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SUMMARY

The free convection system investigated here consisted of two channels

formed by three parallel and equally spaced vertical plates. The two channels

were filled with a dilute electrolyte in which heat was generated uniformly by

electrical resistance heating. The heat was transferred from the two free con

vection channels to the outer plates, then through the outer plates to the

coolant channels in which the coolant was flowing vertically upward. The sig

nificant measurement was the temperature difference between the center wall and

the outer wall at a given vertical level.

A Laminar Regime theoretical analysis was made based on the postulate that,

in the Middle Region away from the ends, the velocity profile is fully es

tablished and the temperature is linear with the vertical coordinate.

Semi-quantitative visual observations of the paths of suspended droplets

indicated that the free convection flow circuit exists as one long cell and that

the velocity profile is fully established in the Middle Region and similar to

that predicted by the theory. The onset of turbulence occurred at a Grashof

modulus equal to 5 x 109, which is the same as for ordinary free convection.

For small values of the modulus, Hm, the vertical temperature gradient

was uniform and the Middle Region Laminar Regime experimental temperature data

were only 15 percent lower than the theorys For large values of Njjj the

vertical temperature gradient was not uniform and the temperature data were only

50 percent of the theoretical value. Above the critical value of Grashof modu

lus, the temperature data dropped sharply, due to turbulence, to about 66 per

cent of the laminar theory. In contrast to most convective heat transfer systems,

the end region temperature differences near the top of the system were greater

than those in the Middle Region.



INTRODUCTION

The effort represented by Reference 1 and the present work was directed

toward an understanding of the heat transfer in a particular class of volume

heat source free convection systems which may be described generally as follows:

1. The volume heat source is uniform.

2. The free convection system is a pipe or channel having
a large ratio of length to diameter and oriented with
the long axis vertical.

3. The bounding walls are cooled by forced convection with
the coolant flowing vertically upward.

For each system geometry there are four separate problems to be investi

gated depending upon whether the flow is in the Laminar Regime or the Turbulent

Regime and upon whether the region of interest is in the middle or near the ends

of the system. The flow regime is determined by the value of the Grashof modu

lus relative to the critical value. The region classification is indicated in

Figure 1. At a given height the minimum temperature in the free convection

system is at the cooled wall while the maximum temperature is near the center

of the pipe or channel. Near the top or bottom of the system, where the free

convection dynamic and thermal boundary layers are initiated, the velocity and

temperature profiles may vary rapidly with the vertical coordinate, z. At some

distance from the ends of the system it is possible that the velocity and tempera

ture profiles may become fully established and independent of z. The latter

region is designated as the Middle Region and the former regions as the End

Regions. At this point it should be emphasized that experimental proof of the

existence of fully established velocity and temperature profiles in the Middle

Region was not available when the present work was initiated. It had been
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suggested that, in the Laminar Regime, the free convection pattern might tend

to exist as many laminar cells a few diameters long rather than as one long cell.

If this were true, there could be no fully established Middle Region. One aim

of the present investigation was to settle this question. For the purposes of

the theoretical analysis the established profile Middle Region hypothesis was

assumed and one of the principal objectives of the experimental program was the

confirmation or denial of this hypothesis. The hypothesis can be written as

two basic assumptions in the following manner:

1. $2. = 0: the vertical component of velocity is independent
dz

of z.

2. M = Ac; the vertical temperature gradient is uniform and
dz

equal to that of the coolant mixed mean temperature.

When these two assumptions are employed as postulates in a laminar flow

system the differential equations become one dimensional and easily solved.

These postulates were used in Reference 1 as the basis for Laminar Regime

Middle Region analyses of the pipe and of the two-parallel-plates systems. A

heat transfer experiment using either of these systems would require that fluid

temperatures be measured; this would be a very difficult problem in a volume

heat source free convection system. The three-parallel-plates system was chosen

for the present investigation to avoid this difficulty.

The primary objective of the present work was to experimentally and theo-

retically investigate the heat transfer in the Laminar Regime Middle Region;

however, some temperature measurements were also made in the Upper End Region

because the significant temperature difference there was larger, and therefore

more critical, than in the Middle Region. In most convective systems the re

verse is true; that is, the temperature difference is minimum in the entrance

region and approaches a maximum value in the established profile region.
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Because it was assumed that most readers would not be interested in the

details of the experiment, that information was placed in the appendix and

only a brief description of the experiment is given as preparation for the dis

cussion of the results. The theoretical analysis was left in the body of the

report because the discussion of the postulates for the theory was believed to

be a useful background for the understanding of the experimental results. In

addition, it was from the theoretical analysis that the variables $, Nj and Njj

were discovered which were used to analyze the experimental data.



NOMENCLATURE

A a -£_z. ; vertical temperature gradient. (0L-1)*
3z

In the theoretical analysis A was postulated to be uniform.

In the experiment A actually was a function of both x and y,

however only the values of A at or near za were used; thus,

for these data A is reported as a function of X alone.

A(0) = A at X = 0

A(l) - A at X - 1

Aa -|(A(0)+A(1)J
Ac as A of the mixed mean coolant temperature.

Cp -Constant pressure specific heat. (EM"*1 0"1)

d = 2xo. (L)

E - electrical EMF. (V)

g - gravitational acceleration. (LT~2)

gc -dimensional constant. (IMF"1 T )

k - thermal conductivity. (ET-1 L"1 0"1)

p - pressure. (FL~ )

P - power. (ET )

q - heat transfer rate. (ET )

q" - heat transfer rate per unit area. (ET-1 L~2)

q1" - volume heat source term. (ET L"3)

r - electrical resistivity of electrolyte. (RL)

*The dimensions of each symbol are given in terms of the energy (E), force (F),
mass (M), length (L), time (T), temperature (e), electrical resistance (R),
electromotive force (V) system.
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t(X,z) - temperature, (e)

ta =i(t(0,za) +t(l,za)J ;average temperature used to evaluate

physical properties in Nj, Njj, Njjj.

t(m,z) mt(0,z) - 0(O,z)Fi

tp - room air temperature,

v - volume occupied by the electrolyte in test section. (l3)

w - z component of velocity. (LT"1)

xi

w =i_ / wdx
x± J
1 0

x - coordinate. (L)

x^ - value of x at interface between the two free convection streams.

x© - maximum value of x.

y - coordinate. (L)

2y0 - width of apparatus test section. (L)

z - vertical coordinate. (L)
(z =0 at bottom of test section)

z0 - maximum value of z.(effective length or height of test section)

za • z0/2; average value of z.

Zy = 21.12 inches, location of upper center wall thermocouple.

Zm " 15.02 inches, location of middle center wall thermocouple.

z -10.55 inches, location of lower center wall thermocouple.

NOTE: The following will explain the manner in which mean or integrated
values are denotedt

if u(x,y) varies over the ranges -x0<x<x0 and -yQ<y<yo

then u(x,m) -_L. J °(x,y)dy ^ u(m,m) =_i_ J~ J^^
-Yo -xo -yo
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Greek

a a JL_ , molecular thermal diffusivity. (L2 T"1)
pcp

6v " — — > volume temperature coefficient. (0_1)
v dt

0r • i — , electrical resistivity temperature coefficient. (0 )
r dt

6., »JL d\rk? ; (rk) temperature coefficient. (0"1)
rjs rk dt

e(X,z) «ft(X,z) -t(l,z)J- temperature excess above outer (cooled)

wall temperature at the same value of z. (d)

0c(O,z) - the value of e(0,z) when all the heat is transferred by conduction

in the x direction.

q1" x 2
9c*(0,z) » — ° ; the value of 0c(O,z) in a system where q"' and k are

(

uniform with X.

1/*

6kJ

Ul- dynamic viscosity. (ML" T" )

*>-•£; kinematic viscosity. (L2 T"1)

p - mass density. (ML~3)
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Dimensionless Functions

|lHJj2
NNu =fr"f .,Nusselt modulus; NNu -JL- when q" =q'"d and 0C(O) -SC*.
" k 0(0) *(0) OK

Npj. » J^. ,Prandtl modulus
a

x . . 3

NGr =z° Pg 0(°>za) =1*(0,za) Ijj (f£) ;Grashof modulus

NRe a z*! ,Reynolds modulus of free convection stream

(Nj) - Nj computed with Aa

(Nj)c - Fj computed with Ac

Nn »d5 ^8 tf"(",gft)
k ^

NIII
NII HPr q"'(^za) <*
1.* (NX) l.*kAc

*(X,z) a e\x;2J , dimensionless temperature function
0c(O,z)

4(0,z) a e(°>z) ,value of * at X =0
0c(O,z)

[^(O,z)j. f minimum value of «(o) observed in experiment

*c(X,z) - the function 4 in a conduction system having no free convection

»*(X) » e(X)
ec*(o)

W = -221— , velocity function
^NII

X a JL
xo
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BRIEF DESCRIPTION OF THE EXPERIMENT

The three-parallel-plates system to be experimentally and theoretically

investigated is shown schematically in Figure 2. The free convection test

section is formed by three parallel and equally spaced vertical flat plates.

An additional parallel plate on each side forms a coolant channel. The experi

mental system was designed to approximate the following conditions:

Condition 1 - The volume heat source is uniform throughout the

system and steady.

Condition 2 - The temperature and velocity are steady and two

dimensional; that is, non-variant with the

coordinate y, perpendicular to the paper.

Condition 3 - The ratio of height to channel width is large.

Condition * - The system is geometrically, dynamically, and

thermodynamically symmetrical about the yz plane.

Condition 5 - The resistance to heat conduction in the walls, or

plates, is stria! 1 in the x direction and large in the

y and z directions.

The Apparatus

The apparatus was formed by metal plates 8 in. wide by 36 in. high with

a spacing, xq, of 0.5 inches. The bottom and ends were made of plastic so

that the only electrical path between the center wall and the two outer walls

was through the fluid in the test section. A very dilute HC1 solution was

used as the electrolyte in the free convection test section. When an electri

cal potential difference was maintained between the center wall and the two
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outer walls heat was generated within the volume of the fluid due to its electri

cal resistance. The volume heat source term, q1" , was not uniform because the

temperature coefficient of the electrolyte electrical resistivity was not zero.

The average variation of the mean value of the volume heat source term, q'"(m,z)

was 5 percent for the Laminar Regime runs and 12 percent for the Transition

Regime runs. A technique was derived for reducing the data to correspond to a

system in which q1" is uniform.

The coolant flow rate and inlet temperature for each side and the total

power could be set and accurately controlled over the following ranges: power,

up to 15,000 Btu/hr: cooling water flow rate, up to 5,000 lbs per hour per

side: cooling water inlet temperature, from *5°F to 120°F.

Temperature Measurements

In addition to the inlet and outlet coolant temperature thermocouples,

three thermocouples were positioned in the center wall as shown in Figure 2

and a traversing thermocouple probe was provided in each outer wall which was

adjustable to any vertical position. All temperature measurements were made

in the xz plane. A junction box permitted the direct measurement of the tempera

ture difference between any two junctions as well as the measurement of the

temperature level of a particular junction above the ice point. The first 11

temperature runs were taken with the test section liquid level at 35 inches.

In order to obtain temperature data in the End Region the level was lowered to

about 22 inches for the remaining 17 runs. By this means temperatures could be

measured to within about one inch of the effective top of the system.
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Velocity Observations

In the development of the details of the design of the three-parallel-

plate apparatus a two-plate apparatus was constructed which was identical with

the three-plate apparatus used for the temperature measurements with three

exceptions: First, the dimension, d, was 3/* inches for the two-plate appa

ratus compared to one inch for the three-plate apparatus: Second, no wall

temperature probe wells were provided: Third, there was no center wall. The

qualitative or semi-quantitative velocity measurements were made with this

two-plate apparatus using the technique developed in Reference 2. That tech

nique involved the timing of the particle path for small oil droplets in the

free convection system having the same density as the electrolyte and illumi

nated by a high intensity light beam. As was previously mentioned the heat

transfer measurements were the primary objective of the experiment. Thus, the

velocity observations made were limited to those believed to be necessary to

the understanding of the temperature data. The purpose of the velocity experi

ment was to obtain the answer to the following five questions:

1. Does the free convection circuit exist as one long cell
or as many short ones?

2. Does the velocity profile in the Middle Region become
established and does it appear similar to the velocity
profile given by the laminar theory?

3. What does the velocity structure look like in the
End Region?

*. At what value of Grashof modulus does transition to

turbulence occur?

5- Does the guard heater spacer design eliminate secondary
flow (in the y direction) in the test section?
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THEORETICAL ANALYSIS FOR THE
LAMINAR REGIME,MIDDLE REGION

The conditions described in the previous section supply the first four of

the postulates that define the Idealized System to be analyzed.

Postulate 1. q"1 is uniform and steady.

Postulate 2. The temperature and velocity are independent

of y and steady.

Postulate 3. The system is symmetrical about the yz plane.

Postulate *. The resistance to heat conduction in the walls

is zero in the x direction and infinite in the

y and z directions.

Additional postulates required are:

Postulate 5. The free convection flow is in the Laminar Regime.

Postulate 6. All fluid properties except density are uniform.

Postulate 7. Density is uniform in the heat equation and is a

linear function of temperature in the dynamic

equation.

Finally, the two basic postulates discussed at length in the INTRODUCTION

complete the definition of the system:

Postulate 8. There is one long convection cell so that in the

Middle Region: -|^ •0
Postulate 9. The vertical temperature gradient, A, is uniform

and equal to Ac.

As a consequence of Postulate 8 one can prove that the x components of

velocity and pressure gradient vanish and that the vertical pressure gradient,
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-^ ,is uniform with x. The Navier-Stokes equations then reduce to:

d2w(x) 8c / dp(z) / \ g \ (i\
dxc

As result of Postulate 9 it can be proven that the heat flux at the wall is

uniform and therefore known; that is, each element of width, x0, and height,

dz, loses through its own bounding wall surface exactly the amount of heat

generated within the element. Thus, no net heat loss occurs in the z direction,

for such-an element. An additional consequence of Postulate 9 is that the use

of the temperature function, 0, eliminates z as a variable; then the equations

contain only one space variable, x.

The heat conduction equation is then simplified to:

,2,A2fel-£ *<x> -J". (2)
dx2 a k

Or, in terms of dimensionless variables:

,2P^ =2Nx W(X) -2 (3)

Using a linear variation of density with temperature the density at any point

in the system may be expressed as:

p(X,z) =p(l,za) [l -BvAz -Bv0(x)] (*)
Putting Equation (*) in Equation (l) get:

d^ p(l,za) , v gc dp(z) gp(l,za) r -I^2 +—JT*- *r 8fi(x) =— -g-t + ^ [1 -BvAzJ ... (5)

Since the left member of Equation (5) is a function of x alone and the right

member is a function of z alone, each must be equal to a constant, say:

2

*.->(*£$»-;»
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Setting the left member equal to this constant and making the variables di

mensionless one obtains the velocity equation:

32 && aD-4(X) (6)
dX2

Velocity Solution

Differentiating Equation (6) twice and using Equation (3) to eliminate

^M, get:
dX

^♦g-w-i - (7)
The solution to Equation (7) is:

W(X) = JL (1 + a sinXX sinhXX + bcosU cosh XX
Ni

+ c sinXX cosh XX + d cos XX sinhXX) (8)

(• \V*
where X - |.JE|

w
The boundary conditions are:

(1) W(0) = 0

(2) The temperature is symmetrical about the z axis,

d*(0) 'thus, -^ =0

differentiating Equation (6), get £*M a-32 ^M^l
& dX-5

so d3w(°) »o
dx3

(3) W(l) « 0

(*) Since there is no net flow

W(X) dX » 0
0
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Applying these boundary conditions to Equation (8) get:

i2X + sinX sinhX - X sinX cosh X - X cos X sinhX-1-2 l"8*n *• +
sinh2X - sin2X

C a d a
[(cosh X- cosX)(sinhX +sinX) - 2X sinX sinhxj
L s-JnVi2! _ Bin2v Jsinh2X - sin2X

Thus:

Ni W(X) »1 -cosXX coshXX +a sinXX sinhXX + c(sinXX coshXX + cosXX sinhXX)..(10)

Temperature Solution

Since, by definition, *(l) a o one gets, from Equation (6), the value of

D and the temperature solution:

? . y, d2w(l)
dX2

*/^ ™(&*&) d2wW ) (n)*(X) '32[~^"~^~J .
Differentiating Equation (10) and putting in Equation (11) get:

$(0) =^1 sinX sinhX -a(l -cosX coshx) +c(cosX sinhX -sinX coshx) (12)

*(X) »$(o) --Ty [sinXX sinhXX -a(l-cosXX coshXX)

+ c(cosXX sinhXX - sinXX coshXX) (13)

Lim »(0) = 1 (1 + 2X) (1*)
X-»00 X2

(9)
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An Approximate Analysis for Ni^lO1*-

For small Ni (or X) values the following simplified analysis is accurate

and much less laborious to solve numerically:

When Equation (10) is plotted for small Hi, Xi becomes equal to 0.5 and

the velocity distribution in the hot and cold free convection streams corre

sponds to isothermal, laminar, forced flow in parallel plate channels. The ve

locity distribution may then be written as:

W(X) » 2!f ^ X(1-2X) for0f:X£0.5
Nil

(15)
W(X) - 2k ^e (!_3X + 2X2) for O.JiXil

*H

Setting the buoyant force equal to the friction force for the two streams,

one obtains:

J *(X)dX - / *(X)dX «12,288 — (16)
0 0.5 Nn

Putting the velocity distribution from Equation (15) into Equation (3),

integrating and applying the following boundary conditions one gets the tempera

ture solution:

b.c M°i,$(i) .0

*(X) - 1-X2 - *** Nl (1 . 8X3 + 8X4) for 06X<0.5
NII

...(17)

*(X) -1-X2 -8Nge gI (X -3X2 +3X3 .x*) for 0.5^X<1
Nil

From Equations (l6) and (17) get:

•(0) -1 - ?I (18)
12,288 + 1.* H!
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and

NRe = !n (19)
1.* Nj + 1.23 x 104

In summary, the dimensionless velocity and temperature function are

dependent on only X and NJ as shown in Equations (10) and (13) while the free

convection stream Reynolds modulus is dependent on both Nj and Njj, according

to Equation (19). Equation (l*) is accurate above Hi equal to 10° and

Equations (17), (l8), and (19) are valid for Ni less than 10^. For Ni =0 all

solutions reduce to the "conduction only" solution, which is:

•e(°) s 1 /™\c (20)

*C(X) a l-X2
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RESULTS AND DISCUSSION

The results of the velocity observations are discussed first to provide a

background for the discussion of the thermal structure. Then a brief de

scription is given of the manner in which the temperature measurements were con

verted to the dimensionless temperature modulus, «(0,z). Following this is

given the development of the parameter, Nm, which permits prediction of the

degree of uniformity of A. Finally, the heat transfer theory and experiment

are given in dimensionless form. The comparison of the Middle Region Laminar

Regime theory and experiment is the main objective and most important part of

the investigation. The End Region experimental data are given, however, for

whatever they may be worth.

The Velocity Structure

It is recalled that the velocity observations were made in a two-parallel-

plate apparatus before the three-parallel-plate apparatus was constructed. The

five questions concerning the velocity structure are discussed below in the

same order in which they were posed in the section entitled BRIEF DESCRIPTION

OF THE EXPERIMENT.

1. The free convection flow circuit existed as one long cell
during all the observations made; even for Transition Regime
flow conditions when the flow circuit would be momentarily
broken by a large eddy the single cell pattern was resumed.

2. The velocity profile in the Middle Region did become established
within the limit of accuracy of the present observations, and
was similar to that given by the laminar theory in Reference 1.
The profile observed in this region is shown in Figure 3.

3. In the upper End Region the velocity structure had the appearance
of the free convection boundary layer growth near a cooled
vertical plate immersed in a large pool. As shown in Figure 3
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3. (Con't.)

the value of Xi was unity at the top of the system and decreased
as (z0 - z) increased. The velocity also increased with
(z0 - z). At some value of (z0 - z), say (z0 - ze), the ve
locity profile seemed to become fully established; that is, the
value of Xi and w became uniform with z. The length of this
entrance region was observed to vary from 2d to 5d.

The lower End Region velocity structure was not investigated
because screws in the plastic end plates obstructed the view.

*. The transition from laminar to mildly turbulent or transition
type flow was observed to occur for a N(jr equal to about
5x 109. While keeping Nj » 1.5 x 10*, Nn «2 x 10^ and
Nm a 560, the apparatus was operated first for Ng.r a 2 x 10^
then for NGr = 9 x 109 by filling the apparatus first to a level,
z0 a 20.3 inches, then to a level, z0 a 35.1 inches.

A 16 f.p.s. movie film was taken of these two runs; in it the
lower Ngr run is clearly in the Laminar Regime and the higher
N(jr run is clearly in the Transition Regime. The Transition
Regime run shows the sinuous, unsteady, snakelike motions in
the center stream that are sometimes referred to as Schlicting
waves. Eckert and Soehngen. (Reference 3) have observed that,
up to NGr = * x 10°, the free convection boundary layer must
be laminar. Transition may occur at any Nflr above this value,
depending on many variables. The heat transfer data for
ordinary free convection to vertical plates indicates a
transition (by an abrupt change in slope) at N(jr = * x 10^.
The agreement between that value and the value for the present
experiment suggests that the proximity of the two plates, thus
two boundary layers, had little influence on the critical
value of N(jr.

5. No secondary flow was observed in the test section; secondary
flow did exist, however, in the guard heater sections.

These observations in the two-parallel-plates system are submitted to be

valid for the three-parallel-plates system. From these observations it is

concluded that, for NQr<5 x 10^ and in the Middle Region, the experimental

system meets the hydrodynamic conditions described by the postulates of the

ideal system theoretically analysed. The velocity structure according to the

Laminar Regime Middle Region Theoretical Analysis for the three-parallel-plates

system is given in Equation (10) as a function of Ni and Nn-
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The Temperature Data

The dimensionless temperature distribution for the Laminar Regime, Middle

Region, three-parallel-plates system theoretical analysis is shown in Figure *

for several values of the parameter Kj. The value of «(X) at the center wall,

*(0), is the only value that was determined experimentally. Thus, the values

of $(0) from Figure * have been plotted versus Nj on subsequent graphs for

comparison with the experimental data. In the Middle Region of a system in

which q'" is uniform, *(0), is inversely proportional to the Nusselt modulus so

*(0) is just a form of dimensionless heat transfer modulus that is more

meaningful than %u in a volume heat source system.

A summary of the important variables for each of the 28 runs is given in

Table I. In many instances the number of significant figures given is greater

than the accuracy of the number warrants; this was done to enable the reader

to check the calculations or to compute the value of variables not listed. For

example, the value of Npj. at ta may be read from Figure 1* in the appendix;

then the Grashof modulus may be computed from tabulated values as follows:

»0r --nrf*). ft)' g&bl
Similarly, A(0) may be computed by the equation:

2 Aa
A(0) = __

A(0)

The first 11 runs were taken with the apparatus filled to zQ equal to

35 inches. Since the uppermost center wall thermocouple was located at

zu a 21.1 inches no information concerning the value of $(0) in the End

Region could be obtained. For the remaining 17 runs the apparatus was operated
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TABLE IA

VALUES OF IMPORTANT VARIABLES FOR THREE-PARALLEL-PLATES
SYSTEM HEAT TRANSFER EXPERIMENT

Run

No.
*o

Inches Op.
<£" Ua) ec(°>za) A(1)/A(0)
B/hr ft3 oF

Ac
°F/ft.

Aa
°F/ft.

Nil! (hi).

1 3*.9 117-5 I.92
2 35-1 1**.0 1.06

3* 3*.8 109.5 3-39
* 35-0 11*. 5 I.83
5 35.0 128.0 1.79
6 3*.8 112.0 3.13
7* 3*.9 57-0 2.95
8* 35.0 50.5 2.6*

9* 35.0 *9-2 7.52
10* 3*. 7 63.5 2.73
11* 3*.7 6O.5 9.50
12* 2*.0 65.O 2.68

13* 22.5 60.0 2.70
1** 22.3 *7-6 8.88

15 22.5 118.0 3.10
16 22.5 121.0 6.5*
17 22.2 126.0 I.38
18 22.1 129.7 2.09
19 22.* 130.7 5-13
20* 22.7 78.5 I.56
21* 22.7 57-3 9.57
22* 22.6 *7-5 9.22
23* 22.6 *9-7 9-39
2** 22.6 52.5 3.65
25 22.6 112.8 2.83
26 22.5 129.5 2.79
27 22.5 1*9.0 5-51
28 22.5 158.O 5-79

x 10^
x 105
x 103
x lO2*"
x 10^
x 103
x 103
x 103
x 102
x 103
x 103
x 103
x 103
x 102
x 103
x 103
x 101*
x 10^
x 10^
x 103
x 102
x 102
x 102
x 103
x 103
x 10^
x 10^
x 101*-

*5.*2 0.86* 0.88 3.62 3550 I.38
2*7.00 0.8*5 *.6o 15.72 3700 9.52

8.08 0.*56 0.13 1.00 *250 3.22

*3-39 O.838 0.82 3.*8 3650 1.25
*2.15 0.976 7.65 8.81 380 *.09
7-*2 O.902 1.25 1-75 *10 5.96
7.50 0.850 1.67 2.00 310 l.*7
6.81 0.*50 0.19 0.9* 2*50 *.91
1.9* 0.300 0.10 0.20 1330 1.01
6.88 1.02* 2.83 2.92 170 2.53
2.*0 0.918 1.35 1.17 120 9.12

6.7* 0.9*9 3.25 3-2* 1*0 3.01
6.8* 0.9*0 3.35 3.26 1*0 2.*7
2.31 0.572 0.21 O.38 750 1.7*
7.32 0.710 0.90 1.80 560 6.90

15.*2 0.810 2.*6 3.71 *30 1.52
32.50 0.630 2.50 5.10 900 2.29

*9-15 0.692 *.26 7-*3 800 3.52
120.30 0.753 2.71 1*.20 3050 6.92
3.83 0.*07 0.09 0.76 2900 1.10

2.** 1.038 l.*0 1.3* 120 9.29
2.39 0.*90 0.17 0.35 970 1.60

2.*3 0.725 0.3* 0.60 *90 3.01

9.37 0.661 1.06 2.28 610 1.29

6.71 0.71* 0.86 1.58 5*0 5-*9
65.30 0.95* 12.53 15.00 36O 7.25

128.30 1.003 25.10 28.60 350 I.89
13*.30 1.000 25.*0 28.*0 360 2.10

♦Indicates Laminar Flow Runs; i.e. Nor<-5 x 1°^
Notej In many cases more significant figures are given for a number than the

accuracy warrants. This was done to permit the reader to check the calculations.

105
105
10^
105
105
10^
10^
103
103
10*
103
10^
101*
10

10

105
lo5
105

10*
103
103

10^
10*

106
106

(Nl)(

3.35
2.78
*.18

2.9*
3.55
*.26

1.23
9.93
5.05
2.*5
1.05
3.02
2.5*
9.63
3.*5
1.01

1.12

2.02

1.32

1.31
9.70
7.80
1.70

5.99
2.99
6.06
1.66
1.89

10*
105
103
101*
io5
101*
101*
102
lO2
10*
10*
101*
101*
102
10^
105
105
105
105
103
103
102
103
103
10^

10610°
106

co
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using values of z0 between 22 and 2* inches; this placed the top of the system

near enough to the upper center wall thermocouple so that the *(0,z) data could

be extrapolated to zQ. There was some question at this time as to whether or

not the 22 inch high system was long enough to give [*(0,z)]Bin. values in the

Middle Region that would still be characteristic of a "long" system. The

excellent agreement of Runs 12 and 13 with Run 10 gave the authors confidence

that the 22 inch system was long enough; thus, all subsequent runs were made

using the lower level.

The conditions of the runs were chosen to give data over the widest range

possible with the present apparatus. As a result of this attitude 1* runs

were in the Laminar Regime and 1* runs were in the Transition Regime. The runs

in the Laminar Regime are indicated in Table I.

The temperature data for Run No. 5 are shown in Figure 5« The left wall

temperature was lower than the right wall temperature for all of the runs and

the depression was greater for 19<z<30. After the experiments were con

cluded the apparatus was disassembled; the left wall thermocouple probe well

tubing was found to be unsoldered. In the 19 inch to 30 inch region that

tubing was not even touching the wall so it was probably reading a temperature

closer to the coolant mixed mean temperature than to the wall temperature.

Inspection of the right wall well tubing proved it to be in good condition. On

the basis of the above information the left wall temperature was not used and

the data were analysed using the right wall temperatures.

In addition to the value of e(0,z) at z^, zm and zu, which were measured

directly, the values for A(0) and A(l) were desired. The t(l,z) data for all

the runs were linear with z as shown in Figure 5» A(l) was determined graphically

from a straight line drawn through the points. In many instances, particularly
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the zQ = 22 runs, the three center wall temperatures were not colinear. Since

it was the value of A(0) in the Middle Region that was desired, that value was

obtained from direct measurements of [t(0,zm) -t(0,z^)] and the known value of

(zm " ZX.)'

The *(0,z) data for five typical runs are shown in Figure 6. For the data

typified by Runs 19, 21, and 25 the extrapolation to obtain *(0,zo) is not diffi

cult. Similarly, the minimum value for each curve, [«(0,z)J min., is easily

determined for the data typified by Runs 6, 21, and 25. The minimum value was

less obvious for Runs 7 and 19 and their associated runs. The data typified

by Run 7 suggest that the temperature profile did not become established for

those runs.

Development of the Parameter Nm

It is recalled that one important objective of the experiment was to test

the validity of two basic assumptions concerning the Middle Region; these

were:

dw
1. — = 0; the vertical component of velocity is

independent of z.

dt2. ^ = Ac; the vertical temperature gradient is uniform
z and equal to that of the coolant mixed mean

temperature.

In the discussion of the velocity observations it was concluded that the first

assumption was valid. In the discussion below it will be concluded that the

second assumption is usually valid when the variable Njjj is less than *00 and

usually not valid for Njjj greater than 1300.

The conclusions about A must be reached using the limited data available;

specifically, measurements were made of A(0), A(l), and Ac. Convincing proof

that A is uniform would require measurements within the free convecting fluid
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itself; however, if A(l) and A(0) are not equal, it can be concluded that A

is not uniform. The uniformity of A for the experimental system may be ex

pressed as the condition where A(0)/A(l) » 1. Now, A may be fairly uniform

(say A(0)/A(l)>0.8) yet differ from Ac by a factor of ten.

The gradient in the coolant, Ac, is easily predicted from the power and

coolant flow rates but A(o) and A(l) cannot be predicted. Thus, a useful corre

lation must be based on (Ni)c, if (Ni)c and (Ni)a are different. Since Ac is

dependent only on the power and the coolant flow rate, each of which may be

independently controlled, Ac itself is therefore an independent variable in a

system; however, A in the free convection system is not an independent

variable, but is determined by the free convection system. For the purposes

of this discussion let the free convection flow be visualized as two parallel

counterflow streams; i.e. the ideal system model used in the approximate analysis.

The heat generated in the center, warmer, and upward flowing stream is elimi

nated by two methods; part of the heat is transferred by pure conduction in the

x direction to the outer, cooler, and downward flowing stream; the rest of the

heat is dissipated from the center stream by convection. Precisely the same

amount of heat is convected into the outer stream (because the product Aw is

negative in that stream). This may be stated mathematically as follows:

(NRe Npj.) Aa - Q (21)

where Q is proportional to the ratio of the amount of heat transported from

the center stream to the outer stream by convection to the total heat generated

in both streams. For the moment let the discussion be confined to a system in

which the power, physical properties, and dimensions are held constant and only

the coolant flow rate will be varied; under these conditions Q in Equation (21)
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will be constant. Recall that, from the analysis of a system in which A is

uniform, the free convection Reynolds modulus was given by:

HRe =—!s (19)
1.* Ni + 1.23 x IO4

For Njj>lo6 the constant in Equation (19) is negligible and the following can

be written:

"-(%£) (19a)
Let Nm be defined as the value of NRe Npr for a system in which A is uniform

and equal to Ac; i.e.

<=•*& (19t)
Let it be assumed that the experiment is begun by choosing values of power and

coolant flow rate so that A is uniform and equal to Ac. Now Equation (21)

demands that Q units of heat must be convected out of the inner stream. As Ac/

and therefore (Ni)c is decreased the value of Nge Npj. must be increased to the

new value of Nm in order to maintain the system with a uniform A. The

NRe Npj. is determined by the temperature profile and the friction factor. One

might expect that, if Ac, or (Ni)c, are lowered sufficiently, a point would be

reached when the buoyant forces in the system could not produce a value of

%e %r as great as that called for by Njip That is: NRe Npr<Nm. I11

order to satisfy Equation (21) the value of A in the center stream must be

greater than Ac, or:

(NRe Npr) Aa -(Nm) Ac (22)

Then A is no longer uniform. It is proposed that, for Nm less than some

critical value, A» =Ac and Nm - NRe NPr, and above this value tl . *frte Hpr <£. 1.
Aa *in
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This, then, is the reasoning used to support the use of Nm as a variable

for predicting the non-uniformity of A in the present system. The critical

value of Nm must be determined from experiment.

Middle Region Theory and Experiment

The 28 runs have been grouped in Table II according to the value of Nm;

the influence of that parameter on A(l)/A(0) and Ac/Aa is apparent.

TABLE II

INFLUENCE OF Nm ON A

Group No. No. of Runs Nm Range [A(D/A(0)] ave. ? c/Aajave.

I 10 Nm<*00 0.96 0.95

II 8 1300 < Nm 0.61 0.2*

III 10 *00^.Nm^l300 O.69 O.56

The influence of Nm on [*(0,z)] min> is shown in Figure 7- Realizing

that Ac, thus (Nj)c, are the only values one can predict in designing a system,

it is apparent that [*(0,z)] ninm for Group II would be approximately half that

which one would calculate. From Figure 7 and Table II one concludes that for

Njjj>1300, A is not uniform and not equal to Ac; for Njjj^*00, A is uniform

and is approximately equal to Ac. In addition, the Group I points agree more

or less with the laminar theory (in the laminar regime) while the Group II

points are about 50 percent low.

In this experiment a concerted effort was made to cover as wide as possible

a range of all the variables. To obtain an Nm>1300 one must use an excessively

high, possibly uneconomically high, coolant flow rate for a given power. It seems

quite possible, then, that the Nm>1300 range would not be chosen in a design.
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The Groups I and III data, that is Njjj<1300, are shown in Figure 8 using

(Nj)a as abscissa and the Laminar Regime Middle Region Theory, Equation (12), as

a reference. The theory is, of course, not applicable in the Transition Regime

above the critical value of N(jr. In the present experiment (NGr)cr. occurred at

a value of (Nj)a of about 3x IO1*. In adifferent system this might occur at

higher or lower values of (Nj)a.

The Groups I and III Laminar Regime data fall about a line that is 80 per

cent of the theory and with a scatter of + 8 percent. Recall that the theory

was based on the postulate that A is uniform. If A(l)/A(0)> 0.9 is used as

the criterion for the uniformity of A it is seen that those points are only 15

percent lower than the theory; i.e. a line that is 85 percent of Equation (12) .

The measured value of e(0,z) could have been too small by no greater than 5

percent due to conduction in the walls in the y direction. Secondary free con

vection flow, in the y direction, could also cause 0(0,z) to be low; the ve

locity observations indicated that no such flow occurred. Thus, the remaining

10 percent cannot be specifically accounted for.

The Transition Regime [*(0,zj]min# data lies in a relatively narrow band

and, as would be expected, is lower than the Laminar Regime data.

End Region Experimental Temperatures

The maximum value, *(0,zo), of the function is plotted in Figure 9 versus

(Nj)a for all 17 runs in which z0 was about 22 inches. In any convection system

the walls form a definite part of the entire heat transfer system. The re

sistance to heat conduction along the walls may assume any value from zero to

infinity and the magnitude of this resistance may greatly influence the thermal

structure in the convection system in some cases. This is especially true in

free convection where the convective conductances are relatively small. In the
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present system the wall resistances in the z direction are relatively small;

this has virtually no influence on the system in the Middle Region where the

temperature is everywhere linear with z and where the wall heat flux is uni

form. In the End Region the situation is very different. The temperature in

the free convection stream is definitely not linear with z, the wall flux is

certainly not uniform with z, and the free convection system stops at the liquid

meniscus whereas the wall continues for 1* inches above the meniscus. The

present apparatus was designed to optimize the construction of an apparatus

instrumented for Middle Region measurements. These Middle Region measurements

are believed to be relatively precise and of general application. The End

Region data are specific and may apply only to the present apparatus. The

proper investigation of the End Region would require a program many times

greater in scope and length than the present investigation. The present data

are submitted to prove only that the End Region data are higher than the Middle

Region data.
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CONCLUSIONS

The following conclusions concerning the velocity structure may be made

from the observations of droplet paths in the two-parallel-plates apparatus:

(1) The free convection flow circuit in such systems exists
as one cell or loop of length equal to the height of the
system.

(2) In the upper End Region the velocity structure has the
appearance of the free convection boundary layer near the
top of a cooled vertical plate immersed in a fluid.

(3) The transition from laminar to turbulent boundary layer
occurs at approximately the same value of Grashof modulus
as in a single vertical plate systems This was about 5 x 10^.

(*) The free convection velocity profile appears fully es
tablished in the Middle Region and is similar to that given
by the Laminar Regime Middle Region theoretical analysis.

It is emphasized that the velocity observations were not numerous and

not precise. A much more extensive experimental program would be required to

illuminate any subtle deviations in the flow from that described above.

A Laminar Regime Middle Region theoretical analysis was made which described

the temperature and velocity structure in a three-parallel-plates system. The

principal postulates in this analysis were:

(a) The volume heat source term is uniform.

(b) The velocity profile is fully established.

(c) The vertical temperature gradient, A, is uniform.

There were 28 runs made in the experimental counterpart of the above

system in which heat transferror temperature data.were taken: Half of these

runs were in the Laminar Regime and half were in the Turbulent Regime. The

total vertical variation in the volume heat source term averaged 5 percent for

the Laminar Regime runs and 12 percent for the Turbulent Regime runs; this is
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considered to satisfy the requirement in (a) above. It was previously stated in

conclusion (2) above that postulate (b) was satisfied. The Middle Region data

were of greatest interest; however, End Region temperature data were also taken

for 17 of the 28 runs.

The theory and experiment pertaining to the temperature in a three-parallel-

plates system suggests the following conclusions, all but the last of which per

tain to the Middle Region.

(5) The vertical temperature gradient, A, is not uniform for
all conditions and may differ from Ac, the value in the
coolant, by as much as a factor of 10. For the present
experiments, at least, the dimensionless modulus, Nm,
appears to be a good indicator of whether or not A will
be uniform and equal to Ac in the system.

(6) For the 10 runs having NTTT<i*00, called Group I, the
average values of A(l)/A(0) and Ac/Aa, were O.96 and
0.95> respectively: For the 8 runs having Nm>1300,
called Group II, the average values of A(l)/A(0) and
Ac/Aa were 0.6l and 0.2*, respectively. It is concluded
from this that A is apparently uniform and equal to Ac
for Njii<*00 and definitely not uniform for Nm>1300.
Fortunately, it seems doubtful that the combination of
coolant flow rate and power required to satisfy Nm > 1300
would be of practical interest.

(7) The laminar Regime dimensionless temperature modulus for
the five experimental runs meeting the requirements of
uniformity of A were approximately 15 percent lower than
the values predicted by the Laminar Regime, Middle Region
theory. All laminar Regime runs having Nhi<1300 fell
about a line 20 percent lower than the theory with a
scatter of ± 8 percent. It is concluded from this that
theory and experiment are in satisfactory agreement when
the experimental system satisfies the postulates of the
ideal system; these requirements are satisfied, in
general, when Njjj is small. As Njjj is successively in
creased, while maintaining the same value of (Ni)c, the
values of A(l)/A(0), Ac/Aa and [*(0,z$] min. appear to be
successively decreased.

(8) Above the critical value of Grashof modulus the tempera
ture data dropped abruptly, due to the turbulence, to an
average value of about 3* percent lower than the laminar
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(8) Continued

theory. The influence of Nm was the same as for the
Laminar Regime data.

(9) The Upper End Region temperature data indicated that
$(0,z) is always greater in that region than in the
Middle Region. This is equivalent to the statement
that the heat transfer coefficient is lower in the

entrance or end region than in the established or middle
region; the opposite is true in most other convection
heat transfer systems. Since the relative amount of
heat conduction along the walls may greatly influence the
heat transfer in entrance regions, these data are more
specific than are the established region data.
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APPENDIX A: APPARATUS AND PROCEDURE

It is recalled that the two-parallel-plate apparatus used for the velocity

observations was identical in size and construction to the three-parallel-plate

apparatus used for the heat transfer measurements with four exceptions; in the

two-plate apparatus there were no wall temperature probe wells, d was equal to

0.75 inches, and, of course, there was no center plate. In addition, the fiber-

frax insulation was only used on the sides of the two-plate apparatus thus

leaving the line of sight unobscured in the y direction. Because of the semi-

larity in the two systems the detailed description of the three-plate appa

ratus is considered to be adequate for both.

The semi-quantitative velocity measurements were made by observing the

paths of small oil droplets* placed in the free convection stream and illumi

nated by a high intensity light source placed over the top of the system.

This placed the source of the light at a right angle to the observer. The oil

droplets were about 0.01 inches in diameter and had the same density as water

when both were at about 83°F. Movable vertical cross hairs on the front and

back faces permitted the observer to accurately sight along a line corre

sponding to the y direction and at a prescribed x position. Horizontal

reference marks were scribed at vertical intervals of 0.5 inches. With this

array of scribed lines and a stop watch the velocity of a droplet and its

approximate position along the x axis could be measured. The value of X^, the

interface between the upward and downward moving streams, could be determined

♦Merriam Company Unity Oil.
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quite easily. The details of the construction of the two-plate apparatus are

similar to those of the three-plate apparatus, the description of which follows

immediately.

The Three-Parallel-Plate Apparatus

An overall view of the apparatus is shown in Figure 10 and a cross section

is given in Figure 11. The system consists basically of the three plates or

walls, the center wall and the right and left outer walls. The plastic bottom,

top, front face and back face form the two identical free convection channels

called the right and left test sections. A plate or wall parallel to and out

side of each outer wall forms the coolant channel for removing the heat gene

rated in the test section. The wall temperature measurements were made with

thermocouple probes in the walls located in a plane parallel to the front and

back faces and midway between them; i.e. the xz plane. The outer walls were

constructed of l/8 inch copper plate and the center wall was made of two l/8

inch stainless steel plates put together with screws and then copper plated.

Each test section was 0.5 in. x 6 in. x 36 in. and each guard heater section

was about 0.5 in. x 0.75 in. x 36 in. The guard heater sections were formed

by plastic spacers which inhibited fluid interchange between the guard heater

sections and the test sections. The free convection test fluid was a dilute

electrolyte. When the center wall was maintained at a given A.C. voltage while

the two outer walls were electrically grounded the electrolyte acted as a

resistance heater, each section being in parallel with the other, The center

wall was constructed of stainless steel to give it stiffness and to reduce the

heat conduction along the wall. It was copper plated so that the electrolyte

would not be in contact with dissimilar metals and produce a galvanic cell



REFERENCE BOARD FOR

VERTICAL POSITIONING

OF THERMOCOUPLE

PROBES

WALL THERMCOUPLE

PROBES

RIGHT COOLANT OUTLET

MIXING CHAMBER AND THERMOCOUPLE WELL

RIGHT COOLANT OUTLET

RIGHT COOLANT INLET

•THERMOCOUPLE WELL

RIGHT COOLANT INLET

Fig. 10. Three-Parallel-Plate Apparatus



FIBERFRAX

INSULATION

TEST SECTION

LEFT HALF

CENTER WALL

THERMCOUPLE

PROBE WELL

GUARD HEATER

SPACER (4)

(PLEXIGLASS I)

GUARD HEATER

SECTION (4)

-49-
UNCLASSIFIED
ORNL-LR-DWG 7614

INSULATION BOX

(PLEXIGLASS H)

BACK FACE

(PLEXIGLASS IL)

RUBBER GASKET

RIGHT COOLANT

— INLET

COOLANT CHANNEL

SPACERS (2 PER SIDE)

RIGHT WALL

THERMCOUPLE

PROBE WELL

FRONT FACE

(PLEXIGLASS H)

Fig. 11. Cross Section of Apparatus (Top View)



- 50 -

since all other metal components were made of copper. In the first design of the

center wall it was made of plastic and covered with thin copper sheets. With

this construction the guard heater sections and the test sections could be placed

on separate electrical circuits. The plastic was not structurally capable of

accurately maintaining the test section channel dimensions under operating tempera

tures so the stainless steel design was used. Thus, the principal function of

the guard heater sections was to eliminate convection currents in the y direction

in the test sections.

The flow area in each coolant channel was 3/l6 in. x 8 in. Vertical spacers

divided each coolant channel into three equal and parallel channels. In

Figure 10 it is seen that the inlet and outlet coolant channel headers are re

versed to provide the same pressure drop and therefore the same flow rate

through each channel.

A plastic cover on the top of the test section prevented evaporation of

the electrolyte. A reference board was attached to the top of the apparatus

for positioning and holding the thermocouple wall probes.

It was important that the independent variables, power, coolant flow rate,

and coolant inlet temperature, be constant with time and have the same value for

each side of the system; i.e., the apparatus must be operated under conditions

of steady state and symmetry about the yz plane. The power to the apparatus

was supplied through a Sola constant voltage transformer, the power output of

which was quite constant; having the two test sections wired in parallel tended

to make the power distribution symmetrical. Measurements were made of the

power, the current and the voltage. The average deviation of the apparent power

factor, P/EI, from unity was calculated from these measurements to be ± 0.016.

It is concluded that the actual power factor was probably near unity.
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Each coolant channel circuit was independent of the other. The hot and

cold water supply was provided with pressure regulators so that the coolant flow

rate would be constant. With needle valves and calibrated rotometers each flow

rate could be accurately set and measured. The hot water heater supplied water

at a chosen temperature regulated to ±2°F or better, A water temperature regu

lator mixed the cold and hot water supplied to it to deliver any desired coolant

water temperature with a variation of ± 1°F or better.

The Determination of Xo(y,z)

Because the dimension, Xo(y,z) was important, some care was taken in its

determination. Special extension telescoping gages were used to survey the

apparatus. A single survey consisted of 102 measurements in the test section

and 68 measurements in the four guard heating sections.

Before the experimental program was started surveys were made for mean

apparatus temperatures of 80, 95> H5> and 130°F. to determine the influence of

temperature on xo(y,z); it was found that xo(y,z) increased at the rate of two

percent per 100°F rise in temperature. This influence was accounted for in the

evaluation of the data. For the remainder of this discussion it will be under

stood that the temperature is constant at 80°F.

A post-experimental program survey indicated that the value of Xo(y,z)

throughout the apparatus was rather uniformly less than the pre-experimental

program value by about one percent. Accordingly, Xo(y,z) values were used

which were averages of the pre-experimental program survey and post-experimental

program survey. From these average values the space average values Xo(m,m) and

Xo(0,m) below were computed.
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The space average value of Xo(y,z) throughout the entire apparatus, x0(m,m)«

was 0.500 inches with maximum and minimum values of O.518 inches and 0.*8l

inches, respectively; the average deviation in Xo(m,m) was ± 0.007 inches. The

mean value of Xo(y,z) in the center-line region where all the wall temperatures

were measured, xo(0,m)^was O.508 inches and the volume of the apparatus when

filled to 35 inches was 26* cubic inches.

Instrumentation for Temperature Measurements

The temperature measurements were made using iron-constantan thermocouples.

All thermocouples were calibrated by the authors at the steam point; in addition

they were compared with N.B.S. calibrated precision mercury-in-glass thermometers

in the intermediate range. The thermocouple voltage was measured with a Leeds

and Northrup Special Thermal Free Wenner Type Potentiometer with an amplifier.

The instrument could be read to 0.2 microvolt and the accuracy was at least as

good as 1 microvolt or 0.03°F. In addition to measuring the temperature level

above the ice point for each thermocouple the temperature difference between

two thermocouples was measured directly when that was the reading desired.

Pyrex thermocouple wells were made for measuring the coolant inlet and

outlet temperatures. A mixing chamber was placed directly upstream of the

coolant outlet thermocouple wells to insure that the temperature measured actu

ally was the mixed mean temperature.

The wall thermocouple probes are shown in Figure 12. The center wall probe

position was fixed for the entire experiment. The three thermocouple junctions

permitted temperatures to be measured at vertical positions corresponding to

Zu • 21*1, zm « 15^and z^ = 10.5 inches. In order to save space in the pyrex

tubing the three thermocouples used the same iron wire. The wires were No. 36

gage with a thin coating of Teflon for insulation. The outer wall probes used
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No. 30 gage Duplex glass-on-glass iron-constantan wires in a stainless steel

capillary tubing. The thermocouple junction was coated with radio cement for

electrical insulation.

In Figure 13 the thermocouple probe well construction is shown. The outer

wall well was a 0.06 in. o.d. stainless steel tubing welded on the bottom end.

A vertical slot, slightly deeper and wider than the tubing was milled in the back

of the outer copper plate. The probe well tubing was inserted into the slot

and the slot was filled with soft solder. The center-wall probe well was made

of plastic. The original plans were to use a center wall probe identical to the

outer wall probes. In the first test of the completed apparatus the hole in the

center well became too small. In the subsequent attempt to enlarge the hole it

could only be enlarged to z =10.5 inches and it was damaged to the extent that

it leaked. The only bad effect of the leak was to make the probe electrically

charged. Due to lack of time the program was changed and the present three-

thermocouple, stationary, pyrex, center-wall-probe was used.

After the last run the apparatus was disassembled and the left wall thermo

couple probe well was found to be partly unsoldered over most of its length and

completely unsoldered from z • 19 to z = 32 inches. The condition of the left

well explained the consistently lower temperature data in the left wall; for

that reason the left wall temperature data were not used. The right wall thermo

couple well was found to be in perfect condition.

It was desired to settle the question of conduction error in the thermo

couple probe design used. The right wall, with the coolant chamber removed,

but with the thermocouple well left intact, had tubing attached at the top and

bottom ends which acted as heat exchangers. When hot water was forced through

the top exchanger and cold water through the bottom exchanger while the plate was



CENTER WALL

STAINLESS
STEEL

COPPER
PLATED

PLEXIGLASS H-

0.05 in. HOLE

vVVVlAw

Mu

-55-

UNCLASSIFIED
ORNL-LR-DWG 7616

RIGHT OUTER
WALL

0.125 in.

SOFT
SOLDER

0.06 in. O.D
STAINLESS STEEL
TUBING

RIGHT HALF
TEST SECTION

a/Wi

-COPPER

2^

Aaa/v right
COOLANT
CHANNEL

M

ly

Fig.13. Plan View Showing Center and R i ght Wa II Thermocouple
Probe Well Construction



- 56 -

surrounded with fiberfrax insulation it was easy to obtain a uniform vertical

temperature gradient of 3* °F/ft. Calibrated thermocouples were spotted on the

outside of the plate at various positions along the line of the well. With this

arrangement the thermocouple probe could be calibrated under the actual conditions

of use. The center wall and outer wall thermocouple probes were calibrated in the

same way. The maximum difference in temperature between the probes and the

reference thermocouples was 0.15 °F for an A of 3* °F/ft. The largest A used

in the experiment was 28 °F/ft.

Procedure

A sample of the electrolyte was taken before and after each run and the

electrical resistivity measured. The measurements that were recorded during

the run were power, voltage, current, coolant flow rate, coolant inlet tempera

ture and temperature rise, outer wall temperatures, the three center wall

temperatures and the wall temperature differences. The wall temperatures were

measured for 11 different vertical positions, three of which were, of course,

at the levels of the center wall thermocouples. At each of the 11 positions

all of the variables mentioned above were read and recorded. About 6 minutes

were required for two observers to take the data per position, so 2* minutes

were required to take the data at the positions zu, z^, zm and z#. The maximum

variation, which will hereafter be called the variation, in a given variable

for these four readings is an indication of the constancy of that variable. To

repeat, the variation of a variable for a run is defined as the difference in

the maximum and minimum values of that variable, expressed in percent of the

variable, recorded during the 2* minute interval discussed above. The average

variation is the average of the absolute value of the variation for all the runs.

The variation of the power was 2$ maximum and 0.6$ average. For the middle
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center wall temperature, t(0,Zja), the maximum and average variations were 0.3 °F

and 0.08 °F,respectively: In percent of 0(0,zm) these were 5$ and 1.8$,

respectively. One run was discarded due to a much greater variation in t(0,zm)

which indicated that steady state had not been attained. For an individual

coolant flow rate the maximum and average variations were 2.7$ and 1.*$,

respectively. The maximum and average variation for the individual coolant

inlet temperatures were 0.3 °F and 0.13 °F, respectively: In percent of 0(0,zm)

these were 20$ and 5$> respectively.

Another kind of variation of interest concerns the difference in a variable

for the left and right side of the apparatus; this information gives an indi

cation of the degree of asymmetry of the system. The maximum and average

variations for the difference in the right and left coolant flow rates were 10$

and 2.2$; in terms of the maximum coolant mixed mean temperature asymmetry

this could produce at zm;in percent of 0(0,zm)^these are 6$ and 2.1$, respectively.

Finally, the maximum and average variations for the difference in the right and

left coolant inlet temperatures were 1°F and 0.3 °F, respectively; in percent

of 0(O,zm) these are 1*$ and 8$, respectively.

There were three reservoirs exchanging heat in this experiment, the test

section, the coolant, and the room air. The power, or the heat generated in

the test section, Qjj, and the heat gained by the coolant, Qq, were measured for

each run. In order to make a heat balance it was necessary to be able to pre

dict the exchange with the room air. In the following heat balance equations

the double subscript indicates the heat transferred from the first reservoir

to the second; e.g. Qfjc is heat transferred from the test section to the coolant

and Qqa is that transferred from the coolant to the room.
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subtracting, get

58

Qc • Ore " Qcr

Or - Ore + Qtr

Qt - Qc - Qtr + Qcr

O«**0*««««O*«»O*«««O«

ae«ttoo«o«o*«ao»

(23)

(2*)

(25)

With no liquid in the test section and coolant flowing through the

apparatus the value of Qcr was measured for several values of (tfj - tR). The

resulting equation is:

OCR = 27(tc - tR) (26)

where Qcr is in B/hr and t(j and tg are in °F. The companion equation for G/jr

was determined from a numerical analysis to be:

Qtjr = 20(ta - tR) (27)

The heat balance for a run is defined in percent of Qjfj as:

H.B. m 100 1 _ Qc + OCR
Or - Qtr

• a o • • • (28)

The average value of the heat balance for all the runs was ±9.*$ and the

extreme values were -15$ and +33$.
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APPENDIX B: TREATMENT OF THE DATA

The electrolyte resistivity was not independent of temperature so the

power distribution was not entirely uniform as was postulated in the theo

retical analysis. In order to make a meaningful comparison of theory and ex

periment it was necessary to analyze the data to account for this non-uniform

power distribution - or show that the influence is negligible. To accomplish

this purpose it was first necessary to determine the properties of the electro

lyte; the discussion of this determination is given in the next section. Follow

ing that the proposed method for determining the conduction temperature difference

at a given position in such a system is derived in two steps. Finally, a brief

description is given of the data analysis.

Properties of the Electrolyte

The very dilute HC1 in distilled water solution used as the electrolyte

was assumed to have the physical properties of liquid water. The properties

k, Npj., and I— Jthat were used in analyzing the data are plotted in Figure 1*
and are based on the handbook values of the physical properties of water.

Electrical properties of the electrolyte were measured by the authors using

a calibrated "Industrial Instruments Model RC 16" 1000 cycle per second con

ductivity bridge and a conductivity cell having a cell constant of unity. The

bridge was calibrated with standard resistors and the conductivity cell constant

was determined using a standard KC1 solution. The cell electrodes were

frequently and carefully platinum-blacked. The solution sample was placed in a

constant temperature bath during the measurements and the temperature was measured

with a NBS calibrated mercury-in-glass thermometer with smallest intervals of

0.2°F.
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The resistivity of the solution was measured before and after each run.

For the 28 runs the most concentrated and the most dilute solutions used had

resistivity values at 80°F of 25,000 and 38,000 ohm-cm, respectively. The re

sistivity versus temperature curves for two solutions are shown in Figure 15.

The values of pr and Brk in Figure 16 were computed from the data shown in

Figures 1* and 15.

Derivation of the Method for Computing 0*c(O,z)

It is desired to compute 0c*(O,z) from total power measurements and the

known variation of Xo(y,z) and r(t) in the experimental apparatus. A concerted

effort was made in the design of the apparatus to minimize the variation of

temperature in the y direction. This effort was certainly successful to the

extent that this variation may be neglected in the present analysis. As a re

sult of this assumption the resistivity is a function of only X and z: That is,

r(X,z). The variation of Xo(y,z) with y will be considered.

The electrical circuit for the apparatus caused the center wall to be

charged and the right and left walls to he at ground potential. This caused

each elemental volume of electrolyte x (y,z)dydz to have the same impressed

voltage and to be in parallel with all other elements, thus minimizing the

influence of the variation of Xo(y,z) on 0g(y,z).

The power generated in the volume Xo(y,z)dydz is:

d2P(y,z) =_ |L_ dydz (29)
r(m,z) xo(y,z)

where r(m,z) - I r(X,z)dX.

0
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The mean volume heat source term is:

=.2
lit

q." (m,y,s). fF(^z) - . f * ^ (30)Xo(y,z)dydz r(m,z) Xony,z)

..«(0„r„) •»"' <«*.»>^'> •-^ (31)

From Equations (29), (30) and (31) it is seen that the power, d2P(y,z), and

the source term, q'"(m,y,z), depend on xo(y,z) but 0c*(O,y,z) does not.

One obvious method of computing 0c*(O,y,z) is from Equation (31) using r

and E measurements. The method preferred by the authors is based on measurement

of volume and total power. For the following discussion let a volume heat

source be defined in terms of the measured total power, P, and total volume, v,

as follows:

%'" = * (32)
v

Integration of Equation (29) gives:

£7o Jo

&*5 (33)
Xo(y,z) r(m,z)

-y0 0

Since the total variation in xo(y,z) is less than 8 percent and that of r(m,z)

less than 20 percent for these experiments, the influence of each on the power

distribution may be considered independently without great error. That is to say:

Jfo Jo \ I J° *o

dydz
Xo(y,z) r(m,z)

-y0 °
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Let us first determine the influence of x0(y,z) by considering r(m,z), and k to

be constant and equal to rk. Thus:

0c*(°>y>z) =-IL - constant
2rk

-yo Jo

and P .£-

•yn 0

dydz

Xo(y>z)

But, since the variation of x0(y,z) is small

~yo z0 yo Jo

-yo o

and

dydz s y 2 2
*o(y,«) ° °

-y0 0

P • E^v

Xo(y,z)dydz

r72r x^n^m)

From Equations (31a), (32), (33b), get:

6c*(0,y,z) =*"'o XQg(m,m)

1 -1

(31a)

(33a)

xo (m,m)

(33b)

(3*)

Now, to determine the influence of r(m,z), Equation (29) is integrated

considering Xq^z) to be uniform and equal to Xo(m,m).

Since 6r [tm(z) -tm(za)J is small7one can write:

-7-i-r =-yi—, [l -Pr (tm(z) -Wh))] •••.•• (35)r(m,z) r(m,za) L v ayJ

Putting Equation (35) in Equation (29) and integrating, get:

f gTfV , (36)
x^n^m) r(m,za)
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-zo

where K<za) -1"fjj/ [tjz) - tffi(za)] dz (37)
0

i > ii

*"'(za) «-£-* (38)
K(za)

a *(n , \ - <l"'o Xo2(m,m) , .*c*(0,za) =Mz&) K(z&) (39)

The distribution in power due to the variation in xQ while r was held

constant resulted in the 0c*(O,y,z) given by Equation (3*); the value of

0c*(O,za) for a system in which Xq was held constant and the variation in r

was considered is given in Equation (39). When the two results are combined to

account for the nonuniformity of both Xq and r the following are the results

for the location y = 0 and z = za:

q"'(m,za) =JfLl ffi'*> {kQ)
KUa) xo*(0,za)

Now, by definition:

«.««>,«.) Sa'"(a'^(^(0'^) (tt)

^a>-§^ («)
The values of K(za) were computed from Equation (37) and the temperature data

for Runs 17 and 20 as 1.001 and 1.003, respectively. It was concluded that

K(za) could be assumed to be unity for these experiments.

From Equation (31) obtain
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From Equations (*2) and (*3) the value of 0c*(O,z) may be computed from

the total power, total volume and the physical properties of the electrolyte.

Derivation of the Method for Computing 0c(O,z)

In the experimental system the electrolyte resistivity, r, was temperature

sensitive and, therefore the volume heat source, q", was a function of tempera

ture. There follows a computation of 0C(O) and t^ for a conduction system in

which the source term, q'" , varies in accordance with a temperature distribution

similar to that in the free convection system analyzed in this report. Since

z is constant during this analysis the function 0e(X,z) is written asf0e(X) for

brevity.

The equation to be solved is:

d20c(x) m_ q- (,)
dx2 k v ;

The postulates that define the system are:

1. k is uniform (in the experiment it is evaluated at ta)

2. q"' (X) *q"' (m) [l +Br 0C*(O) (**(X) -**(m)j]
1

where q'"(m) = f q-(X) ^ .^..(^j

0

3- The free convection temperature distribution can be satisfactorily

approximated by:

$*(X) * *»(o) for 0£X£Xc

$*(X) = 1-X2 for XciX£l

where Xc = ^1 - $*(0)
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From (3) above one can compute the mean temperature for evaluating q"1 as

XC A

**(m) = / $*(0) dX + / (1-X2) dX

0 X_

•*(•) =I(1 -xj)

or
1_£M_ 1-2(1

0(0) " 3{-

Now, Equation (**) may be written:

*2**c(x) '
dX2"" *

ri-^(o))V2>
$*(0)

;

Fl •

1+6r0*c(O) f«*(X) -**(mj)l ...

with boundary conditions d$*c(0) „0and <D*c(l) •0.
dX

The desired solution is:

**c(0) = 1 + Br 0*C(O) F2

F2 *iJ* -6$*(0) +3[»*(0)] 2-*[l -**(0)]3/2|.
0c(o) =0c*(o) •1+er 0*c(o) p2\

The mean temperature,tm;is computed from Equation (*5) as

Where

or

tm » t(0) - 0(0) FX

Ft_ and Fg are plotted in Figure 17.

The Data Analysis

Reference to Figures 5 and 6 in the RESULTS AND DISCUSSION section may

aid in the understanding of the data analysis. From the power, the volume, and

(*5)

(**a)

(*6)

(*7)

(*8)

(*9)
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the temperature data such as is shown on Figure 5 it is desired to determine Ni,

Nil, ^III* r*(°>z)] min and *(°>zo)' The temperature gradient in the outer wall,

A(l), was obtained graphically from the mean line drawn through the right wall

temperature data. The gradient in the center wall was computed from the

measured temperature difference [t(0,zm) -t(0,z^)] and the known value of

(zjj - z^ ). The average temperature of the fluid, ta, at the average height, za,

was used to evaluate the properties (By/ati;), Npr, k, in computing Nj, Njj, and

Nj.jj; the value of x0 and the volume was also compensated for temperature change

by using ta as the representative apparatus temperature. It is recalled that,

for ta = 80°F, Xo(m,m) * 0.500 inches, Xo(0,m) = O.508 inches, and for z0 • 35

inches the volume was equal to 26* cubic inches. Also, the temperature

influence on xQ and v were:

i-^o -i^Y- =2x10^ V1 (50)
xo dta v dta

The significant dimension used in computing all factors was Xo(0,m) which was

the average value in the region where the temperature measurements were made.

Recall that 0C*(O) is the conduction temperature difference in a system in which

the volume heat source term is uniform.

The quantity 0*c(O,za) was computed for za using Equation (*2), with

K(za) m1, and is the value of 0*C(O) that would exist in a system having a

uniform volume heat source term equal to q'"(m,za), the mean source term that

did exist at za in the experimental system. With Equation (*3) the value of

0*c(O,z) could be computed for any z in terms of 0*c(O,za).
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The influence on 0C(O) of the variation of the volume heat source term with

X was given in Equation (*8) in terms of 0C*(O). The value of 4(0,zu), «(0,zm)

and «(0,zx) were computed from the 0(0) data, Equations (*2), (*3), (*8), and

(*9), and Figure 17. In Figure 6 the graphical determination of 0(0,z0) and

[*(0>z)Jmin. is shown for the five different types of data that were obtained.
The average difference in the value of 0C(O) and 0C*(O) for all the runs

was 0.25 percent and the maximum difference was less than one percent. This is

further evidence that the source term could be assumed to be uniform in the X

direction for the present experiments.
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