is called ''radiant heat.'

Convection is a process of energy transport by the com-
bined action of heat conduction, energy storage, and mixing motion.
Convection is the mechanism of energy transfer between the solid

surfaces of the plant and the surrounding air mantle.

8
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Under freezing conditions the plant loses heat to its sur-

roundings by these heat transfer processes singularly or in combina-
tion. The physiological make up of each plant species dictates what
minimum temperature each segment of the plant structure can with-
stand before destruction of the cellsoccurs. In general, however,
investigations by Beahm (1959), Wheaton (1959), Rogers (1952),
and others indicate that the minimum temperature is below 32 F
(around 31 F).

In the sprinkling method of frost control the heat lost
from the plant to its surroundings is replaced by the heat in the water.
This heat is in the form of sensible heat and the heat of solidification
(freezing) . Since the minimum temperature which the plant can
tolerate is approximately 31 F, no freeze damage occurs when ice
forms on the plant surface if the ice coat is maintained at a tempera-
ture above 31 F.

It should be pointed out that when the plant surface is
covered with a water film from sprinkling and exposed to a moving
air mass an additional heat loss phenomenon occurs. Under these
conditions the mass-transfer (evaporation) of water vapor from the
water surface into the moving air stream takes place with a subse-
quent heat loss termed ''latent heat of vaporization."

The effects of plant and environment on the heat transfer
in which both are involved are interwoven to such an extent that they

should be described together. However, in order to determine the
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basic heat transfer processes involved and give a description of
these processes, it is necessary to separate in as much as possible
these interwoven effects. To ultimately meet this objective it is
necessary to divide the structural parts of the plant into shapes which
are geometrically similar and for which a model can be postulated.

This investigation will be concerned only with that struc-
tural portion of the plant called the leaves. Consider a single leaf
exposed to the freezing conditions which can occur in its natural
environment. If this leaf is to be kept from freezing the amount of
heat it loses to its surroundings must be replaced by the sprinkled
water. Thus it is necessary to derive a prediction equation for the
required water application rate (termed w). The development that
follows will be directed toward developing a prediction equation for
the theoretical application rate.

The rate at which water must be applied to the leaf sur-
face may be postulated as a function of several independent variables.

Ua - velocity of the air

Ta - temperature of the air

RH - relative humidity of the air

f - frequency of water application

d - drop size

T - average temperature of the leaf surface
s

t - time
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0 - angle of incidence

q, - rate of heat loss by radiation
L - length of the leaf measured in the direction of air flow
i - rate of ice formation

AT - difference in the mean temperature of the water
striking the leat surface and leaving the leaf surface.

Or this may be expressed as:

w=w(U,T_,RH f,d, T, t 64q,L, i, AT ) (3.1.1)
a a s 3 w

The following simplifying assumptions will be made. The drop size
will be constant or at least restricted to a narrow range of values.
The angle of incidence of the leaf surface will be held at zero (leaf
surface parallel to the direction of air flow) . Radiant heat exchange
is negligible (qr< 10 percent of qtotal) s The frequency of water
application will be continuous. Only steady-state conditions will be
considered. The ice load will be kept at zero by employing only the
sensible heat of the water (admittedly not a practical approach from
the field standpoint since this will necessitate very high application
rates). With these conditions imposed, the water application rate

becomes a function of only six independent variables.

w=w(U , T, T, Rh, AT _, L) (3.1.2)
a' "a' s w

In order to determine the relationship between these six

independent variables a heat balance is made on the leaf surface:
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Heat added through sprinkling = total heat removed by
convection + heat removed by mass-transfer,

or qw=qct+qm (13::1::3)

The quantity of heat added through sprinkling can be com-
puted by the relation

qwzwt(S.ZO) CpATW (3.1.4)

where the constant 5.20 converts w from lb_ /min to in. /min.

To obtain prediction equations for convection and mass-
transfer it is necessary to assume that the leaf can be represented
geometrically by a thin flat plate. Gates and Benedict (1963), found,
by the use of schlieren photography that the actual measured values
for heat loss by free-convection from a broad leaf compared closely
with those values predicted using heat transfer theory for thin heated

plates.

3.2 Convection

The rate of heat transfer from the plate surface to the
moving air stream can be computed from the relation

q = ﬂc (T_-T,) (3.2.1)
This equation has been used for many years even though it is a defi-
nition of l'_)c rather than a phenomenological law of convection. The
equation for };c in the case of forced convection in laminar flow over

a flat plate heated over its entire length and with a constant surface
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temperature is given by Kreith (1958) as
R o= .664 &R P
=y 7 Re T (3.2.2)

or expressed in a dimensionless term called the Nusselt number,
the relation becomes

e }TCL i
Nu = T . 664 ReL

12 Prl/3 (3.2.3)

Combining these equations the equation

1/2 1/3

k
. = 664 7~ Re " Pr ' (T_-T ) (3.2.4)

represents the convective heat transfer prediction equation for heat
loss from one side of the plate.

All fluid property values in equation (3.2.4) and all sub-
sequent heat transfer equations which are dependent on temperature
must be introduced at a mean temperature. The mean temperature

may be calculated from the equation

Many investigators have observed that the leading edge
of the leaf freezes first. On the basis of this it would be well to
consider the equation for ITC for the case of a continuously varying
plate surface temperature (or constant surface heat flux). The deri-

vation of this equation follows:
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Figure 1. --Flow boundary layer and thermal boundary layer on a
flat plate heated over its entire surface

The calculations are confined to a steady state, two-
dimensional problem, with constant -property fluid, and velocities
which are sufficiently small so that temperature increases caused
in the boundary layer by internal friction can be neglected,

Since symmetry exists about the center line of the plate
the derivation will be carried out for the upper plate surface. The
hydrodynamic boundary layer and the temperature boundary layer
begin at the leading edge of the plate since the plate is heated over
its entire length. Both increase their thickness & and 6t in the

direction of flow. Four boundary conditions can be stated.

1. aty =0 qc=-k%






With these four conditions a polynomial with four functions will be

used to express the temperature profile in the boundary layer.

To=

2
A + By + Cy

3
+ Dy

Using the four boundary conditions the coefficients A, B, C, and D

can be determined.

—— = 2C + 6Dy

From boundary condition 1.

@
=]

)
<

From boundary condition 3.

2
= B + 3Dy" = -

=0

a

=5
k

From boundary condition 4.

but Dy = 0 ..

but yZ =8

c=0
28
AR
D= %
3K

4
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The equation for the temperature is

From Eckert and Drake (1959) the integral heat-flow equation of

the boundary layer is

1
d = —_—
Ejo WZ3~T) “d‘/“*(ay)y=o (3.2.5)

The integral in this equation can now be evaluated.

o q & 9.y 49 Y3
2
_BT"-T) udy :[ -2 ck En i __c 5 [u] dy
o 3k X

3y, 1y
25 3 |

Now the ratios { = ﬁtlﬁ where 6t/6 is assumed to be less than one

and n = y/ét can be introduced.







Since { was assumed to be less than one, the second term in the

right hand expression is small compared to the first and can be
neglected. Introducing the value of the integral into the heat-flow

equation one obtains

(. 2=<ct | (0.100p = - —=

[ (3.2.6)
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The integral solution given by Eckert and Drake (1959) for the

hydrodynamic boundary layer thickness § is

4. 64x
5 = ——
Ra 1/2
x
also
U xp
Re = 2
"
and
A = LS
p Cp

(:3:257)

Introducing these expressions into equation (3.2.6) and simplifying

yields
1

(1.29) pr/3

The heat flow from the plate per unit area is given by

5

T
qc—-k( y) y =0

(3.2.8)

(3.2.9)

(3.2.10)
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Equating these two expressions gives

Lo (3.2.11)

k
h =417 % Re Pr (3:2.12)

h' = .834% Re Pr (3.2.13)

(3.2.14)

The prime designation on the coefficient of convection term will be
used to distinguish it from the coefficient of convection term for the
case of a flat plate with a constant surface temperature. Equation
(3.2.13) indicates that the rate of heat removal from a plate whose
surface temperature is continuously varying is 25.6 percent greater
than that obtained from a plate whose surface temperature is constant.

The quantity of heat removed per unit time per unit area for a plate
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with a continuously varying surface temperature is given by the re-

lationship
q'=h' (T -T) (:3%:21:15)
{cf p a

The temperature Tp is obtained by plotting the temperature profile
curve (local plate surface temperature versus distance from the
leading edge), finding the area under the curve, and obtaining the
temperature which divides this area in half.

An alternate solution [ Eckert and Drake (1959)] for ob-
taining the local heat flux from a flat plate with a continuously varying

surface temperature involves integration of the equation

q =L" nx5) de (5)

where dtp is interpreted as a succession of infinitesimally small tem-
perature steps occurring at infinitesimally closely spaced locations
ds. In view of the fact that the evaluation of this equation is rather
tedious an approximate equation offered by Eckert and Drake (1959)
can be used. The approximate equation, which by actual test deviates
only a few percent from the exact solution, for the total heat flux with

laminar air flow is

q =h ¢ At +.969 (At -At) - .432 AL
C o p 2 1 o

n
[(Zn-l) At -ar -2 Zmn] (3.2.16)

n=o



Fi
Le
3
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where }—1C is the average coefficient of convection for a plate with a
constant surface temperature defined by equation (3.2.2). At and

AL are explained in the following figure;

Figure 2. --Approximation of continuously varying wall temperature
by straight line segments.

Letting ATP' equal the quantity within the outer brackets of equation

(3.2.16) the equation can be written as

3.3 Mass-Transfer

Water vapor is transferred from any water film on the
leaf surface to the air by the process of evaporation or mass-transfer.
For every pound of water removed by this process 1070 Btu's of heat
are required (for water at 32 F). To arrive at a prediction equation

for this heat loss use is made of the similarity relations between
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heat andmass-transfer. The following assumptions are made:
1. The fluid properties are approximately constant.

2. The temperature differences in the field are small when
compared to the absolute temperature.

3. The pressure is approximately constant,
When these assumptions are met then any of the equations for heat

transfer in laminar flow also gives the solution for a corresponding

h L
mass-transfer problem if the Nusselt number Ck is replaced by the
hm L
dimensionless mass-transfer coefficient D and the Prandtl

number (V/x) by the Schmidt number (v/D). The rate of mass

transfer can then be given as

-

m = — (P -P) (3.3.1)
s T s a

w

where PS is the saturated vapor pressure at the water surface and
Pa. is the vapor pressure of the air.

The validity of the similarity relations has been proven
by many investigators. Hartnett and Eckert (1957) determined the
temperature and concentration profiles in alaminar boundary layer
on a flat plate. Their investigations show that the mass-fraction
and the temperature profiles are similar when Pr = Sc or when the
ratio Sc/Pr = X/D, called the Lewis Number, is 1. For water dif-

fusing into air at 46.4 F the Lewis Number is 0.85.



Beay
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The average mass-transfer coefficient for laminar flow

over a water surface with a constant surface temperature is given

by the relation

=, D 1/2 1/3

hm = .664 T REL Sc . (:3::3::2)
h_ can also be expressed by an average dimensionless mass-transfer
m

number analogous to the Nusselt number for convective heat transfer.

h_ L

) (3.3.4)

The quantity of heat loss through the mass-transfer pro-

cess can then be computed from the relation

(3:3..5)
m v s

Upon substituting the equations for m_ and l:m the final form of the
prediction equation becomes

H D

v
e (.664) RTL ReL Sc (P -Pa) (3.3.6)

3.4 Sprinkling the Leaf Model

The quantity of water used for cold protection must be
such that it will supply enough sensible heat to compensate for the

heat loss by convection and mass-transfer. In actual field practice,
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this approach is impractical. For every pound of water that freezes
on the leaf there is released 144 Btu's of heat. If there were a ten
degree difference between the mean temperature of the water striking
the leaf and the mean temperature of the water leaving the leaf it
would require 14.4 times more water to protect the leaf using only
the sensible heat. However, this approach will be taken (employment
of sensible heat only) in order to facilitate an accurate basic analysis
of the heat transfer phenomena taking place on the leaf model.

The leaf will lose sensible heat by forced convection
from both its upper and lower surfaces. Heat loss due to mass-trans-
fer will occur only from those areas of the leaf covered with a water
film. In its natural state it is possible for a leaf with a hydrophobic
surface to have neither side completely covered with a water film.
Instead the water may bead-up in the form of droplets scattered over
the surface. In this study of the leaf model it is assumed that a con-
tinuous water film exists over the entire upper surface only. Heat
is removed from this water film surface by convection, equation
(3.2.1) and by mass-transfer, equation (3.3.5). Occurring simul-
taneously with the above mentioned heat losses is the convective loss
from the underside of the leaf model in accordance with equation
(3.2.17) . Combining these two convective losses the total heat re-

moved by convection is defined as

a_ = h_ ATP' T ST (3.4.1)
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Substitution of equations (3.1.4), (3.4.1), and (3.3. 6) for the three

terms in the heat balance equation (3.1.3) gives the following rela-

tionship;

k 1/2 1/3
5.2 Cp A =, - '
vvt p ATw 664 L ReL Pr ATp
k 1/2 1/3
+ .664LReL Pr (TS-T)
H D
v 1/2 1/3
+RTL ReL Sc (PS-P) i

Simplifying and rearranging terms the prediction equation for the

water application rate is

Re_1/2
L 1/3 '
WS TIL Cp AT .664 k Pr ATP
w
+ ebak Pr3 (T - T)
s a
H D
v 1/3
-P .4.2
tRT Sc (Ps a.) (3 )

Inspection of this equation reveals that the water appli-

cation rate is indeed a function of the six independent variables set

forth in relationship (3.1.2). To correlate these six independent

variables with respect to the dependent variable w it is necessary

to derive a dimensionless water application rate number which can
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be plotted against the Reynolds number. The equation defining the

dimensionless water application rate number is

5.20 w Cp AT
W - t w

re— (3.4.3)
qC qC qm

If the expressions for the three terms in the denominator of this
equation, along with their respective film-transfer coefficients, are

introduced the equation takes the form

5.20w, Cp AT L
t w

Nu' k' T ' + Nuk(T -T )+NmH D (P -P )
P s a v s a
R T
Nu' will be obtained experimentally in the ensuing study and may
differ somewhat from equation (3.2.14). This difference, if it

occurs will, in all probability, be in the constant of the average

film heat transfer coefficient,

(3.4.4)






IV. EXPERIMENTAL EQUIPMENT

4,1 Wind Tunnel y:

A wind tunnel was constructed to provide an environment
for the leaf model where the independent variables air velocity, tem-

perature, and relative humidity could be controlled, and alsc an en-

s

vironment in which radiant heat exchange was eliminated. The desired
range of each of the independent variables (selected on the basis of
actual field conditions) of air velocity, temperature, and relative
humidity was, respectively, 50 to 900 ft/min,15 to 32 F, and 25 to
100 percent.

A tunnel (Figure 3) 10 ft long with inside dimensions of
11 in. x 12 in. was constructed from 3/8 in. plywood and lined inside
with 2 in. thick Styrofoam. The tunnel was equipped with two access
doors one in the inlet section, the other in the downstream test area.
The access door in the test area was fitted with a plastic window to
permit visual observation of the experimental equipment during
testing.

To reduce free stream turbulence and produce a uniform
velocity profile in the tunnel cross section the following equipment

was arranged in the inlet section (initial five feet) of the tunnel

27
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(Figure 4). Located in the tunnel entrance was a set of 2 in. di-
ameter straightening vanes 6 in. in length. Following this were
three screen grids, a second set of straightening vanes 3/16 in. in
diameter by 2 1/2 in. in length (constructed from plastic straws),
a fourth screen grid, and finally two cotton gauze filters. The top
of the tunnel was constructed so that it could be removed in two
separate sections to facilitate placement of the straightening vanes,
grids, and filters.

The cold air supply was obtained from a 650 cu ft cold
storage box with an approximate net cooling capacity of 12, 000 Btu/hr.
The cold storage refrigeration unit could be set to maintain a desired
temperature within * 2.0 degrees Fahrenheit. The air was brought
to the fan intake via the velocity control box through a 10 in. diameter
metal duct wrapped with a 4 in. thick batting of fiberglass insulation.
The cold air leaving the tunnel was returned to the cold storage box

by a similarly constructed duct system.

4.1.1 Temperature

The air temperature in the test area of the tunnel was
measured with two thermocouples located 1 ft upstream from the test
area and 51/2 in. above the tunnel floor (centered vertically). The
thermocouples were made of 30 gage copper-constantan wire insulated
with enamel and glass. These thermocouples have an accuracy of

approximately + 3/4 percent of the standard emf temperature






Figure 4. --Inlet section of wind tunnel,

Figure 5.--Temperature recording potentiometers.
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calibration. A Honeywell two pen strip chart recorder (Figure 5)

was used to determine the temperature indicated by the emf output

of the thermocouples. The temperature range of the recorder was

from -20 to +60 degrees Fahrenheit. It was possible to read the

chart scale directly to 1.0 degree and estimate it to 0.1 of a degree. r
Full scale calibrated accuracy was * .25 percent of instrument span.

Although this recorder was calibrated at the factory a check at the

32 degree F reading was made by immersing a thermocouple junction

in an agitated ice-water mixture. Each recording pen was connected

to a six point manual switch thereby allowing the temperatures sensed

by twelve different thermocouples to be measured and recorded.

4.1.2 Velocity

A forward-curved-blade centrifugal fan driven by a single
phase 5 hp electric motor was used to provide the required air
velocity. The fan housing was wrapped with fiberglass insulation to
reduce heat loss. The outlet section of the fan was connected to the
inlet section of the tunnel by means of a tapered plywood conduit
insulated on the inside by 2 in. of Styrofoam. The connection between
the fan outlet and the tapered conduit was made with a flexible piece
of canvas. This reduced the amount of vibration transmitted from

the fan to the tunnel.
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Velocity control was made possible by a sliding door
arrangement located in the intake duct. Movement of the door simply
increased or decreased the effective size of the fan intake opening
thereby increasing or decreasing the air velocity.

The time-averaged velocity of air movement in the tunnel
was measured with a constant current hot-wire anemometer (Figure 6);
model HWB ser. no. 216 by Flow Corporation. The hot-wire probe
was a standard 24 in. Flow Corporation probe fitted with a tungsten
filament 0.0625 in. long and 0.0005 in. in diameter. The probe
sensing element (filament) was located approximately two feet up-
stream from the test area and in the center of the tunnel cross section.
The hot-wire anemometer was calibrated against a pitot tube installed
in the tunnel. The pressure head difference from the pitot tube was
sensed by an inclined manometer filled with a fluid of . 797 specific
gravity. The scale on the manometer could be read to .005 in. For
the pitot tube used, the velocity was determined by the equation

1
Ua = 66.75 h e (4.1.2.1)

where h is the manometer reading in in. and Ua the velocity in ft/sec.
Velocity measurements with the hot-wire anemometer were considered

to have an accuracy of £ 2.0 percent.
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4.1.3 Turbulence

The degree of free stream turbulence was investigated
by using the hot-wire anemometer described in section 4.1, 2. The
signal from the hot-wire anemometer amplifier was fed through a
7KC low pass filter to a true root-mean-square voltmeter (Figure 6);
Model No. 320 by Ballantine Laboratories. An oscilloscope was
used to obtain the correct square-wave compensation frequency setting
for the hot-wire anemometer amplifier. Detailed operating instruc-
tions for obtaining the average velocity and degree of turbulence are

given in Flow Corporation Bulletin No. 37B.

4.1.4 Relative humidity

The humidity in the closed air system for the tunnel was
not controlled. Since a measure of the relative humidity at any time
was obtainable it was felt that the difficulties (air temperatures below
freezing) and cost accompanying the installation of a humidity control
system could not be justified in this study.

The relative humidity of the air in the wind tunnel was
determined with a Honeywell Model w611A Portable Relative Humidity
Indicator (Figure 7). Seven lithium chloride humidity sensors were
available as plug-in components for the probe assembly, each de-
signed for a specific RH range. By a simple change of sensing unit

and indicator scale plate relative humidities ranging from 2 to 100






Figure 6. --Hot-wire anemometer, root-mean-square voltmeter,
and oscilloscope.

Figure 7.--Relative humidity indicator and sensors.
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percent could be measured. The over-all instrument accuracy was
+ 3 RH percent. The probe to which the sensors were attached was
located just in front of the straightening vanes at the entrance to the
tunnel. The access door at this location facilitated the changing of

the sensors.

4.2 Heated Flat Plate

The evaluation of the convective (sensible) heat loss
under the simulated air temperatures and velocities experienced in
the field was made using a heated flat plate.

The heated plate used in this study was constructed from
two pieces of aluminum each having a thickness of .051 in. The top
section of the 6 in, x 6 in. plate (Figure 8) was provided with .35 in.
x .35 in. tabs for mounting on the test stand. The inside surface of
each piece of aluminum was sprayed with two coats of Krylon-red
insulating varnish forming a thin die-electric layer. Number 32
bare Nickle Chromium wire was laid out over the entire surface a
distance of .25 in. apart and sprayed into place with an additional
coat of insulating varnish. This arrangement produced a resistance
heating element with a total resistance of 112 ohms. Plate surface
temperatures were sensed by means of five thermocouples mounted
flush with the surface. The exact locations are shown in Figure 8.
The thermocouple junctions were made from number 30 copper -

constantan wire. These junctions were forced through a 0.023 in.
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diameter hole and fitted flush with the top surface. Care was taken

to position the thermocouple lead wires between the heating wires on
the inside plate surface. Since the boundary layer development for

the top of the plate is analogus to that for the bottom, no thermocouples
were installed in the bottom surface of the plate.

Following installation of the five thermocouple junctions, the
two halves of the plate were pressed together and cemented in place
with Corona Dope (a high voltage insulating material). The completed i
plate (Figure 9) with an overall thickness of 0.125 in. was then sprayed
with a single coat of insulating varnish to provide a uniform finish on
the upper and lower surfaces.

Two variable DC power supply units with a maximum out-
put of 500 volts and 200 milliamperes were connected in parallel to
provide the current for the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>