C00-1177-16

TURBULENT FREE CONVECTION
IN
%
NEAR CRITICAL WATER
by

-J., R. Larson

R. J. Schoenhals

"purdue Research Foundation

Lafayette, Indiana

Contract No. AT{(11-1)-1177

August 1964

*Work reported herein formed the basis of a Ph.D. thesis
in Mechanical Engineering at Purdue University.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



ii

ACKNOWLEDGMENT

I wish to thank my ma jor professor, Dr. R. J. Schoenhals for his
guidance and meny suggestions throughout the course of this work;

staff members and fellow students of the School of Mechanical
Engineering for many tangible and intangible contributions;

and to the Argonne National Laboratory of the United States
Atomic Energy Commission for the financial support making the investi-

gation possible.




TABLE OF CONTENTS

LIST OF TABLES.

LIST OF ILLUSTRATIONS
ABSTRACT.
INTRODUCTION
LITERATURE SURVEY.

Work in the Critical Region.

Theoretical Turbulent Free Convectlon WOrk.

Experimental Free Convection Work. .
Turbulent Free Convection Correlations
Velocity and Temperature Measurements.

Summary

ANALYSIS.

Constant Property Problem
Variable Property Problem . .

Method of Solution for Variable Properties.

ANALYTICAL RESULTS
EXPERIMENTAL APPARATUS .

General System .
Test Section.
Mechanical Design
Power and Control
Measuring Equipment .
Vessel Heating and Control .
Miscellaneous Problems
Vessel Pressure Seal
Corrosion .
Erosion.
Electricel Shorting

EXPERIMENTAL PROCEDURE .

iii

Page

vi

. ovitd

Pob~ws & —




iv

Page

Temperature Measurement . . + « +« « « .+ .+ « .+ . . . 86
Assembly and Operation . . . . .+ + .+« .« « . .« . . . 88
Data TAKINg . « o « o o « o o e 4 e e e e .. o.o91
Calibration Procedure. . . .+ + « « « + e« o« s+ o« . . 92

EXPERIMENTAL RESULTS AND ANALYTICAL COMPARISON . . . . . . . 94
CONCLUSIONS AND RECOMMENDATIONS . . . . .+ "« « « « .« . . lO7
LIST OF REFERENCES . . « « + « + + o « « o & . . .10
APPENDICES . . « v v o« & &« o o o« o & o o « e « 113
A Nomenclature . . .+ « o o o o o 4 e e e o+ . .113
B Constant Property Solution . . . . . . . . . . . . 117
C Energy Equation . . . . .+ « .+ + .« + .+ < . .« . . 122
D Variable Property Program. . . .« .« . .« « + « .« . . 125

E Tabulated Property Values. . . . . . . . . . . .« . 131
F Experimental Data . . . .« « « « + « + .+ & « . . 134

G Sample Calculation . . - . « .« « « & < .+ . . . . 12
H Test Section Calibration . . . .« « .+ =« .« « .« . . . 146
I Error Analysis .« « « « « + « « + « « + « « . . 150

VITA . . . . . . . . . . . - . . . . . . . . . 157



Table

\S;} F W

LIST OF TABLES

Page
Specific Heat Versus Temperasture and Pressure. . . . . .131
‘Enthalpy Versus Temperature and Pressure I '.132
Specific Volume Vgrsus Temperature and Pressure . . . . .133
Measured Experimental Data . . . . . . . . . . . 135
Computed Experimental Data . . . . . . . . . . . 137
Calibration Measurements. . . . . . . . . . . . .48
Experimental Constants . . . . . . . . . . . . .8



LIST OF ILLUSTRATIONS

Figure

1. Control Volume for Momentum Analysis.

2. Control Volume for Energy Analysis

3. Dimensionless Velocity and Temperature Profiles

.

Based on Data of Griffiths and Davis.

4. Temperature Profiles Based on Data of Fujii

5. Blasius lav Constant, C(n) .

6. Typical Free Convection Velocity and

Temperature Profiles . . .

.

3

T. Comparison of Temperature and Velocity Profiles .

8. Correlation of Constant Property Solution Compared

to Other Results . . .

9. Boundary layer Nomenclature.

10. Specific Volume for Near Critical Water.

11. Enthalpy for Near Critical Water .

12. ° Thermal Conductivity for Near Critical Water

13. Dynamic Viscosity for Near Critical Water .

1k, Kinematic Viscosity for Near Critical Water

15. Specific Heat for Near Critical Water

16. Prandtl Number for Near Critical Water .

17. Prediction of Heat Flux for the Analogy Applled

across the Boundary layer .

18. Prediction of Heat Flux for the Analogy Applied

. the Wall to the Velocity Peak .

.

.

vi

Page

11

13
2l

29

33
34

35

52

5k

56
o1
58

61

62




Figure
19.A-B Trends of Analytical Equation . . . . . . .
20. Comparison of Analytical Prediction to the Standard
- Film Correlation . . . . . . . . . .+ . .
21. System Schematic . . . . . . . . . . . .
22. Control Panel . . . . . . l. o e e e e
23. Test Section. . . .+ . . . . .+ . o+ . . .
2k, Test Section Power Supply . . . . . « . .
25. System Measuring Circuitry . . . . . . . .
26. Vessel Heating Circuitry. . . . . . . . .
27. Sealant Plug Fitting . . . . . . . . . . .
28.  Experimental Heat Flux Curves for 3240 psia . .
29. Experimental Heat Flux Curves for 3300 psia

30.A~F Analytical Prediction Compared to Experimental Data .

31.

32.

33.

Local Heat Transfer Coefficient as a Function of
Distance along the Plate. . . . . . . . .

Test Section Resistance Versus Bridge Resistance.

Nomenclature for Analysis of Thermocouple
Attached to a Thin Plate. . . . . . .+ . ..

vii

Page
63,64

.65
67
. 68
70
.o
79
. 81
85
98
99

100-105

. 106

1kog

152



viii

ABSTRACT

larson, Jay Reinhold. Ph.D., Purdue University, August 196k.

Turbulent Free Convection in Near Critical Water. Major Professor:

R. J. Schoenhals. Heat transfer from a vertical flat plate by turbulent
free convection to water near its thermodynamic critical point was étudied
analytically and experimentally. An analytical method was -developed to
predict the magnitude and trend of the heat transfer coefficient in this
region. This method of solution involved an integral technique whereby
the boundary layer equationé were integrated acréss the boundary layer.
The method included assumptions of Reynolds analogy, the Blasius wall shear
stress, and suitable velocity and temperature profiles. The energy equa -
tion was written in terms of enthalpy in order to avoid certain difficul-
ties associated with the highly variable properties in the critical region.

Experimental measurements were made of the heat flux from a plati-
num ribbon suspended in a pressure vessel containing the test water. The
ribbon was heated electrically by direct current. The temperature of the
ribbon was determined by resistance measurement and comparison with a
previous calibrétion of the resistance-temperatu;e curve of the test
section. The temperature of the bulk fluid was determined by use of a
platinum resistance thermometer.

The experimental results indicate reasonable agreement with the
analytical prediction. A correlation was also developed which gives
reasonable predictions of the data in terms of the usual dimensionless

parameters.




INTRODUCTION

Heat transfer in the near critical region of water has been of
interest for some time. Steam boilers and nuclear reactors are approach-
ing or already exceed the pressures and temperatures of the critical
point. Experimental data is necessary to confirm existing heat transfer
correlations or to devise. new 6nes for design calculations. The critical
region is also of interest because of the variation of the thermodynamic
and transpoft properties in a narrow temperature band. These property
changes cause the coefficient of heat transfer to become very large as
the critical point is approached and thus might permit the removel of
large quantities of heat from a physically small heat source.

Free convection is of universal interest in the removal of heat
because its inherent mechanism eliminates the need for pumps with their
cost, maintenence, and resultant poﬁer loss as well as increasing
syétem reliability. In this work there were three major objectives:
the first one was to establish an analytical model énd method for the
prediction of heat transfer in this region; the second one was to
experimentally measure actual heat transfer data supporting the analyti-
cal work; and the third was to provide e simple method of presentation
of the results in a form conveniént for design purposes. The geometry
chosen for this investigation was a vertical flat plate.

An integral technique was employed to obtain an analytical

.solution of the problem. The equations of momentum and edergy vere
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integrated across the boundary and the heat transfer coefficient was
obtained. The method included the assumptions of Reynolds analogy,

the Blasius wall sﬂear stress, and suitable velocity and témperature
profiles. Because of the complexity of expressions required to describe

the variations in properties with temperature, numerical integration

was employed. More sophisticated techniques and analogies are commonly

used in the study of forced turbulent convection. However, until better
experimental knowledge exists of the velocity and temperature variation
across the boundary layer these techniques will be difficult to apply
in free convection. |
The experimental apparatﬁs consisted of a platinum ribbon or foil
placed inside a pressure vessel. The ribbon was heated electrically by
direct current. During operation voltage was measured at several points
along the length to determine local heat generation and a local tempera-
ture from a previous temperature-resistence calibration. The temperature
of the ambient fluid was determined by a platinum resistance thermometer..
The local heat transfef coefficient was determined from the relationship
o= 2
¢ Alat

where Q was the heat generation, A'was the area of the ribbon section,
and At was the temperature difference between the ribbon and the bulk
fluid.
e
The experimental results were compered to the analytical predic-

tion and similar trends and megnitudes were found. Some 77 data points

representing & range of temperature and temperature differences for both



. 3240 and 3300 psia were correlated best by
o0.\37

P .k 241 two
Nu = 00872 Gv ? Pv—oz (t‘t—>

where all properties not specified were evaluated at the bulk temperature.

' The average error of this relation was about 15 percent.




" LITERATURE SURVEY

Work in the Critical Region

Many investigators have taken experimental data for forced con-
vection in near critical water. Some have also made analytical studies
of this problem in an attempt to explain the increase in heat transafer
in this critical region. A discussion of this work and the pertinent
references are given in Touba (£9).

Fewer people have made studies of near critical fluids in free
convection. Schmidt, Eckert; and Grigull (20 ) experimented with near
critical ammonia contained in & thermsl-syphon loop. Very large co-
efficients of heat transfer were obtained but no correlation was
attempted due to lack of accurate knowledge of the thermal properties.
Doughty and Drake (3) conducted experiments using a platinum wire
immersed in near critical Freon 12. Most of their data was expressed
as plots of heat flux versus temperature difference;- A peaking of the
heat transfer coefficient was shown at critical conditions.

Griffith and Sabersky (8) also conducted expgriments on near
critical Freon 1k, from a wire. They photogrephed some flow patterns
at high temperature differences which they believed were due to bubble
formations. They concluded that these bubbles confirmed a previous
postulation made to explain the high rates of heat transfer observed

in near critical water in forced convection.




l. Holt (11) carried out experiments with water over a wide range
of température and pressure using a heated wire and also a one-eighth
inch high vertical ribbon. Because of the small height of the ribbon,
none of his data was in the accepted turbulent regime of free convec-
tion, although boiling 4id occur. '

Bonilla and Sigel (2) experimentaily studied free convection

from a horizontal plate with n-pentane as the test fluid. Thelr
experiment was conducted at pressures both belqw and above the critical
point with large temperature differences , 1.e., 60 degrees Fahrenheit
to several hundred degrees Fahrenheit. The resultant data was correlated

by the expression
!

Afu‘ & ﬁfa ‘.

All properties were evaluated at the £ilm temperature except for FAt ,

which was expressed by either

ﬂAt:‘Z( U“:, —Uo/o

/
(fw + U

or

/
/3At = 'Oﬂe(U/"’)
oo .
The large experimental temperature differences probably reduced the
effect of the large property changes that occur in a small temperature
range. Holman and Boggs (10) experimentally studied free convection

heat transfer to Freon 12 in a closed loop over a wide range of tem-
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peratures and pressures. Their data was fairly well described by a
dimensionless correlation derived for a thermal-syphon with constant

properties of the form
)

NuGr _ £ Re"
_— e
Pr |

where C' and K' were constants. The average bulk temperature was used
to evaluate thg thermodynamic properties which were not well known.
The average temperature differences between the wall and the fluid were
not stated but were probably large. This would tend to average and
minimize the effect of large property changes over a small temperature
interval.

Van Putte (33) studied free convection in a closed loop and
noticed an oscillation phenomenon as did Holmen at near critical tem-
perature and pressure. Van Putte was unable to correlate his data
using common forced convection correlations.

Fritsch (5) made measurements from a one-eighth inch high verti-
cal ribbon in near critical water at temperature differences of less
than 30 degrees Fahrenheit. His data comparéd favorably with an exact
solution for laminar free convection including the effects of variable
‘specific heat and density. Thermal conductivity and viscosity were
considered constant. He concluded that by accounting for the effect
of property variations the accepted methods of obtaining heat transfer
solutions would be satisfactory for near critical fluids as well as fof
fluids with small property chaﬁges.

Simon (26) experimentally studied laminar free convection in near

critical carbon dioxide from a vertical plate and a horizontal cylinder.



A Mach Zender interferometer was utilized to obtain the density
gradient in the boundary layer and density at the wall. The wall
temperature and temperature profiles were then found from thermodynamic
data. His experiments were conducted with temperature differences
smailer than 0.02 degrees Centigrade. The flat plate resulﬁs were
satisfactorily correlated by
V5 (T —Tc) Ra’
f)o kc%%‘l; Te « %Cﬁ’/z .

The heat flux was d:é; was half the plate height, and properties vith
the subscript "c'" were evaluated at the critical point. Simon also
visually noted many interesting and unusﬁal flow patterns in the

critical region.

Theoretical Free Convection Work

One of the first attempts to derive an aﬁalytical expression
for the coefficient -of heaf transfer in turbulent free convection was
made by Eckert and Jacksgn (4). Their approach consisted of integrat-
ing the momentum and energy flux across the sides of a control volume
along a prescribed velocity and temperature profile. They also utilized
Reynolds analogy to relate the wall heat flux to the wall shear stress.
‘The Blasius wall shear expression developed for forced convection was
used to complete the derivation. They further restricted their solﬁtion
to ‘an incompressible.fluid whose properties (all excepting density)
were independent of temperature. The geometry chosen was that of a
vertical flat plate. To clarify the details, the procedure will be

briefly outlined.




Consider the volume element in Figure 1. By summing the
momentum flux, the wall shear force, and the pressure force, the

momentum balance on the control volume was

sx(gp eag) = - {pdy- b -

Notice that /D in this equation is in units of lb./ft.3 instead of slugs

as used by Eckert. There was no momentum contribution across the right
hand boundary since the velocity u was assumed zero beyond the distur-
bance thickness, & .

The préssure change was due only to the hydrostatic head, thus,

dp_ _
I T -

The volumetric coefficient of expansion is defined as

| v’ | 9P

/ﬂa = — - = -— for constant pressure.
v’ ot

For the case where the density change is small compared to the magnitude

of the density and where /3 is nearly independent of temperature, the

previous relationship may be integrated and expanded in a series

yielding

B = ﬁw/;ﬁ(e—/%) :

With these relationships the momentum equation was
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o b °
/‘)_&_i lf‘l}: 3/0(5 S ({:—-too)d}-—j"c’w .

The energy equation was found from the elemental volume shown
in Figure 2. Summing the heat convected from the element and the heat

conducted into the element at the wall ylelded

S b
" = C'—-g(/c_t wd
w /o * éx o dD) } :
In obtaining the energy convected across the right boundary the yelocity
across the boundary was needed and was found from the continuity of mass

equation written as

b
Iy =—fa“a.
S NP PR
For expressions describing the velocity and temperature profilee,
Eckert and Jackson used earlier experimental work of Griffiths and
Davis (9). The velocity and temperature profiles could be-closely

approximated by the one-seventh power law which is used extensively

in forced convection. The expressions used were

weu(£) () ottt (bt I-@)'].
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The profiles are shown in Figure 3.. The velocity lll was the

value U would take at 3 if the one-seventh power velocity law held

completely across the boundary layer. It was the equivalent characteris-
tic stream velocity for whiéh the vélocity profile near the wall takes
the same shape as in forced convection. Implicit in the choice of -
profiles was the assumption that the velocity and temperature distur-
bance thicknesses were nearly the same. This is approximately true

for a Prandtl number near unity as illustrated in the examct solution

for the laminar case by Ostrach (17).

Because of the similarity of the free convection velocity profile
to the universal one-seventh power profile of forced convection, Eckert
and Jackson assumed the Blasius shear expression developed for forced
convection would hold true for the wall shear in free convection. For ‘ |

the one-seventh power velocity profile the Blasius expression is

/
7
. z b > 4
T, = o.oz.as-vg£ U, (u,s) .
,To relate the wall shear to the wall heat flux Reynolds analogy,

in the form

17) _ d{:
a =9 Cp

x du

was borrowed from forced convection theory. This assumed a Prandtl

-2
number of unity. However, & correction factor of Pr /3 was applied as
has been done for forced convection to make the analogy agree with

experimental results over a .wide range of Prandtl numbers. Thus
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FIG. 3 DIMENSIONLESS VELOCITY AND TEMPERATURE
PROFILES BASED ON DATA OF GRIFFITHS
AND  DAVIS
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Eckert and Jackson developed the relationship

2/3

: Qw -
9u = 9% Ce = P T

Evaluating the integrals with the aid of the specified profiles
and substituting the shear stress and heat flux expressions into the
energy equation, they obtained

d

©.523 — (urs) = 01259 8,5 ~00z225 u’l(u‘:}gx%

and

0.0 366 _d% (us) = oozz5 U,( 2 )4’ Pr—% .

The characteristic velocity Lll and disturbance thickness o are

functions of x only. The two equations were solved by the substitutions,

Since the equations are valid for any X, the exponent of X for all

terms in either equation must be identical. Thus the values m equal to

one-half and n equal to seven-tenths were obtained. The constants C)

and C, vere then evaluated, and uy and S were explicitly determined.
The local heat transfer coefficient was then found from the

Reynolds relationship to be



v\ -2
O-OZZS’/JC@ W, T‘?) 4 P\" .

By addition of the proper variables, a local Nusselt number was
developed to be

%
¥%:%5

Gr

| +-0J%84-FN~§%

Nu = o.ozses

From this expression the local coefficient was found to vary as 0'2;

thus the average coefficient was determined as

W

h = “ \ocal

ave \.a

and the average Nusselt number was determined as

No = = Nujg o\

This reéult was shown to agree well with experimental data, particularly
for a Pr of unity.

An analysis for a vertical pléte assuming a uniform heat flux
was made by_Siegel (25). His assumptions and the method of solution
were basically the same as those of Eckert (4). The result for free
turbulent flow was nearly the same as obtained for the isbfhermal

wall, and was
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2,
Gr " s

Nu = 0.0246 >
oye 1+ 0. 444 P73 ’

-

where the Grashof number was based on an average temperature difference.
An attempt at a more realistic approach was made by Bayley (1)
for a constant property incompressible fluid. He divided the boundary
layer into two parts, a viscous sublayer and a turbulént outer layer.
To account for an intermediate buffer layer the hydraulic sublayer
thickness of y*'= 12, determined from forced convection experimental
measurements, was increased by half of the buffer layer to arrive at a
thermal sub-layer thickness. The thickness of the thermal sub-layer

was then

From this assumption, fractional temperature drops were computed
in each layer and related. The temperature relationships were then
substituted into the integral fofm of the boundary layer equations as
written previously. The equations were solved for veloéity and the
disturbance layer thickness ylelding expressions for the coefficient
of heat transfer and Nusselt number.

| Like Eckert and Jackson, Bayiey assumed idehticél thicknesses

for the thermal and velocity boundary layers. He stated that although
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they are in reality different for Pr not equal to one, in free con-
vection the fluid motion is caused by the temperature difference and
therefore the aqtual difference in thickness is unimportant. Reynolds
analogy, and the Blasius shear expression were also borrowed from
forced convection theory. The velocity and temperature profiles,
characterized by the one-seventh law were likewise used. To calculate
an eddy diffusivity needed in Reynolds analogy, Béyley used the mixing
length theory developed by Von Karman.

Bayley nﬁmerically evaluated his results for air (Pr = .73) and
mercury (Pr Z 0.01). His results for air could be well correlated by

the expression

|
Nu = o.lo (Gr Pr)/s

and closely checked experimental results of.Saunders (24).

Next Waibler (36) made an analysis of the constant property
problem using an approach similar to that used by Eckert and Jackson.
He pointed out that the results obtained by Eckert and Jackson were not
in agreement with the bulk of experimental data; specifically, experi-
mental data could be correléted better by a Grashof number to the ‘
one-third power than by the two-fifths power. He also showed that'tﬁe
characteristic one-third power for turbulenp flow could be obtained
by modifying the exponential constant of the Blasius shear expression
from one-fourth to one-half.

The constents in the Blasius shear expression have been shown
to vary with the exponent of the velocity profile describing forced

flow, viz.,
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U
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Thus for an exponent of one-half in the Blasius expression, the
corresponding value of n would be closer to three or four. With this
Waibler argued that the one-seventh power characteristic velocity
profile was not correct for turbulent free convection.

Fujii (6) derived several solutions for the constant property
free convection problem at high GrPr numbers. In one case he used the

laminar form of the boundary layer equations, i.e., wall shear stress

5wan“ ’

His equations were integrated using temperature and velocity profiles

expressed as equal to

_ .,zﬁ_ AU
T J<5°3

broken into two parts, a viscous sublayer and a turbulent outer layer.
Using the same value for eddy diffusivity as used by Bayley, he
obtained a solution characterized by the one-fourth power of the
Grashof number which corresponded to experimental data he had obtained
with ethylene glycol at GrPr values from 1010 o 1011,

Another solution was obtained by integrating the turbulent form
of the boundary layer equations, i.e., Blasius equation used for the

wall shear stfess. The constants a and N in the shear stress equation

N
/t/w = a% uz(u7J%>
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were left as unknowns. They were later determined, ﬁsing previous
experimental data from a derived expression relating these constants
to a Reynolds number with properties and distance evaluated at the
sublayer-outer layer interface. The values of these constants, a and
N, for the shear stress expression were found to be identical to those
in use for the one-seventh power law velocity profile, the shape of
which was a necessary assumption in the analysis.

Fujii did not correct the relationship between heat flux and
wall shear stress for the effect of variable Prandtl numbers as was

2/3

done by Eckert. Instead he multiplied his final result by Pr nd

thus obtained a slightly different form given by

2/5 P ‘/5
L g

Nti (2 4 (Br

Experimental Free Convection Work

Experimental work in turbulent free convection has been carried

out by & number of investigators. Most of the effort has been restricted

to correlating the heat transfer coefficient in terms of the applicable

dimensionless parameters. Very few have attempted to measure velocity

and temperature profiles.

-

Turbulent Free Convection Correlations
The first evidence of the turbulent free convection coefficient
being independent of a length parameter, i.e., Nu = Grl/3, vas
produced by Griffiths and Davis (9). Their apparatus consisted of a

nine foot wall made up of individually electrically heated sections
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placed in air. A uniform wall temperature was obtained by varying the
heat imput to the individual sections. By plotting the heat input
versus height they ascertained that above a certain height the heat ‘
flux input remained constant when a constant wall-ambient air tempera-
ture difference was imposed. This meant the heat transfer coefficient '
was independent of distance beyond this height. This was also perhaps
the first indication of the turbulent mechanism in free convection.

Saunders (22) investigated free convection in air over a wide
range of Grashof nﬁmbers. This was accomplished by enclosing & uniform-
ly electrically heated plate inside a pressdre vessel. Thus the air
density was used as the controlled variable instead of length or tem-
perature difference. A plot of his date showed that thé Nusselt number
varied with the one-third power of the Grashof number in the-turbﬁlent
region.

Saunders (23) also investigated free convection from a vertical
plate in water. He found his data in the turbulent region was well cor-

related by

Nu = o7 (Gr?r)% .

The origin of turbulence was also investigated optically and found to
occur at about GrPr = 2 x 10°.

Toulouk;an (30) investigated free convection to water and
ethlyene glycol at high Grashof numbers using an electrically heated

vertical cylingder. .A correlation of the farm

a9\ M
Nu = 0.0074 (G Pr ) ®

fitted all data very closely.
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Waibler (36) investigated free convection to water from a ten
foot vertical wall heated by condensing steam. Traps were placed at
various heights to collect the condensation and thus provide a method

of determining the local wall heat flux. His data was best correlated

by
0.285

Nu = o©.795 (Gr Pr)

in the turbulent region.

Tuan (31) measured turbulent local heat transfer coefficients
from a verticél cylinder to water. The cylinder was kept isothermal by
varying power to individual internal heating elements. Tﬁus local
coefficients could be obtained quite well. His work was correlatgd

by an expression
039

Nu = 0.0004 (Gr Pr) .

Jakob (12) and McAdams (14) both recommend a correlation of the

form

, V.
Nu= on» (Gv’\)r\) *

based on experimental evidence of several investigators.

Velocity and Temperature Measurements
In all turbulent convection work a good lmowledge of the velocity
and temperature profiles is essential for a complete theoretical asnalysis
of the problem. Temperature profiles may be found with relative ease,
at least near the wall, by use of a small thermocouple. In the outer

portion of the boundary layer large fluctuations occur which require
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averaging to obtain a profile. Velocity profiles are much more difficult
to obtain. The hot wire anemometer used extensively in forced air flow
is not easily adapted to cope with a superimposed thermal layer found
in free convection.

For measurements along a vertical wall-in air, Griffiths and
Davis (9) used a small platinum wire in one leg of a wheatstone bridge
arrangement. With a small current flowing through this wire, the
instrument acted as a resistance thermometer when placed in the boundary
layer flow. For a larger current flow, the instrument became a hot
wire anemometer. These investigators attempted to eliminaté the tem-
perature'profile variation effect on velocity measurements by operating
with a constant temperatufe difference between the wire and the air.

A plot of their temperature data showed some inconsistency.
The temperature data in the outer layer d1d not smoothly approach the
stated infinite bulk temperature value. Instead the temperature
became nearly conspapt_at a level considerably above the bulk tempera-
ture. Eckert and Jackson stated that these measurements were incon-
sistegt but used them in their analysis since they were the only oﬁes
available.

Waibler (36) obtained velocity measurements in water by means
of small probes used to detect total and static pressure. The leads
from these probes were connected to two chambers conmtaining floats.
A cross arm with a mirror was supported by the floats. The difference
in the water level, i.e., velocity hgad, was determined by-sighting on
the image of a surQeyor's rod as seen in the mirror through a level.
By placing the rod and level some distance from the mirror, a very

small difference could be readily detected. His velocity measurements
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were well correlated by n equl to three near the plate and By n equal
to six near the ouier edge of the boundary layer.

Van Dyke (32) obtained temperature profiles in water and
ethylene glycol over a wide range of Prandtl numbers. He showed that

a typical profile could be well represented by the relationship
3 -
&~ 8, (i-7)" .

Other of his profiles could be better represented by a higher power
value:. None of his profiles corresponded to the universal one-seventh
power law of forced convection. His apparatus consisted of a vertical
cylinder which was kept at isothermal conditions by varying electrical
heat input to a series of internal heating elements. A fine wire
thermocouple was accurately positioned by means of & rigid probe and
attached dial indicator. |

Fujii (6) obtained temperature profiles in water and ethylene
glycol in the fully turbulent region and in the region of transition.
His apparatus was a cylinder similar in design to Van Dyke's. These

profiles were non-dimensionalized in the y direction by the parameter

7

R X

No attempt was épparently made to correlate them against % . A replot
of Fujii's curves indicated that the profile given for the vortex street

could be represented approximately by

g -8, (1-7)
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and the fully turbulent region by

L= 9, ( /—7)°;

Sunmary
The limited analytical study of turbulent free convection has

been largely based on assumptions that have been proven successful in

the prediction of turbulent forced convection. These free convection
predictions have given fair agreement with experimental results obtained
in fluids of near constant properties. However, the experimental
evidence of turbulent free convection indicates the temperature and
velocity profiles'across the boundary layer and Blasius wall shear

stress are not the same as found in forced flow. lModification of

these parameters in the analytical model should give better corres-

pondence to physical reality.
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ANALYSIS

Constant Prqperty Problem

Early in the 20th century, from analysis of existing data,
Blasius formulated an empirical equation relating a dimensionless
friction coefficient to the Reynolds number for the case of flow inside
smooth tubes. The equation was

-
AN = 03164 Re . (1)

Now from a force balance on an elemental volume in a tube, the wall
shear stress may be expressed in terms of pressure drop per unit

length AP/L and tube radius r as

wvhere W is thé average velocity. From these last two relations the

wall shear may be expressed as

T, = 'BL)L";ﬁ W, (2)
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Prandtl was the first to substitute equation (1) into (2) and obtained
1 Y
— v |4
Ty =0.03325 g—a wr (‘—;-) . (3)

By relating the average velocity to the maximum velocity, (b = 0.8U,,
for a velocity profile characterized by the one-seventh power law, the

expression

:
<, = o.ozeséi w2 (u:)r )/4- )

was obtained. This is the universal expression for the wall shear

2
stress in forced flow. Using the friction velocity U*=- (—%’t”> 2
the wall shear stress became '
2
T, = ~9ﬁ rxf
Equation (4) was rearranged to form
' Y
Fr = 0.1+ (D) (5)

which is valid for Reynolds numbers up to about lO5 where the one-
seventh power law velocity‘profile is wvalid.

For other Reynolds numbers, Nikuradse found the one-seventh
profile was not valid; also, the Blasius formulation for the friction

coefficient ylelded values which were too low.
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A more general form of equation (5) may be written as

erL* = Cn (%l) L . (6) |

where C(n) is a constant depending on the pafameter n. The value of n
. corresponds to the value by which the velocity profile may he
charucterized. Thus in foiced flow for Reynolds numbers beyond 105,'
n.becomes eight, nine, or even ten. The velue of the constant C(n)
which varies linearily over this range of n is shown in Figure 5 .

This general form is applicable to flat plate flow as well as
tubes; also, the value of the distance y chosen need not be the exact
boundary layer thickness bﬁt'may be any intermediate velue. The

.velocity u then corresponds to the distance chosen. /

This data for C(n):is extrapolated t; lower values which
gives C(n) = j.l for n = 3.. This value was used in the present work
to develop another relation for the constant property case.

Although the basic mechanism of free convection flow is different
from forced flow, it may be assumed that the general relationship
pfeviously developed for the wall shear stress is valid for free con-
vection. Thus for a velocity profile characterized by the one-third
pover, n equals three and the constant C(n) must be determined.

From the arguments and data of Waibler (36), and data of Van
Dyke (32), temperature and velocity profiles other than the classical

universal ones seem probable. As a first step in the solution of the

problem with variable properties. the integral technigque, as used by
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LT A

(n)
6 u y VYT
Dl C(n)( U )
| 4
4 YIELDS Ty =0.02254-u* ( L)
FOR n=7 y
2
DATA POINTS FROM REF. (19)
0
0 2 a 6 8 10

FIG. 5 BLASIUS LAW  CONSTANT  Cip,

|



30

Eckert (4 ), was applied to the cstant property case using the velocity
and temperature profiles as suggested by Waibler and Van Dyke.

With the use of the integral method, a relationship between the
heat transfer and momentum transfer is needed. The first and simplest
relation developed for this purpose is Reynolds analogy. It has been
the most widely and successfully used relation in forced convection and
was therefore a logical choice for the free convection problem.'

The expression for heat flux in & boundary layer may be

written as
y k ot
i? - —YAD C:rj (752757 '+-€;H :)—Ei;_

where €, is the eddy diffusivity of heat, a contribution due to the

turbulent mixing phenomena. The shear stress may be written as

- by e, )2
v 75(. €~><\,L3

vhere €, 18 the eddy diffusivity of momentum due also to turbulence.

Teking the ratio of these expressions, the equation is
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The ratio G;“/G?H is known as a turbulent Prandtl number. A
study of the boundary layer eqpationé for forced turbulent flow show
.that for the case of negligible pressure gradient and viscéus dissipa-

ti§n, the momentum and energy equations are identical if the normal
and turbulent Prandtl numbers are unity. As a result the temperature
and velocity profiles are identical for this case. Identical profiles
mean that the derivative atydu is & copstant across the boundary
layer and that the ratio of heat flux to shear stress is also constant

so that

/" "
i = 2w
T

Tw

Experimental data for forced convection indicates that better
results are obtained by considering €m AE“ as unity (13). Thus it
is also a logical assumption for free convection and is used in the
following development. To continue furtber; it is necessary to take
the normal Prandtl number as unity. Thus __%g_.equals 2 and if the

rep
velocity and temperature profiles are similar*, the equation becomes

V. t

T dw -~

This may be integrated across the boundary layer yielding

:\,, (tw“too)
jft,_ - 3CP W, *
w .

* For free convection the assumption of the normal and turbulent
Prandtl numbers equaling unity does not result in identical velocity
and temperature profiles because the equations are not identical.
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A correction factor of Pr‘2/3 when applied to the forced convection
Stanton number has yielded good results for heat transfer coefficients
over a wide reange pf Prandtl numbers. As this form of Reynolds analogy
can be arranged to-obtain a Stanton number, the Prandtl correction
factor was applied to the free convection development.

Examining typical free convection velocity and temperature
profiles, i.e., FigureSFSand'7, it is obvious that the similarity
requirement is not met since the velocity reaches a maximum and then
decreases with distance from the fixed wall. Considering only the
portion of the profiles between the wall and the point where the
velocity reaches a maximum, the similarity is seen to be much better.
Because of this observation, two methods of utilizing Reynolds analogy
wvere attempted. They vere the model where the entire boundary leyer was
considered, and a modification where only the boundary layer between the
wall and point of maximum velocity was considered. The approach illus-
. trated next is the model where the entire boundary layer was considered.
The two results are compared later.

Going through the procedure of evaluating the integral equations

and solving for V\c in much the same manner as Siegel. (25), the expression

Gr

2/,
I+0.976 Pr

. '/5 5/
Nu = ozl P

was obtained. This is compared to Siegel's expression in Figure 8.
Results given by Sesunders (24) and McAdams (14) are shown .as.well. The

procedure leading to equation (7) is fully developed in Appendix B.
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This derived expression for the Nusselt riumber gives values
which are generally low as compared to experimental data which has been

well correlated by Saunders (23) and others with the equation

Nu = 0.I7 (GvPr)%’s-.
This could be partiélly due to the value chosen for C(n)‘ The value
chosen was obtained by extrapolating data for 6ther characteristic
Aprofiles.
By- choosing a value of C(n) = 3.5, the same procedure yields a
result slightly different from that of equation (7). - This result is

: v
G \ g 3 ";/9
v -

= Q.\T7
Nu | + o078 P73

This expression compares very.weil with the accepted correlation of

experimental results especially for Prandtl numbers somewhat above ten.

Variable Property Problem

In the constant property case of turbulent free convection,
a control volume was utilized and the momentum and energy fluxes vere
integrated at the boundaries of the volume to obtain energy and
momentum balances. For the problem considering variable properties,
the boundary layer equations are integrated dirgctly across the
boundary layer to illustrate the problem in greater deﬁail. This
method of dévelopment is generally the same as the constant proberty

case but considers all properties as variables.
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FIG. 9 BOUNDARY LAYER NOMENCLATURE
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The equation of momentum for a boundary layer in turbulent flow

may be written as

Su3 03 ) = X - 2 e [ fe)E ] o

This general form of Prandtl's boundary layer equation assumes two
dimensional flow where all properties may be variables. The contribution
of momentum transfer due to turbulence is included in the eddy diffusi-
vity of momentum < m

With no pressure drop due to forced flow, the gradient of
pressure is due only to the hydrostatic pressure of the height of the

fluid and

dp

_/)oo .
The only body force acting is the normal gravitational one and is

X- -

Substituting these expressions into equation (9) and integrating from

the wall to a point external to the boundary layer (see Figure 9) gives

S((’u L pus &\} 81((0 -P) By + i%[@feu>%]&3.(lo)
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The last integral becomes

(P

Bl

= —(/ +(°ém)ﬂ—

since the velocity gradient is zero beyond the disturbance thickness 9 .

Integratipg fhe second term of the left integral of équafion (20)

by parts gives

ey

and, since U = oat y = o and at y = b, the first term drops out.

b
(ot

Using the equation of continuity
dpPu DU
AX A

the remaining integral is
Luadgmay - Cudftay

o

This 1s substituted back into equation (9) yielding

) 2 \
Eii—f—‘“& = 3 Py -

since the left integral is a perfect differential.
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" Making a change in variable by defining 77 = y/S and changing

the limit of integration from b to © , the integral limits are
\}:O%}?—_—O, ay\d \6=%=> V):l .

The equation then becomes

b (gg(au&»;) 1%%(@0@)(3»? ~a T, - (1)
A velocity profile is defined in the form
u = u,FLV))

where W ; is the equivalent stream velocity and F(Y]) is a shape

paraﬁeter. With this form substituted, the momentum equation is

2 (5 PR 4% Sourpriy -y, -0

The equation of energy for boundary layer flow in terms of

enthalpy is written as (see Appendix C)

on B h — & ;EL__ 1l
£ (u U M)—— ;} [(k +(oQ? 0) ;}] (13)
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where the effect of viscous work and work against gravity have been
neglected. This equation is integrated across the boundary layer as

before. The right side of this equation ylelds

b
_P_ C é“?t] _ 3_&"__ _B_h_ L
&o 'B\A[Ql*c) ¢ }B_u‘\ &‘3 (k*ﬁQ(ﬁﬂ)}‘l; o é\a -3-o—1w ’

as the temperature gradient is zero beyond © , and the eddy diffusivity
is zero at the wall.

Replacing h by the enthalpy difference,(h-h“)'equal:to,H, the
second term in the left integral of equation (13) is integrated by

parts and yields

Since H=o at y=b, and v=o at y=o, the first term drops out. Using the
continuity equation as previously, the left side of equation (13) becomes

a perfect differential and is written as

3:3%%9—3“& = 9w -

Making the change in variables ’7 = yﬁg the equation becomes

wGlpuanty)-gr .
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Before substituting an assumed temperature profile into this

equation, the thermodynsmic relationship between temperature and
enthalpy,

c\h ( )a{;% )a?

was considered. This relationship holds if thermodynamic equilibrium
is a valid assumption. However, metastable conditions have been found

to exist at pressures slightly above the critical point which indicate

that this equilibrium may not always be present (26).

Pressure acrbss the boundary is almost cbnstant. Also the
difference in pressure due to the hydfostatic head variation is small.
Therefore enthalpy dependence on pressure is very small and is neglected

leaving enthalpy as a function of temperature only (See Appendix C) .

The temperature profile is specified by

-9, G

with G(v> being a shape parameter of the temperature. Enthalpy at

constant pressure is expressed as
h = h [{‘» U’)]

and must be computed for each temperature profile.

After substituting the velocity relationship into the energy

equation 1t becames

_;; (s So'(a a, Foph n)=q" . (15)
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From the previous development the wall shear stress for a velocity

profile characterized by the one-third power law was
h
A

where the constant a depends on the exact value of C(n) used. Using

T,

w

=Q_£_z x%
7

the integrated average of density and viscosity over this portion of

the boundary layer, the equation becomes
3, '
2 |
au Y,
gt’w""‘—,“gfv‘o\y). (26)
G

To apply Reynolds analogy to the variable property problem, it
is convenient to initially consider variable property forced convection.
Vhen pressure gradients are negligible, enthalpy may be considered as a

function of temperature only and
_ (2h - at .
dh = (52 = Or

Temperature is a function of the coordinate y, thus enthalpy is

also a function of y and

sho

Substituting this expression in the energy equation (13) and rewriting
the momentum equation (9) without the pressure gradient and body force,

the two equations become




ﬁ(“ - +—v§\a S /o( r €, B%
and
Shyl | k& oh
(u +U3,&> S /')(/"Cv+§“>3\3 _

These equations are forced convection energy and momentum equations
considering all properties as variables.

If the normal and turbulent frandtl numbers are unity, the
equations are identical yielding identical enthalpy and velocity
profiles. By the same arguments as used in the constant property

development, the analogy may be expressed as

Tw _ __ dh
T, jdu

As in the previous development, it is necessary to assume

the normal and turbulent Prandtl numbers as unity and profiles similar

in shape. Thus the analogy may be integrated across the boundary
layer as was done for the constant property case. Multiplying the

analogy by the integrated average of the Prandtl number correction

Lk




factor over this interval, the finel expression becomes

Tw 4 (L‘w;\hw)(go\ I &73%. (17)

/C’W

Before continuing the following substitutions are mede for simplicity, viz,,

e ==\, P Fep iy,

Next, the shear stress expression and Reynolds analogy are substituted

into the momentum and energy equations (12) and (15) which yield

S t _ ' £ ‘
Tx(sgo(*)%%uﬁ&w))=%x,— B MV (18)

%
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. for momentum and

ZE0euFoy) = alh ~h ) (=) Y, o

o]

for the energy equstion.

These two equations can be solved simultaneously by assuming the

maximum velocity and displacement thickness to be functions of X of

the form

Substituting these functions into (18) and (19) and performing the

differentiation yields

mirn-|

2 . 2 Y A% Bm-1
L’lm W )C‘ ClX W = C.Z_X“-X'—Q Q:C:le 2" Y ,(20)

and

wen)CCX " 7z = Q(MW-L\MK%LC;_%'X%-%\(V..(ZI)

For these equations to be 1ndependeﬁt of x, the value of the exponent

of x must be identical for each term, thus
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Zm.J-Y]-—'l :n:%m_

and
- - L
m+ nN-i 2

Solution of these equations gives m and n equal to one-half, and (20)

and (21) become

3
~§% le Cz.\A/ = C¥L}Ki - a (:l Y/

and
o -
(:, (:z_ Zz= = Q (.¥\vv"L\°°\> (1‘ (:z \( \[r
Solving the energy equation for Cl yields
C = zux\m( —

and from the momentum equation

[ BV Wby 1%
R

=
X, .

C = O\Z/s L\"w‘\"&)\(v\
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The heat transfer coefficient is

W = Cl: = o Ui \% (\I\ \nm\)
Qw Q% @W YV -

and is independent of x. When the functional relationships for u,

and © are substituted, the heat transfer coefficient becomes

I, 3\W W hee %
he = O\wéhw} v, [a* Y] Bt ] e

Method of Solution for Variable Properties

To numerically solve the previously developed integral relation-
ships, assumptions were made in connection with the velocity and tem-
perature profiles as well as the wall shear stress expression. Also
- the density, enthalpy, viscosity and thermal conductivity properties
had to be explicitly known as a function of temperature and pressure.

The analytical solutions obtained by Fritsch (5) for the laminar
‘free convection problem in near critical water showed that the velocity
and temperature profiles were smooth functions of the same geéeral
shape as ones used to describe these parameters in a near constant
property fluid. ‘Fbr this reason the profiles used in the constant
property solution were used for the variable property turbulent problem
being treated here. Specifically, G(.‘?)' = (1- 7) and F(V) —7) /3(1 7)

were used. Since the wall shear stress and velocity profile are
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closely related, the same shear stress expression was used with an
improved value of the constant C(n) equal to 3.5. This yielded a
value for a equal to 0.153 (Seé Appendix B).

The thermodynamic and tfansport properties for near critical
vater are not knéwn nearly as well as those for ordinary water. However
the experimental vwork available has been vwell analyzediand correlated.
It was felt to be not worthwhile to restudy this problem but better to
use the recommended results of others and proceed.

The §alues of specific volume were taken from Nowak (16) with a
few additional values outside this range from Voukalovitch (35). Tabu-
lated enthaipy values were taken from Touba (30) who interpolated curves
‘developed by Nowak (15). Specific volume and enthalpy data was stated
to be within 0.1 percent by Nowak. The thermal conductivity correlation
developed by Vargaftik (34) was used for the difference (k-ko) between
the conductivity at the desired state k and the conductivity k, at that
- temperature at a pressure of one atmosphere. This correlation was
suggested by Swenson (27). The value for k, was taken from Timroth (28)
and expressed numerically by Fritsch.

Viscosity was correlated in the same manner as conductivity by
Vargaftik. The viscosity at atmospheric pressure was taken from
Shifrin (21), and expressed in numerical form by Fritsch. fhe equations

used in the variable property solution were

s

k- k, = 28.63 « to“‘“/O"z

Btu.

= 40 \o_s -550)+0.0246 ————
J(° g (¢ ) ft. b F
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MMy = 6066 % IO-'oﬁ '

' 'y _a lb.sec.
/aa = 0.047@8%t x10 +1479x/0

ARy )

b.
Multiply this value by l.158x105 to obtein units of ?%TK?.
The specific heat Cp'and thermal coefficient of expansion were

taken from the work of Nowak. The relationéhip

C \ LT

= A+
¢ 4.9\
with T in degrees Rankine, was developed by Nowak (16) and was used
in this work to relate C, and/ﬁ . This permitted finding values where
one or the other‘was not readily obtainable from the work of Nowak.
The accuracy of specific heat was stated to be one to five percent
where the variation was small to 20 percent where the property
peaked. The accuracy of/3 was stated to be between one-half to
three percent.

In an attempt to maintain accuracy of the property values,
representation by high order of degree polynomials had been previously
carried out. However, it was found that simple linear interpolation in
a table with reasonably small intervals between points was more
accurate and consistent.

The availability of a large digital computer made numericai

evaluation of the integral equations possible and practical. The
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numeric ﬁethod used was Simpson's rule. The individual integrals, i.e.,
%W ¥, X, ¥, z on page 45, were divided into two parts; part A from
the wall to the point of maximum velocity, and part B across the re-
. mainder of the boundary layer.‘ To obtain a solution the integrals were
evaluated for a specified bulk temperature difference by using the o
properties for the specified pressure.‘ The values obtained were sub-
stituted into equation (22) determining therheat transfer coefficient.
This also determiﬁed the heat flux. The numerical program is listed in
Appendix D.

Preliminary trials were made to determine the number of ‘incre-
ments necessary for convergence of the integrals. These trials indicated
that satisfactory convergence would be obtained with 20 to 24 incre-

ments for part A and 40 increments for part B. All final calculations

were based on 24 and 40 increments for A and B respectively.
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ANALYTICAL RESULTS

The analytical predictions of heat flux as a function of bulk
£emperature and temperature difference are shown in Figure 17. The
results using Reynolds analogy only between the wall and the point of
thé velocity maximum for the same parameters are shown in Figure 18.
These curves show a very pronounced increase in heat transfer as the
wall temperature increases to the value of the transposed critical
‘temperature. This temperature‘is defined as the temperature wheré the
specific heat reaches & maximum. The curves also show a decrease in
heat transfer as the transposed critical temperature is exceeded. The
decrease in heat transfer with an increase in wall temperature is much
mofe pronounced for the curves in Figure 18. This effect is
explained further.

The trends and magnitudes of the various parts of the analytical
equation are shown in Figuref;Q; These curves are for a specific case
but are a typical example of all cases considered. The part designated
ﬁ is the intégral average of Pr'2/3 and reaches a minimum near the
transposed‘critical temperature. The integrated density difference Xl
is shown t§ be of large magnitude and increases monotonically with
temperature difference. The integral Z, which includes the enthslpy

difference, is of similar shape and importance. The integral W is of

second order importance since Z is several orders of magnitude larger}
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The enthalpy difference is seen to change considerably depending
on the form of Reynolds analogy. The difference (h,-h_) used in the
analogy applied across the entire boundary layer increases monotonically.
However, the difference, (hw-hum) used in the snalogy applied from
the wall to the maximum velocity reaches a peak and then decreases.
This peakiﬁg is directly responéible for the unusual heat flux curve
at 700 F bulk temperature. The effect of a steeper‘temperature gradient
on the enthalpy'difference (hV'hum) is also shown in Figure 19B. A
steeper temperatufe gradient at the wall slso increasesthe magnitude of
the other quantities slightly but does not change the trends.

Altering the shape of the velocity profile would perhaps make
significant changes in the variables. Changes would occur in the
exponents of the shear stress equation (16) asAa result of the general-
ized Blasius law equation (6). As presently postulatea, a change in
the velocity profile would also cause the heat transfer coefficient
to be a function of the length parameter, x .

A comparison between the analytical prediction and & standard
correlation with properties evaluated at the film temperature is shown
in Figdre 2. The agreement is seen to be very good away from the
transposed critical temperature. The standard film correlation however
fails in the region where the largest property variations occur.
Further analytical results are given in a later section and are

compared with experimental measurements.
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EXPERIMENTAL APPARATUS

The objectives of the experimental program weré to: (1) deter-
mine the local heat transfer coefficient in the turbulent regime along
a vertical plate, (2) verify the analytical predictions over a range
of temperatures and pressures, and (3) correlate the experimental
results for design calculations.

To accoﬁplish these objectives the basic apparatus built by
Holt (11) and used by Pritsch (5) was again used with minor modifica-
tions to determine turbulent free convection coefficients in near
critical water. A brief description of the apparatus will be given

here. More detailed information may be fouﬁd in the references

mentioned.

General System

A schematic diagram of the system is shown in Figure 21. A
picture of the control panel with the major instrumentation is shown
in Figure 22. The basic plece of equipment was a stainless steel
pressure vessel with inside dimensions sufficiently large to simulate
an infinite medium. The vessel was exfernally heated by electrical
resistance wiring wound around the vessel in spirial coils. The
resistance wiring was -divided into separate elements for better
control of the vertical temperature distribution in the vessel. Outside

the heating elements the apparatus was wrapped with insulation to
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minimize heat loss and reduce temperasture variations due to changing
ambient conditions.

To evacuate the test chamber of air prior to charging with
water, the vessel was connected to a vacuum system consisting of a
vacuum pump and a cold trap to condense the water vapor. The vacuum
thus obtained was the primary method of charging the chamber with the
test water. An accumulator or surge tank was also connected to
minimize pressure fluctuations during operation. A connection to a
high pressure hand-pump was provided for leak testing and for the
addition of water during operation. All wiring leads were brought

into the chamber through stainless steel tubes welded into the base
of the vessel. A pressure seal was maintained at the lower end of
these tubes by a fitting containing & teflon plug.

The measuring devices used to obtain the state of the bulk
water in the chamber consisted of a calibrated bourdon tube pressure
gage connected to the vessel and a platinum resistance thermometer
enclosed in a well installed in the top of the vessel. Measurements
of the test section voltage drop were made with a potentiometer.

To maintain ion free water in the vessel, a fraction of the
water charge could be circulated through a column of resin by means

of a thermal syphon loop, during the warm up procedure.

Test Section

To satisfy the experimental objectives, the test section had to
provide a means for the measurement of local temperature and local
heat generation, along the length of the plate. It was decided to use

the test section as a resistance thermometer to determine temperature;
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thus the local heat generation could be determined from the same

measurements. A typical test ribbon is shown in Figure 23.

Mechanical Design

The choice of the final test section dimensions was based upon
experiment and upon the physical limitations of the equipment. The
most important phyéical limitation was the meximum current fiow. .The
wiring and switches were sized so that 50 amperes was an upper limit.
Iimitations of the direct .current power supply are explained in the
next séction.

With the current supply set, the physical width and thickness
of the test section foil was constrained. The width was sized at one-
half inch to reduce edge effects since calculations indicated the
boundary layer thickness would be in the order of several hundreths of
an inch. Thus the plate width would be 150r mere times the disturbance
thiékness. Many investigators have studied free convection on a plgte
of width only 10 to 15 times the disturbance thickness. Calculations
also indicated a plate height of about an inch would be necessary to
obtain Grashof numbers of turbulent magnitude. For ease in assembly
the height limit was about eight inches and six inches was more
convenient.

Due to the errosive nature of high temperature-pressure water
previous investigators had shown the possibility of ﬁounting a Jjoulean
heated foil on some backing material to be impractical. Thus, the A
foil or plate had to be exposed to the ambient environment on both

sides. This doubled the heat trensfer surface and doubled the required
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heat input for a.specific»temperature difference. Without any
backing material the foil would also have an almost immediate
response to enviromment fluctuations.

Thé remaining dimension was the plate thickness. Rela-
tively thick foil, i.e., of 0.005 inches, was very easy to work
with but the resistance was very small. This would cause little
joulean heat to be generated and only small temperature poten-
tials could be realized. With a heat transfer coefficient of
200 to 300 Eg%%fg 8 thickness of two mils seemed adequate.
However, when large values of specific heat were encountered the
turbulent coefficient was much iarger and a foil one mil thick
was fequired for tempe;ature differences greater than 10 degreeé
Fahrenheit.

A ribbon several mils thick was also desirable from
another consideration. To minimize the transfer of heat by
conduction in the ribbon a poor fin characteristic was desirable.
Preliminary caiculations indicated.that for the combination of
therﬁal properties and thickness considered, the ribbon would

act as a.very poor fin. Thus heat generated locally in the ribbon

‘could be considered to be transferred by convection to the ambient

fluid and transfer by conduction would be negligible. A variation
in temperature of the ribbon would only be expected if the heat
transfer were a function of the length parameter. Otherwise for
uniform heat generation the heat transfer coefficient and tem-

perature of the ribbon should be constant.
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Ideally, no exposed leads would carry power to the test
piece as undesirable flow pattérné could originate on them.‘
However, with no backing plate possible, the leads had to be
exposed to the ambient environment. Because of the current
limitation and magnitude of the resistance of the platinum, the.
leads could not be connected along the vertical edges but only
along the top and bottom. '

Now the size and material of the lead wire were subject
to choice. Platinum could be easily reéistance welded to the
foil without causing distorting stresses. Also platinum, having
smaller electrical and thermal conductivities than silver, was
more desirable because it reduced the fin effect of the lead
wire. Other materials such &s copper or aluminum were not
considered since they would erode in the environment present
in the pressure vessel. To simplify design the supporting
stfucture was connected directly to the lead wires. This meant
the lead wire needed to be physically strong enough to support
and maintain some vertical tension in the test foil. Thus, a
hb mil wire was used on the bottom and 40 or 51 mil wire on the
top. This platinum wire extended about an inch from the ribbon
where it was joined to a heavy silver wire lead.

The 40 mil platinum lead wire connected at the bottom had
the same cross sectional area as the 2 mil test section. Since
two lead wires were connected to each end of the test section,
the heat géneration per unit length in the platinum wire was

one-fourth that of the foil. The combined effect of a very high




heat transfer coefficient at the starting edge and th; high con-
ductivity of the heavy connecting silver lead wire removed a
good part of the joulean heat genefated in the platinum wire.
Thus a compromise was obtained where a minimum amount of heat
vas conducted from the ribbon to the wire and the wire remained
near the ambient temperature to minimize the possibility of
undesirable turbulence.

The placement of & cylinder at the starting edge of the
test section presented a need for justification.' In forced flow
such wires are placed downstreamlof the leading edge for the
purpose of tripping the boundary layer to induce furbulent flow.
When positioned exactly at the starting edge it should have no
effect unless circulation with an approach velocity were present
in the vessel. If circulation did exist the wire could be
roughly considered as a cylinder in cross flow. Von Karman
vortex streets occur in such cross flow at Réynolds numbers as
low as 60. An epproach velocity of 0.1 feet per second at the
starting edge would yield a Reynolds number of several hundred
thus making this phenomenon a possibility. |

‘ To make the starting flow uniform on both sides of the
foil, a wire was placed on each side. These wires were slightly
flattened to insure adeguate electrical contact and increase
physical rigidity. The width and thickness of the foil wefe,
for practical purposes, uniform since little difference was
noted after measurement with a steel rule, a magnifying glass,

and a micrometer. The ribbon surface was smooth and free of

Th
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surface defects. Voltage taps of five mil diameter platinum
wire were spot welded along one edge of the ribbon at one inch
intérvals. The top and boftom voltage taps were placed one-half
inch away from the power lead connections. This spacing mini-
mized any affect end losses would have on the temperature
determination. The disﬁances between the starting edge, top

and bottom voltage taps were measured to Qithin 0.005 inch by a
cathetometer after mounting the ribbon on the framework. The
power leads and voltage taps were silver wire led in through

the stainless tubes.

The six inch length ribbon was positioned at the bottom
by a 20 mil stainless spring connecﬁed to framework from the
vessel base and hooked to the platinum lead wire. Another
stainless sﬁring attached to the lead wire at the top in
similar manner kept the ribbon vertical. and in tension. A
near vertical position was obtained by leveling the vessel base
and visually observing the angle between the ribbon and a
weighted thread attached to the framework. The mating contact
surface of the vessel had previously been leveled. The stainless
wire was eléctrically insulated from the supporting framework
by quartz or polycrystaline alumina tubing.

The bottom of the ribbon was located five inches above
the base. This allowed about nine inches of clearance between

the top of the ribbon and the vessel top.
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Power and Control

Direct current power to the test section was supplied by a bank
of ten six volt automotive type lead storage batteries connected in
parallel with a nominal 12 volt, 50 ampere, power supply. This com-
bination tended to minimize the random fluctuation inherent in the
direct current supply and the voltage drift inherent in the battery
bank. This fluctuation and drift increased proportionally with current
output and became intolerable at 50 amperes. The load was sp;it
between the two'power sources'by adjusting the output voltage on the
direct current supply.' At low test section current flows, 1i.e.,
during warm up, this voltage was set to place most of the load on the
direct current power supply. As higher currents were used, the battery
bank supplied a larger proportion, i.e., 20 amperes maximm for a 50
ampere total load.

Current variation was provided by two electrically parallel water
cooled slide rheostats. This provided a current range of 10 to 50
ampefes. The current flow was obtained by measuring the voltage drop
across & nominal 0.001 ohm shunt placed in series with the test section.

The power leads were 16 gauge silver wire and the voltage leads
vere 18 gauge silver wire. The voltage leads and intérnal thermocouples
were connected to external wiring in an isothermal Jjunction box located
below the stainless steel lead tubes. All wiring on the water side of
the teflon seal plugs was electrically insulated by quartz tubing. This

tubing eroded with time at the top end.
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k The external voltage tap wiring was brought to a multiple point
selector switch. This switch was wired to provide the voltage differen-
tial between consecutive voltage taps as well as between taps placed

further apart.

Measuring Equipment

The instrument usedrto measure the various voltage drops was a
= Leeds and Northrup type K-3 potentiometer in conjunction with a type
9834 electronic null detector. The working voltage was furnished by a
! constant current power supply. An Eppley standard cell was used as a
reference and was checked by A. Clausen of the School of Mechanical
Engineering. The standard resistors were of 0.10002 ohms and.
0.0010002 ohms as calibrated by D. E. Lipp of the School of Electrical
Engineering. A ratio box was used to facilitate measurement of
- | voltages larger than the 1.6 maximum of the potentiocmeter. The ratio
was 100.00 f .0l to one and was calibrated by D.. E. Lipp. The use of
the ratio circuit required making a small correction to the voltage
measurements to obtain the proper value of temperature.

Thé platinum resistance thermometer was a Leeds and Northrup
type 8163 and was used with a Rubicon type 1551 Mueller bridge and
another null detector. Prior to use of the thermometer, serial number
1613936, a temperature measurement check was made at the triple point
of water. The ice point resistance, Ry, obtained from this check was
25.5573 ohms. This compared quite favorably with the value obtained
by the National Bureau of Standards of 25.5571. The NBS number was
baséd on measurements made at the triple point of water, the steam

point, and the sulphur point. The manufacturer of the thermometer,‘
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Leeds and Northrup, had previously compared this thermometer to another’
one certified by NBS and found RoAto be 25.556 ohms. During the experi-
mental period the thermometer was again checked at the triple point

and little change was noted.

Vessel Heating and Control

The pover uged to heat the vessel and bulk water came from
buildlng service 110 volt and 220 volt lines. The power was regulated
to the individual heating coils by controlling it through individual
pover transformers. During steady state opefation the lowgr heating
elements provided most of the power required. These had a provision
for use of power from a constant voltage transformer rated at 2000
'volt amperes output.

An approximate indication of the internal water state was given
by six chromel-alumel thermocouples spot welded to the outside of
the vessel. These thermocouples were located from top to bottam of the
vessel at approximétely equal intervals. The signal from these thermo-
couples was fed into a six point chart recorder to provide a visual
guide for manually regulating power to the individual heating elements.
An automatic device for controlling power to the individual heating
elements had been previously developed but was not used in this in-
vestigation.

Because of the thermsl inertia of the thick vessel wall, these
thermocouples were useless for determining any vertical gradient inside
the vessel. To measure this, two 28 gauge chromélfalumel thermocouples

were connected to measure the vertical difference; one measured the
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difference from top to bottam of the vessel and the other measured the
difference over the length of the test sectiod. The long leads vere
made of chromel.

Achievement of a desired state was indicated by a reference
resistance thermometer, certified by the National Bureau of Standards,
in conjunction with the associated Mueller bridge and null detector.
This thermometer was positioned vertically from the tbp of thé préssure
vessel with the middle of the sensitive element about eight or nine
inches above the base. .This height insured that the connecting wiring
Jjunction above the thermometer's glass seal would not be overheatéd.
The thermometer used in previous work had been badly scorched resulting

in breaking of the lead wiring. |

A Two additional 28 gage chromel-alumel thermocouples were used to
monitor the fluid temperature in the thermal syphon loop. Because
of possible resin melting and resultant contemination of the vessel,
the water temperature entering the resin colgmns had to be kept below

140 degrees threhheit when the thermal syphon loop was used.

Miscellaneous Problems

Vessel Pressure Seal
The pressure seal between the vessel and the base consisted of a
tongue and groove joint. This rounded V shaped tongue had been nicked
and also scored by a welding rod making it impossible to obtain a tight
seal during pressure testing at room temperature. A five mil thick
silver gasket was then tried and found to work. Once while operating

at high temperature and pressure the gasket yielded slightly, allowing
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some steam leakage until the metal apparently annealed and flowed

to stop the leak.

Corrosion

During the course of equipment checkout it was necessary to rebuild
the wiring, quartz tubing, and seals many times. After one disassembly -
it was noted that a ring of corrosion pitting had formed in &11 but one
lead tube. This ring was located at the exact point the lead tube
entered the base. To minimize the chance of material failure a fillet
wel@ was made at this junction to obtain extra strength.

After a discussion of the problem, Dr. R. E. Grace of the Purdue
School of Metellurgical Engineering recommended switching from distilled
to deionized water. Also a type 316L austenitic stainless steel was
recammended should replacement of the tubes ever be necessary. This
type steel 1s less susceptible to carbon precipitation because it has
a very low cérbon content. Type 317 was recommended as a second choice

because of high molybdenum content.

Erosion
A great deal of difficulty was experienced by erosion of the

quartz tubing. A 99.9 percent pure polycrystaline alumina with the
trade name "Lucalox" wes tried for the top severgl inches of the lead
wiring and around the support'structure. It was found by.far superior
to the quartz. It is recommended that in future experiments all épartz
be replaced with alumina tubing of 99 percent or better purity. 'Alumina
slightly less pure than "Iucalox" is much cheaper and is available in
longer lengths. Changing to water deionized with an Enley MB-3 resin

also seemed to reduce the erosion problem, .




_ Electrical Shorting
During the course of checking out the equipment electrical shorting

of the test section wiring to ground was a common occurrence. One cause

of this shorting was the design of the fitting to hold the sealant plug.

This fitting was designed with two shoulders against which the insulat-

' ing ceramics butted, i.e., Figure 27. At these locations there was no

mechanical separation between the silver lead wires and the fitting,
and the clearance between the wires and the shoulder was véry small.
During operation movement occurred in the wiring due to thermal ex~ -
pansion and thus contact was made with the shoulder. Thi; cccurred with
16 and 18 gauge wire even though the fitting was stated to be good for
14 gauge wire. This problem was solved by inserting é small teflon
cylinder through this shoulder with separate holes for the lead wires.

After this modification the electrical resistance from the test
, ‘ A

~section to ground was always at least 10 times the resistance across

the test section and was therefore satisfactory.
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EXPERIMENTAL PROCEDURE

Temperature Measurement

The correct measurement of temperature was the most critical
experimental technique requiredfin the conduct of the investigation.
This was because the temperature difference between the test section
and the infinite bulk fluid determined the value of the heat transfer
coefficient once the heat flux was established. Also, in terms of
analytical substantiation of experimental results, the thermodynamic
and transport property values of water change much more rapidly with
temperature than with pressure.,

Two methods of obtaining test section temperature were used in
rrevious investigations with the present basic apparatus. These methods
were resistance thermometry and the thermoelectricity. The use of
platinum as a test section material allowed resistance thermametry.to
be used becauée it is inert and stable at the temperature of near
critical water. By use of the calibrated flatinum resistance thermometer
the reference bulk flﬁid temperature was accuiately known.

Holt (11) used the test section as a resistance thermometer by
assuming it had the same temperature-resistance relationship as the
calibrated platinum thermometer. This required knowlédge of the test
section resistance at zero degrees centigrade, Rxo, which was obtained
by direct measurement in flaked ice or by measurement at other tem-

peratures with comparison to the calibrated thermometers resistance
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ratio at that temperature, viz.,

Rxo QtA
R

vhere Rx was the test section resistance at a specified temperature and

-\

Rt/Ro was the resistance ratio of the calibrated thermometer at tem-

perature t and where Ro was its ice point resistance.

The two methods of computing R, did not agree, thus Holt used

Xo
the RXO obtained by cdmparison. This discrepency was probably due to
several reasons: (1) the platinum of the test section had a different
resistance-temperature relationship because of different purity, and
(2) the instrument used to measure voltages, i.e., a Leeds and Northrup
K-2 type potentiometer, was not of sufficlent accuracy to assure
measurements within one-half degree Fahrenheit. An exact knpwledge of
Rxo was necessary since at 350 Centigrade a 1 percent error in Rx/Rxo
could cause an error of 6 degrees Centigrade.

Fritsch (5) attempted to use this technique but discarded it
because of inconsistency at small temperature differences. He then
used fihe wire thermoéouples connected to his teét section with the
reference jqnction located next to the sensitive element of the
thermometer. Three wires were needed to correct for voltage drop
across the couple. He attempted to correct for the fin effect of his
thermocouple by u§ing a relationship for a wire attached to a semi-

infinite wall. Based on this relationship, his experimental results

vere consistently 15-22 percent higher than the analytical prediction.
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An analysis given in Appendix G showed that the fin effect error
for a finite thin foil of thickness used in this investigation was much
larger than for a semi-infinite solid not considering internsl heat
genefation and heat loss from the body to the ambient environﬁent. The
solution for the temperature error considering these effects was beyond
‘the scope of this work. Thus, it was decided tgat thermocouples
attached like fins would nof produce a satisfactory way to measure
tempefature.

The method used in this work was & modification of‘Holt's
procedure. The test section resistance was determined by direct
measurement in the temperature range of interest. This was done by
passing a small calibration current through the ribbon and measuring
the resultant voltage drop once steady state had been achieved. The
resistance of the certified thermometer was used as the standard for

comparison.,

Assembly and Operation

Prior to assembly of the test section and supporting framework
all component parts of the vessel in contact with the water were
thorouéhly cleaned by a procedure developed by Holt (11) as follows:
(1) vessel parts were cleaned with detergent solution in water and
rinsed with distilled water, and (2) vessel parts were cleaned with
carbon tetrachloride, ethylene trichloride, acetone, and ether in that
order to remove residual oil.

Next, the thermocouple silver lead wiring was threaded through

the quartz insulating tube and positioned in the base lead tubes. The
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teflon pressure seal plug was threaded on the w;ring and the pressure
-fitting tightened to hold the wiring in place.

The test section was constructed from platinum ribbon foil. Thé
- lead Viring-was welded to the foil which was then cleaned to remove
finger prints. The section was then éupported Sy the stainless steel
wire springs. The platinum leads were then silver soldered to the
silvgr lead wires. By use of a weighted thread the section was visually
adjusted to a very near vertical position. Care had to be taken in
positioning the section and lead wiring to leave room for the thermo-
meter well which protected the resistance thermometer. The power leads
were connected and enough current was passed through the ribbon to
bring it to a red color to anneal it for about two hours.

The base was then lifted into place with a wide silver gasket
positioned across the tongue of the baée. The base cap was threaded
on the vessel and compression bolts tightened. The lower two heating
elements vwere positioned around the base cap and connected. Thermo-
couples vere resistance welded to the cap. Finally, insulation was
positioned around the base.

After connecting the deionizing loop piping, the system was
evacuated for several hours and then charged with about two gallons of
deionized boiling water. The water was cooled on its way to the vessel
by the drain line cooler. The water comnection to the accumuiator was
disconnected and blanked off. This reduced the amount of water and
work needed to pressurize-the systeﬁh A test pressure was obtained by

' use of the hand-puﬁp and all fittings were checked for water drops.




After the accumulator was installed no more leak tests vere
made even though the base was disassembled several times to remodel or
reﬁuild the test section. Calibration runs made with the accumulator -
isolated from the vessel indicated that the system pressure remained
constant and thus no leaks were present.

To accurately determine the distance between voltage taps,
current of several hundred milliamperes was passed through the section
after the vessel interior.had reached a uniform temperature. The
voltage drop between the individual taps and across the end taps
allowed calculation of the distances between taps. When these measure-
ments were made, the vertiéal temperature difference across the test
section was less than one-fourth degree Fahrenheit as measured by one
of the differential thermocouples.

The first run made on a test section was for calibration. The
system was heated to several desired temperatures and measurements
taken. After one day of operation additional water was charged into
the vessel. All water'charged into the vessel had a resistivity of
'two to four million ohm-centimeters.

During the heating process the vessel was vented éfter the water
reached saturation tc help eject any air remaining or leaking into the
vessel. Excess water was stored in the accumulator until the desired
pressure was obtained. Additional water was drained from the system.
Water makeup was supplied through the hand-pump if needed. Occasionally
during heating the thermal syphon loop was operated to help maintain

water purity.
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During the heating period considerable water had to be bled from
the vessel. To keep this water from flashing into steam an annular heat
exchanger was inserted afound the tube between the vessel and drein
valve. This cooler also prevented hot water from entering the accumula-
tor and damaging the rubber bladder.

Also during the warming up period the Mueller bridge'ratié and
zero adjustments were checked. The ratio adjustment did not vary
significantly during the period of the tests. The zero adjustment
varied considerably and sometimes varied beyond the scale adjustment,
although the error'introduced was very small. The pressure gauge was
checked atainst a dead weight tester at a pressure near the desired
operational one.

The povwer supply for the potentiometer was turned on about a
day previous to actual taking of measurements. A two volt battery and
- small direct current power supply were both used at different times
for this purpose. The null detectors were also turned on well ahead of

time or left in opera%ion.

Deta Taking
The heéting period took nearly three hours. The test section

was energized after a pressure of about 150 pounds was obt#ined. This
initial current was set at either 12 or 18 amps aﬁd maintained until the
first set of data was taken.

Since very stable conditions existed after obtaining steady
sfate, readings were taken of all voltage positions across the test
section. After these initial readings were taken power was increased

in intervals. After each increase in power, the current was monitored
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until it appeared to have stabilized, then readings were taken and the
current was ;hecked again to ensure againstmdrift.v At higher current
flows fewer readihgs vere t&ken because of current drift and bulk fluid
temperature dfift upward.

The addition of more current to the test section tended to
increase the pressure and bulk fluid temperature. The pressure was
monitored and water was continuously bled from the system to maintain
the desired value. The power input to the external heating elements
was slightly reduced to counteract the temperature increase but a slow
increese was practically inevitable.

Readings were taken at six or seven current settings over abput a
twenty minute period. Two people vere required to obtain readings; one

monitored the potentiometer and the other monitored the Mueller bridge,

vessel pressure and vessel heating elements.

Calibration Procedure

Prior to taking test data the resistance of the test section was
determined as a function of temperature. This was done by heating the
‘vessel to several steady state temperatures and then passing a current
of about one-fourth ampere through the section. The voltage drop
between the end taps was measured and compared to ﬁhe voltage drop
across the standard 0.1 ohm resistor with a resistance value known to

four significant figures. The resultant data was fitted by the curve

R= A +B(t-6r00)
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where R was the resistancé in ohms, and A and B were constants.

After the constants A and B were determined, the temperature, t, was re-

calculated for the measured resistance and compared to the measured value.

The largest error was found to be iess than 0.2 degree Fahrenheit.

After installation of the one mil thick test section it was
noted that the calibration was not coﬁsistent each day. This required
checking at seyeralrpoints each day in addition to taking data. Thus
Aﬁhe cogstants of the calibration curve were adjusted each day to obtain
consistent results. Closer iﬁspection of the quartz tubing indicated
it was badly eroded. This lowered the test section resistance tb the
vessel making possible small short circuits. These paths through
the vessel did not significantly change the heat generation in the test
section but did alter the temperature calibration by a noticeable
amount. After reinsulating with new quartz tubing the consistency of
calibration improved.

The pressure maintained during the calibration procedure was
around 3300-3400 psia. At this pressure the system could be stabilized
in a much shorter time than it would take at 2500 to 2800 psia. The
vertical temperature difference over the test section was less than
one-fourth degree Fahrenheit during the calibration runs.

The actual distance between adjacent voltage taps was determined
by voltdage ratio measurements taken while the vessel was essentially
at uni}orm temperéture{ While the calibration current was passed
through the section, séveral readings were taken to insure that no

current drift occurred. This was also checked during the calibration

runs at high temperatures.
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EXPERIMENTAL RESULTS AND

ANALYTICAL COMPARISON

The experimental data for two families of heat flux curves are
shown in Figures 28 and 29. The data in Figure 20 was taken with the
tﬁo mii thick ribbon at a bulk pressure of 3240 psia»while the data in
Figure 29 was taken with the one mil thick ribbon at 3300 psia; The
experihental measurements relating tobthe individual data po;nts nsy
be found in Appendix F. The designated experimental runs were taken
with the bulk fluid at a near constant tempersture and pressure.
Individual points of the run were obtained with different values of
current passing through the ribbon.

The curves indicate that the heat transfer rate was a maximum
for the data funs where the bulk fluid temperature was very near the
point of maximum specific heat. When this transposed critical tempera-
ture was exceeded the heat transfer rate became less in proportiPn to
the difference between the bulk fluid and transposed critical tempera-
ture. This is ghovn by the near linear curves of decreasing siope.
For bulk fluid temperatures less than the transposed critical tempera-
tures the heat transfer rate increased as the ribbon temperature
approached the transposed criticai temperature. The smooth trends shown
indicated that the data was coﬁsistent and reproducible.

. The data for the two mil ribbon are compared to the aﬂalytical

predictions in Figure 30 A to F. The analytical curves represent the
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case where Reynolds analogy was applied from the wall to the point of
maximum velocity in the boundary layer as well as completely across the
boundary layer. Limiting cases are also shown by dotted lines where
the Prandtl number was evaluated at the wall or in the bulk fluid.

The numbering system is as follows; (1) the ‘analogy applied
 from the wall to the point of maximum veiocity, (2) the analogy applied
across the entire boundary layér as done in the analytical development,
(3) the analogy applied across the boundary layer but with the Prandtl

number evaluated as in (1), (4) Prandtl number eveluated in the bulk

fluid, and (5) the Prandtl number evaluated at the wall. The difference:

between case (1) and (3) comes from the equation (16) in-the evaluation
of the integral Y. For case (1) Y is evaluated as an integrated average
between the wall and maximum velocity while for case (3) Y is evaluated
across the entire boundary layer.

These plots indicated that most of the experimental data fell
between the limiting cases. This would be expected wherever all
physical properties were changing monotonically, i.e., on either side
of the specific heat peak (Figure 15), as is the case for the data
compared in Figure 30A, B, E and F. Iack of agreement for this data
would mean either the analytical model or data were in error.

. Figures 30A and B indicate that the Prandtl number evaluated in
the model was too small makiné the prediction high, i.e., curve (2).
This follows-froﬁ equation (22) since the heat transfer coefficient is
. néérly' probortional to Vl, which in turh,is_invérsely probortional to
Pr 2/3. A Prandtl number evaluated closer to the wall; i.e., at a

higher temperature corresponding closer to the specific heat peak, would

give better agreement.
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Figure 30E ind;cates that the Prandtl number used was toovlarge
and bettef agreement could be obtained if a number corresponding closer
to the wall temperature were used. The comparison to run 36
shown on Figﬁre 30F indicates good agreement but the comparison to run
37 shown on the same figure is not as good. The cases (2) and (3) are
not shown for run 37 since they do not differ significantly from the
'limiting cases. 7 7

For the data runs where the specific heat peak was straddled
by fhe bulk fluid and VAll temperatures, i.e., Figures 30C and D, the
limiting cases were of little value. Better agreement would be obtained
if the magnitude of the Prandtl number were taken closer to the magni-
tude of the peak.

Figure 30D clearly shows the failure of the analytical model
based on Reynolds analogy appiied from the wall to the point of'maximum
velocity, i.e., curve (1). When the transposed critical temperature 1is
excéeded the enthalpy difference (hW’hum) peaks causing a similar peaking
effect in the heat transfer coefficient and the heat flux. The sfeeper
temperature profile, i.e., 9/9w' =1 -’71/3, only causes a change in
magnitude but not in trend.

‘A correlation of some 77 data points representing a range of
bulk fluid temperatures and temperature differences at both 3240 and
3300 psia was attempted by a least squares procedure on & digital

computer. The best fit was obtained by

- Y 04T, 4 0.137
NQ = 0.0872'6:'3 va <—-——°—.;—-
tw‘ too
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where all properties not specified were evaluated in the bglk fluid.

The exponent of one-third for the Grashof number was assumed to eliminate
any dependence on & length parameter. The other three numbers were
obtained by the algebraic procedure. The average error of this correla-
tion was 15 peréent with some individual error df up to 4O percent.

Several different methods of evaluasting the specific heat as well
as the'remaihing propertiés were'attemptéd but a better correlation.
was not found. No consistent deviation between the data and correla-
tion was noted except the correlation prediction was lowlfor data with
a bulk temperature slightly less than the transposed critical temperature.

‘ An indication of the local ribbon-bulk fluid tenmperature differencé
as a function of height 1s shown in Figure 31. Because of the difficulty
of maintaining a constant current throdgh the ribﬁon, local measurements
were made-only on a few early runs. The current drift experienced
limited the accuracy of temperature determination for the data taken.

The practice of taking local measurements also lengthened the time
required to take data which allowed a lafger change in bulk temperature
to occur.

Since these results indicated that the local temperature difference,
and thus the heat transfer coefficient, was independent of the length parameter,
the practice of taking local data was discontinued to obtain more
accurate and consistent results as shown_in the previous figures.

The data taken at a bulk temperature of 709.08 F and 709.l7 F
are in the near vicinity of the transposed critical temperéture of
709.7 F at 3300 psia. The scattering of data for the small temperature
difference case is represéntative of the possible percentage error at

small differences in temperature.
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CONCLUSIONS AND RECOMMENDATIONS

The technique of intégrating the boundary layer equations scross
a prescriﬁed velocity and temperature profile including the effects of
broperty variation yielded a simple mathematical model. The predictions
of this model gave reasonably good agreement with experimental data for
turbulent free convection in near criticeal water from a vertical surface
with relatively small temperature differences. A basic assumption was
that the heat transfer coefficient was independent of length along the
heated element. This assumption was experimentally upheld within the
limits of experimental error even in the vicinity of the maximum thermal
coefficient of expansion.

The general agreement between the experimental data and the
relatively simple model gives further strength to the postulate that
heat transfer in the near critical region may be adequately described by
conventional methods'by taking into consideration the property changes
vwhich occur. No unusual trend or phenomenon was obsérved which would
indicate another mechanism by which heat is transferred in the near
viciﬁity of fhe thermodynamic critical point.

Better agreement between the analytical prediction and the experi-
mental results would occur if the Prandtl number correction factor were
properly calculated for each specific condition. The comparison between.
the model and data indicate that for heat transfer very near the

transposed critical points the Prandtl number should be adjusted to



108

& value higher than the average and near the maximum. An educated

guess based on stﬁdy of Figures 30A-F whould allow computation correqt
within 15 percent. An exact functional relationship for evalhation of
.the Prandtl number might be obtained by trial and error but it is likely
to be complex.

The expérimental data was fairly well correlated by a modification
of a conventional éorrelation, VScatter did occur partly because of’
experimental error and partly because the correlation failed to account
completely for the large variation in property values. The standard
film correlation would correlate the experimental data very well for
bulk fluid and wall temperatures se#eral degrees below the transposed
critical temperature. This is shown indirectly By the comparison of
the film correlation to the enalytical model in Figure 20 and the
comparison to data in Figure 30A, | |

It is recommended that more experimentsl data be obtained in both
laminar and turbulent flow. To proceed with the resistance thermometry
technique employed with this investigation, a power supply with precise
self regulation would be necessary to obtain better accuracy. The
present Mueller bridge should be calibrated or a better one obtained
for more precise measurement of the bulk temperature. Local measurements
would prove conclusively whether the heat trangfer coefficient is a

| function of the length parameter in the turbulent regime.
Data taken on plates at various heights and small temperature
differences could be used to obtain a measure of the transition péint.
An exact solution for the laminar case in terms of specific

heat has been obtained (5). This solution failed in the vicinity of the
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specific heat peak due to a lack of knowledge of this property. A new
solution of this problem in terms of enthalpy might allow investigation

over the complete fange of property variation.
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APPENDIX A
NOMENCLATURE

= constant in Blasius expression
= constant for platinum resistance thermometer

= constant for ribbon calibration

= dimension of control volume perpendicular to vertical wall, ft.

= constant for ribbon calibration
=conétants
=heat transfer parameters
=COnstént corresponding to n
» Btu.,

= specific heat at constant pressure, 5. F

=acceleration of gravity, (3600)° x 32.17 ft.

“hré
= enthalpy, Btu.
1b.
. Btu.
= local heat transfer coefficient, hr.ft?F
= internal energy, %‘3 .

= degrees Fahrenheit
= velocity profile function
= temperature pi‘ofile function

= enthalpy difference with the bulk fluid as the reference,

Btu.
h -h —_
>’ Jb.
= Joules constant, Btu. = 778.16. ft.1b.
. Btu. .
= th i j e
ermal conductivity, e Tt. F

= thermal conductivity at atmospheric pressure
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constant-
constant
plate lenéth, ft.
exponents

pressure 1b.
" £t8

heat flux per unit area, Btu.2
~ hr.ft¢

heat transferred, Btu.
hr.

radius, ft.

ice point resistance of platinum thermometer, ohms

resistance of platinum thermometer at temperature, t, ohms

resistance of test ribbon, ohms
resistance of test ribbon et ice point, ohms
temperature, F.
absolute temperature
velocity component of boundary layer in the Xx direction,
maximum value of velocity component in boundary layer in
the x direction, It.

hr.
reference steam velocity obtained as if velocity profile
maintained shape as in forced convection
velocity in y direction ft.

> hr.

£13

specific volume, =

voltage measurement

6Ty 3 gt
= friction velocity, —'

(/<> ) Yo o

integral function, defined by equation p. 45
velocity in z direction %E'
I.

integral function, defined by equation p. 45
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X =body force in x direction, 1b.
. rt3
Xy = integral function, defined by equation p. 45
X = coordinate in direction parallel to the wall, ft.
y = coordinate in direction perpendicular to the wall, ft.
Y = integral function, defined by equation p. 45
yA = integral function defined by equation p. 45

Subscripts

C « property evaluated at critical point

Up = quantity evaluated at maximm velocity

W = property evaluated at the wall

X = dimensionless number based on a local value of X

©o = property evaluated in bulk fluid

2-5 = quantity measured between voltage tap 2 and 5 of ribbon
1-6 = quantity measured between voltage taps 1 and 6 of ribbon

Greek letters

= %‘%—‘t{ = volumetric coefficient of expahsion, %

= boundary layer thickness, ft.

= a difference

‘ 2
= eddy diffusivity for momentum, %
: ) 2
= eddy diffusivity for heat transfer, i:‘-’
r.
= , 1b.
= dynamic viscosity, S FT.

dynamic viscosity at astmospheric pressure

f = viscous dissipation term

£t2
= kinematic viscosity, —_=°

: hr.
1 1b.
= = = mass density, —
v’ _ s £t3
= shear stress, 93-2
£t

= Z, dimensionless distance parameter

'\3 ® C\}\:x"‘;"‘ I N
i
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77“w\ = dimensionless distance parameter evaluated at maximum velocity
)\ = dimensionless friction coefficient
9 = temperature difference based on bulk temperature, t - teor F.
6, = time, hr.

1b. force=1b. mass at g = 32.17 It.
_ - secs

Dimensionless Numbers

Gr = g@,p2 X3 At , Grashof number
/,(2

8(Poo /2 )0 X3

' £

, Grashof number based on density difference
. hc X
Ny = , Nusselt number
: k
[ %
Pr =7 Prandtl number

Ra = GrPr, Rayleigh number

Ra = Gr'Pr, Rayleigh number based on density difference

\
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APPENDIX B
CONSTANT PROPERTY SOLUTION

Reynolds Analogy Applied across the Boundary Layer

The problem of turbulent free convection in a near constant
property fluid was solved by using an integral form of the mcmentum and
energy equations as done by Eckert (4) and Siegel (24). The following

development is similar to previous work except for the following

assumptions.

Velocity Profile

The velocity profile across the boundary layer is
_ L 2
U= uns(/-7)~%

Temperature Profile'

The temperature profile ascross the boundary layer is taken as

t ~tp = (t, -t )1-7)
Wall Shear Stress

From the general relationship for the wall shear stress (6)

With n equal three and C(n) equal 5.1, the shear stress is

T, = 0.587 f;{‘a (u,l«; ).‘é,

with the stream velocity, Lll, as a reference.
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Reynolds Analogy

The form ofReynolds analogy used is
s e, (Bu-te) p-%
9w =37%Co
The momentum and energy equations presented earlier are

e w(sldy)= gep5[0dy - 30,

and

o = CCr(S9u0)

Substituting the shear stress expression, and Reynolds analogy into the

equations yields

s .
g e 2,.873(33/" 9" 0.087 ("“.3/"7’&
o.os4-(o-—(3u,)= - 1 s
d Con2n% B% ¥
and
IR Be%o 2 (g¥%yk)
d % )

These two equations are solved simultaneously by assuming only ul
and 9 are functions of the x direction. This functional relationship

is assumed to be

m _ n
U,=C x" and  §=C, X

Substituting these relations in the above equations and taking the

derivative as indicated yields
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n

 amen Zerpwcicéx -z 4 sk
0074 i, amen = L R
Cops P ! .

]

and

-;‘;,3 L
AR 4

|
O

|
|
|
s Zm+5n-) :
C/:.<-§2_m+2,—")xa +Z } . !

Equating coefficients of x for each term of the equations yields
relationships which could be satisfied only if m and n equal one-half.

Substituting these values back into the equations and solving for Cl

and C, results in the values, viz.,

C R )16"‘3

P z ?

and

| | l.lvl/" I ) 4' 2C. B
ch:“mg\(a( “’JW’O‘%TZ)&](” z.z:rgcgiw)

The definition of the heat transfer coefficient is used to

evaluate it explicitly as

- / - , w2 Yo p-%
L1 -%L O.OB‘((JCP('———S ) P 3,

Substituting initially for U 1 and 9, then for Cl and C2’ multiplying

o

by —?)::- and rearranging ylelds
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Gv 53 =Y
= 0.12/ —— P %
N 2 [ | ~0.97¢ ?r""] :
This expression indicates that heat transfer is not a function of x.
" For a value of C(n) equal 3.5 in the wall shear stress expression, the

non-dimensional relationship corresponded bétter to accepted correlations

and is

Gw V3 S,
Nu = O.\'“(S[ J ”P\—é

| + 0,976 P

For this value of C(n), the constant a equals 0.153.

Reynolds Analogy from the Wall to the Velocity Peak '

For the case where Reynolds analogy was used from the wall to the
point of maximum velocity, the following changes are made.
Velocity Profile

' The velocity profile is defined as
| r 8
U= 9uwu,M”(1-v)

vhere the constant, 1, corrects for the proper magnitude
of the velocity and is numerically equal to the inverse of
17 b (l-y)z evaluated at V“m . The peak velocity occurs at
17= O./+3 -and thus 1 equals 2.6.

Temperature Profile
From the profile, ngw(/—7)5 , the value of the tempera-

ture at the point 7“»1 is found to be 'é7um—f.°= 97.‘"’0-‘299,,.
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Wall Sheér Stress

Since the reference velocity is W, , the corresponding

distance is

Yup = Nup & = 0./43%.

The shear stress equation is then

4
Ty = 0234 4y (5"

Reynolds Anslogy

Reynolds analogy is changed to be

" = v C (tw_t’/um> P"z/.a
Tw =3 "wor U, "

This temperature difference is related to the wall, bulk

fluid temperature difference yielding

Y
9, = 037 3”c‘w_cf__9L P
w : um

The final result is

Gr - y& 5/8
Nu = 0086 [l + 0.987 P;"”s] Pr >

which is somewhat lower value than the previous calculation.
To obtain better agreement a value of C(n) equalling 2.5

would be necessary.
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" APPENDIX C

ENERGY EQUATION
Derivation
A common form of the general ehergy equation in terms of the

property of internal energy can be derived as

D:[ _— 4 w ‘ I~
PT@T = V- kVt + 9q +/a§ - Pv.U ,

where I is the internsal energy,/ﬂ I is the viscous dissipétion, and
U is the velocity vector. This equation is developed by Rohsenow (18)
with slightly different nomenclature. Using the definition of enthalpy,

h=T+PV’, the left side becomes

Dh  _ D e
P[bt ?Dt \‘Dt ]

For fluids with variable density, the equation of continuity may be used

to show

oV -

YN U SR
( D% M 513 * s'z AARY
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Thus the energy equation in terms of enthalpy is

F%. th " ME o D

9 L4
Neglecting viscous dissipaition, energy generation, and pressure

gradients in the y direction, & two dimensional boundary 1ayei' ecj_uétion

nay be written as

f)

3&_) &“L_P
B'ag \k )+_X&x, .

An approximate order of magnitude analysis may be made to campare the
pressure gradient term to the left hand side of the equation. If, x =L,

and y = %, from the continuity equation

~ US 43 . )
= . Also, =— 1is proportionel to .,

Substituting these proportionalities in the equation ylelds

L 2

(D(\L At‘ -\—u%' A\")’—;’ —u:)_(i-+heatflux,

and after simplifying

Al = L + heat ﬂux(

J “P

As Al is in the order of several Btu and L is in the order of feet,

it is obvious that
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i This approximate analysis indicates that the work done against gravity
is small compared to the energy.transferred by convection and conduction
and may be neglected from the energy equation. If either this term or
the viscous dissipation term,//((é%f)ﬁ vere significant the method of

analysis used would nét work.

Pressure Gradient . - =

The effect of the vertical hydrostatic pressufe gradient on
enthalpy is shown by the following order of magnitude afgument. At a
pressure of 3240 psia and 707 Fehrenheit, the enthalpy change of water
per pound pressure is around thfee Btu. The vertical distance across
the test ribbon is about one-half foot. As the density of water at
these conditions is about 20 %%é, the pressure difference across the

test ribbon is
height X density = 0.07 psi.

- Thus the enthalpy variation along the iength ofAthe ribbon is about
0.2 Btu. 1In comparison, & one degree Fshrenheit change at this state
point would caﬁse an enthalpy difference of about 60 Btu. Thus the
enthalpy pressure dependence caused by a vertical pressure gradient is
of secondary importance compared to temperature dependence in the

horizontal plane, across the boundary layer.
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APPENDIX D

VARIABLE PROPERTY PROGRAM

i Nomenclature N
ABLE = constant a, pp.
CLIST = tabulated valueé of specific heat

COND (A or B) = thermal conductivity, k

CONSTL =90, p..120

CP (A or B) = specific heat, Cp

DENS (A or B) = density, /D

DLIST = tabulated values of specific volume
ELIST = tabulated values of enthalpy

ENTH (A or B) = enthalpy, h

ENTINF = enthalpy, of bulk fluid

ENTUM = enthalpy, at maximum velocity

ENTWAL = enthalpy, at the wall

EVEN = even numbered calculations in Simpson's rule

FRACT (A or B)= fraction of dimensionless boundary layer

FLUX. = heat flux corresponding to HCP (A,BU,AV,WAL)
(A,B,AV,WA) '
- HCP = heat transfer coefficient for FRCP, PRCPAV, FRCFBU,

(A,AV,BU,WAL) FRWALL
MAX (A or B) = number of intervals in integration by Simpson's rule
ODD A = odd numbered claculations in Simpson's rule

FIF3D = third order interpolation function for specific volume
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PIF1C = first order interpolation function for enthalpy and
specific heat. '

FR(A or B) = Prandtl number

PRCP = integrated average Prandtl number from wall to maximum
velocity

PRCPAV = average integrated Prandtl number in boundary layer

PRCPBU — Prandtl number in the bulk fluid

- PRWALL = Prandtl number at the wall

SPVOL (A or B)= specific volume, v’

VCPA - mep2/3
VCPAVG =V, p. b5
VCPBUL - rrepay=2/ 3
VWALL — FRuaLL 2/ 3

VELP (A or B) =F(-r’) evaluated at

VISCO (A or B)=dynemic viscosity,//4

VNNUM =‘7 at maximum velocity
TEMDIF = temperature difference, G%V

TEMP (A or B) = temperature, t

TEMUM = temperature at maximum velocity

TLIST = tabulated temperature correspondlng to enthalpy or
(C,E, or D) specific volume

WAK =W p..khs5

XRAY =Xl p. 45

YOK =Y p..4s5

L =2 p..45

Special Endings
A = property or function evaluated at a point between wall
and maximum velocity

B = property or function evaluated at a point between maxi-
mum veloclity and edge of boundary layer
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C MAIN PROGRAM (MOD 11)
55 DIMENSION TEMPA(SOY e TEMPB(lOO)oDENSA(SO)oOENSB(lOO)oCONDA(SO)o

1 CONDB(100).ENTHA(50).ENTHB(loo,.V|sC0A(5010VISCOB(lOO)c
2 VELPA(SO).VELDB(lOO).DLlST(lOO).ELlsr(lOO)oTLISTD(loo).
3 TLlSTE(lOO).SDvOLA(SO).SPVOLB(IOO).CLISY(100).TL|5TC(100)
a4 FRACTA(50) - . FRACTB(100) +CPA(S0)sCPB(100)

5 «PRA(S0)PRB1100) . .
10 READ INPUT TAPc 5.51|TnMWALoTLMlNrQR:P:ATQPR:SSQNQASE
IF (REPEAT=le) 15415416
15 READ INPUT TAPE 5461 aND o (TLISTD(N) ¢N=14ND)

READ INPUT TAPE 54629 (DL ISTIN) sNo1 ¢ND)
READ INPUT TAPE 5461 ¢NEe (TLISTEIN) ¢N=1aNED)
READ INPUT TAPE S+624 (EL1IST(N) ¢N=1 ¢NE)

17 READ INPUT TAPE S¢614 NCe(TLISTC(N)s N=14NC) '
READ INPUT TAPE 54624 -(CLISTIN) s N=1¢NC)
READ INPUT TAPE S4S51¢ SKIPCPWPRINT, ABLE s VNNUM ¢ MAXA g MA XB
16 MAXXAsMAXA+!
MAXXBEMAXB+1
LESSAsMAXA=~]
LESSBaMAXB=1
CMAXAEMAXA
CMAXBaMAXB
STEPAS (VNNUM/CMAXA) /3
STEPB=1{(1+=VNNUM)/CMAXB) /3.
TEMDIF s TEMWAL=TEMINF
DO 101 IafeMAXXA
Xal=1
1IF(X) 11412012
11 X=0. .
12 FRACTA (1) =VNNUMR( X ) /CMAXA
' TEMPA( 1) = TEMDIF #{1~FRACTA(L1))#83, +TEMINF
101 VELPA(1) e (FRACTA(T)I®#(16/34))#(1¢=FRACTALL) )82,
DO 102 1=l sMAXXD
Xel=1
TIF(X) 13418414
13 xX=0e .
14 FRACTB(1)s VNNUM+(1e=VNNUM)#( X ) /CMAXE . .
TEMPB(1)=TEMDIF#(1+=FRACTB(1))##3s +TEMINF :
102 VELPB( 1) o(FRACTBI11#4(1e/34))1 (1 s=FRACTB(1})8%2,
ME =0
MO =0
DO 202 J=l MAXXE ' .
{ aMAXXB~=J+1 '
TEMP=TEMPB( 1) '
SPVOLB (1) ePIF3D(TEMPTLISTDINDDLIST4MO)
DENSB(I)=tle/5PVOLB(L)
202 ENTHB(1)e PIFICITEMP  TLISTE ¢NEJELIST¢ME)
DO 201 Jel¢MAXXA .
1 sMAXXA~J+])
TEMPeTEMPA (L)
SPVOLA{1)c PIF3D(TEMPTLISTDeNDOLISTaMD)
DENSA( 1) =} e /SPVOLACI]Y
201 ENTHA(Ll)a PIFICITEMP L TLISTEWNE+ ELIST¢ME) . |
DO 203 Il y¢MAXXA i
VISCOA(l)=32-l7'(0.047BECTENPA(I)010.79+.6066'DENSA(I)"lobﬂ)’(
1 10¢#%(=0))*3600.0
203 CONDA(l)-o.02464(.Ao(TEMPA(l)-sso.O)oza.BJODENSA(I)001.25)’10.00
1 (=a)
DO 204 1s=14MAXXB .
VISCOB(!b=32.|7d(0c047E81fEM98(I)0]4.790.6066.DENSB(l)"laGB)OI
1 10e#®(=B))*3600.0
204 CONDB (1) 2000206+( s 4 {TEMPR(1)1~55040)+28sB340ENSB(118%]425)2100%
| (=a)
ENTWALBENTHA (1)
ENTUM=ENTHA {MAXXAY)
ENTINF3ENTHB (MAXXB)
TEMUM=TEMPA (MAXXA}
c CALCULATE CP FROM TABLE
259 MC:=0
DO 260 J=14MAXXB
1 eMAXXB~J+1
TEMP=TEMPB(L) ~
260 CPB(1)o PIFICITEMP¢TLISTCINCICLIST I MC)
DO- 261 - Jml ¢MAXXA
{=MAXXA~J41]
TEMPaTEMPA( L)
261 CPA(1)s PIFICITEMP TLISTCINCICLIST MCH
c CALCULATE. V BASED ON CP TABLE
DO 268 [af¢MAXXA
264 PRA(1)=V]ISCOA(])®CPA(1)/CONDALL)
00 266 Jw)sMAXXS
266 PRB(11=VISCOBI1)I#CPBLI)/CONDB(IY
EVENEQ,
' : 0DD 0,
’ DO 270 Iw24MAXAL2
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27t

273

276
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EVENSEVEN+PRA (1)

DO 271 1=J+LESSA.2
0DD=0DD+PRA(}) .
PRCPsSTEPA# (PRA(]1)+A4#EVEN+2+.#0DD+PRA (MAXXA Y ) /VNNUM
VCPA=PRCPA#(=2,/3)
CALCULATE Vv AVERAGE BASED ON CP TABLE
EVEN=0,
ODD=0.

DO 275 1=22.MAXB 2
EVEN=EVEN+PRB( 1)

DO 276 1®34LESSB+2,
ODD=0DD+PRB( 1)
PBDART:STEpao(pna(|)¢a.¢EvEN+2.¢oDD’PRB(MAxxB))
VBCP=PBPART##(-24/34)
PRCPAV=PRCP¥VNNUM+PBPART
VCPAVG=PRCPAVE® (=24/3s) .

CALCULATE BULK PRANDTL NOs BASED ON CP TABLED
VCPBUL-(VlSCOB(MAXXB)’CFB(MAXXB)/CONDBtMAxxB))00(-2./3¢) -
PPCPBUBVCPBUL.’(-J./ZQ)

C CALCULATE Vv AT THE WwALL

3o

3n

nz

anLL-(VlSCOA(l)CCPA(l)/CONDA(l))"(-Z-/J.)
PRWALL=VWALL®##(=34/24)

YOKA
EVEN=0,
ODD=0.
DO 311 1e2¢MAXA2
EVENzEVEN+ (DENSA( 1) #VISCOA(1) )RR ,S
DO 312 1=3,LESSA.2
ODD=0DO+ (DENSA( 11 2#VISCOA(I))I#®e5
YOKA=zSTEPA#{ (DENSA(11#VISCOA(1))#28,5+4,0%EVEN+24+% ODD+
| (DENSA(MAXXA)#V ISCOA(MAXXAY ) ##45) /VNNUM

C YokB (B PART, NOT AVERAGE)

s

3t6

321

322

331

332

341

342

331 -

352

J61

0DD=0.
EVEN=20. .
00 315 [82.MAXB2
EVENSEVEN+(DENSB(11#VISCOB(1))1#%,3
DO 316 1=3.LESSB.2
ODD=0DO+ (DENSB( 1)#VISCOB(I))#8,5
YOKEBsSTEPB%*( (DENSB(131#VISCOB( 1)) #%45+4,0#EVEN+2,# ODDO+
1 (DENSB(MAXXB) #V ISCOB(MAXXB) ) »E,5)
YOK 8 VNNUM% YOKA+YOKB

wAK
EVEN=2Q
0ODD=04
DO 321 1a32+MAXA2
EVENSEVEN+DENSA (1) #VELPA( ) 282
DO 322 1e3,4LESSA2
ODD=ODD+OENSA(I)'VELPA(I)'!Z
WAKA=STEPA#(DENSA(1)R#VELPA(1)#2244,#EVEN+2.#0DD+DENSA(MAXXA)
I #VELPA(MAXXA)#82)
0DD=0.
EVEN=z=Q.
DO 331 1=2iMAXBE
EVEN=EVEN+DENSB( 1) *VELPB(1})#e2
00 332 1e34LESSBe2
O0D=0DD+DENSB( ) *VELPB(1)#82
WAKBaSTEPB#* (DENSB( 1 )#VELPB( 1) ##24+4 4 #EVEN+2 ¢ #0DD+DENSB (MAXXB) #
1 VELPB (MAXXB)#%#2) -
WAK=WAKA +WAKB

XRAY
EVEN=O
0DD=0.
DO 341 I=2¢MAXA,2
EVENSEVEN+DENSA (1)
DO 342 J=3,LESSAL2
ODD=0ODD+DENSA( 1)
XRAYA= STEDAO(OENSA(])fdo’EVEN+2.00DOQDENSA(NAXXA"
EVEN=0.
0oDD=0,.
DO 351 1=24MAXBe2
EVEN=EVEN+DENSB( )
DO 352 1a34LESSBe2
0DD=0DD+0DENSB(1) . :
XRAYB=STEPB# (DENSB(1)+4 4 #EVEN+2, *ODD+DENSB (MAXXBY)
"XRAY=®324 1 T# (DENSB(MAXXB ) =XRAYA=XRAYB) #3600¢%%2,
UL N

ODD=0.
EVENS30O. .
DO 361 [=24MAXA+2
EVENSEVEN+DENSA (1) ®VELPA (1)} #(ENTHA( [ )=ENTINF)
DO 362 1=34LESSA2
ODD=ODD+DENSA( T ) #VELPA( 1 1 #(ENTHA(1)1=ENTINF)
ZULAuSYEPAl(DENSA(l)'VELPA(l)'(ENTHA(l)-ENTINF)OQ;'EVEN¢2.'OOD
1 +DENSA (MAXXA )} #VELPA(MAXXA)* (ENTHA{MAXXA)=ENTINF))
0DD=0s



EVEN=Q,
DO 391 1e2¢MAXB.2
391 EVENsEVEN+DENSB(1)1#VELPB(1)#(ENTHB([)=ENTINF)
DO 372 1=34LESSB.2
372 ODD=ODD+DENSB(I)*VELPB(1)#(ENTHB(1)~ENTINF)
ZULBaSTEPB® (DENSB( 1) #VELPBI1)*LENTHB(1)~ENTINF ) +44*EVEN
1 02.00DDODENSB(MAXXB)*VFLPB(MAXXB)'(ENYHA(MAXXB)-ENTINF))
ZUL=ZULA+ZULS
c HEAT COEF
CONSTLal,
VN=1le
DH=ENTWAL~ENT INF
PART a((YOK #ABLE)##2,81,/(VN #CONSTL ) )E®(14/34)%0H
XCPART=( (] ¢SH#VCPARWAK#OH/ZUL 41+ /CONSTL ) /XRAY)#® (=] s/34)
HCPA =VCPA/TEMDIF#PART#XCPART
HCPAVG=VCPAVG/TEMDIF#PART#( (1 « S*VCPAVG#WAKS®DH/ZUL +1 4 /CONSTL )
1 /XRAY)#%(=14/3,)
HCPBUL s VCPBUL/TEMDIF#PART#( {15+ VCPBULSWAK#DH/2UL+1,4/CONSTL )
t /XRAY)®®#(—-1e/3,)
HCPWAL e VWALL/TEMOIF®PART#( (] +S#VWALL #*WAK#DH/ZUL+14/CONSTL)
1 /XRAY)®#(—14/34)
FLUXWARTEMDIF aHCPWAL
(4 CALCULATE HEAT FLUXES
FLUXA oaTEMDIF#HCPA
FLUXAV =TEMDIF*HCPAVS
FLUXBU =TEMDIF#*HCPBUL
WRITE OUTPUT TAPE 6+106 NCASE(PRESS s TEMWAL ¢ TEMINF 4 TEMD IF
IF (PRINT=1.0) 399,399,401
401 WRITE OUTPUT TAPE 6,108
WRITE QUTPUT TARPE 6,53
00 "'S00 I=1,MAaXXA
800 WRITE OUTPUT TAPE 64110+FRACTA( )¢ VELPA(])4TEMPA(I) ¢SPVOLA(I}
1 ENTHA{])
WRITE QUTPUT TAPE 64108
WRITE OUTPUT TAPE 6454
00 501 Il=]¢MAXXD
801 WRITE OUTPUT TAPE 61110¢FRACTB(1)4VELPBI(1)¢TEMPBI(1)4SPVOLB(1)
1 ENTHB( 1)
WRITE OUTPUT TAPE 6,108
WRITE OUTPUT TAPE 64550
DO 510 =1 ¢MAXXA
S10 WRITE OUTPUT TAPE 64110, TEMPA(T)eCONDAL ]} sVISCOALT)4sCPALLT)
WRITE OQUTPUT TARPE 64108
WRITE QUTPUT TAPE 6456
D0 311 J=t.eMAXXB
S11 WRITE OQUTPUT TAPE 64110¢ TEMPB(1)4CONDB(1)4VISCOBI1)4CPB(1)
399 WRITE QUTPUT TAPE 64108 :
WRITE OUTPUT TAPE 64400sTLISTD(1)40LIST(1) sELIST(I) ¢TLISTE(L )
I VNNUMABLE JMAXA JMAXE ¢ ZULA s ZULB 4 ZUL
WRITE QUTPUT TARPE 6457 + ENTWAL ¢ENTUMIENT INF 4 TEMODIF
WRITE OUTRPUT TAPE 6458 +WAKA(WAKB(WAK PART ¢XCPART
WRITE OUTPUT TAPE 6489 +XRAYAJXRAYB4 XRAY.YOKA.YOKB,YOK
WRITE OUTPUT TAPE 64604VCPAIVBCP s VCPAVG ¢ VEPBUL
WRITE OUTPUT TAPE 64108

WRITE OQUTPUT TAPE 64,403 WHCPA JFLUXA JPRCP HCPAVG
1 FLUXAV PRCPAV s HCPBUL ¢ FLUXBU s PRCPBUHCPWAL « FLUXWA ¢ PRWALL
GO TO 10

-3} FORMAT(2F 104242F10+454211042F10e5)
32 FORMAT (2F 10¢242F 1065441109
33 FORMAT { 1HOWOX e 6HFRACTA 4 14X ¢ SHVELPA 4 1SX s SHTEMPA . 1 SX 4

1 6HS5PVOLA, 18X, SHENTHA/ )
34 FORMAT( 1HOs6Xs6HFRACTE . 14X ¢« SHVELPB 4 1SX+SHTEMPB, 19X,
1 OHSPVOLB, 14X s SHENTHB /)

850 FORMAT(IHOWEXsSHTEMPA1SXeSHCONDA Y 15X ¢ 6HV | SCOA s 18X ¢ IHCPA)
56 FODM&T(lHO.bX-SHYEMPB.le.SHCONDBole.bHVlSCOB.I‘X.JHCPB)
87 FORMAT (//05X-7HENTWAL=FI00205X06HENTUM=F100205X07HENTINF-P10020
1 SXe7HTEMDIF=F1043)
S8 FORMAT(// 45X +5HWAKA=F1448,4XsSHWAKBEF 1848, aX18HWAK=F 14¢844X¢SHPART
18F18484aX,THXCPART=F14,8//)
59 FORMAT (SXIOHXRAYASF 14,845XsOHXRAYEEF 1Q4845X ¢ SHXRAY®E 14,64
1 //.SX.BHYOkA:Flﬂ-B.SX.SHYOKB Fla.845%SHYOK =F 14,8//)
60 FORMAT (5X|5HVCPA=FI4.8|SXQJHVBCD=FI4.8.5Xt7HVCPAVGIFlQDB'uxc
1 7THVCPBUL=F14,84//)
61 FORMAT(15/(6F1043))
62 FORMAT (6F1043)
106 FORMAT (1H1410X%X+8HCASE NO4 ¢ 1445X19HPRESSURE= 4F6 400 SXOIZHWALL TEMP
le =FB8e¢245Xe12HBULK TEMP, =F842¢5X¢13HTEMP,s DIFF . =FSs2/7)
107 FORMAT(4E20.8)
108 FORMAT(1HO)
109 FORMAT (1M1}
110 FORMAT({SE20.8)
400 FORMAT(IBHOTABLE TEST VALUES +SX ¢ 10HTLISTO(1)a4F84245Xs9HOLIST(1)m,
- 1 FB.S'SX.9HEL15T(|)=.Fe.2.5x.lOHTLISTE(l)ucFe.2//5X.5HVNNUM=F5.6.
"2 3% SHABLESF8,S Se3XeSHMAXA=] 343X e SHMAXOD =139 3XeSHZULAGF 12484 3% SHZUL
JBuFIZ.EoJXoﬂHZUL Fl1248)

129
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CPIF1

CPIF3

41
az
a3

27
.37

2
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FORMAT (

! 8X s 21HHEAT TRANS. COEFF. 1S¢FBe243X¢ 12HHEAT FLUX 1S4F94243X0e
2 21H(CLOSE PRANDTL NOs OF ¢F843+3X¢20HBASED ON TABLED CPe)//8Xe21HH
JEAT TRANS, COEFFs ISsFBe2¢3Xs12HHEAT FLUX 154F942¢3X¢21HIAVE, PRA
ANDTL NO. OF +FB84343X¢20HBASED ON TABLED CP.)//8X421HHEAT TRANSe COE
SFFe 1SeFBa243Xe12HHEAT FLUX I1S1F9¢233X421H({BULK PRANDTL NOs OF 4

6 FBe3:13X.20HBASED ON TABLED CP.)//ABXe21HHEAT TRANSe COEFFe 1Sy

7 FBe2¢3X¢12HHEAT FLUX 15¢F942¢3Xs21H(WALL PRANDTL NOs OF 4F80e343Xe
8 20HHBASED ON TABLED CP.))

END

C

FUNCTION PIFICITEMPTLISTC o NCsCLIST¢MC)
DIMENSION TLISTCI100)4CLIST(100)
BLIF(RPIQIRISsT)s((Q-PIR(S~=T)/Z(R-Q)+5)
IF(TEMP=TLISTCINC)) 24l

1aNC-1

GO TO 15

IFCVEMP=TLISTC(1)) 34344

1=1

GO T0 1S

IF(MC) 74547

1=t

GO TO 8

1 =MC

IF(TEMP=-TLISTC(1)) 101049

1=1+1

GO TO 8

MC=1

I=1=1
PIFICsBLIF(TEMP TLISTCUI) «TLISTCEI+1)eCLISTCI)oCLIST(I®1 )
RETURN

END

[} .

FUNCTION PIFJID(TEMPsTLISTO«NODLISTMD)

DIMENSION TLISTD(100)s DLIST(100)

BLIF (P4Q4ReSeT) Q=P ) (S=T)/(R-0)+S)

IF (TEMP=TLISTD(MO}) 24141

1=ND~1

K=1

GO TO 30

IF (TEMP=TLISTO(1)) 448,43

I=1

K=}

GO TO 30

IF (MD) 41480441

t=1

GO TO a2

1sMD .

IF (TEMP=TLISTO(1)}) 44,44,43

f=14+1

GO TO a2

MD= 1

1=1=1

IFCCI+1)=ND) 11498411

IF tl=1) 3045420

K a 2

GO TO 30

K=3

BLIF]1 = BULIF(TEMP TLISTO(TI) o TLISTO(I+1)eDLISTCI ) 4OLIST(I+1))
IF(K=1) 23423412

PIF30=BLIF]

RE TURN

IF((I42)=ND) 13413416

IF(CI=11=1) 18,415,415

Lal+2

GO TO 17

Lol+2

GO TO 17

Lel=1l

BLIF2 s BLIF(TEMPTLISTO(1)+TLISTD(L)sOLISTII)eOLISTILIY
BLIF3 o BLIF(TEMP«TLISTO(I+11sTLISTO(L)+BLIF1¢BLIF2)
1IF (K=2) 1941927

PIF3I0= BLIFI

RE YURN

Lel=l

BLIFS aBLIF (TEMP(TLISTO(L)4TLISTO(L) ¢OLIST(I)4OLIST(L))
BLIFSuBLIF(TEMP I TLISTO(I+1)+sTLISTOIL ) WBLIF14BLIFS)
PIF30aBLIF(TEMP TLISTO(I1+42) s TLISTO(L) +BLIFIIELIFS)
RETURN

END
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APPENDIX E
TABUIATED FROPERTY VALUES

Table 1.

Temperature

Specific Heat Versus Temperature and Pressure

Psia.

Psia.

:
g
;

.3300

3240
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Btu
1b.

730.
735
Lo

T45.
750.
755.

795.

825.

865.

8
D00DDOODOOD00DLDOODDOOOD0O0DOOOODOOO0OOO0OD0O0
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Table 2. Enthalpy Versus Temperature and Pressure

Psia.

3300

677.45F
680.00
f82.40
684.40
686.50
688.55

690.55 .

692.35
693.95
695.20
696.60
698.00
699.35
700.60
T701.80
702.90
703.90
704 .80
705.55
706.25
706.73
707.15
707.55
707.85
708.05
708.32
708.50
708.70
708.85
709.00

T709.10 -

709.20
709.30
T709.40
709.45
709.55
709.65
T709.75
709.85

709.95

710.00
710.08
T10.17

945.0  T07.27  T10.26

950.0 T707.30 710.35
955.0 . 707.h1 T10.50
960.0 707.50 T10.62
965.0  T07.62 T710.75
970.0 T707.75 T710.90
975.0 T07.90 T11.10
980.0 708.06 T11.27
985.0 708.27 T11.50
990.0 708.48° T11.73
995.0 T08.72 T712.00
1000.0 709.00 712.35
1005.0 709.36 712.75

1010.0 T709.75 713.15

1015.0 710.18 713.65

.1020.0 T10.70 T1h4.15

1025.0 T11.25 T1k.T70
1030.0 711.90 715.40
1035.0 T12.55 T716.05
1040.0 713.25° T716.80
1045.0 71k .00 T17.55
1050.0 - Tik.75 718.40
1055.0 715.60 719.25
1060.0 T16.40 720.10
1065.0 T17.28 T21.00
1070.0 718.15 T722.00
1075.0 T719.00 T722.85
1080.0 720.10 T24.00
1085.0 721.30 725.25
1090.0 722.60 726.50
1095.0 724.00 728.00
1100.0 725.50 729.40
1105.0 727.0 730.90

1110.0 T728.55 732.50°

1115.0 730.20 734.20
1120.0 T31.90 735.80
1125.0 733.50 737.40
1130.0 . 735.50 739.20
1135.0 737.20 Th1.10
1140.0 739.00 743.11
1145.0 T740.90 745.10
1150.0 T43.00 T47.10
1155.0 T45.00 - T49.10
1160.0 T47.10 T51.20




Table

680.00
692.00
693.00
694 .00
695.00
696.00
697 .00
698.00
699.00
T700.00
T701.00
- 702.00
702.50
T703.00
703.50
T04 .00
T04.50
705.00
T705.50
706.00
T706.50
707.C0
707.50
708.00
T708.50
709.00
T709.50

.0303
.03063
.03093
.03120
.03155
.03178
.03223
.0326h4
.03310
.03358
03420
.03460
03495
.03540
.03587
.03650
L0372k
.03820
.03948 "
.oks580
.05220
.06100
.06835
.07160
07375
.07570

oNeoNoNoNoNoNoNoNoNoNoNeoRoNoRoNoNoNoNoNeoNoRoNoNoNoNoNo]

3. Specific

Psia.

3240

6 "1b.

[eReNoNeoNoNoNeNoNo]

eNeoNoNoNoNoNoNoNoRNoNoNoNoNeNolN oy
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Volume Versus Temperature and Pressure

3300

££3
.02785 lb
.03002
.03027
.03053
.03079
.03111
.03142
.03168.
.03202
.03240
.03280
03326
03345
.03378
.03400
.03436

.03550
.03602
.03660
.03722
.03810
.03900
.0k030
.0k265
.0kg900

710.00
710.50
T1X.00
711.50

‘712.00

T712.50
713.00
713.50
T14.00
715.00
T16.00
T717.00
T718.00
719.00
720.00
722.00
T24.00
726.00
728.00
730.00
732.00
734.00
736.00

T40.00

T745.00
752.00

Psia.
3240 3300
: S oe3

om%%owm%
0.07930 — ' 0.06020
0.08064 0.06515
0.08210 0.06820
0.08338 0.07055
0.08460 0.07260
0.08570 0.07T440
0.08680 0.07610
0.08773 0.07T70
0.08975 - 0.08045
0.09160 0.08278
0.09327 0.08495
0.09492 0.08692
0.09635 0.08880
0.09783 0.09052
0.10062 0.09370
0.10295 0.09635
0.10525 0.09883
0.10760 0.10135
0.10968 0.10363
0.11160 0.10565
0.11400 0.10775
0.11590 0.10979
0.11960 0.11360
0.12350 0.11800
0.12820 0.12310
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APPENDIX F

Experimental Data

The experimental data obtained and used in correlation is shown
'in the following tables. Table 4 gives the measurements taken and
Table 5 gives the com?uted values of the various parameters.

The run number, i.e., 32, corresponds to a series of data points‘
taken with nearly constant bulk temperature and pressure. The ﬁoints of
the run were taken at'different test section current settings. The
asterisk means the data presented was taken over voltage faps 1-6

instead of taps 2-5.
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Table 4. Measured Experimental Data

Pressure Mueller Bridge

Psis.

3240

3240

3240

3240

3240

3240

. 3240

2 Mil Test Section

ohms

61.02767
61.02897
61.03105
61.03537

.61.0456

61.05245
61.07245

- 61.55065

61.55165
61.55232
61.55387
61.55632
61.55965
61.5685

61.78615
61.78702
61.7885

61.79307

61.79855 .

61.8070
61.8220

62.35642

62.3571
62.3629
62.3754
62.37925
62.3962

- 62.58235

62.5843
62.587h

- 62.5964

62.60887
62.62162

60.8205
60.8178
60.81925
60.82707
60.83768
60.8478
60.8578

61.35767
61.35735
61.35905
61.36367
61.36845
61.37562
61.3826

\ OO0 O0OO0OO0O00 O0O0OCO00O0 OOO0OOODO0OO OOOOO0OOO OOCOOOOO

Standard
Resistor

Volts

.011THT
.017831
.025988

.033313
.0ko242

.oksh6eT
.050296

.011783
.018006
.026099

.033189

.045737
.osou76

.01167

.018128
.026033
.033061
.04038

.Olskh6
.050318

.0117H1
.018088
.026269
.033558
.0ko65h4
.ol5492

.011817
.018584
.026138
.033495
.0k0166
.045098

.01288

“0b0356

.018352

135

1.2614k2

0.31517
0.4907

0.68904
0.86801
1.05419
1.1959%
1.32559

0.30991
0.80042

- 0.68741

0.8780

1.06291
1.20165
1.32883
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1l Mil Test Section

" Standard
run  Prgstare Meeller idee esistor 0o
Volts

70-2 3300 60.9085 0.016053 . 0.7167h4
3 60.9100 0.022157 - 0.9912k
L 60.9150 0.028145 1.2627
5 60.9230 0.032357 1.4551
7 60.9435 0.040656 1.8312
8 - 60.9520 0.045625 - 2.058

71-1 3300 61.7117 0.010024 0.45173
3 61.7128 0.022076 0.99615
L 61.7125 0.028165 l.2721
5 61.714k 0.032413 1.46583
6 61.7175 0.036681 1.6604
7 - 61.7193 0.040610 1.8407
8 61.723 0.045405 2.0627

73-1 3300 )
2 61.7739 ©0.015127 0.68272
3 61. 7754 0.020295 0.91731
L 61.T746 0.024108 1.0905
5 61.7766 0.028062 1.2707
6 61.776 0.03202 1.4524
7 61.776 0.036595 1.6622
8 61.7785 0.040736 1.8559

T4-3 3300 61.7972 0.02002 0.90545
L 61.7978 0.024104 1.0919
5 61.7987 0:028075 1.2740
6 61.79885 0.032136 1.4624
T 61.8021 0.036403 1.6604
8 61.8035 0.040326 1.8452

76-1 3300 61.93795 0.010075 0.45706
2 61.9405 0.01505 0.6841k4
3 61.9435 0.02012 0.91784
L 61.9463 0.024036 1.0992
5 61.9505 0.028038 1.2875
6 61.9525 0.032249 1.4882
7 61.9600 0.036298 1.6835
8 61.9675 0.040357 1.8862

17-2 3300 62.359 0.015047 0.68874
3 62. 364 0.020061 0.92214
IR 62.363 0.024038 - 1.1094
5 - 62.372 0.028392 1.3189
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w
P

w
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QO EWRNERE ~NOUMEWND R -0\ W

w
Y

8915.
10921.

599.
1398.
2939.
4756.
T0k1.

905k .
11030.

290.
1426,

4773,
7160
9125.
11260.

Table 5.

=y

696.25
697.96
701.03
703.32
705.79
706.82
708.12

706.31
706.89
707.27
708.17
709.79
711.2

711.98

T11.87 -
T1i4.0
T17.49
122.18
729.2
736.87
T45.1

Computed Experimental Data

2 Mil Test Section -

tw

F

694.73
69%4. 75
694 .8 -
694 .88
695.08
695.22

695.62

T05.10.

T05.12
705.14

- 705.17

705.21
705.28
705.46

709.78
709.8

709.83
709.92
710.03

- °T10.2

T10.5
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579.3
634.9
695.
922.7
977.3
1154,
1318,

ok.2
Lhlly,

2510.

2823.

2812.
3140,

1036.
1243,
112,
143k,
1382.
1274,
1225,

2.61x10%°
5.75

12.5

17.5

34.5

65.6

97.8

92.3 x1010
180.
239.
333.
3%0.
k39.
525.

45.9 x101°
75.1

108.

13k4.

158.

173.

173.
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N O\ FWw N
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Btu

nr.fte F

L21.0
470.7
e4T7.3
951.8
107h4.3
1155.0
1309.7

i

q
Btu

hr.ft2

297.
1408.
2931.
4779.
6995.
8931.
10915.

3

702.69

704.26
705.83
T06.42
708.0
709.36
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T01.77

O 00— =3 3 ~3 =

wWwwwwww
3 » . L ] . *
H\N\Oo W -

4R
W
[

1056.
1555.
1758.
1896.

2156.

7.72x1010

6T



Run

-
9

-3
3

-
<

Th-

3
i
5
6
1
8

=3 O\ F o Co~I\W Fw o

o= O\ FW D

)

697.05 |

699.61
703.26
T06.24
708.88
710.11

708.93
T710.59
711.84
713.43
T14.63
716.35
T719.26

‘710.8h

712.73
713.76
715.12
T17.26
719.05
722.96

712.86
714 .94
T17.19
720.76
723.76
727.89

I Mil Test

692.37
692.4

' 692.5

692.66
693.06
693.23

708.30
708.33
708.32
708.36
708.42
708.45
708.53

709.54
709.57
709.55

. 709.60

709.58
709.58
709.63

' 710.00

710.02
710.03
710.04
710.1

710.13

NRRREER 8RN
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G,
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710.0

770.8
810.1
1105.

1307.

2256.
3051.
3195. .
2954 .

'3102.

3005.
2786.

3109.
2332.
262,

2569.
2547.

,2275‘

2771,
233k,
2191.
1922.
1962.
1867

6.21x1010
9.79

16.4

25.1

42.5

70.2

61.6 x101°
361.

503.
548.
587.
648.

515. x1019

758.
829.

987.
1041.
11hh,

524k, x10
640.
T12.

817,

858.

10 -

o4l
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1663.
2983.
h267.
5830.
T152.
9870.

167k,
2988.
4307.
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719.4

123.95
727.15
732.49
739.0

T45.57

728.32
733.84

739.14
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712.91
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APPENDIX G

SAMPLE CALCUIATION OF EXPERIMENTAL RESULTS

The computed data presented in Table 5 was calculated from the
measured data presented in Table 4. The procedure will be shown' below
for the case 32-5.

The measured data was the following:

test section voltage across taps 2-5 = 0.04024k volts,

V2_5 =
i Verq.r. - 8tandard resistor voltage = 1.0606k volts,
Ry = Mueller bridge reading = 61.0456 ohms,
and P = pressure = 3225 %ﬁé gage.

1b.

1ne as the gauge could not be

The atmospheric pressure was taken as 15
measured within this error.

Thé‘bulk fluid temperature was calculated from the relationship
for platinum resistance thermometers given by the Natiocnal Bﬁreau of

Standards, viz.,

- R b
i: = R R + S (7%%5 — ) /00 ?
a, R, 4
where
‘ RO = thermometer ice point resistance = 25.5571 ohms,
a; T 3.926685 x 1073,

1.49187.

o
=,
o
oN
1"
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The constants a and © were determined by the National Bureau of
Standards for the thermometer used. This expression was solved for

temperature in Fahrenheit yielding,

;-_‘(BK_ Z‘FBKZ‘CQ)I.B + 32

vwhere

4

10

BK = 0% + —
S

aond CC = 4( ';4 ) e‘a—f' ).

For the bridge reading of 61.0456 ohms, the bulk fluid temperature was
695.09 F.

The resistance of the ribbon between taps 2-5 Rx2-5 was deter-
mined from the voltage measurement of the ribbon between taps 2-5 and.

voltage of the standard resistor by

Ax

¢ .
= — = 002636 oh .
2-5 \/"z»s( v )er.R. Goze eame

The ribbon temperature was determined from the calibration

relationship, viz.,

Re.s

¢ 2{ o.a,on__A ) + G7o
w : IS

where A and B were the calibration constants. The number, 0.6017,

. R
corrected for the ratio of the ribbon resistance §f§:§ as the voltage
X1-6 -




1Lk

between taps 1-6 was used in calibration to determine A and B,

Vx1-6
but the data was taken using taps 2-5. This ratio was determined during

the calibration procedure. The wall temperature was 705.79 F.
The heat flux was detérmined from the joulean heat generation

and ribbon area yielding

Vv ‘
"= qu_-s (Tk—)s‘rp,g. (3,4—15 %) 6978

w Ay hv. gi‘
rea, o
This area was twice the width times the height and was
Area,_s = _ 2(0.5 in. widthlb 007 in. height) _ 0.02088 £t2
1k 1&2
ftl

The edges of the ribbon vere neglected.

The heat transfer coefficient was the heat flux divided by the

tempefature difference and vas

N = Y - sl R,

¢ ’ {;\N__'t@ ) L\rgtL.F-

The properties of specific heat and density were determined by

linear interpolation of tabulated data and were

C E—— Bta.

Poo : IbLF
Ib.

ﬁ” = 32.0 2 o
Ib.

and . ﬁw = 25. 67 ‘Ft? o
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The bulk fluid viscosity and thermal conductivity were calculated from

the equations

. L48 -8 |
M= 52./7(3@00)(0.04-‘(88( + 14, 79+o.coaé/> )xlo = 047#f 4. >
//“ 4 ] £ hr
and
/RS -4 Btu. .
= . . t - . = .
k 0.2406 + [04-( 550) + 2863/0 ] x (0 oz’foﬁr,ftf |

' The thermal coefficient of expansion was found by the relationship

-1 -3
ﬂ = : CP = 9.893 x /0
0.20

79 (£ +44b)

S
F .

The dimensionless numbers were then found from the proper grouping of
the above properties.’
All of the computation shown in this section was done by a

digital computer.




146

APPENDIX H

TEST SECTION CALIBRATION

The platinum ribbon resistance-temperature relationship was
experimentally determined in the following manner:

1. The pressure vessel and internal water were heated ﬁo

a desired temperature.

2. A current of 200-300 milliamperes was passed through

the ribbon.

3. A differential thermocouple across the vertical height

of the ribbon was checked to ensure minimum'vertical
temperature gradient.

L. A series of readings were taken of the Mueller bridge,

voltage across the ribbon, and voltage across the
0.10002 ohm standard resistor.

The readings were taken over a several minute period to ensure
that steady state had been obtained with both tﬁe fluid temperature and
calibration current remsining reasonably constant.

The resistance of the ribbon thus determined was fitted to a
straight line curve by the method of‘least squares with temperature
(bridge resistance converted to temperature) as the independent variable.
Although the resistance of platinum is not exactly linear with tempera-

ture, a linear curve may be used over a reasonable temperature increment.
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The temperature of the platinum ribbon was then

where R was the test section resistance, A was its resistance at 670 F,
and B was the slope of the curve. i}

/ Theiabsolute value of the error between the data points and
generated curve was then determined.

The one mil test section was calibrated daily and the individual
calibrations are shown for each group of data runs.

The voltage across taps 1-6 was used for calibration of the two
mil ribbon, while the voltage across taps 2-5 was used for the one mil
ribbon.

The voltage across the adjacent taps was also measured to deter-
mine the fractional resistance of each local section. As the ribbon was
essentially uniform in thicknesé, this fracpional resistance was used
tp determine the temperature of the individual sectioq by proper cor-
rection of the measured voltage. The frgctional resistance was also
used to determine distance between individual taps fraom a measurement
across taps 1-6 made by a steel rule.

A tabulation of the fractional resistance is given in Table 7.

The distance tabulated is the height from the léading edge of the ribbon
to the midpoint of the adjacent taps except for 1-6 and 2-5, where it is

the height from the leading edge to the top tap.
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Calibration Measurements

Table 6.
Two Mil Ribbon
 Standard R. Ribbon Bridge Ribbon Error
Volts Volts Ohms Ohms F
0.028826 0.0128h8 62.65379 0.04458 0.196
0.028821 0.012942 63.13304 0.044913 0.048
0.028564 0.012364 60.85852 0.043296 - 0.04k7 -
0.028876 0.012605 61,3678 0.0k3661 0.062
0.028486 0.012668 62.53571 . 0.04LL483 0.16k4 -
A = 0.42533x10"1 - B = 0.35747x1074
One Mil Ribbon
Runs T0-73
0.028789 0.012997 61.786k42 ~ 0.045155 0.0
0.028294 0.012913 60.93571 0.0kl56 0.0
A = 0.43752x1071 B =.O.35267x10’h
Runs T4-T7
0.028763 0.013094 62.35627 0.045531L 0.001
0.028863 0.013033 61.83237 . 0.,045164 0.001
A = 0.k3729x20°1 B = 0.35239x107%
Table 7. Experimental Constants.

Two Mil Ribbon One Mil Ribbon

taps x Distance Ratio x Distance Ratio
ft. ft.

1-2 0.417 0.19946

2-3 0.3336 0.200L46

2-4 0.2503 0.20129

4.5 0.167 0.19995

5-6 0.08366 0.19899

1-6 0.4583 1.0 :

2-5 0.3748 0.6017 0.3755 0.9994*

¥ Correction for ratio box.
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APPENDIX I
ERROR ANALYSIS

Measurement Error

The accuracy of the Mueller bridge was stated to be 0.02 percent
by the manufacturer. This could yield a maximum absolute efror of about
0.24 Fahrenheit at a temferature of 700 Fahrenheit. It is felt that
the‘bridge was probably more consistent than this and any error was
probably'of near constant magnitude. However, this placed a severe
limit on anticipated accuracy. The bridge was read to the closest
0.0001 ohm. Temperature fluctuations and drifts were normal but were
less than 0.05 Fahrenheit during calibrqtion but somgtimes larger
during data taking.

The potentiometer.used to measure voltage was accurate to 0.0l
percent on the scale used for taking dat& and 0.015 percent on the
scale used for calibration. This would allow an error of about one-tenth
degree in the test section temperature.

The calibration data was fitted to a straight liqe by & least
squares fit and then the individual errors were computed. This largest
computed error was about 0.20 F and was of reasonable magnitude.

During data taking runs fluctuations and drifts of the power
8supply occurred above 20 amperes. This was noted visually by watching
the null detec@or when the potentiometer was measuring the voltage

across the standard resistor. Iarger fluctuations were noted of the
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voltage drop across the test section. This effect was somewhat reduced
by shifting to & less sensitive scale of the null detector. However,
some visual averaéing of dial readings was necessary at high current
settings yielding an error with possible magnitude of 0.03 to 0.05
percent. |

The procedure of correcﬁing the ribbon fractional resistances to
“obtain a local ;ibbon temperature introduced a possibié errbr estimated ;
less than two-tenths éégree for the two mil ribbon. An error in using
the voltage ratio box in parallel with the one mil ribbon was estimated
at less than two-tenths degree. . A correction for the ratio box was
determined by voltage measurement with the ratio box in the circuit
compared to the samelmeasurement.with the box out of the circuit.

Thus the possible error in temperature differences was estimated
around 25 percent for differences less than one degree and less than
five percent above a difference of ten degrees.

The error introduced by excluding the ribbon edges in the area

calculation was less than one-half percentband therefore negligible.

Error Analysis for a Thermocouple

Attached to g Plate of Finite Thickness

- The followihg analysis is made in order to obtain an approximate
magnitude for the error caused by attaching a thermocouple to a plate
of finite thickness. Consider a plate of unit radius with a long
thermocouple lead attached to the center of the plate. The edge of
the plate is at a uniform temperature,‘Tm. The thermocouple ié exéosed

to an ambient fluid of temperature, T _ . The temperature at the

Junction is Tl' The plate is shown in Figure 33.
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CHROMEL ALUMEL
THERMOCOUPLE

B=1-71,

Btu

CONDUCTIVITY ~ OF THE PLATE , 44 ————

CONDUCTIVITY ~OF THE THERMOCOUPLE , 15 —2p—

=
-
1]

P = 2‘rrrf

FIG.33 NOMENCLATURE FOR ANALYSIS OF THERMOCOUPLE
ATTACHED TO A THIN PLATE
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The equation for the temperature distribution in the plate may

be writtenAas

b 06
m(ka\r):O K

for a plate with symmetrical boundary conditions at steady state with
no heat generation and no convection or radiation losses.

Upon integrating, & solution of the form

G Alnr + B

is obtained, where A and B are constants. Using the boundary conditions.

and | ‘
69 = é% at r=reg

the equation becomes

B=06,-(6,-8)In

r
7

The heat flowing into the fin may be written as

| 26
?lk=r¥ = —2’71’!;{',1{*, 3, ery

Using the temperature distribution éxpression to determine the derivative,

the equation becomes
Cz" ——Z'n'tk (Om-8) )
F=ve | o
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Now considering the thermocouple length as infinite, the heat

transferred by the fin effect is

Qm -Ql
In

q = h Phen)® 0 = -2ty

Defining a collection of terms by

C = — (th'k;A%)y")n re
:zwk,,t

a relationship expressing the ratio of temperature differences is found

to be
Th T C
Twm — T L +C

This expresses a temperature error caused by attéching the thermoéouple
to the plate. |
For water at 690 F and 3300 psia, and with a five mil thermocouple

wire the Grashof number equals about ten for a temperature difference

of one degree. The Nusselt number according to Jakob Vol. I, Fig. 25-1,
equals about two for a Prandtl number of unity. The coéfficient of heat

transfer is then about 1.2 x lO3 —Btu . For this coefficient and
4 hr.fte F
a plate two mils thick, the parameter C equals 0.332. and the correspond-

ing temperature error is
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For a one mil plate the error would be nearly Lo percent; for a five
mil plate it would be about 12 percent.
A parameter similar to C for a thermocouple attached to a semi-

. dinfinite wall is given by Jakob, Vol. II, p. 153 as

¢ = ki here)

This expression gives an error of 4.3 percent.

This analysis indicates that the thermocouple correction for a
wire attached to a semi-infinite solid is not valid when applied to a
thin foil. The additional effects of convection and joulean heét
generation would undoubtedly change the magﬁitude of the correction.

To analytically study their effect is beyond the scope of this analysis.

Heat Loss Due to Lead Wires

For a specific heat generation rate in the test ribbon a
fraction of the heat will be transferred to the ambient fluid by the
lead wires. This heat transferred by each wire may be calculated

approximately by
q = (h k2wt v‘)y"(ﬁw-t,‘,)

vhere each wire is considered infinite in length with no internal heat

generation.
Assuming k equal to 4k S for platinum and h_ equal to
, Ar.Tt. F c

Btu

1200

Btu for six, five mil wi d 1 to 600 —=, _ for t
hr.fte F for six, ve wires and equa o he ft2 F or two,

[ .
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-

Lo mi1 wires, this total heat loss may be computed equal to
b.9 x 10-2 (tw - too).‘ If the heat tfansfef coefficient from the
ribbon surface to the fluid is uniform and equgl to 200 H?%%E?.F ; for
a six inch long ribbon the heat transfer is 8.3 (tw -t,) EE% . The
fraction of heat transferred by the wires may be easily computed by
the ratio and is 0.01k. |

This effect was neglected since the heat transfer coefficient
of the ribbon was &sually above 260 and the temperature at the wire-

ribbon contact point will be significantly_lowar then the.remainder

-of the ribbon.




