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ABSTRACT

The experimental results of an extensive parameter survey

are reported for forced circulation boiling of organic coolants.

The observed effect of dissolved gas on the onset of nucleate
boiling and on the overall heat transfer behavior of boiling organic
coolants is discussed. The boiling heat transfer and void fraction
results for degassed coolants are correlated by existing models
or modifications of existing models whenever possible. A new
model is presented for the correlation of the void fraction data at
or near saturation conditions. The possibility of application of
this model to other systems and geometries is explored. The
effect of system pressure and quality on the slip ratio of organic

coolant vapor is illustrated.

The tests were conducted in a closed circulation loop at low
system pressures (l to 2 atmospheres). A d.c. resistance heated
test section consisting of a vertical, seamless nickel tube of
9/16 in. O.D. with a 0.042 in. wall thickness and having a heated

length of 12 ft was used in these experiments.
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I. INTRODUCTION

An area of major concern in hazards evaluations of organic-cooled reactors
is the accurate representation of a loss-of-pressure accident resulting in boil-
ing of the coolant in the reactor c:ore.1 An analytical model describing this
type accident basically requires correlations for forced circulation boiling heat
transfer, void formation, and two-phase flow. Over the past years, the devel-
opment and application of correlations of this nature has centered mainly on
boiling water systems. This particular emphasis has been recently accentuated
by the technological requirements of boiling water reactors. Consequently,
available correlations are either specific to water systems, or, if generalized,
require experimental verification of their applicability to other systems. This
is particularly the case for typical organic coolants which, rather than being
single components, are a mixture of various components. For instance,
Santowax-R normally used as the coolant in organic-moderated reactors is a
mixture of terphenyl isomers with varying small percentages of diphenyl and
other organic compounds. Irradiated Santowax-R will contain pyrolytic and
radiolytic decomposition products in addition to its basic constituents. It is
therefore the intent of the experimental surveys here reported to determine
either the validity of existing generalized correlationsz in describing the steady-
state boiling behavior of organic coolants or, if required, to develop correla-
tions which will satisfactorily describe this behavior. The ultimate objective
of either case is to obtain a solid basis from which to develop the more sophis-
ticated pressure transient rnodels3 required for the analysis of loss-of-pressure
accidents. In the light of the ultimate objectives, this experimental effort has
been concentrated on the investigation of the basic parameters influencing
boiling heat transfer and void formation at representative operating ranges of
pressure and temperature. The geometry and flow orientation of the system

are comparable to those encountered in organic-cooled nuclear reactors.
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II. EXPERIMENTAL FACILITIES

The experimental facilities consist essentially of a closed loop wherein the
circulating coolant undergoes a heating and cooling cycle at controlled conditions
of flow, temperature, and pressure. The test loop is pressurized with nitrogen
in the surge tank. A schematic of the test loop is presented in Figure 1. A
detailed description of the experimental facilities and related instrumentation

is presented in Reference 4.

A. TEST SECTION

The test section (see Figure 2) consists of a seamless nickel tube 9/16 in.
O. D. with a 0.042 in. wall thickness of close tolerance. It is electrically
heated with d. c. power by means of power terminals connected directly to the
test section. The heated length is 12 ft and the total tube length is 13 ft. The
test section has a vertical orientation and the loop piping arrangement provides
for either upflow or downflow circulation of the coolant.

B. BASIC INSTRUMENTATION

The instrumentation provided for the test section measures and records the

following test data:
1) Void fraction,
2) Coolant and wall temperatures,
3) System pressure and pressure drops,
4) Coolant flowrate, and
5) Power input.

The instrumentation is suitable for both the steady-state and the transient phases
of the experimental program. The measured variables are recorded by a

multichannel direct recording oscillograph on an 8-in. wide chart.

1. Void Fraction Measurement

The volume fraction of the organic coolant vapor at any preselected
point along the test section is measured by a system consisting of a 150-kw

x-ray machine, collimators, and two detectors. The x-ray beam is split and

NAA-SR-8906
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collimated into two beams. One beam is transmitted through a '""dummy'' test
section, through another collimator, and into a scintillation detector. The other
beam is collimated in like manner, andpassesthroughthetest sectionto another
collimated detector. The output of each detector goes into a differential ampli-
fier which subtracts the reference detector signal from the void detector signal.
The output signal from the differential amplifier drives a high speed galva-
nometer, calibrated in ''void fraction.' A complete description of the void
fraction measuring system, including system calibration and accuracy, is

reported in Reference 5.

2. Temperature Measurements

Chromel-constantan thermocouples are used for measurement of coolant
and wall temperatures. Thermocouples which measure test-section wall tem-
peratures are attached to the wall with pure silver to minimize the voltage
pickup from the d. c. -heated tube. Thermocouples which measure coolant
bulk temperatures are inserted directly in to the coolant stream and are in-
sulated from the test section wall. Coolant and wall thermocouples are located
along the length of the test section at representative intervals to provide com-

prehensive temperature profiles for heat transfer analysis.

3. Pressure Measurements

Absolute and differential pressures are measured with variable reluctance
transducers. These transducers consist of a pressure sensing diaphragm of
magnetic material, the deflection of which controls a gap in each of two mag-
netic circuits. The gaps change in opposite directions and produce correspond-
ing changes in the inductance of two pick-off coils. This effect is utilized in
an a.c. bridge circuit to produce an output voltage proportional to the applied

pressure.

Absolute pressures are measured at the inlet and outlet of the test
section. Differential pressures are measured at incremental points along the

test section to provide a representative pressure profile of the system.

4, Other Measurements

Two means of measuring coolant flowrate for steady-state tests are
available. The first is a turbine flowmeter which measures total test loop
flowrate. The second is the test section inlet differential pressure transducer

which is calibrated in terms of flowrate.

NAA-SR-8906
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Power inputs to the test section, from which the heat flux is determined,
is measured by recording wattmeters. The voltage and current of the test

section are indicated on high-precision voltmeters and ammeters.

C. EXPERIMENTAL METHOD

The tests covered in this investigation were conducted at preselected and
constant conditions of system pressure, flow rate, heat flux, and coolant inlet
temperature. Selection of the specific operating conditions for a given test was
made to determine the relative effects of individual variables on the boiling
behavior of the coolant investigated. This parameter study was performed over
a representative range of subcooled and saturated-coolant conditions. The
ranges considered for the variables investigated are typical for analysis of
loss-of-pressure accidents. A description of the operating and control pro-

cedure followed in these experiments is presented in Reference 4.

NAA-SR-8906
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I1l. RESULTS

Forced circulation nucleate boiling experimenté were conducted with two
organic fluids, isopropyl diphenyl and Santowax-R. The tests with isopropyl
diphenyl were limited to an investigation of the boiling heat transfer behavior
of the coolant flowing upwards in the vertical test section. The tests with
Santowax-R, in addition to heat transfer data, included measurements of void
fraction with both upflow and downflow circulation of the coolant through the

test section.

Tabulation of all results is presented in the Appendix A (Tables A-1 to A-5),
and a summary of the coolant physical properties over the pressure and temper-
ature ranges investigated is given in Appendix B (Table B-1). The ranges for

the variables investigated are as follows:

Heat Flux: 27,000 to 110,000 Btu/hr-ftz

Inlet Coolant Velocity: 5 to 14 ft/sec

System Pressure: 15 to 35 psia

A. BOILING HEAT TRANSFER

1. Isopropyl Diphenyl

The experiments consistently indicated the existence of two subcooled
boiling zones within the 12-ft long test section (see Figure 3). The first zone
is a premature subcooled boiling zone caused by the lowering of the saturation
temperature of the coolant by the presence of dissolved nitrogen (the loop is
pressurized by nitrogen gas in the surge tank). The second zone is a normal
organic subcooled boiling zone, apparently not affected by nitrogen. The trans-
ition from the first to the second zone indicates that, as boiling progresses, the
effective saturation temperature of the coolant increases to its normal value.
The nitrogen liberated during the boiling process does not quickly redissolve.
Since this progressively reduces the dissolved nitrogen concentration along
the test section, the effective saturation temperature approaches that for the

degassed coolant.

Correlation of the heat transfer data for the first zone was not feasible

due to the uncertainties related to the effective saturation temperature of the

NAA-SR-8906
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coolant containing dissolved nitrogen. The boiling heat transfer data for the
second zone (Table A-1) were correlated satisfactorily by use of Levy's boiling
heat transfer equation.6 A correlation constant, l/BL, was determined as a
function of pressure and is shown in Figure 4. The correlation of the data for
isopropyl diphenyl is shown in Figure 5. The data lie within *10% of the cor-
relation line. These data were not correlated with other equations because of
the uncertainty in the property value for the surface tension and its variation

with temperature.

2. Santowax-R

During these experiments, an effort was made to minimize the dissolved
nitrogen concentration in the coolant. The coolant in the surge tank was kept
slightly above the freezing point at which temperature the gas solubility is
low. The low operating pressure at which the experiments were conducted
also helped to lower the solubility of nitrogen in the coolant. Consequently,
the extended nitrogen induced boiling zone, observed in the case of isopropvl

diphenyl, was considerably reduced and in most instances practically eliminated.

Forced circulation boiling heat transfer data for Santowax-R have been
correlated (Table A-2) with equations of Levy,6 Rohsenow,7 and Forster-
Greif.8 An experimental correlation constant, I/BL, was determined as a
function of pressure for Levy's equation as shown in Figure 4. By use of this
correlation constant, data are correlated within £10% by Levy's equation as
shown in Figure 6. Correlation of the data with Rohsenow's equation is shown
in Figure 7. Most of the data lie within £10% of the correlation line. This

equation uses a correlation constant independent of pressure.

The Forster-Greif Correlation-I was used in an attempt to correlate
the data as shown in Figure 8. This resulted in a poor correlation since much
of the data is outside +25% of the correlation line. The Forster-Greif Correla-
tion-II was not used because a discrepancy was found in the units used in the

equation as given in Reference 8.

Upflow and downflow boiling heat transfer experiments were conducted
with Santowax-R. There was no noticeable difference between the upflow and

downflow results; both are included in the tables and illustrations.
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B. VOID FRACTION

The range of subcooling for which the void fraction of Santowax-R was
determined was 0 to 50°F. The range of vapor quality was 0 to 0.17. The void
fraction results corresponding to a ATsub > 8°F and to the pressure range of

15 to 28 psia were correlated by the following equation:

@AV hi(m =amliliP i
W
s/4

o = 1.55

h (TS-T)

This equation has the general form of the Maurer's equation,9 based on
work by Griffith, Clark, and Rohsenow.10 The arbitrary constant of 1.55 was
determined from a best fit of the data. Correlation of the experimental results
for both upflow and downflow with the above equation is shown in Figure 9. The
results are presented in Table A-3. Over the relatively narrow range of pres-
sures investigated, no significant pressure effect was observed on the void
fraction values corresponding to subcooled boiling. For conditions of bulk
temperature at or near saturation, the void fraction results were correlated by

the following equation:

[Q/A.-h(rw -1n]sp£
I -« GAFhfgpg

« {2)

The average value of K is 0.22 obtained by a best fit of the data. It repre-

K ALv
o

sents the grouping , with the units of length. Correlation of the experi-

v

mental results for both upflow and downflow with this equation is shown in Fig-

ure 10. The results are presented in Table A-4.

The void fraction results corresponding to equilbrium bulk boiling up to

a quality of 0.17 were correlated with the modified Martinelli parameter:

0.875/u.\0.125/p0 \0.5
O [ ) Pg . ... (3)
x by 5,

Comparison of the experimental results for both upflow and downflow with the

Lockhart-Martinelli curvelz is given in Figure 11. The results of this survey
are listed in Table A-5.
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IV. DISCUSSION OF RESULTS

The mechanisms of heat transfer and void formation during nucleate boiling
are dependent on the interrelation of several independent variables. In addition,
surface conditions, surface material, and channel geometry have been found to

. . : . : 7,13;14,15
affect these mechanisms to a certain degree in various instances. ’ P

Attempts at assessing the relative effect of the several variables, with the
object of developing generalized theoretical models, have not been completely
successful to date. This is particularly the case for the mechanism of void

formation in the subcooled and low-quality boiling regions.

A. BOILING HEAT TRANSFER

For the mechanism of nucleate boiling heat transfer, various models and
correlations have been proposed. Generally, these correlations require experi-

mental constants for direct application to a particular fluid and/or system.

Three boiling heat transfer equations taken from the literature were used to
correlate the data: (1) Levy‘s6 equation which uses a correlation constant
dependent on pressure and requires evaluation at several pressures in order to
achieve the proper pressure dependence; (2) Rohsenow's7 equation which has a
correlation constant evaluated at one pressure, the pressure dependence of
boiling heat transfer is ''built'' into this equation by way of the grouping of phys-
ical properties which vary with pressure; and (3) Forster-Greif's8 correlation-1I.
Both Levy's equation and Rohsenow's equation have a heat flux depending on wall
superheat to the third power; however, the physical properties of the coolant are
taken into account differently. The scatter of the correlated data (Figures 6,7,
and 8) shows that Levy's equation correlates the data better than Rohsenow''s
equation which in turn correlates the data better than Forster-and-Greif's
equation. Levy's method allows for greater variation of boiling heat transfer

with pressure.

The value of 0.0118 obtained for Cs in Rohsenow's equation compares well

f
with some of the values listed in Reference 7. For Example:

Fluid-Heating Surface Copep
Water-platinum 0.013
Benzene-chromium 0.010
N-pentane-chromium 0.015
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Any of these values could have been used to obtain reasonable predictions

of wall superheat using Santowax-R as a coolant.

B. VOID FRACTION

Local void fraction in a channel, for steady state conditions of forced cir-
culation nucleate boiling and uniform heat flux, increases along the channel
length as the coolant enthalpy increases. Observation of the void fraction pro-
files for boiling water channels where the flowing coolant initially subcooled
undergoes vaporization to appreciable values of quality has indicated the exist-
ance of three regions of vapor formations. These regions have been used as
the basis for the predictions of void fractions in coolant channels of boiling
water reactors.9 Essentially the same regions have been observed in the
analysis of the present investigation on Santowax-R void fractions. However,
the actual ranges of the observed regions were found to differ widely for the
two systems. This is probably due to the significant differences in the values
of such physical properties as the heat of vaporization, the thermal conductivity,
and the vapor density of the two fluids at their respective operating conditions

of pressure and temperature.

Based on the present results and limited by the operating ranges investi-
gated, the void fraction regions for Santowax-R have been classified as follows:
Region I covers subcooled boiling for coolant subcooled greater than 8°F,
approximately; Region II covers the transition from subcooled to equilibrium
bulk boiling; and Region III covers equilibrium bulk boiling at qualities greater

than 0.005, approximately.

1. Subcooled Boiling Void Fraction

The results of the subcooled boiling void fraction experiments indicate
the time-averaged volume-fraction of Santowax-R vapor at a specific point in
the channel to be a function of heat flux, mass velocity, and degree of subcooling.
Other conditions being constant, the volume of voids in the channel increases
with increase in heat flux, increases with lower subcooling, and decreases with
increasing mass velocity. This is in qualitative agreement with the observed
behavior of void formation for the subcooled boiling heat transfer to water with

9,15,17

. 1 . . :
forced convection reported by Gunther G and other investigators. Satis-

factory correlation of the data (see Figure 9) was obtained by use of Maurer's
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equation.9 This equation is based on the semitheoretical model of Griffith, Clark,
and Rohsenow,lo with a correlation constant determined from the data. Consid-
ering that the validity of this model is at best questionable in describing the
Santowax-R vapor formation at the subcooled boiling conditions investigated,

the satisfactory correlation of the data with this equation was not expected.
Among the most obvious discrepancies of this correlation as applied to this
situation are: the void volume corresponding to the growing cycle of the bubble
is not accounted for, the range of void thickness measured far exceeds the maxi-
mum ''one-bubble diameter' limit of the model, and a relatively low subcooling
range is involved. In light of these discrepancies, the successful correlation of
the data could be interpreted as the result of the main variables affecting void
fraction being indirectly accounted for in the proper relationship, rather than as
the overall correlation being the true analytical representation of the mechanisms
involved. Careful evaluation of this possibility has led to the development of a
more general model which has the general form of Maurer's equation without its

main limitations.

Consider the case where the total heat flux of a forced circulation sub-
cooled boiling system is of the same order of magnitude as the heat flux corre-
sponding to the onset of nucleate boiling. In this case (see Reference 10), the

total heat flux is given by:

Q/A = (Q/A), + (Q/A), L)

and the boiling heat flux by:

(Q/A), = Q/A - h(T_-T) ; ... (5)

or, as modified by Maurer (see Reference 9),

(Q/A), = Q/A -h(T_-T) . P )
For the case where the condensing heat flux of the system is approximately

equal to the boiling heat flux, (Q/A)b g (Q/A)c’ the following relationship applies:
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A
(Q/A)_ = Q/A -h(T_-T)=h 5(T_-T) |, c (7)

where hc is the average condensing heat transfer coefficient of the bubbles and
AC is the average equivalent heat transfer area of the condensing bubbles.
Generally, the average volume of the condensing bubble s may be related to the

average surface area of the bubbles by an approximation of this type:

V_=BAR_ .. (8)

where, BO is a dimensionless geometrical factor, and Rm is the maximum

average bubble radius. Combining Equation 8 and 7, we obtain,

Y
C

BB R AT T - < A3
O m

Q/A - h(T_ - T) =
W

For the case where the average volume corresponding to the growing, noncon-
densing bubbles, Vgr’ is negligible in comparison with Vc; or, for the case
where V . and VC are directly proportional to each other, Equation 9 can be
used to correlate total void volume, Vt,:

v, Bng{Q/A - h(T, - T)]

AT h (T_- 1) -+ 4108)
c' s
or to correlate void fraction, @, in a circular geometry:
V./A B"R__|Q/A -h(T - T)
o = t = 2 1o [ ko ] . e (11)

s/4 shC(TS- T)

where s is the channel diameter and B(')' is a dimensionless proportionality con-
stant. The usefulness of Equation 11 is limited by the lack of correlations to
predict the value of average condensing heat transfer coefficient, hc’ and the

value of maximum average bubble radius, Rm. A general approximation however,
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may be attempted which can be used as a guide for the correlation of void frac-
tion data; that is, for relatively small ranges of operating temperature and

pressure, Rm is a function of velocity and subcooling16 as follows:

AR . ) St 10

R

For small ranges of temperature, it is anticipated that hC is essentially a function
of mass velocity only, hc ~ (G)C. Based on the above relationships an approxi-
mate alternate of Equation 11 for correlation of subcooled boiling void fraction

data, in terms of the variables affecting it, can be obtained:

B|Q/A - h(T - T)
o = [ g ] 5 Wi (13)
s(G)m(Ts- T)®

where B is an empirical correlation coefficient for the particular system, and

m and n are empirically determined exponents.

For the case of m = 1.6 and n = 1 approximately, this equation is equiva-
lent to Maurer's equation. Although the present data substantiate the validity of
the correlation presented with the above values of m and n, this parameter
survey is limited and further experimental verification and/or improvement of

the modified model is warranted.

2. Void Fraction at or Near Saturation Temperature

For conditions of bulk temperature at or near saturation, the void frac-
tion of Santowax-R in the channel tested has been observed to be essentially a
function of heat flux and mass velocity. Over the narrow range of pressure
investigated, no significant effect of pressure on the void fraction is apparent.
Attempts to correlate the data in terms of total heat flux proved to be unsuccess-
ful. As in the case of Region I, the void fraction data have been correlated in

10
terms of the net boiling heat flux.
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For conditions of bulk temperature at or near saturation and a constant
pressure, the void fraction of Santowax-R flowing in the uniformly heated chan-
nel has been observed to be a function of heat flux and mass velocity. Over this
range of low subcooling, the void fraction does not appear to be affected signifi-

cantly by the Ats driving force; at least not to the extent observed in the higher

ub
subcooling range of Region I. These observations lead to speculations on the
possibility of a mechanism other than the condensing mechanism being the con-

trolling factor for the void fraction in this region.

The relationship between void fraction and the weight fraction of vapor at

a point along the channel based on the mass of fluid present is:

o _ 5 P
el B ... (14)

This is an absolute relationship which applies to both equilibrium and nonequilib-
rium liquid-vapor systems. Values of < calculated with Equation 14 for the tabu-
lated void fraction data at or approaching saturation are found not to exceed 0.015.

Consequently, Equation 14 may be approximated for the case considered by:

a__ P ... (15)

For nonequilibrium conditions, the value of x at a given point along the
heated channel is not an accumulated value depending on total heat addition as in
the case of equilibrium bulk boiling. Itis rather, a local value depending on the
interrelation of the mechanisms of bubble formation and condensation. Consider,
however, a low subcooling system having a temperature field whereas the bubbles
formed exist in a noncondensing medium for a time considerably longer than the
condensing time. In this case, it could be postulated that the time-average weight
fraction of vapor is essentially dependent on the relative ability of the system to
vaporize a fraction of the flowing fluid. This is somewhat analogous to the situ-

ation of equilibrium bulk boiling where x is expressed by:

- SETg S . .(16)
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with x determined from a heat balance on the total bulk boiling channel length,
ALb,

I Q/L ALp

WHfg (17)
By application of this method to the nonequilibrium situation considered, and by
assuming that the vapor generation rate at moderate heat fluxes is proportional
to the boiling heat flux, (Q/A)b, as defined in the preceding section, the follow-

ing relationship is obtained:

KO(Q/A)bSAL

’
GAFhfg

X =

wa u{18)

Where AL corresponds to an arbitrary increment of length rather that total boil-
ing channel length and x is the noncumulative time average weight fraction of va-
por (a function only of the percent of flowing fluid vaporized at a given point).

For a small value of xt and x, Equation 16 may be approximated as follows:

+_ .1 ... (19)
= .

By combining Equations 15, 18, 19, and the relationship for (Q/A)b:

k)

) KO[Q/A - h(T_ - T)] SAL v, ;

l - GAFhfg vg pg

...(20)

If a relatively constant value of vg/vg be assumed for the situation considered,

Equation 7 will reduce to Equation 2:

o :K[Q/A - (T - T)|Sp,

l - o GAFhngg ’
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where the correlation coefficient K represents the grouping KO(Ava/Vg) with

the units of length.

Correlation of the void fraction data of Santowax-R with Equation 2, illus-
trated in Figure 10, tends to substantiate the validity of the above derivation and
assumptions. The average value of K corresponding to the data presented is
0.22 ft. The value of the correlation constant represents the approximate average
of the data points, correlated in Figure 10. The scatter of the data from the
average is within the overall experimental accuracy. The data represent sub-
coolings in the range of 0 to 10°F with most of the data points closer to 0°F sub-
cooling. The value of subcooling for the transition from Region I to Region Il is
not a constant value. For the conditions investigated, it varies in the approxi-
mate range 6 to 10°F, and the applicable region is selected as the one which

predicts the lower value of void fraction.

For a limited range of equilibrium quality (up to x = 0.005), the voidfrac-
tion continues to be a function of heat flux and mass velocity. Void fraction val-
ues in this narrow range can be predicted by a straight line extrapolation from
the void fraction value corresponding to 0°F subcooling to the void fraction value
corresponding to x = 0.005, as predicted by the Martinelli method discussed under
Region III. This is necessary due to the fact that the Martinelli model predicts

zero void fraction at x = 0.

The dimensionless and generalized character of the correlation developed
for this region suggests the possibility of application to other systems and geom-
etries. As an independent check on the validity and possible application of Equa-
tion 2 to other systems and geometries, void fraction data for boiling water at or
near saturation temperatures have been correlated by this method. Data for
water at moderate heat fluxes, for which the relationship of (Q/A)b applies have
been obtained in References 23 and 18. The data correspond to three different
geometries, four pressure ranges, and wide ranges of flow rates and heat fluxes.
The values of h were calculated by the Dittus-Boelter equation,13 and the wall
temperature, T , was determined by the Jens-Lottes correlation.15 Consider-
ing the wide ranges of operating variables, the possibility of errors introduced
in calculating the value of (Q/A)b, and possible experimental inaccuracies, the

correlation of the data (see Figures 12 and 13) is surprisingly satisfactory.
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As an additional check, boiling water data at high heat ﬂuxesg’ 2 were
correlated with Equation 2. For this case, (Q/A)b is approximately equal to
Q/A and Equation 2 can be simplified to:

A K(Q/A)Spﬁ
1 -« GAFhfgpg

Thesedata, presentedin Figure 14, show apressure effectonthe value of K that was
notapparent from the data at the moderate heatfluxes (O/A <100,000 Btu/hr—ftz).
At a given pressure, satisfactory correlation of the data is obtained with Equa-
tion 2. This tends to further substantiate the validity of the basic model; how-
ever, further investigation and analysis are still required before definite con-

clusions may be made on its generality or limitations.

3. Void Fraction for Equilibrium Bulk Boiling

This region covers the void fraction results of Santowax-R for equilibrium
bulk boiling at qualities greater than 0.005, approximately. In this region, the
void fraction becomes essentially independent of heat flux and mass flow rate,
and can be correlated with the Martinelli model of varying slip ratio. The data
have been correlated in terms of the Martinelli pararneterx11 and compared

with the Lockhart-Martinelli curve in Figure 11.

The agreement of the data is goodatthelower value of X (higher qualities).

At the higher X values (lower qualities), the data is somewhat lower than the
predicted values. This apparent discrepancy can be caused by several factors.
First, the Lockhart-Martinelli curve is based on data obtained for isothermal,
two-phase, two-component flow in horizontal pipes. The difference of flow di-
rection alone can possibly account for the lower vertical flow void fraction re-
sults. This trend has been previously observedlg in the data of Denglerzo and
of Egan18 investigating steam-water flow in vertical pipes. Another factor can
be the uncertainty related to the determination of quality-value of Santowax-R

corresponding to a given measurement of void fraction.

Santowax-R is a mixture of several components. As boiling occurs, the
concentration of more volatile components will gradually decrease in the liquid

phase with consequent increase of the saturation temperature. The equilibrium
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phase diagram of this multicomponent system is not presently known; hence,
qualities were determined on the basis of the initial saturation temperature.
This would give higher-than-actual values of quality, causing a shift of the data
from the Lockhart-Martinelli curve. Another uncertainty in the determination
of the quality-value of Santowax-R is related to the experimental accuracy. This
uncertainty is estimated to be equivalent to a value of 0.005 quality, on the basis

of possible errors in temperature and absolute pressure measurements.

The void fraction results have been evaluated also in terms of slip ratio,

Vg/vﬂ’ determined as follows:

fo}
= _ X 1 -l ¢
SR = Vg/VE = ————1 = —_—Ol 5;

The effect of quality on the slip ratio at the pressure ranges investigated is sum-
marized in Figure 15. The results are in qualitative agreement with the results

of boiling water experirnen'cation.l

During the bulk boiling survey, only a narrow range of mass flow rates
has been investigated because of operating limitations. Over the range tested,
no effect of flow rate on the slip ratio of Santowax-R was observed. However,

this is not considered conclusive because of the limited range investigated.
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VI. NOMENCLATURE

Thermal diffusivity of liquid, ft®/hr
Heat transfer area, ft2

Flow area, ft2

Correlation coefficient in Levy's equation, dimensionless

Specific heat of liquid, Btu/lb-°F

Mass velccity, 1b/hr-ft2; G' in 1b/sec-ft2
Acceleration of gravity

Conversion factor, 4.17 x 108 1b —ft/hrz-lb
mass force
Nonboiling heat transfer coefficient, Btu/hr—ftz—"F
Latent heat of vaporization, Btu/lb

Thermal conductivity of liquid, Btu/hr-ft-°F

Correlation coefficient in Equation 18, dimensionless

Heated channel length, ft

Absolute pressure, lb/ftz, P' in 1lb/in. -

k
Rate of heat transfer, Btu/hr

Prandtl number, <9E>, dimensionless

Heat flux, Btu/hr-f‘c2

Channel diameter, ft

Perimeter of heat transfer area, ft
Bulk temperature of liquid, °F
Saturation temperature, °F
Surface temperature of heater, °F
Velocity of liquid, ft/sec

Velocity of vapor, ft/sec

Mass flow rate, lb/hr
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AP
AT

s

AT

sub

Vapor quality based on mass flow rate, dimensionless

Vapor quality based on mass of fluid present at a given point,
dimensionless

Void fraction or vapor volume fraction, dimensionless
Pressure difference corresponding to the superheat ATS, lb/f‘c2
Wall superheat, (TW - T), °F

Liquid subcooling, (TS -T), °F

= Viscosity of liquid, 1b/hr-ft

Viscosity of vapor, lb/hr-ft

= Density of liquid, 1b/f’c3

Density of vapor, lb/ft3
Surface tension

Martinelli parameter defined in text, dimensionless
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APPENDIX A
TABLES OF RESULTS

TABLE A-1

ISOPROPYL DIPHENYL BOILING HEAT TRANSFER RESULTS
(Upflow Operation)

Run Vﬁizft Heat Flux Pressure Tg-T Tw-Tg
No. (1b/sec_f'{2) (Btu/hr-ft2) (psia) (°F) (°F)
1 430 88,000 33.4 5 43
2 450 80,500 30.3 12 42
3 450 87,000 30.4 6 43
4 450 91,000 30.7 1 44
5 450 95,000 31.8 0 45
6 445 64,000 24.0 17 45
7 440 76,000 24.4 3 48
8 440 84,000 26.7 0 46
9 440 91,500 29.9 0 47
10 540 85,000 22 .4 15 52
11 465 83,500 21.8 10 54
12 465 93,000 22.7 0 53
13 540 100,000 22 .4 0 54
14 630 84,600 23.2 7 52
15 630 91,400 23.4 3 55
16 630 93,300 24.0 0 53
17 630 96,000 24.6 0 53
18 450 81,000 21.6 15 51
19 360 66,000 22 .6 0 49
20 540 95,000 23.2 0 52
21 450 92,600 22.5 10 51
22 630 40,200 22:T 3 41
23 630 44,300 22.9 0 42
24 630 50,700 23.6 0 43
25 425 55,600 25.6 0 42
26 350 45,700 25.7 2 40
27 335 47,500 26.9 5 39
28 405 57,800 26.9 3 41
29 325 48,700 28.1 3 38
30 395 58,000 28.1 5 40
31 380 58,700 29.2 3 40
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TABLE A-2

SANTOWAX-R BOILING HEAT TRANSFER

Run Vlg/{zcs;ist Heat Flux Pressure Tg-T Tw-Ts
No. (lb/sec-f‘zfz) (Btu/hr -ft2) (psia) (°F) (°F)
(Upflow Operation)

1 397 87,300 17.9 16 63
2 397 87,300 17.5 16 63
3 397 76,000 16.4 23 63
4 397 86,700 17.3 11 66
5 397 98,300 18.3 2 70
6 388 53,300 16.2 9 56
7 388 65,700 16.7 0 63
8 305 98,700 15.8 0 69
9 305 96,700 18.2 0 65
10 305 108,700 19.3 0 73
11 305 105,000 19.3 0 68
12 296 68,000 15.4 0 64
13 296 76,000 16.3 0 66
14 296 84,400 19.3 0 64
15 296 84,400 20.0 0 64
16 296 84,400 21.0 0 65
17 296 84,400 21.4 0 63
18 296 89,200 22 b 0 68
19 296 94,700 25,3 0 64
20 296 96,800 25.6 0 66
21 296 83,300 23.2 14 58
22 296 90,500 23.0 0 62
23 296 93,200 23.2 0 67
24 296 89,300 25.2 0 60
25 296 101,000 25.6 0 65
26 288 52,300 16.0 0 59
27 288 58,000 20.4 0 55
28 288 64,000 20.8 0 56
29 288 64,000 21.0 0 56
30 288 67,300 21.5 0 58
31 288 71,500 22.0 0 59
32 288 74,100 2245 0 60
33 288 58,500 23.6 11 56
34 288 64,700 232 0 54
35 288 70,700 23.9 0 56
36 487 82,000 179 0 69
37 487 92,000 19.5 0 71
38 472 66,700 22.6 2 58
39 472 67,800 23.8 0 57
40 567 67,300 20.4 0 61
41 472 58,200 19.3 0 57
42 472 61,700 20.2 0 55
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TABLE A-2 (Continued)

Run Vg/{iiist Heat Flux Pressure Tg-T Tw=Ts
No. (lb/sec-fzz) (Btu/hr-ftz) (psia) {*F) (°F)
43 472 64,000 192 0 58
44 374 39,900 18.0 0 50
45 374 42,700 18.4 0 50
46 374 43,700 18.5 0 52
47 374 44,000 18.8 0 54
48 374 47,500 19.3 0 55
49 374 38,000 17.6 0 48
50 374 44,500 18.8 0 51
51 288 5:1%200 22.6 22 49
52 374 37,700 17.6 0 50
53 374 50,000 19.7 0 53
54 374 54,700 21.0 0 57
55 374 56,000 21.3 0 57
56 303 34,300 15.7 57 50
57 303 38,600 16.6 0 52
58 303 38,600 16.6 0 51
59 303 42,100 17.3 0 53
60 303 44 500 17.1 0 52
61 303 45,700 17.0 0 52
62 387 51,300 15.8 5 57
63 387 55,400 16.1 0 57
64 387 58,700 16.5 0 58
65 387 62,800 17.0 0 58
66 468 57,300 20.7 0 55
67 468 60,300 20.9 0 57
68 468 62,700 21.4 0 54
69 296 50,300 15.0 24 55
70 296 57,200 15.6 15 58
71 296 59,700 15.7 7 60
72 296 63,800 15.7 0 61
73 296 70,000 16.0 0 59
74 296 74,600 16.1 0 60
75 315 62,700 17.3 14 59
76 315 66,700 17.7 8 61
77 296 52,800 15.0 21 58
78 296 62,400 15.6 9 52
79 296 66,200 15.6 0 64
80 296 69,000 15.7 0 61
81 315 68,000 16.8 8 63
82 315 74,400 17.1 0 60
83 315 65,300 19.1 20 55
84 296 72,000 19.5 11 59
85 296 76,000 20.3 7 60
86 315 75,400 22.6 20 56
87 315 79,000 23.1 5 65
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TABLE A -2 (Continued)

Run Mas.s Heat Flux Pressure Tg-T Tw-Tg
N v elagiy (Btu/hr -{t2) (psia) (°F) (°F)
o (Ib/sec-ft2) psia '
88 315 83,500 23.5 0 59
89 315 87,000 23.6 0 59
90 387 54,000 16.0 6 58
91 387 65,700 16.7 0 58
92 387 66,400 16 .4 0 59
93 387 60,300 16.9 1 59
94 387 67,200 18.1 0 58
95 387 68,800 19.7 12 57
96 387 70.600 20.6 10 56
97 387 76,000 20.5 12 57
98 387 78,000 19.6 0 59
99 482 71,500 17.3 3 64
100 482 79,000 16.7 0 64
101 482 85,000 17.3 0 68
102 482 90,000 16.7 0 65
103 482 92,000 16.7 0 69
104 280 27,900 17.0 0 43
105 280 29,200 17.0 0 43
106 280 31,000 17.3 0 45
107 280 35,000 17.6 0 47
108 280 27,000 19.7 0 42
109 280 34,400 19.5 2 48
110 280 34.000 19.4 0 46
111 280 38,600 19.5 0 47
112 280 34,100 22.6 7 47
113 280 39,000 22.6 0 46
114 280 42,900 22.7 0 47
115 374 37,700 19.6 7 47
116 374 43,700 19.7 0 50
117 374 46,900 19.9 0 51
118 374 43,700 22.6 9 50
119 374 51,000 22.7 0 55
120 374 59,300 22.7 0 52
121 374 61,000 22.8 0 52
122 560 61,000 19.3 0 60
123 560 61,000 20.0 5 53
124 560 68,100 20.3 0 60
125 560 78,300 20.7 0 63
126 560 84,500 22.6 0 62
127 654 80,600 21.4 Z 65
128 729 95,000 21.8 0 70
129 468 78,500 22.6 0 58
130 468 86,100 23.4 0 61
131 468 92,500 24.7 0 63
132 468 68,000 19.8 0 58
133 468 78,700 20.5 0 60
134 468 78,700 22.3 0 60
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TABLE A-2 (Continued)

Run Vlﬁicszist Heat Flux Pressure Tg-T w-Is
No. ﬂb/sec-f&ﬁ (Btu/hr -ft2) (psia) (°F) (°F)
(Downflow Operation)
1 468 91,300 25.5 3 62
2 560 67,500 28.3 3 54
3 560 69,000 24.0 8 54
4 560 66,300 24.7 0 59
5 374 48,800 27.6 6 51
6 387 67,400 209 10 56
7 387 67,000 27.8 0 57
8 288 46,000 235 0 55
9 280 50,000 20 6 52
10 387 68,500 24.0 8 59
11 482 90,000 28.0 0 60
12 482 91,300 25.5 8 61
13 387 91,500 27:7 10 59
14 387 68,000 24.0 0 58
15 288 48,300 20.6 9 56
16 280 50,000 28.0 0 50
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TABLE A-3

VOID FRACTION RESULTS FOR SUBCOOLED
BOILING OF SANTOWAX-R

Mass Pres-
Run : Heat Flux Tg-T | Tw-T h
sure s y s
Now | n/mort2y | (otey | (Bta/hr=£2) | (°F) | ("F) | (Btu/hr-fi2-°F) | cale | Gexp
(Upflow Operation)

1 288 23.5 51,200 22 71 572 0.07 0.05
2 288 24.4 58,500 10 66 572 0.30 0.30

3 468 18.5 43,200 11 49 858 0.01 0.00
4 387 14.9 39,600 12 54 730 0.00 0.00

5 296 15.0 50,300 24 79 590 0.02 0.04
6 296 15.6 57,200 14 73 590 0.14 0.14
7 315 17.3 62,700 12 71 629 0.18 0.16
8 315 17.7 66,700 8 69 629 0.35 0.34
9 296 15.0 52,800 21 79 590 0.04 0.05
10 296 15.6 62,400 9 71 590 0.31 0.30
11 315 16.8 68,000 8 71 629 0.35 0.36
12 315 19.1 65,300 18 73 629 0.13 0.12
13 296 19.5 72,000 10 69 590 0.42 0.40
14 315 22.6 80,000 18 74 629 0.22 0.24
15 315 23.1 79,000 10 68 629 0.43 0.40
16 387 17.4 51,300 16 62 730 0.03 0.09
17 387 19.7 68,800 11 68 730 0.15 0.15
18 387 20.6 70,600 8 65 730 0.26 0.27
19 387 20.5 77,300 11 68 730 0.22 0.31
20 374 22.6 43,700 9 59 716 0.02 0.03
21 654 20.8 69,300 8 60 1,120 0.01 0.03
22 748 20.8 80,000 8 64 1,250 0.00 0.03
23 387 20.5 72,300 10 73 730 0.17 0.20
24 387 20.5 72,300 18 80 730 0.01 0.06
25 296 16.4 51,500 32 80 590 0.02 0.04
26 296 17.0 63,800 18 79 590 0.13 0.12
27 296 19.2 55,300 46 85 590 0.02 0.00
28 294 19.5 55,300 35 82 587 0.05 0.01
29 292 19:7 55,300 25 7 584 0.06 0.02
30 290 19.9 55,300 20 72 580 0.09 0.05
31 288 19.6 55,300 12 67 576 0.19 0.13
32 377 22.5 58,500 34 72 712 0.02 0.01
33 374 22.5 58,500 24 71 709 0.03 0.03
34 371 22.5 58,500 14 66 706 0.08 0.06
35 462 21.9 57,100 52 77 840 0.00 0.00
36 460 21.9 57,100 42 75 837 0.00 0.01
37 458 21.9 57,100 32 73 833 0.00 0.02
38 456 21.9 57,100 22 69 829 0.00 0.03
39 454 21.9 57,100 12 63 826 0.03 0.03
40 280 28.1 43,500 53 72 555 0.01 0.01
41 280 24.7 43,500 39 68 565 0.02 0.03
42 280 21.2 43,500 19 65 555 0.06 0.09
43 296 26.5 82,000 20 82 590 0.23 0.17
44 394 20.2 89,000 18 81 743 0.14 0.13
45 392 20.2 89,000 12 80 740 0.21 0.16
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TABLE A-3 (Continued)

Run Vl‘e’lliisit 1:3:_ Heat Flux | To-T | Ty-T h o o
No. (lb/sec-fzz) (poia) (Btu/hr-ft2) (°F) (°F) (Btu/hr-ft2-°F) calc exp
(Downflow Operation)

1 315 21.7 70,000 22 74 629 0.13 | 0.19
2 296 23.7 69,000 18 72 590 0.20 | 0.18
3 395 23.7 90,000 20 76 740 0.15 | 0.19
4 296 23.5 70,500 19 71 590 0.20 | 0.21
5 374 24.1 68,000 13 65 709 0.16 | 0.14
6 315 23.4 70,000 18 70 629 0.17 | 0.18
7 387 27.6 71,500 29 70 730 0.06 | 0.08
8 380 27.6 69,500 22 67 723 0.08 | 0.12
9 380 27.6 69,000 11 61 723 0.20 | 0.23
10 395 27.5 95,000 27 78 740 0.12 | 0.17
11 387 27.5 95,000 13 69 730 0.30 | 0.29
12 387 27.7 91,500 10 67 730 0.36 | 0.39
13 482 28.1 92,000 30 80 875 0.05 | 0.10
14 482 28.2 94,000 19 72 875 0.10 | 0.13
15 468 28.5 91,500 15 70 858 0.14 | 0.21
16 482 25.5 92,800 24 84 875 0.05 | 0.07
17 482 25.5 91,300 19 80 875 0.07 | 0.12
18 482 25.5 91,300 8 69 875 0.24 | 0.24
19 288 20.5 52,000 23 77 572 0.05 | 0.01
20 288 20.6 50,000 15 70 572 0.09 | 0.05
21 288 20.6 48,300 9 65 572 0.18 | 0.14
22 482 27.7 90,500 23 81 875 0.05 | 0.06
23 482 28 90,000 16 76 875 0.09 | 0.14
24 482 28 89,000 8 68 875 0.23 | 0.23
25 387 23.7 70,600 22 78 730 0.05 | 0.05
26 387 24 68,500 16 72 730 0.09 | 0.09
27 387 24 68,500 8 67 730 0.17 | 0.21
28 560 27.5 67,500 26 63 1,000 0.01 | 0.03
29 560 28.1 67,500 19 60 1,000 0.02 | 0.06
30 560 28.1 67,500 10 60 1,000 0.04 | 0.08
31 560 23.8 70,500 25 64 1,000 0.01 | 0.01
32 560 23.8 70,500 13 62 1,000 0.03 | 0.02
33 560 24 69,000 8 62 1,000 0.04 | 0.04
34 374 27.4 48,500 22 64 716 0.01 | 0.03
35 374 27.4 50,500 11 65 716 0.03 | 0.05
36 387 27.5 68,300 24 69 730 0.07 | 0.07
37 387 27.8 68,300 17 67 730 0.10 | 0.12
38 387 27.9 67,400 10 66 730 0.17 | 0.20
39 288 23.4 46,000 25 75 572 0.02 | 0.03
40 288 23.7 46,000 20 72 572 0.04 | 0.05
41 288 23.6 46,000 12 67 572 0.08 | 0.11
42 280 28.0 50,000 24 69 555 0.08 | 0.08
43 280 28.1 50,000 15 63 555 0.15 | 0.12
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VOID FRACTION RESULTS FOR SUBCOOLED BOILING OF

TABLE A-4

SANTOWAX-R NEAR SATURATION TEMPERATURE

Mass Pres-

Run A Heat Flux Tg-T Tw-T h o o
No. mY/esleocC-l;ZZ) (;:ir:) (Btu/hr-ft2) | (°F) (°F) | (Btu/hr-ft2-°F) [ ~calc| Texp
(Upflow Operation)

1 280 16.7 25,100 4 43 555 0.04 0.02

2 280 22.6 34,100 7 53 555 0.12 0.12

3 280 19.5 34,400 2 50 555 0.18 0.16

4 288 15.6 44,200 4 64 572 0.17 0.12

5 288 20.2 54,000 3 68 572 0.31 0.30

6 288 19.5 55,300 1 58 572 0.38 0.35

i 288 19.5 55,300 0 58 X 47 0.38 0.39

8 288 24.4 58,500 10 66 572 0.37 0.30

9 288 23.2 64,700 0 54 572 0.50 0.57
10 296 15.7 59,700 i 67 590 0.36 0.30
11 296 15.6 62,400 9 71 590 0.36 0.30
12 296 | Ie7 % 4 63,800 0 61 590 0.44 0.43
13 296 15.8 64,000 4 70 590 0.40 0.33
14 296 20.3 76,000 7 67 590 0.44 0.47
15 305 16.6 38,600 0 52 610 0.15 0.16
16 305 16.6 38,600 0 51 610 0.17 0.26
17 305 17.0 44,500 0 52 610 0.26 0.30
18 315 17.7 66,700 8 69 629 0.38 0.34
19 315 16.8 68,000 8 71 629 0.38 0.36
20 315 17.0 72,300 0 58 629 0.49 0.51
21 315 23.1 79,000 10 68 629 0.49 0.40
22 315 23.5 83,500 0 59 629 0.57 0.57
23 346 21.5 41,500 4 48 672 0.18 0.18
24 368 22.5 58,500 4 59 710 0.27 0.19
25 374 16.7 32,100 0 43 716 0.03 0.01
26 374 16.9 33,900 0 46 716 0.02 0.04
27 374 17.0 35,800 0 46 716 0.06 0.05
28 374 19.6 37,700 5 51 716 0.03 0.08
29 374 17.6 37,700 0 50 716 0.04 0.05
30 374 17.6 38,000 0 48 716 0.07 0.10
31 374 18.0 39,900 0 49 716 0.10 0.16
32 374 18.4 42,700 0 50 716 0.13 0.17
33 374 18.5 43,700 0 52 716 0.13 0.18
34 374 22.6 43,700 9 59 716 0.03 0.03
35 374 19.3 47,500 0 51 716 0.20 0.24
36 374 22.7 51,000 0 55 716 0.21 0.25
37 387 15.7 51,300 5 62 730 0.11 0.06
38 387 16.0 54,700 6 64 730 0.15 0.12
39 387 16.1 55,400 0 57 730 0.23 0.19
40 387 16.5 58,700 0 58 730 0.27 0.32
41 387 16.9 60,300 1 59 730 0.27 0.29
42 387 17.0 62,800 0 58 730 0.31 0.35
43 387 17.0 62,800 0 58 730 0.31 0.36
44 387 19.5 64,000 6 67 730 0.24 0.18
45 387 16.7 65,700 0 58 730 0.34 0.35
46 387 16.4 66,400 0 59 730 0.34 0.40
47 387 18.1 67,200 0 58 730 0.36 0.42
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TABLE A -4 (Continued)

Mass Pres-
Run ) Heat Flux Tg=T Ty=T h
N (11:,/6;1:332) (;:ir:) (Btu/hr-ft2) | (°F) (°F) | (Btu/hr-ft2-°F)| Fcalc | Yexp
48 387 20.6 70,600 8 65 730 0.33 0.27
49 387 20 71,500 5 66 730 0.33 0.38
50 387 20.5 72,300 10 73 730 0.29 0.20
51 387 19.5 73,000 6 67 730 0.34 0.34
52 387 20.0 73,000 3 60 730 0.39 0.42
53 387 19.6 78,000 0 59 730 0.44 0.53
54 387 Z22s2 86,000 0 57 730 0.50 0.59
55 387 20:2 89,000 3 T2 730 0.44 0.33
56 468 18.2 43,200 2 49 858 0.02 0.02
57 468 18.9 48,300 5 54 858 0.04 0.04
58 468 20.7 57,300 0 55 858 0.15 0.10
59 468 19.3 58,300 0 5% 858 0.15 0.12
60 468 20.9 60,300 0 57 858 0.17 0.17
61 468 20.2 61,700 0 55 858 0.21 0.18
62 468 21.4 62,700 0 54 858 0.23 0.22
63 468 19.2 64,000 0 58 858 0.21 0.24
64 468 217 65,500 0 54 858 0.26 0.25
65 468 19.8 68,000 0 58 858 0.25 0.23
66 468 17.9 82,000 0 69 858 0.29 0.25
67 468 19.5 92,000 0 71 858 0.36 0.32
68 482 17.3 71,500 3 67 875 0.18 0.16
69 482 16.7 79,000 0 64 875 0.29 0.25
70 482 17.3 85,000 0 68 875 0.31 0.32
71 482 16.7 90,000 0 65 875 0.36 0.34
72 482 16.7 92,000 0 69 875 0.36 0.36
73 560 19.3 61,000 0 60 1,000 0.02 0.03
74 560 20.0 61,000 5 58 1,000 0.04 0.08
75 560 20.3 68,100 0 60 1,000 0:11 0.12
76 560 20.7 78,300 0 63 1,000 0.19 0.21
77 560 22.6 84,500 0 62 1,000 0.25 0.25
78 654 20.8 67,200 8 60 1,120 0.03 0.06
79 654 21.4 75,000 2 67 1,120 0.07 0.10
(Downflow Operation)
I 280 27.7 50,000 6 58 570 0.33 0.26
2 288 23.7 46,000 0 55 572 0.30 0.28
3 374 277 .6 48,800 6 57 716 0.15 0.11
4 374 28.6 50,000 0 48 716 0.26 0.30
5 380 27.6 69,300 4 54 727 0.40 0.46
6 387 27.8 67,000 0 57 730 0.36 0.37
) 387 27.9 67,400 10 66 730 0.29 0.20
8 387 24.0 68,000 0 58 730 0.36 0.37
9 387 24 68,500 8 67 730 0.29 0.17
10 387 2707 91,500 10 69 730 0.46 0.39
11 468 25.5 91,300 3 65 858 0.39 0.37
12 482 28.0 90,000 0 60 875 0.40 0.46
13 482 25.5 91,300 8 69 875 0.35 0.24
14 560 24.7 66,300 0 59 1,000 0.10 0.13
15 560 28.3 67,500 3 57 1,000 0.14 0.18
16 560 28.1 €7,500 10 60 1,000 0.10 0.08
17 560 24.0 69,000 8 62 1,000 0.09 0.04
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TABLE A-5

VOID FRACTION RESULTS FOR BULK
BOILING OF SANTOWAX-R

Run Massf Pres- Heat Flux Quality X Slip
No Velocity sure (Btu/hr-£t2) (wt%h) a Ratio
: (1b/ sec-ft2) (psia)
(Upflow Operation)
1 288 26.5 101,000 8.5 1.11 0.82 2.2
2 288 16.6 52,300 1.4 4.18 0.55 2.4
3 288 20.6 58,000 1.5 4.49 0.58 1.7
4 288 21.4 64:,000 6.3 1.27 0.73 3.9
5 288 21.5 64,000 4.0 1.93 0.71 2.5
6 288 221 67,300 5.2 1.54 0.74 2wl
7 288 22.6 71,500 6.9 1.20 0.76 32
8 288 23.1 74,100 5.2 1.59 0.75 2.4
9 288 24.3 70,700 3.5 2.39 0.70 1.9
10 374 20.8 50,000 045 120 0.33 1.6
11 374 22.2 54,700 1.4 5.06 0.45 2D
12 374 22.5 56,000 1.4 5.10 0.45 2.4
13 304 18.1 42,100 1.8 3.45 0.46 4.1
14 304 18.5 44,500 4.0 1.74 0.64 4.2
15 296 16.4 70,000 25T 2 33 0.68 2.8
16 296 16.9 74,600 5.4 1.24 0.74 4.1
17 296 16.2 69,000 2l 2.74 0.66 2.2
18 315 17:5 74,400 2.0 3.09 0.58 2.9
19 296 20.6 79,300 2.0 3.50 0.59 2:2
20 280 17.0 27,900 0.5 10.40 0.35 1.9
21 280 171 29,200 1.1 5.20 0.42 3.1
22 280 17.7 31,000 2.0 3.13 0.52 3.6
23 280 19.2 35,000 4.5 1.61 0.68 3.8
24 280 20.6 38,600 5.0 1.54 0.68 3.8
25 280 23.1 39,000 1.8 4.16 0.56 1.9
26 280 23.6 42,900 4.3 1.88 0.72 2.3
27 374 20.5 43,700 0.5 11.90 0.30 1.8
28 374 21.4 46,700 0.9 7.31 0.41 1.9
29 374 24.1 59,300 1.8 4.29 0.52 2.1
30 374 24.5 61,000 2.3 3.51 0.55 2.3
31 468 24.7 78,500 1.1 6.78 0.48 1.4
32 468 25.7 86,100 2 .2 3.75 0.54 2:2
33 468 27.2 92,500 2.2 3.81 0.59 1.7
34 468 22.5 78,700 0.9 6.77 0.41 1.8
35 468 24.1 78,700 1.3 5,72 0.44 2.1
36 296 16.9 70,600 3.0 2:22 0.61 4.0
37 296 17.7 75,200 7.0 1.00 0.76 4.6
(Downflow Operation)
1 263 25.0 66,700 14,0 0.64 0.88 2.
2 263 24.7 63,300 12.0 0.75 0.80 4.0
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TABLE A-5 (Continued)

Run Mas§ Fasas Heat Flux Quality X Slip
No Veigeity SUTE | (Btu/hr-ft2) (wt%) v Ratio
] (1b/sec-ft2) (psia)
3 278 25,0 62,900 7.4 1.20 0.72 2.4
4 288 24.6 66,000 8.3 1.07 0.70 4.5
5 288 24.6 67,000 9.2 097 0.71 4.8
6 288 24.6 68,000 9.2 0.9:7 0.72 4.6
T 288 24.6 69,000 1125 0.78 (05702 5.6
8 288 24.6 70,700 12.0 0475 0.78 4.5
9 288 24.5 72,200 14.0 0.64 0.80 4.8
10 297 28.7 61,500 1.8 4.8 0.62 151
11 297 29.0 64,500 3T 2.50 0.69 157
12 297 28.7 65,200 6.2 1.56 0.71 2.7
13 297 28.7 62,100 6.5 1.46 0.74 2.4
14 297 28.7 69,300 9.7 1.02 0.77 3.1
15 297 28.7 69,300 3.2 2.82 0.64 1.8
16 288 28.7 70,500 6.5 1.46 0.69 3.0
17 288 28.7 73,400 9.7 1.02 0.79 2.8
18 393 24.1 76,000 3.7 2.23 0.67 2.3
19 383 24.1 79,000 6.5 1.30 0.71 3.4
20 393 24.1 84,700 11.0 0.80 0.79 4.0
21 383 24.2 84,000 14.0 0.63 0.88 2.7
22 374 24.2 86,800 17.0 0.52 0.90 2.8
23 383 23.8 73,000 1.8 4.25 0.57 1.7
24 374 23.8 74,700 5.1 1.67 0.69 2.9
25 374 23.7 74,000 5.5 1.54 0.69 3.2
26 383 23.8 75,000 4.8 1.76 0.67 3.0
27 383 23.8 72,700 3.2 2i:51 0.70 1.7
28 374 24.0 72,700 3.7 2:23 0.63 1.7
29 364 237 74,000 6.5 1.30 0.69 3.8
30 364 23.8 74,500 6.9 1.25 0.69 4.0
31 364 23.9 78,700 5+5 1.67 0.72 2.7
32 364 23.8 67,300 5.5 1:67 0.80 1.8
33 364 24.0 72,000 9.7 0.90 0.83 2.7
34 383 22,1 58,500 0.9 7.5 0.47 1.3
35 383 2 3.1 62,800 0.9 7.7 0.49 1.2
36 379 23.1 64,000 1.8 4.2 0.51 2.3
37 379 23.3 65,300 1.4 5.2 0.55 1.5
38 379 23.3 65,800 2.3 3.4 0.55 2.5
39 379 24.3 67,000 0.9 7.9 0.47 1.2
40 379 24.3 69,000 1.4 5.3 0.53 1.5
4] 379 24.2 70,000 2.3 3.5 0.53 2.5
42 379 24.2 70,700 1.8 4.3 0.56 1.7
43 379 24.3 72,000 1.8 4.3 0.58 1.6
44 379 24.3 73,300 23 3.5 0.60 1.9
45 379 24.6 74,800 2.3 3.5 0:59 1.9
46 379 24.8 81,000 3.7 2.3 0.60 3.0
47 379 25.1 79,000 1.4 5.4 0.54 1.4
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TABLE A-5 (Continued)

Mass Pres- : .

i}un Velocity sure (};{tia/;f-‘}}lé) Q(ia,;},/l;y X o RSI}CE)
e (1b/ sec-ft2) (psia) ‘ RS

48 379 25.8 89,200 6.0 1.5 0.63 4.1
49 379 26.3 90,500 6.5 1.39 0.63 4.5
50 379 26.9 90,500 4.6 1.98 0.64 2.8
51 379 27.5 98,200 9.2 1.05 0.71 4.2
52 303 24.2 56,600 1.4 5:3 0.57 1.3
53 303 24.2 58,000 1.8 4.3 0.58 1.6
54 303 24.2 59,300 3.7 2.2 0.65 2.5
55 303 24.2 60,700 6.5 1.31 0.72 3.2
56 294 24.3 60,700 8.8 1.01 0.78 3.2
57 303 24.3 62,000 6.9 1.28 0.78 2.5
58 303 23.9 62,000 6.5 1.31 0.78 2.4
59 303 23.9 64,300 9.2 0.95 0.82 2.7
60 303 25.7 64,300 4.1 2:2 0.70 2.0
61 303 25.7 64,300 511 1.75 0.78 1.7
62 303 25.7 64,700 5.5 1.63 0.78 1.8
63 303 25.4 66,700 6.5 1.36 0.82 1.7
64 303 25.4 68,000 8.7 1.03 0.82 2.3
65 303 27.6 66,700 3.7 2.5 0.68 1.9
66 303 27.5 69,000 5.5 1.70 0.73 2.2
67 303 27.5 68,000 5.1 1.83 0.75 1.8
68 303 27.2 72,000 9.7 1.00 0.79 3.0
69 303 27.2 72,700 10.0 0.97 0.82 2.6
70 303 27:2 74,000 12.0 0.81 0.84 2.7
71 303 29.3 75,400 9.2 1.08 0.76 3.1
72 303 29.1 76,200 10.0 1.00 0.78 3.1
73 303 29.1 77,700 11.0 0.97 0.82 27
74 473 22.5 79,400 1.0 720 0.49 1.5
75 473 22.7 81,000 1.0 7.0 0.52 1.2
76 473 22.7 82,700 1.8 4.1 0.53 2.1
77 473 23.6 85,400 1.0 7.2 0.46 1.5
78 473 23.7 86,700 1.4 5.3 0.49 1.8
79 473 23.9 88,700 1.4 5.3 0.52 1.6
80 473 23.9 89,400 1.4 5:3 0.53 1.5
81 473 24.3 90,100 0.9 8.0 0.50 1.1
82 473 24.4 94,000 1.8 4.4 0.54 1.9
83 473 24.5 96,000 2.8 2.9 0.58 2.5
84 473 25.1 101,000 4.1 2.1 0.60 1.7
85 473 24.7 82,600 0.9 8.0 0.42 1.5
86 473 24.8 84,000 0.9 8.0 0.46 1.3
87 473 24.9 84,700 0.9 8.0 0.48 1.2
88 473 25.3 88,700 1.4 5.4 0.50 1.6
89 473 25.5 93,000 2.8 3.0 0.52 3.0
90 473 25.8 97,300 3.7 2.4 0.53 3.7
91 473 26.4 99,000 3.7 2.5 0.55 3.4
92 482 25.8 92,000 2.8 3.0 0.65 1.7
93 482 25.9 95,300 3.7 2.4 0.65 2.3
94 482 26.5 93,300 3.7 2.4 0.65 2.2
95 482 27.1 101,000 6.4 2.0 0.67 3.5
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APPENDIX B
METHOD OF ANALYSIS AND PHYSICAL PROPERTIES

The various temperature readings along the test section provided a repre-
sentative temperature profile of the test section wall and of the flowing coolant.
The test section outlet pressure and incremental pressure drop data provided a
complete pressure profile of the test section, with allowance for static head
changes. This information, coupled with a knowledge of the coolant saturation
temperature as a function of pressure, was the basis for evaluation of the data
in terms of such basic parameters as wall superheat, coolant subcooling, and
quality. The coolant bulk temperature profile also provided a check on the over-
all accuracy of the power input and flow rate measurements by means of a heat

balance for the system.

A typical plot used for the analysis of the Santowax-R data is shown in Fig-
ure B-1. It may be observed that, because of the high sensitivity of the satu-
ration temperature even for small pressure changes, the fully developed boiling
region of the test section is limited to a relatively small section at the end of the
heated section. The heat transfer results presented in this report correspond
to this fully developed boiling region. All measurements of void fraction were
taken at the end of this region. This represented the highest value of void frac-
tion within the heated length for a specific test. The values of quality, defined
as the weight fraction vapor flowing, were determined by extrapolation of the
nonboiling coolant bulk temperature line into the boiling region. The difference
between the extrapolated nonboiling value of coolant temperature and its actual
(saturation) temperature (see Figure B-1) was used to determine quality as

follows:
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TABLE

B-1

PHYSICAL PROPERTIES OF COOLANTS TESTED

ISOPROPYL DIPHENYL¥*

: . : L Thermal

Temp Density Viscosity Specific Heat Conductivity
(°F) (gms/cc) (Centistokes) (Btu/1b-°F) (Btu/bir=fE-° F)
300 0.890 0.84 0.512 0.0738

400 0.849 0.55 0.557 0.0713

500 0.808 0.39 0.604 0.0686

600 0.765 0.30 0.649 0.0660

SANTOWAX-RT

Temp Density Viscosity Specific Heat Coigizgjilty
(°F) (gms/cc) | (Centistokes) | (Btu/1b-°F) (Btu/hr-ft-° F)
550 0.899 0.44 0.523 0.0673
600 0.876 0.36 0.530 0.0661

650 0.852 0.32 0.536 0.0648

700 0.828 0.28 0.542 0.0636

SATURATION TEMPERATURE

Saturation Temperature
Pressure (°F)
\peiz) Santowax-RS Isopropyl Diphenyl:"‘<

15 688 557
20 119 582
25 745 600
30 768 616
35 789 630

*See Reference 21.
See Reference 22.

§Experimentally determined.
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