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ABSTRACT

A film boiling heat transfer study was conducted with three
different diameter cylindrical copper heaters over a wide range of
pressures for nitrogen and argon with the heat transfer surface in

the horizontal position.

The data were compared to the commonly used film boiling heat
transfer relations. The common relations were found to be considerably
in error for the range of variables covered in this investigation.

A semi-empirical equation for corresponding states fluids which cor-
relates the available data as a function of the reduced temperature

and reduced pressure was derived and discussed.



iv

ACKNOWLEDGEMENTS

The author wishes to express his sincere appreciation to Dr. E. L.

Park for assistance, guidance and advice during this study,

The author acknowledges support of the National Science Foundation

whose grant made this study possible,

The assistance of Mr. Richard Smith, R. T. Montgomery, T. C. Wilson,
and the never ending encouragements of my wife, Louise, are furthermore

appreciated.



Figure

10.
11,
12.
13.
14,
15,
16.

17.

18.
19.
20.

2l.

LIST OF TLLUSTRATIONS

A Typical Boiling Heat Transfer Curve.

Pressure and Condensing System - Schematic Diagram . .

Heat Transfer Element

Film Boiling Results for
Heater .

Film

Film

Film

Film

Film

Film

Comparison of

Boiling Results
Boiling Results
Boiling Results
Boiling Results
Boiling Results

Boiling Results

for Nitrogen, 0.55 in, Diameter Heater.

for

for

for

for

for

Argon at 55 psig, 0.95 in Diameter

.

Nitrogen, 0.75 in. Diameter Heater.

Nitrogen, 0.95 in. Diameter Heater.

Argon,
Argon,

Argon,

0.55 in, Diameter Heater .

0.75 in. Diameter Heater .

0.95 in, Diameter Heater .

Nitrogen Film Boiling Data with Equation 3 .

Comparison of Argon Film Boiling Data with Equation 3

Comparison of Nitrogen Film Boiling Data with Equation 12

Comparison of Argon Film Boiling Data with Equation 12 ,

Comparison of Nitrogen Film Boiling with Equation 16 .

Comparison of Argon Film Boiling with Equation 16

Comparison of

Equation 16

Comparison of

Nitrogen Film Boiling Data with Modified

Page

14

15

22
23

24

20
27
28
30
31

33

39

Argon Film Boiling Data with Modified Equation 164¢

Comparison of Argon Film Boiling Data with Modified Equation 1641

Comparison of Film Boiling Data with Equation 17

Comparison of

Equation 17

the Argon and Nitrogen Film Boiling Data with

43

b4

A\



I.

LIST OF TABLES

Deviation of Thermocouples from Standard Tables .

Page

vi



CHAPTER I

INTRODUCTION

This study deals with film boiling as defined in the following
discussion and shown in Figure 1, Figure 1 is the entire boiling curve
as first predicted by Nukiyama (18)%* in 1934, This curve is broken up
into four distinct regions which can best be understood by considering a
heat transfer surface submerged in a saturated liquid. As the temperature
of the surface is raised slightly above the saturation temperature, convection
currents circulate the liquid and evaporation occurs at the free surface.
This region is described as the convection region (region I in Figure 1).
As the surface temperature is raised further, bubbles begin to form at
specific points on the surface. The locations where bubbles form are called
nucleation sites, This region, characterized by the formation of nuclei
is named the nucleate boiling region (region II, in Figure 1). As the
temperature is increased further, more sites are activated until the sur-
face is completely covered with bubbles forming a continuous vapor film
which is specified as point A on Figure 1, This point is known as the
burn-out point or the critical heat flux point. The nucleate boiling regionm
is of special importance, because of the very high heat fluxes obtained with

a small temperature difference.

As the temperature is further increased, the film forms and collapses
rapidly, causing an increased resistance which quickly drops the heat trans-
fer rate. This unstable film region continues until point B (the Leiden-
frost point). The Leidenfrost point is the point where the film is continu-

ous and becomes stable even though the film surface is in violent agitation.

* Numbers in parentheses refer to listings in Bibliography.



The region to the right of the Leidenfrost point is denoted as the film

boiling region (region IV), and is of interest in this investigation.

The film boiling data presently available over a wide range of
pressures seem to be very limited. More data are required in order that
theoretical equations and the effects of pressure and diameter on film

boiling can be checked.

This study was originated to provide data for the above reasons

and to provide design data for nitrogen and argon.



Log Heat Flux Q/A

Convection

’//

Nucleate Boiling

Unstable Film
Boiling

Film Boiling

Log Temperature Difference, o T

Figure 1

A Typical Boiling Heat Transfer Curve




CHAPTER II

PREVIOUS WORK

Scorah and Farber (11) were the first investigators to completely
describe the boiling curve. Nukiyama (18) had difficulty in his work.
He was not able to describe the region between the maximum and minimum
points, A and B. The work of Scorah and Farber also predicted a heat
transfer element material dependence in the stable film boiling region.

Later work contradicts these findings.

The first investigator to suggest a method of predicting heat transfer
coefficients for natural convection film boiling was Bromley (4). Bromley
derived a relation analogous to Nusselt's equations for condensation by
replacing P in Nusselt's equation by P;-P . The resulting equation was:

k3ov(01 -p) gl *
h = Const ~ (D
ATuVD -

The relation is for horizontal tubes. The value of the constant was

S
w

found by empirical means to be 0.62. By theoretical considerations, the
value of the constant should be 0.512 if the liquid is assumed stagnant
and 0,724 if the liquid moves with the vapor. Bromley suggested that cor-
rection for radiation could be made by assuming parallel plates, which in

effect assumes that the transmissivity of the liquid is zero.

Bromley's assumed relation predicts that the heater material had no

effect on the convective coefficient and his experimental data confirmed

the assumption.

The work of Banchero, Barker and Boll (2) for film boiling of liquid

oxygen over a large pressure range with considerable variation in heater

% Numbers underlined in parentheses refer to equations.



diameters pointed out the limitations of Bromley's equation. They point
out that Bromley's relation seems to be limited to diameters of 0.069
inches to 0.127 inches. The authors present the following (equation 2)

which is a modification of Bromley's relation (equation 1).

h = a(%+C) F (2)
C = constant
3 1
F o=k Py(Pp P) g
ATu

where a equals a constant which is dependent on the boiling substance.
The above equation seems to give a better correlation for the entire
range of variables than Bromley's (3). The form of the equation also
allows it to be adapted to flat plates. The values of a and C are
determined by a trial: and error fit of the available data. The authors
found the quantity a to be a temperature dependent function and C to be
equal to 36.5 inches_1

Bromley corrected his relation to account for the sensible heat of

the vapor (5). His corrected relation is given below:

3 y

k - 4

h = 0.62 (P 2 g )
ATUD ‘
where \
2

A' = 1 + O-Z‘> CE T

A

Subsequently it was shown (3) that a better fit could be obtained by
equation 1 if the correction constant used in equation 3 was 0.34
rather than 0.4.

Bromley (5) also suggested that his relation could easily be adapted
to vertical surfaces, by substiuting L for D, and changing the value
of the constant Coe Bromley's vertical surface relation is given:

%

3
h = Cy k"v("l"’v)g" W

u VLAT



Again, a better fit can be obtained by using 0.34 (2) instead of 0.4.
The theoretical value of Co 1s 0.667 if the liquid is stagnant and 0.943
if the liquid has the same velocity as the vapor. Bromley presented no
data to check his vertical surface relation; however, Hsu and Westwater
(14) investigated this condition and found that Bromley's rclation
(3) predicted heat transfer coefficients much too low when comparcd
to their experimental values for tubes in the vertical position. The
authors used a method suggested by Colburn (9) for film type condensation

on vertical surfaces. This relation converted to film boiling is:

4W

Dy
=175 0.
22(931) / [W 8 -36j + 12,800
k 7Dy

The above relation produces better results than Bromley's relation for
) . 40
all Reynolds numbers above 2000. The Reynolds number is dcfined as "Dy

UVZ
h ki =
k DV(Ol‘DV) g

where W is the maximum vapor mass flow rate. This Revnolds number points out
the main limitation of Bromley's equation, the fact that laminar flow

was assumed. In later work, Hsu and Westwater (13) proposed another rela-
tion for film boiling on vertical surfaces. They used an approach which
assumed a turbulent core and a laminar sublayer and ignored the buffer

zone between the regions. The division between the zones was determined

by the universal velocity profile. The relation is given beclow:

) 2) 3/2 3
hL = 2X uRe* 4 B + 1/3 2fA (L - LO) +(£>} - (l) . (6)
k 3ky AT A 3l + 1/3 v ¥ b

v
where
A= [801 "0 (1 ,
I Rex
pv Hy
Re* = Y*U*QV , and

BV



B = u v + fpV uvReW + kv AT kv AT
zp‘ A .
! A

Chang (7) suggested that, possibly, a relation for film boiling could
be obtained by analyzing the waves formed in vapor release or by applying
the instability concept of Taylor. Chang (7) suggested that equation (7)

be used to correlated film boiling data from horizontal surfaces.

Nu = 0.234 (Pr¥ Gr¥) /3 )
2.3
Pre= _Y ., Gr¥ g oy L L% ,
a "—'_—2——
< uV fv
Nu = Lh ’
k
v
ac = kV ev B eV = Tsat - TW ,
2h o
pr+ = Pr/ 2A R
Cpv 8y
y'f = 2 UZVRQWS
8 0y(Py - Py
LO = uVRe* A ' y?\‘ ,
2Ky AT
and
Re¥* = 100

For low subcooled boiling ( 10°F)
Pr* 2 P
pv Pv ev pv ov

The L. denotes the point at which Bromley's equation fails to correlatc with pub-
o

1ished data and y* denotes distance normal to the surfsce of maximum vapor vel-

ocity. Re* was given a value of 100 which denotes the transition between viscous



and turbulent flow as supported by Rohsenow's (25) computation of 80 to
120 for critical Reynolds numbers during condensation on vertical surfacecs
in the presence of large shear stresses. Using the data for warer. t e rela-
tion's of Bromley (3) and Chang (7) were compared. The Chang relation
scemed to fit the data much better than that of Bromley relation. For
the case of subcooling, the thermal diffusity @ ¢« used in the calculation
of the generalized Prandtl number must be found from another cquation
which is considerably more complicated. Chang presents a correction for
radiation. In the case where radiation should be considered, the valuc
of equivalent thermal diffusivity a,. must be corrected in the relations.
Chang also proposed an equation for the surface in the vertical
position. The vertical position relation is (8).

- B . 5
(Nu) = En = 0.72 (Pr*Gr) : (8)
v

Berenson (1) used the above approach in developing a correlation

for film boiling from horizontal surfaces. [liis relation is

3
ky,  p.,g ( Py~ Py)
v v 1 v
— L
o= 0.425 TURT (9)
Beg
g(pl-pv)

. Lo o e
The major difference hetween (9) and Bromlev's (g) is the term -?_O__E__\> .
- RSN

The relation (9) scemed to be effective only near the minimum point of
the film boiling region.

Breen and Westwater (3) continued the investigation of film boiling
from a cylindrical surface with its axis in the horizontal position.
They conducted experiments with a large variation in diameter and with

two different fluids. The range of diameters used was from 0.185 to



1.895 inches. They found that the heat flux and the heat transfer coef-
ficient were not monotonous functions of tube diameter. The data showed
that as the diameter was increased the heat transfer coefficient began
decreasing rapidly and then increased slowly to a flat plateau. This
behavior was explained by the critical diameter which must be a function
of the fluid. The curves seem to support the hydrodynamic wave length
theory. When Bromley's equation (3) was compared to the data, Bromley's
equation failed to predict the value of heat transfer coefficient at
wave lengths much greater than the hydrodynamic wave length. The hydro-

dynamic wave length AD for a flat plate is:

A D =J§3° (19)

where
_ %
¢ = e §E£L_______;} . (an
g (P = %)

Breen and Westwater using these parameters claimes a general relation

(12) for film boiling from horizontal cylinders.

h(xe)® = 0.59 + 0.069 Ac
——— —_— . (12)

F D -
They also proposed an alternate relation due to the asymptotic characteristics

of the equation at large and small diameters and the agreement with Brom-

ley's equation (3) at intermediate diameters. The alternate relations are

given in equations 13A, 13B, and 13C

for xc 0.8, h(O)/F = 0.60 NCETS
—
D
% -

D%/F = 0.62 . (13B
for 0.8 () 8 B 135

D
e, oneo¥F = 016 0e/m B (130

for <8
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Park (21) attempted to fit his data with the Breen and Westwater
correlation. He found that the correlation was not general and would not
give a satisfactory fit to these film boiling data for nitrogen and methane
over a considerable pressure range. He also noticed that the high temp-
erature difference data indicated a temperature difference dependence not
accounted for in the Breen and Westwater correlation. Park (21) reported a
decrease in the heat flux as the critical pressure is gapproached. This effect
became apparent at reduced pressures greater than 0.9 (the reduced pressure
is defined as the absolute pressure divided by the critical pressure of the

substance).

Sciance (26) did not record this effect in his continuation of the work

of Park; however, his pressures did not exceed a reduced pressure of 0.9.

Wayner and Bankoff (29) have reported some interesting work. They
have increased heat transfer rates by the use of porous plates and remov-
ing the vapor being formed by suction through the plate. Within certain
limits the heat flux and vapor rate could be independently varied, and there
was an increase in the heat transfer coefficient by a factor of as much as
2.5 over the nonporous film boiling. Pai and Bankoff (20) reported a con-

tinuation of this work.

Tachibana and Fukui (28) reported the effects of film boiling in a
subcooled liquid. They presented curves of the effect of the subcooled

liquid on film boiling of water from horizontal wires.

The objective of this investigation is to provide film boiling data
for design purposes and to determine whether film boiling data for corres-

ponding states fluids can be correlated by application of the principle

of corresponding states.
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CHAPTER III

DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT

The equipment used in the investigation consisted of three heat transfer

elements, a pressure vessel, a power source, a pressure gauge, and a re-

cording potentiometer.

Three heat transfer elements (0.95, 0.75 and 0.55 inches 0.D.) were
constructed and were designed so that they could withstand the thermal
shock of going through the burnout point and operating with a 1000°F
temperature difference. The design consisted of heat treated Lavatite
cores of 0.40 inch diameter for the 0.75 and 0.95 0.D. heaters and of
0.25 inch diameter for the 0.55 inch O0.D. heater. The cores were threaded

12 threads per inch and in the threads, number 26 gauge tungsten wire was

wrapped. The tungsten wire was held by nuts on 4-40 machine screws which were

screwed into the end of the cores. The screws also acted as the power
terminals for the heaters. After the tungsten wire was wrapped on the
heaters, they were coated with Sauereisen Electrical Resistor Cement,

#78 paste, and allowed to air dry. The cores were then cemented into the
outer heat transfer surface with the same cement and dried in a furnace
for two hours at 200°F. The heat transfer surfaces consisted of three
copper cylinders three inches long with 0.95, 0.75, and 0.55 inches 0.D.

and with 0.5, 0.5, and 0.35 I.D..respectively.

In each of the three heat transfer surfaces, three thermocouple wells
0.052 inches in diameter and 1 inch deep were drilled 90 degrees apart.
Solder was then melted in the wells until they were full. While the solder
was molten, 25 gauge copper-constantan thermocouples were placed in the

wells. The solder minimized the contact resistance between the heat trans-

fer element and the thermocouples.
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Styrofoam plugs with the same diameters as the heaters and of % inch
thickness were attached to the ends of the heaters to reduce the end

losses.

The power was supplied by a Hobart 300 amp, 40 volt., Model M B 204
D.C. Welder connected in a series with a load box which consisted of several
fixed size resistors which could be added or subtracted in parallel. The load
box and the fine and coarse voltage controls on the welder were used for

power control.

The power was measured by using a Weston Model I (class 50) voltmeter
to measure the voltage drop across the heater. A Weston Model I (class 50)

ammeter was used to measure the current flow through the heater.

The pressure vessel was a one gallon autoclave, described by Sciance
(26), which was manufactured by Autoclave Engineers, Inc. The autoclave
was 5 inches I.D. by twelve inches deep and was fitted with two 1% inch
diameter windows, which were horizontally opposed. The flange of the
vessel was fixed and the high-pressure cylinder could be raised or lowered
pneumatically to or from the flange. The power leads and thermocouples
were brought in through openings in the flange. The gland mounted in the
flange for the thermocouples was a Conax MHM-062-A160T gland with Teflon
sealant., The copper~constantan thermocouples leads passing through the gland
were Conax 310SS6T-B-PJFC-NONE-18", which were connected to the heater
thermocouples. The power leads supported the heater from the flange so

that the autoclave could be opened for inspection without disturbing the

heater.
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The pressure of the vessel was controlled by the amount of liquid
nitrogen passing through the internal cooling coils (Figure 2). The
liquid nitrogen was stored in Linde LS 110B and LS 156 dewars and was
delivered to the system at 235 psig. The system was protected from over
pressurization by a Black,Sivall and Bryson rupture disc rated at 960 psi

at 72°F.

The pressure of the autoclave was measured with a Heise Bourdon tube
pressure gauge with a 16 inch dial. This gauge was graduated from 0 to
1000 psi in 1 psi increments with an accuracy of t 1 psi. All connections
shown in Figure 2 were 316 stainless steel % inch tubing with % inch 0.D.
and 0.065 wall, The valves were Whitey No. 1 Series 0.25 inch valves

(number IRS4-316).

The thermocouple leads came from the flange to a liquid nitrogen
reference junction and then were connected to a Teeds gnd Northrup rotary ther-

mocouple switch which was used in conjunction with Texas Instruments, Servo-

riter 1I, single pen recorder. One iron-constantan thermocouple was also

used to check for subcooling and was read with a Leeds and Northrup 2436

portable potentiometer.
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CHAPTER 1V

EXPERIMENTAL PROCEDURE

A series of runs was made with each heater in the horizontal position.
Each series consisted of runs at seven different pressures from atmospheric

pressure up to 95 percent of the critical pressure for both argon and nitrogen.

To begin a series of runs, the autoclave was cooled by allowing nitro-
gen to flow through the fi11l line into the autoclave and out the vent open-
ing in the vessel. The valve was also opened slightly to the cooling coil
to maintain the coils at the proper temperature (Figure 2). When the level
of the liquid nitrogen reached the top of the window (seven inches), the
fill line was closed and the vent plug replaced. The system was then checked
for leaks and the pressure raised or lowered to reach 34 psig. The pressure
was controlled by regulating the amount of nitrogen flowing through the
condensing coils. After reaching 34 psig, the power at the minimum setting
was turned on and the system examined for malfunctions. The power was then
increased until the burn-out point was reached and then controlled until
the heat transfer surface temperature was approximately 70°F. Steady state
adjustments were made by watching the temperature versus time plots from the
recording potentiometer and making adjustments with the fine adjustment on
After reaching steady state, the three thermocouple out-

the power source.

puts were recorded. The power was then reduced and another operating point

was recorded. Steady state observations were made with the heat transfer
surface temperature range varying between 70°F and approximately 60°F above
the boiling point of the fluid, which is a function of pressure. The pressure

was then increased to the next pressure and the procedure repeated. After

completing the six pressure runs, the pressure was again reduced to 34 psig
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and another run made to check the reproducibility of the data.

The power was then turned off and the fill line was opened to the

atmosphere allowing the nitrogen to bleed off to the surroundings.

The equipment was left open for an hour at which time the argon bottle
was cornected to the fill lines. The autoclave was pressurized to 30 psig
with gaseous argon and again vented to the surroundings to reduce the con-
tamination., The liquid nitrogen was then allowed to flow through the con-
densing coils and the regulator on the argon bottle was set at 50 psig
and the fill line opened. After a period of time, the arpon began condensing.
When the argon level reached the top of the window (7 inches) the reuulator

and the fill line valve was closed.

The pressure was then adjusted to 56 psig and maintained at this
level for the first argon run. The procedure was ewxactly the same as for

the nitrogen.

After completing the seven runs for the argon, the autoclave was
lowered and a dewar of liquid nitrogen was put in place of the autoclave
to make an atmospheric nitrogen run, The same procedure vsed for the other
runs was used during the atmcspheric run. The atmospheric nitrogen run
could not be done in the autoclave because the condensing ccils were not

large enough to maintain zero gauge pressure.

During each run the bulk temperature of the boiling liquid was moni-

tored to assure the boiling liquid was at its saturation temperature.
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CHAPTER V

THEORY OF CORRESPONDING STATES AS APPLIED TO FILM BOILING

The theory of corresponding states may be safely regarded as the

most useful by-product of the van
this equation is recognized to be

of corresponding states correctly

Pitzer (22) has stated a set
principle of corresponding states
and xenon have several properties

zer's assumptions are:

der Waal's equation of state. Presently
of little or no value, but the theory

applied is extremely useful and accurate.

of assumptions sufficient to lead to the
for liquids and showed that argon, krypton

in accordance with the principle. Pit-

I. '"Classical statistical mechanics will be used'.

II. '"The molecules are spherically symmetrical, either
actually or by virtue of rapid and free rotation'".

TII. "Intramolecular vibrations will be assumed the same
in the liquid and gas states'.

IV. "The potential energy will be taken as a function
only of the various intermolecular distances'.

V. "The potential energy for a pair of molecules can
be written A4(R/R,) where R is the intermolecular

distance, A and R,

are characteristic constants

) . T
and ¢ is a universal function".

Guggenheim (11) restates the

assumptions above. He restates

assumption one as, ''that any distinction between Fermi-Dirac statistics

and Bose-Einstein statistics has a negligible effect"; and assumption II

as, "that effects of quantization of the translational degrees of freedom

is negligible".
where m denotes molecular mass,

molecule.

Assumptions I and IT are satisfied provided (mKT)%vl/g> h,

T absolute temperature and v volume per
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Assumption III is restated to say the intramolecular degrees of
freedom are assumed to be completely independent of the volume per molecule.
This assumption and assumption II and IV rule out highly polar molecules.
Assumption V turns out to be a useful approximation for many non=-polar

molecules.

With these five assumptions satisfied, it can be shown that the

equation of state is of the form
P T v
_— = u — L Z 14
P ( T v » fe) (—‘)

where Z_. = P.V_./RT,
where u is a universal. but complicated function., The above expression

is the general expression of the priunciple of corresponding states.

Examining some characteristics of fluids which obey the principle of
corresponding states, it is noticed that of the critical compressibility
factor of argon, krypton, nitrogen, oxygen, carbon moncxide and methane all are
within 1.5% of 0.292. Another interesting characteristic is the temperature
where change of sign of second virial coefficient occurs called the Boyle
point (where the virial equation ot state is §% = 1 + Eéﬁl + Eé%l ) - When
the Boyle point is divided by the critical temperature for neon, argon and
oxygen, the values agree within 1%; for nitrogen, carbon monoxide and methane,
it agrees within 5 to 8%. The second virial coefficient divided by the
critical volume plotted against the reduced temperature ratio has approximately
the same shape for all these gases. This property means that physical prop-
erties of corresponding states fluids can be expressed as functions of the
reduced temperature and the reduced pressure or the reduced volume. Thodos

(10, 19, 27) has done considerable work in predicting thermal conductivity,
b

. . f o 1 expansion in this
viscosity, surface tension and coefficients of thermal exp

manner,



)
=

In film beiling studies with corvesponding states {)uiis, *he proper-
ties of :vlerest seem te rer  density of the vapor, viscosit;, thermal
conductivity, specific bwmat, and iatent heat of vaporization. These
properties for any of the corresponding states fluids then can be evalu-

ated hy an equation, whiclh 15 a functron only of the reduced temperature

and pressure., 1f saturation conditions are defined, the equation will

=

[\
o

only be a functicne of reduced temperature, With this resuit, the data

te able to be cotrelated as a function of ti

=

e

this investigation
reduced temperature, reduced pressure and the diameter of the hear trans-

Tt

fer element. The equation should be of the form given below:

h = f(—f'r,Pr,D)

h= £(T,) 1f Dand P, are constant (i5)
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During the reuwrasc of taking the expevimentsl daba a radial temper-

ature differcency was notsced between the three 1hermecouples spac an”

apart. Simitar grediFnts were also noticed by Pexl {21% and Sotance (26)
The datva for ithe 0.95" and the 0.753" hesters were compleiely duvliicated,
A1l the data for ¢ given pressure rTun were fitted using ~+ least sguares

T on least squs

program, This program gave the local best polynomial fi% of *le experimen-
tal data. 'The progrin {inds the best fit by minimiging ihe stsndard deviaticn.

The ezperimental data fuve gne repnresentative sample run gre oW 0 Fignve 4

The Lest f:t for the datz in Figure &4 is o straigbt ITine with ay

average deviarion ot B8,938% and a maximum deviation of 26.27. ‘ihiw iigure
not orly gives an exawnple of the data taken, but points onf vhe dewvee of
reproducibility of the results. The Jdata taken in all the runs are <houn
in appendix A. The davarsgs of the average deviation for all fhe datz are
3.60% and the mawimuo averoge deviation for any sei of dera wae 1: 050
which was the dais tor arpev at 655 psig using the 0,95 iuncn “eater e
least square fibtes i ab: ista taken far the three differeni ihesi

i ohe paatiten

argen and riirogen atre sbown in Figures 5 through 10. It sfu

out that the data sre nloited as the heat fiux versus the teogs ot e dic-

'

ference. This is unt the standard procedure in boiling hest trancier. Tipi-

cally the plots ave made with the logarithm of the temperature Jif,irence

versus the logarithm of the heat flux. This procedure of plotriun tne

logarithms tends tc disguise the scatter of the data.
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CHAPTER VIl

DISCUSSION OF RESULTS

The curves for argon at 655 psig for all heaters peint out a decrease
in the heat flux when cperating close to the critical pressure, but this
phenomenon is questionable in the nitrogen data. A decrease is noticed
in the data for 0.95 incli diameter heater, but for the other two heaters,
a decrease is not present over the complete ranpge of temperaturesg. Park
(21) reported this decrease in heat flux for both nitrogen and methane,
but Sciance (26) did not find it to exist in his continuation of Park's
work, however, Sciance and Park's pressure rvanges are not the same. In
all of the data, crossing of the constant prossuie curves can either be
secen or extrapolation of the curves would yield the crossing. This
indicates that an increase in heat flux with pressure does not uccur

over the entire AT range. Instead, the inuivase or decrease of heat flux

with pressure is a function of the absolute value of the temperature
difference and also the closeness to the critical point in some cases.

fixcluding the behavior near the critical point it can be scen that at

low temperature difference, a decrease in hcat flu is experienced with

increasing temperature and at high temperat.i. ‘lifferences an increase

is experienced The point of crossing s~ens to be somewhere between 75°F

and [50°F which is approxzimately 200°F lower thiay the value predicted

by Park

i ' N - 31 L,
The experimental data were compared wit:: Brouley's predicted curve

(equation 3) in Figures 1l and l2. The plots clearly show that chere

. ] - H 8l P I SR PN
would be a large error if Bromley's equation (equation 3) is used to predict

heat transfer coefficients in this range of temperature differences and

for these pressures. The equation could be modified by changing the constant
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in order to obtain a curve which would pass through the center of the
data. But this modification still would not yield a satisfactory relation,

and the increase in the constant would be difficult to justify.

The experimental data were also compared to the predicted curve of
Breen and Westwater9(3) Figures 13 and 14, The only restriction placed on
the predicted curves was that the diameter of the heater does not equal
"the most dangerous wave length'. This wave length varied from 0.00187
ft. at 655 pounds per square inch to (¢ ,0291 ft. at 56 pounds per square inch
for argon and from (,00306 ft. at 453 pounds per square inch to 0.0332 ft.
at atmospheric pressure for nitrogen. The diameters of the heaters were
0.0458, 0.0625, and 0.0792 ft. which are above the value of '"the most
dangerous wave length., With '"the most dangerous wave length' requirement

satisfied, these data should be a test of the generality of the predicted
curve. The comparison of the data obtained with Breen and Westwater's
equation is shown in Figures 13 and 14. In both cases, the data show that
equation (12) is not general. A relation could be made by passing a modi-
fied curve through the data. The difficulty in doing this is that,

in each run, the data tends to all be plotted at a constant value of AC/D

for each different pressure.

The real difficulty in this type of relation is in using the quantity

F as defined by Bromley (4). The properties that define F are found at

the mean film temperature and then F is found by taking the fourth root of

k3ov(01 =Py A . Taking the fourth root of this quantity tends to re-

ATu
move orTsmooth the variation due to temperature. Also, the values used

in defining F can be very difficult to obtain. The difficulty in finding

data or physical properties becomes especially apparent when the pressures
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approach the critical pressure. In this study, the thermal conductivity,
viscosity and surface tension at high pressures were found by using the
values predicted by Park(21)for nitrogen. For argon, the generalized com-
pressibility charts (13) were used to obtain the density, specific heat,
and latent heat of vaporization. Viscosity and surface tension were
predicted as discussed in Appendix C. Tables (16,22 ) were available

for the other properties. With this difficulty in defining the proper-
ties, it is hard to evaluate the validity of a relation.

Another interesting phenomenon was noticed in the plot of the Breen
and Westwater relation:the results for high temperature differences were
always closer to the predicted curve and results for the low temperature
difference were always farther away. This phenomenon was also reported
by Park (21).

The difficulty in evaluating the properties in Bromley's and Breen

and Westwater's relations makes a correlation like the one of Branclero,

Barker and Boll (2),
1

ho= 32(115 + c)P “, (16)

shown in Figure 15 and 16 especially attractive. The only problem is

that the values for 32 were evaluated for oxygen. Assuming that the

values of ap for oxygen are correct for nitrogen and argon, the data are

compared to the correlation in Figure 15 and 16. Tt can be seen that the

correlation is not satisfactory, but there are some interesting aspects

to be discussed. The appearance of the equation is very similar to what

was predicted in the theory section for corresponding states fluids. The

heat transfer coefficient is given as a function of temperature difference,

pressure and diameter.

Considering this approach, the values of a, were modified by taking
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a ratio of the critical temperatures raised to = power and the ratio of
the critical pressures raised to the one fourth power. This relation

for nitrogen is shown in Figure 17. 7The ratio of critical temperatures
was raised to 1.25 power and multiplied by a The relation seems to fit
the nitrogen data well, but it would be expected that this same ratio
should produce a satisfactory correlation for the argon data. This re-
lation was compared to the argon data in Figure 18. It is noticed that
the deviation is large. 1In order to obtain a satisfactory {it for the
argon data, the power of the ratio was increased to 9.4. The results are
shown in figure 19. Even though the variation of a, cannot be justified

in terms of corresponding states, it is pointed out that a correlation

can be found for the data just by varying a,. This means that the diameter

change can be accounted for by the factor (1/D 4 ¢) where C = 36.5 in.—1
and that the effect of changing pressure is a function of P%.
With the function known for the change in diameter and the change
in pressure, an equation of the form:
h = 02(% + C)Pr% where C = 36.5 in.-l (17)

will be assumed. The changes made in the Barchero, Barker, and Boll

relation are: instead of the absolute pressure raised to the one fourth

power the reduced pressure ratio is substituted. And, qo will be ox-

pressed as a function of the mean film reduced temperature ratio. This

cquation is truly a corresponding states equaticn and is of the form

predicted in the theory section.

The variation of o, was found by dividing the experimental heat

transfer coefficient by the diameter and pressure factor and recorded

at the value of the mean film reduced temperature ratio. The values of

i -oon data of this investi-
ao were calculated for all the nitrogen and argo
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gation and for the data of Park (21) and Eanchero, 5 oker and Boll ().

Valucs of a:  wversus mean tilm critical temporature vatio were then
Fitted with a least squaves program. The leas! sqiares (it was a third deyree
polynomial. and the data were ficted with an averace deviation of 18,717,

The polynomial least squares fit was:

Ay = 8.49 - B.uAT_ 4+ 2.970.° - OLzo7i.' .
Using this @g and equation (17). the predicted values of h were cal-
culated and plotted in Figure 20.

Referring to Figure 20, most of the data fall within the 207 devi-
ation lines plotted on the graph, excepl lor sune ol the low temperature
difference argon data and the data of Park. The :lata of Park do not
seem to vary in any given relation, but seems Lo be scattered over the
entire curve. The Banchero, Barker, and Boll data were lower than the
predicted curve, but within 20% of it in most cases. L might be pointed
out that the averape deviation of Figure 20 is the same as the deviation
of as.

The @, versus mean reduced temperaturc ratio was also fitted using

- . _ , sl g e (i ai as i o
only the data of this experiment. The leasl square fit avain was a third degree

polynomial. The polynomial was given as:
. P
- fop O QT
as = 13.38 - 15.53T, + 6.147T . - 0.5887,

This polynomial fitted the data of this investigation with an average

deviation of 14.54%. The predicted values of n for this investigation

4 -od 11 Fi .2
were calculated using the equation above and plotted in Figure Z0. It

H - s ; : e -
is noted again that at some of the higher values of h for the argon,

considerable disagreement occurred.
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It should be pointed out that the disagreement of Lhe a,'s is not as
large as it might scem by examinirg the two polynomials. The values are
almost equivalent at the lower values of h, but vary at the higher values.
Corresponding states rheorv would predict that the polynomials would be
equivalent.

A restriction must be placed on ao, in these relations; it should be
noted that the range of data was from a mean film reduced temperature ratio

of 1.7 to approximately 0.8 and any extrapolation could be in error. This is

especially true for the results at low values of this ratio.

It should also be pointed out that in the figures not all the data
were plotted, but only a representative sample. Selection was always
made to include the entire temperature range of the data.

While taking the data for this investigation, an interesting phe-
nomenon was observed which wmight have some effect on further film
boiling work. It was noticed that the bubbles physical characteristics
were different while the equipment was at steady state as compared to

the transient state involved in changing steady state operating points.

The bubbles were large and of varied spacinyg at steady state but were

small and fairly evenly spaced during transients. This phenomenon would

question the validity of using transient data fcr steady state conditions

or vice-versa.
It was also noticed during the course of the investigation that sur-

face effects did not affect the heat transfer. The initial runs were

made in February and the final runs in May and June. The heaters were

left exposed to the atmosphere,and surface conditions changed considerably

due to oxidation over this period. Even with this change in surface con-

ditions, there did not seem to be any difficulty in reproducing the data.
2



46

CHAPTER VIII

DISCUSSICN OF ERROR IN MEASUREMENT

Park (21) discussed in detail the inlerent error associated with
nucleate and film hoiling; therefore, error analysis will not be discussed

in great detail here.

The current could be read accurately within + 0,125 amps and the voltage,
when less than 30 volts, could be read accurately within % 0,075 volts. The

product of these errors is less than 1 percent.

The thermocouples could be read accurately to + 0.005 millivolts which
corresponds to + 0.25°F. The thermocouples were calibrated by placing the
reference junction in liquid nitrogen and the three heaters in a liquid
nitrogen bath in a solid - liquid, acetone bath and an ice water bath. The
fixed temperature of the three baths allowed the calculation of the deviation
from standard tables (N. B. S. Circular 561)., The calibration for the thermo-
couples in the heater was only possible for thermocouple number 2 and 4. The
thermocouple lead in the flange for the number 1 thermocouple was broken
during operation., The deviations for the two thermocouples of the three

heaters and the bath thermocouple are given in Table TI.

The locations of the thermocouples during each run should also be

pointed out. Thermocouple aumber 1 was on top of the heater, thermocouple

number 2 was spaced 90° from 1 on the side of the heater, and number 4 was

on the bottom., During the first set of runs for the 0.75 and 0.95 inch

heaters, the thermocouples were attached to the heater as described by

Cobb (8). Considerable temperature variation was recorded, so the thermo-

i 1 ith molten solder
couple mounting was then changed by filling the wells wi
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and inserting the thermocouples. The temperature variation was reduced
considerably. 1Insertion of thermocouples in wells filled with solder is

considered a much better method of thermocouple mounting.

The magnitudes of heat lost from the end of the cylinders can be

calculated for the cylinders if the equation q = =-kAdt/dx is written in
KAAT - }

the form q = ZZZ— and if temperature measurements are made axially along
AX

the cylinder. Park (20) did this in his investigation and found that the
maximum heat loss for film boiling was 4.8%. Banchero, Baker and Boll (2)
with a cylindrical heater having an L/D of 0.375 reported that axial temper-
ature gradient were virtually eliminated. Park's heaters had an L/D of
0.547 and the heaters used in this investigation had L/D of 0.316, 0.40

and 0.546. Therefore, temperature gradients would be expected to be in the
range of Park's and Banchero's copper heaters, since all heaters were fab-

ricated of copper. Thus the heat loss would be in the range reported by

Park.
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CHAPTER IX

CONCLUSTONS

Film boiling heat transfer of corresponding states fluids can be
correlated using the principle of corresponding states with less

than 207 average deviation.

The variation of the heat transfer coefficient in film boiling
with cylindrical heaters due to a change of diameter is a function

of the reciprocal of the diameter of the heat transfer element.

The change of the heat transfer coefficient due to a change of

pressure is a function of the pressure raised to the one fourth

power.

The decrease in film boiling heat flux at a given temperature

difference as the critical pressure is approached as stated by

Park (20) is questionable. More work in this area is needed before

a conclusive statement can be made.

It is questionable whether surface chemistry affects the film

boiling heat flux.

It is questionable whether transient film boiling data can be

used for steady state design applications.



NOMENCLATURE

A - Area, Fte

a - constant in equation 2,

. . Btu in .
a8, = constant in equation 16 (psia
a * Rr regep PO

C - constant in equation 2, inches-l,

cp - Heat Capacity, Btu/1b°F,

D - Diameter, Ft,

E - Potential, volts

ke, (P - PIex" % | Btu

F b
20
ATy hr ft*°F
g - Acceleration due to gravity, ft/sec®
Ib, ft

3

8. - Gravitational Comstant, Tog g
Gr* - Generalized Grashof Number,

h - Heat Transfer coefficient, Btu/hr ££2 °F,

I ~ Current, amp,

k - Thermal Conductivity, Btu/hr £L2°F/ft,

L - Length, ft,

M - Molecular Weight, 1b/1b-mole,

Nu* - Generalized Nusselt Number,

P - Pressure, psi,

Pr - Prandtl Number,

Pr* - Generalized Prandtl Number,

Q - Rate of heat transfer, Btu/hr,

T - Temperature, °R,

AT - Temperature Difference (Tsurface - Twall)’
vV - Specific volume, £t3/1b,

W - Maximum vapor mass flow rate, lby/sec,

°F or R,
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Greek Symbols

- Surface Tension, lb/ft,

%

- o}

ft
gc (Ol - OV) ’ ’

- Viscosity, lb/ft hr,

- Density, 1b/ft3,

- Equivalent Thermal Diffusivity, ftz/hr,
- Kinematic Viscosity, ftz/hr,

- Latent Heat of Vaporization Btu/lb,

-~ Temperature difference, °R

Subscripts

refers to the critical point,
refers to the vapor,
refers to the liquid,

refers to reduced property, (T/TC, etc.)
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11.

12.

13.

14,

15,
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NTTROGEN 453 n, 7=

LFAST SQUARFES pnpy COFFF, ARc:

Al Ny)= 0354215208 N4
A{ 1)= 0.58569440E 0>
NFLTA T HEAT FLUX CALC, HEAY F(yy T NEVIAT 0N 1

0.253000n0F n3 N, 1R895NNQCFE 08 N.193484299c g 2,791 Ta .70 0
0.254N0NN0DE 03 N.1%950000F ns 0.1842n559c Ag ?.7932 74,402

0.7258000n0F (3 0.19950000¢ pg Ne18445530F g ToANET T 4474
N.28150000F 03 D.20600000F Py N,19952459¢ g .137A 71.)70’
0.2945%0000F 03 N.29AN00Na0F = O.’”IIQQGOF ng 7,335 77,4077
0.2860000N0FE 03 N.20A00000F 05 0.20201489F ng 1.9345% 77.J)ﬂﬁ
N.21550000F 53 N 17000000 05 N.1A278480E Qg bo2444 72,2109
0.21900000F N2 Ne17000000F 05 N.VA423119F 05 22,3738 7T 670
0.72090000F 93 N.17000000F nNs N.164803908 ng 3,10513% 779757
0.18309000E 02 C.14500000F 05 0.14314593F ng 1.2784 79,.735n
N+.185N0000F 03 0.14500000F 05 f.14492399F ng N,08524 717.257"
D.1850000F (3 N.14500000F 05 N.14540270F Nng ~N.9474 74,23}
N.15000009E 03 C.12800000F 05 0.12333479F ng 1.3204 23,3332
0.15350000F n3 0.12500000F 08 N.123K64030c ng 1.7277 S, 545
0.15150nM00F 03 D.12500N0NE N5 Na12424710F 95 NeAHNDD 22,5090
0.11550000F 03 NL1CROONADE N& 0.102135)1nF ng As212N T4 ,.0P57
0.11550000F N3 N.1099000NF ns N.102138511F ne AL,2120 G4 ,757
N.11809900F n3 0.108900n09F ns N.103620239F 9eg 4.7057 c2,.2342]
N.13950000€ 3 N.11200000° ns 0.11673730F ng C.ANN4 Q4 57270
N.14000000F N3 N, 118C0N00F 0O« N.11724319F ns N.ALL G 94,7987
N.14100700F N1 M. 11800000F (5 N.11785440F ng N.1234 92 AT
0.1928n00ng 37 N.147000N00F 08 N.l14284a20E Ng 2.2234 Y, 5470
0.135700n0F N3 C.14700000c ng N.14433179¢ ng 1.R157 77,4505
0.18700000F 03 N.14700000F ns N.14551577c 95 1.7097 79,4194
N.2015ann0F 03 0.15900000F Ng N.15417497)F ¢ 2,570 AR
N.29350000F Q3 Ne159000005 NS N,18521939F 75 1.7674 7740
N.20500000F N7 [l aTa Nat a¥a oW N, 155N 44N0F Ar 1.72n40 7.NTo
0.2a180000F N3 N.1940n0NNE ng T.1998 15817 ag —J.952n LR I
NL2%45NNNNE Na ”,lﬁgﬂﬁﬁ“ﬂr ne Co?2N1 19043 N -2, 7N4N A, 1ane
n_?gnnﬂnnnr 93 TL182000NNF g N.,19asa033c Ag -2, h0N0g A h
NL26450N00NF A1 YolOe2000anT A N.190N0/K993C ng L HL0 A,7200%

).71/.(\' 10ANfF N .]‘)7‘30(3”0" ns N1 72064000 3g 201770 71.7001 0
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NTTROGEN ATvM nN,ns

LFAST Souarres pnpv COFFF, Anf:

Af n)= =0.40367300F 04
Al 1)= 0.17151630F 0>
A( 2)= ~0.10327240° 0y
Al )= N<303726R0F-n>
A 4)= ~0.32233460nF-(5
DELTA T HEAT FLIIX CALC, HFAT FLIIX T NEVIAT 1NN H
N.37300000E 03 N.11700000F 05 0.11472490F ne 1.3633 2l L3471
0.37200000F n3 0.11700000F Qs N.114775393F ns 1.90ns 1l.6514
0.37400000F 03 0.11700000F 05 0.11472239F 15§ l.77N112 1.7
7.31600000€ n3 0.10420000F 05 N.10721799F ns —-2.20412 22,9747
0.31600000F 012 0.10420000F 05 0.10721799F nsg —?2.2GA7% 2,7 747
0.31700000F 03 N.10420000F 05 0.1n774217nF N5 =-3.1015 32,2797
0.26150000€ 03 ".90600000F A4 NeM4476010F Ng —4.272p 34,5442
0.26150000F 03 0.90600000F 04 0.94476010F ng —4,27R) 34.06R7
0.26150000F 03 N.33600000F N4 09447601 0F ng ~4.2782 MR
0.2?72550000F 03 C.R5300000E 04 0.263712197% 04 —1.258n 37 007N
0.22300000F 02 2.95300000F Q4 0.35837030F 94 —N.5294 8,061 1
0.22500000€ 01 N.85300000F 04 0.R6264100F 04 -1.13n> 27,7111
0.19500000E n3 0.770000N0F Q4 N.RNN43909E N4 -3.9531 37,4872
0.19590000F 03 0.77000000F 04 0.30043000F g4 -3.9513]) A 4070
N.19700000F 03 N.77000000F 04 0.30450110F D4 ~4.48Nn7 3Ia,na47
0.15650000E 03 N.70000000F 04 0.727105529F ng —2.965] 44 77284
N.15650000F N3 0.70000000F N4 N.72005580¢F 04 —2.8565]1 44,7284
0.15880000F N3 0.7¢000N90F 04 0.72449280c ng —2,4989 44,1640
0.1817000Nn0E 013 D.77700000F N4 N.76002570F g N.108 43,1447
N.17550000F n3 N.77700000F 04 0.7AI6660TF g 2.1022 44,2735
3.18000000F N3 N.T7700000F N4 N0.76392570F A4 0.9105 43,1667
0.240n00000¢ 03 N.98600N000T (4 0.295431298 (4 D.1855 41,0223
0.23300990F n3 N.986000NNE Oy 0.89°007946N0E Ny S.HhIAN 4147204
N.24200000F N3 N.334500000F 04 0.3999078n01r Ny Fe7318 AN, T4
N.?2830000NE 03 0.10150000e A8 Ne10102729E ng —N_,5244 34,7785
N.2880NNNNE N3 N.170810000c a5 Na1907R889C Agq ~N,2R74 34,2989
N.2310000NNF N3 C.170650000F ng D.1N1 265191 98 —NL.7/A17 34,5552
N.33850NN0E 03 0.11200000F g N.11153057F ng O.n120 33,1007
N.349300000F 03 N.11200000F g 0.11178n9ns g Nal1054 32,0410
0.34100)00F 07 O.1120000nr g N.11123823e qq AP 32,7 g a
N.37300700E n1a N.12600000F 05 Ne11479489c g 4,3460 22,1714
N.373050000F 03 N.17000000c ne Nel 14772420 ng A.2450 22,17
n,wr,;v)()nor N2 N.12000300F ns ﬂ.[1/¢7c-‘77”F 145 443438 22 407
q.)q]t;qq’)()r 03 C.945230 0N N4y r).ﬁﬁ?i‘,]%’)\' V4 -2.5157 ThaA LI T D
N.27300000F 3 LI ANNNNNE g NLINTILY, gy, ~1.550% T4, 000
ﬂ.?]ﬂﬁ”ﬂﬂﬂ( 0y N.94800000C g N, T840 e, —-2.N211 24,0282
N.31780000F N3 Mol AI0NNNE g Na1NTs a0 Yo gy -1.,3564 1140 70
NLo3145000N0F 03 [0 I T e WA e W L o N, ysan3a93c 3¢ -0, 740 37 g
N.31500000E 3y DL NRI0ANTE g Vo179, 3 se TN IR
N,.392859nn1yr N3 N.1I900 1Ine e N1 136575090  ~g -4 ,1n0) RIS A 2t 4
NLANNANF N3 N1 0079 . S I T S DA IV T 1,777 LN RN
D390 00NN0F 3 [N B Y A T A LA T A N B N N T T —1,32 70 T g
N.2238000 01 )1 N, 2700y N (XA Va7V 770 AR 1.0779 L R
L2311 NNANNRE Ay NLAATAN Ay, No2756306 30~y 1,204 RIE I
N2 CannnE vy NLONTAN YA Ay, [P AN e TN APA 1,70 LI R T
L7 0Nna gy gy CLTNR0N Ny, AT R R LT I LN MR ES N
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NITROGEN 34 0,95

LFAST SOUARES pOLv COFFF, Aef:
Al 0)= D4555272460F 04
Al 1)= 0.27753370F 02
DELTA T HEAT FLUX CALC. HFEAT FLyy Y NCVIATION
0.32430000€ n3 0.1332000%€ 05 0.146N7160F 98 —0.hA 34
N.29580N00F 03 0.13320000F 05 0.13745210F Ng -2.1921
N.313800n0F 03 0.13220000F 0§ N.14287320F 05 =7.72620
0.247RNONOQF N3 N.1N520000E 05 N.12337990F 05 -17.2795%
0.21230000E 03 0.1052000N0F ng N.113324510F ng =7.7%49
2.23520090€ 03 0.12520000F 05 N.11380411F 05 -12,9a29
0.15130090E 03 0.87900000F 04 NeIATARILINF Iy 16,7252
0.973000900FE 02 0.32900000F 04 N.828853550F A4 D.0569
0.13837000E 03 0.32900C00F ng N.93351870F ny¢ 12,5079
0.74300000F (2 N.79500000F 04 N.77141270F g4 —Te4211
0.49300000€ 02 0.7N500000F 04 D.71078209F N4 -0.82n1
0.62300700F 02 0.73500000F 04 N.74212500F ng =5.20H6N0
0.12530000F 03 0.95000000F 04 0.90237129F Ny 5.NN729
0.9%300000E 02 0.960N00000€ Q4 0.33104R800F 04 12.437=
0.10930000F 03 0.9600000NF 04 0.85R884290F N4 10,5372
0.17530000F 93 0.11220000F Q5 N.10317419F 05 .N445
0.148R00N0F 03 0.11220000F 05 0.26105709)F 4 14,3642
0.15580N00E 03 0.11220000F 0§ 0.37956329F Ny 12.6A949
0.25130C00E 03 0.14550C00F 05§ N415441820F ng —h.1204
0.29830000€F n3 0.14550000F 05 0.13820020€ 95 S.N160
0.3?2730n00E 03 0.14550000f 0% 7.14A9903nF 9y =1.0247
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APPENDIX B

SAMPLE CALCULATION



A. Sample Calculations for the first data point of 34 Psig nitrogen

0.95 inch heater

Data: E = 16.0 volts
I = 15.2 amps
ATl = 324.3°R
AT2 = 295.8°R
2T, = 313.8°R
A = 6.21 (10)7% £t

1. Calculation of the heat flux
Q/A = (31413EI) = 13.32(10)3 B.t.u./hr. fr.e°F
A

2. Calculation of the heat transfer coefficient predicted
Q/A for 324.3°F = 14.61(10)° B.t.u./hr. ft.2
h = Q/(AaT) = 41.0731

B. Sample Calculation for twentieth data point of 429 psiy nitreg

0.75 inch heater

Data: h = 41.07 B.t.u./hr. ££.° °F
T, = 222 °R
AT = 311.5 °R
T,pe = 377.55 °R
01 = 28.3 lb./ft.3 from reference ?_g (Perrvs)
Py, = 2.88 lb./ft.3 from reference 22 (Perrvs)
¢ = 0.32 x 107> 1b/ft. from reference 21
K = 0.0125 B.t.u./hr. ft.2 or/ft. from reference 2
U: = 0.0346 1b/ft. hr. from reference 2l
= 26.6 B.t.u./lb. from reference 2z
T, = 227°R from reference 22.
P = 33.3 Atm from reference azc.

B-2



L -
A= 2n (g.0)/g ( oy - ey) * = 19.15(10) 3
2. Calculation of )'

z
A= 1+ _3_‘£pA_T) = 120 B.t.u./lb,
A

3. Calculation of F

3
F={ky oy (p1 - pyler’ = 27.3

AT My

N\

4. Calculation of Glx%c)/F
P
h ) '/F = 0.56

Sample Calculation for the first data peint for 0.95 in heater at

550psig with argon,

2,
h = 74,01 B.t.u./hr. ft.  °F
Ts = 43.5°F
Te = 151.2°K from reference 12
T = 383.25°R
ave
T, = 1.41
P, = .8
Z = .923 from reference 12

= (0.967 from reference 12

r sat
roh = 2.36 B.t.u. from reference 1¢
Te J¥ Mole °F
— = 8.28 —E;E;E& from reference 1-
( Te )1 Mole °F
3
pc = 0.531 gm/cm
Py 7T 1.633 from reference 12

Cp‘Cp*= 1.3 from reference 12

P = 710psia



C.* = 4.96 B.t.u. from reference 12
P oo
mole®F
R = 82.1 (cc) (atm) / (g - mole) (K°) from reference 12
g = 4.1 x 10-5 1b./ft.  from Appendix C

M = 39,95 1b. /mole from reference 12

. 531 gm/cm3

L'}

Pe

1. cCalculation of ov

= P

- 0.0872 gm /cm3

- H* - H T
Tc v ¢

M

pPv

2. Calculation of

N\
=
Hl B
[e RN}
=
N
—

3. Calculation of 1

3
p 0.868 gm / cm

1 =Dr]_Oc
Calculation of p

- C * = 1.495
¢ p

0.1615 B.t.u.
1b.°F

TF
]

3&9
[}




APPENDIX C

CALCULATED PHYSICAL PROPERTIES

TABLE C-1I ARGON SURFACE TENSION

TABLE C-1I1I ARGON VISCOSITY



Surface tension data was calculated by extrapolating low pressure

data using the Mcleod equation as suggested by Prutton and Marion (23).

The viscosity data for argon was predicted using the method suggested

by Jossi, Stiel and Thodos (25).



TABLE C-I

SURFACE TENSION FOR SATURATED LIQUID ARGON

TEMPERATURE

192

aze

243

263

268

270

°R

SURFACE TENSION (g x 10°)1byft
59.1
38.0
15.32
4.1

3.08



TABLE C-IT

VISCOSITY OF ARGON VAPOR

(ux 10°) CENTIPOSES

PRESSURE TEMPERATURE °R
PSIA 250 300 350 400 450
71 1151 1360 1570 1400 1970
zalz 1200 1400 1600 1875 2010
353 1240 1430 1630 1855 2030
568 1255 1457 1660 1829 <050
638 1260 1460 1670 1805 075

670 1300 1495 1690 1770 110
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