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ABSTRACT

A study is reported of the influence of system acceleration
(1 to 21 g's) on pool boiling heat transfer using distilled water at
approximately atmospheric pressure. The acceleration of the system is
such that the resulting force field is normal to the heating surface,
thereby increasing the buoyant forces acting on the vapor bubbles.

Heat flux rate is varied from approximately, 5,000 Btu/hr-ft2
(non-boiling) to 100,000 Btu/hr-ft2. Data is presented for the influ-
ence of subcooling with the boiling system under acceleration at the
lower values of heat flux.

A preliminary analysis is presented for a theoretical descrip-
tion of the process of boiling under the influence of high acceleration
including the simultaneous effect of natural convection.
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POOL BOILING IN AN ACCELERATING SYSTEM

Introduction

This paper presents the results of an initial study of the in-
fluence of a force field on pool boiling heat transfer. A force field
was utilized which produced accelerations normal to a heated surface in
the range 1 to 21 times standard gravity. Although system acceleration
different from that dvue to gravity is not commonly encountered in boil-
ing processes, its role is important as it is the source of the natural
convective movement in fluids. With the various new problems encountered
in space technology it may be expected that boiling heat transfer will
oceur in force fields different from that found on earth.

The high rate of heat transfer by boiling has been ascribed
to the intense agitation of the liquid at the heating surface by the
bubbles (1,36).Various researchers (2«9) have described the boiling proc-
ess by means of correlating equations. In some cases the action of the
bubbles was considered by the use of dimensional analysis, and in others
by the selection and treatment of suitable models. Owing to the inabil-
ity to describe the bubble action adequately, it was necessary to con=
duct experiments to determine certain comstants which themselves frequent-
ly include other factors. Analytical results showing agreement with
certain experimental date usually are given but as yet no widely applica~
ble theory exists.

The bubble growth rate has been described well in terms of
liquid superheat by the equations of Plesset-Zwick (10), Forster-Zuber
(11) and Griffith (12). Fritz (13) obtained an expression for the maxi-
mum volume of a vapor bubble at departure from a surface, based on the
work of Bashforth and Adams (14) and Wark (15). It considers the equi-
librium of the surface of curvature separating two phases in force field,
hence is valid only for conditions of equilibrium such as might be pres-
ent in boiling at low heat flux rates to a saturated liquid. Although
several correlations for boiling (4,5) utilized this expression, (Equa~
tion (1) below)4-9 it has been experimentally verified only for low heat
flux rates in a force field of one standard gravity (1,16).

20 ge 3/2 (1)

\' = (0,0119¢)3
Puax ( 19¢) g(Pﬁﬁﬂv)

A relation between the frequency of bubble formation and the
bubble dilameter at departure from a horizontal heating surface, of the
form
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f Dy = constant (2)

was observed (1,16,17) with the boiling of a saturated liquid at low
values of heat flux. For methanol, Perkins and Westwater (18) determined
that £, D and hence f Dy remained constant up to approximately 80% of

the peak geat flux, after which the values increased. However, a horizon-
tal round tube was used for the heating surface and no information was
given as to where the measurements were made. Recent experimental work
(19) indicates the bubble diameter at departure decreases with an increase

in heat flux.

A relation for the thickness of the superheated liquid boundary
layer next to a heated surface was derived by Chang (20) which predicts
the thickness increases with heat flux. By using the variation in index
of refraction of light in water with temperature the thickness of a "boun-
dary layer" near a horizontal heated surface with pool boiling to a satu-
rated water was measured (21) at low values of heat flux, and was found to
decrease with an increase in heat flux. On the other hand, with forced
convection boiling to saturated water, Treshchov (22) measured fluid tem-
peratures within 0.0025 inches of the heating surface and found that at a
distance of 0.006 inches the temperature of the water was uninfluenced by
large increases in heat flux, up to 1.3 x 100 Btu/hr-ft2, which suggests
the presence of a "boundary layer" in boiling systems.

Jakob (23) observed a linear relationship between heat flux and
the number of nucleating sites at low values of heat flux. Recent inves=-
tigations (19,21), however, indicate a relationship of the form

te G g

The role of surface defects or crevices as providing preferential sites
for the formation of vapor bubbles has been studied experimentally and
theoretically (24,25).

Acceleration of a boiling system directly influences the buoy=-
ant force on the vapor bubble. The bubble growth rate also will be in=-
fluenced if the thickness and temperature distribution within the super-
heated boundary layer at the heating surface are affected by the
acceleration. In general, bubble growth rate equations have neglected
buoyant forces, but it may be anticipated that at certain acceleration
this factor will have to be considered. The bubble size at departure
probably will decrease with an increased buoyant force. While the mech-
anism which causes the departure is as yet little understood a plausible
cause (12,26) attributes the motion to the inertia of the surrounding
ligquid. A recent photographic study of boiling in the absence of gravity
(27), however, seems to discount the importance of liquid inertia. The
vapor remained adjacent to the heating surface, and there was no evidence
of bubbles being pushed away from the surface to any appreciable extent
during their formation.
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The effect of a vortex flow on the peak heat flux was studied
by Gambill and Green (28). Peak heat flux up to 55 x 106 Btu/hr-ft2
were obtained. The high values were attributed to the increased buoyancy
on the bubbles due to centriflugal action, although it was not possible in
this case to separate the forced convection contribution to the heat flux
associated with the high velocities.

This paper summarizes the results of a research program recently
completed in which the influence of system acceleration up to 21lg on pool
boiling heat transfer was investigated (29). Continuation of this work is
in progress to include a study of accelerations up to 100g and higher,
maximum heat flux, surface orientation and the use of cryogenic fluids.

Experimental Apparatus

Centrifugal motion is used to provide a force field producing
accelerations of 1 to 2L g's. To most effectively isolate the influence
of the increase in buoyant force on the bubbles with nucleate boiling,
the orientation of the heater was such that the acceleration is applied
normal to the heated surface. The test vessel was pivoted to maintain
an approximately uniform depth of liquid and a normal acceleration to all
rotational speeds.

Figure 1 is a sketch of the pivoted test vessel and Figure 2
shows the overall assembly.

The heater consists of a cylindrical leaded copper block, 3
inches in diameter and 1 inch long. One end of the cylinder is chromium
plated and serves as the heat transfer surface. The edge is undercut
with a bevel and an undersize stainless steel mating piece 0.022 inches
thick attached by a shrink fit to provide a continuous surface and to
keep heat losses by conduction at a minimum. At the other end of the cy-
linder 32 parallel slots 0.008 inches wide by 5/16 inches deep are ma-
chined to accommodate 6 feet of chromel-A heater ribbon 1/4 inch wide by
0.002 inches thick, insulated from the block with mica strips. A guard
heater minimizes heat loss from the underside.

Power to the main heater is measured with calibrated meters.
The largest source of error in the determination of heat flux arises
from the heat loss from the stainless steel heater skirt, This is esti~
mated to vary from 5% at ¢/A = 10,000 Btu/hr-ft2 to 1% at g/A = 100,000
Btu/hr-ft2.

To eliminate the possible influence of the gross convection
currents on.the bubbles forming near the edge of the heated section a
flow guide was installed consisting of a cylinder of thin sheet stain-
less steel open at both ends and slightly larger in diameter than the
heater. The effect is that of having a system whose entire bottom sur-
face is heated and essentially iso-thermal.
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Four 1/32 inch diameter holes are drilled radially in the heater
block at four locations for the insertion of thermocouples. Two of the
holes are drilled to the center at distances of 1/16 and 7/16 inches from
the heating surface for purposes of extrapolating measured temperatures to
obtain that of the heater surface.

The thermocouples in the heater consist of an insulated 30 gage
constantan wire passing through a 1/32 inch 0.D. copper tube with a capi~
cator discharge welded junction at the tip. A 30-gage copper wire is
welded to the other end of the tube to complete the circuit. This Cu~Cu
Junction produces negligible thermal emf. Two 30-gage copper~constantan
thermocouples, designated TC-5 and TC-6 in Figure 1, were encased in 1/16 inch
0.D. stainless steel tubing for water temperature measurements. All thermo-
couples were calibrated at the steam point and by comparison with Bureau of
Standards calibrated mercury-in-glass thermometers. A Leeds & Northrup type
K-3 potentiometer with a mirror-type galvanometer was used throughout.

The measurement of the thermocouple emf from the rotating meuber
was accomplished through the use of liquid mercury commutators., Ten con-
centric mercury channels were machined in a plexiglas base which rested on
a heavy aluminum block to insure isothermal conditions. To avoid amalgame-
tion with the mereury a pure iron wire served as an intermediate metal be~
tween the rotating and stationary copper and comnstantan wires. Figure 3
shows the equivalent thermocouple circuit. Extensive tests were conducted
to determine the extent of errors in thermal emf introduced by this cir-
cuit. Thermocouples were checked at the steam point using a hypsometer
under non=-rotating conditions, and the emf were identical with those ob-
tained with a direct connection. The emf for the non-rotating and rotating
conditions were measured for each of the mercury channel pairs forming a
circuit for no power input to the heater. Changes in emf were observed
in each pair which depended upon the rotational speed. Reversing the di=-
rection of rotation reversed the polarity of the change. Hence, it is be-
lieved this emf results from the influence of the earth's magnetic field
on the rotating circuit, producing in effect the action of a unipole gen-
erator. This effect was reproducible within % 2 p, and the correction at
the maximum speed was 10 p, for TC-6 of Figure 1, 4 py for TC-5 and zero
P for the thermocouples in the heater block. Considering other sources
of error, it is estimated that the uncertainty in the level of tempera-
ture of any thermocouple on the rotating assembly is  0.20F, but that
changes in the temperature of the thermocouple are known with an uncer=-
tainty of ¢ 0.1°F.

The acceleration at the heating surface is calculated using the
measured location of the center of gravity of the test vessel and the
blue print dimensions. The increase in hydrostatic pressure at the heat-
ing surface owing to rotation was computed from the depth of the water
and system acceleration. The uncertainty in Ty,4 at the heating surface,
employed in the boiling parameter Ty - Tggt, is estimated to be + 0. 1°F,
This estimated uncertainty results from the fact that the depth of the
boiling fluid was not measured while under rotation. Visual observation
of the boiling process at the maximum heat flux of 100,000 Btu/hrwftg
without rotation indicated that the change in liquid depth due to the bub-
bles was almost negligible. As will be noted from Figure 8 the liquid
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subcooling increases as the system is subjected to acceleration. Hence,
under these circumstances, the vapor volume can be expected to be less

than under standard gravitational acceleration (no rotation) and the change
in depth correspondingly smaller. The test vessel was vented to the at-
mosphere. . The depth of the water was 2% inches in all tests, and its ini-
tial resistivity was at least 1.5 x 106 f~-cm, as measured with a conduc-
tivity cell. For the data reported here, the resistivity at the conclusion
of a test varied from 0.8 x 106 to 1.1 x 106 (O ~cm.

A cooling coil mounted on the underside of the test vessel cover
serves to condense the vapor formed. At the lower heat flux rates it is
posgible to control the temperature of the test water by varying the cool=
ing water flow rate and thus obtain limited data for boiling of a subcooled
liquid.

The rotational speed was obtained from a tachometer-generator gen=-
erating 60 pulses per revolution., Its output was fed into a Model 522B
Hewlett~Packard Electronic Counter.

Detailed description of the experimental apparatus is given in
Reference (29).

Regults

Non=Boiling Data

Several tests were conducted under non-boiling conditions, Figure
L indicates how the temperature difference Ty-Ts varies as a function of
acceleration. For a given heat flux, the presence of the flow guide de-
creases the temperature difference.

The data are plotted in Figure 5 using the conventional free
convection modulil, where the diameter of the heating surface is taken as
the characteristic length and g in the Grashof Number is replaced with ac-
celeration. The influence of the flow gulde is noted. Included for ref=-
erence is the correlation recommended by McAdams (30) for a horizontal
heated plate facing upward. A correlation which best fits the data with
the flow guide is

N, = 0.0505 (GgPg)0-396 (1)

For one particular test (C-5) the data fell above the best fit
of the data. In this case the water was highly subcooled and it is be-
lieved this lack of correlation occurs because of increased heat loss
through the heater skirt.

Boiling Data.

_ After filling the test vessel with distilled water, power was
turned on and the water boiled vigorously to degas both it and the heating
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surface. Prior to each run, this was done for & minimum of L hours, and
in the majority of cases degassing over a period of 16 hours was used.
For any particular test the heat flux was maintained constant while ac-
celeration was varied. When conditions such as acceleration and cooling
water flow rates were changed sufficient time was allowed for the attain-
ment of steady state conditions before data were taken.

The acceleration rates were varied from 1 to 21.15 times normal
gravitational acceleration in 5 to 8 steps. In earlier tests it was noted
that the wall temperatures at a/g = 1 shifted gradually during a long period
of time. To isolate the effect of the acceleration a set of measurements
were taken at a/g = 1 before and after each higher acceleration. Thus any
shift in the surface temperature during boiling at a = g could be compen=
sated by considering the change only. The maximum shift which occurred was
0.89F over a test period of 12 hours.

To determine the reproducibility of the data, several accelerations
were duplicated during the course of a specific test. No significant change
was detected.,

The heater surface was highly polished prior to its chromium plat-
ing.  No roughness measurements were made; but the heater surface was given
a similar treatment prior to each run and it is believed that the roughness
was the same for all tests,

Except for one case the data presented are representative of at
least two reproducible test runs. Because of the sensitivity of the boil-
ing process at lower values of heat flux to even small degrees of subcooling,
it was necessary to vary the water temperature in order to determine when
the liquid was saturated, or as nearly saturated as possible. The water
temperature was controlled by varying the cooling water flow rate. Figures
6 and 7 indicate the influence of a limited degree of subcooling at several
values of heat flux and acceleration. The asterisks on the data points in-
dicate where the coolant flow was so low that a net quantity of vapor es-
caped from the atmospheric vent, with an attendent possible increase in
pressure.

In Figure 6 for q/A = 10,870 Btu/hr-ft2 and a/g = 5.29, the
heater surface temperature exhibits a pronounced maximum as the subcooling
is decreased, and becomes constant as the saturation temperature is reached.
At a/g = 10.47, no maximum in Ty = Tggt is observed; but a long plateau is
noted. In Figure 7 for q/A = 2L 450 Btu/hr-ft2, subcooling was not increased
sufficiently to prevent boiling and a maximum could not be observed. The
decrease of the heater surface temperature with decreasing subcooling is
still present, as is the leveling off of Ty - Tgat except for the highest
acceleration. For values of heat flux up to 50,000 Btu/hr-ft2 it was thus
possible to determine when T,- Ty, . became independent of the degree of
subcooling. This was used as a criterion for defining the existence of
"saturated" pool bolling.
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Sufficient data are not available at this time to make generalized
conclusions as to the role of subcooling or liquid depth with the system
under acceleration. It is believed possible that the decrease in T,/ % with
decreasing subcooling is an indication of increased fluld agitation or tur-
bulence within the superheated region near the heated surface. With a re=-
ductidn in heater surface temperature it seems unlikely that additional
nucleating sites are being formed. If so, then the existing ones must be
more effective in providing increased agitation either from more rapid bub-
ble growth rates, increased bubble sizes, increased frequency of formation
or a combination of these.

At nominal heat flux values of 75,000 and 100,000 Btu/hr-aft2 it
was not possible to vary the water temperature with the present system,
The water temperature near the heated surface remained subcooled with the
system under acceleration. The subcooling occurs because of the large satu-
ration temperature changes in the water resulting from the larger accelera-
tion. Similar phenomena of lesser magnitude have been observed with water
(1) and mercury (31) in a gravity field. Figure 8 shows the profile of the
water and saturation temperatures between the heated surface and the vapor
interface. The water depth at filling in all cases was 2% inches, and the
variation in Tggt results solely from the change in hydrostatic pressure
with depth. The change in depth under boiling at the various accelerations
was not considered great, as was discussed earlier. The system accelera-
tions specified are at the heating surface. While this is located approxi=-
mately 15.4 inches from the centerline of rotation the hydrostatic pressure
within the liquid above this surface was computed taking into congideration
the small local variation in acceleration.

The relation between the measured water and saturation tempera-
ture in Figure 8 are typical for heat flux between 50,000 and 100,000
Btu/hr-ft2. A minimum subcooling was obtained at heat flux above 50,000
Btu/hr-ft2 which was a function of acceleration and liquid depth., It is
probable that this minimum subcooling (or maximum water temperature) re-
sults from the liquid temperature at the vapor interface reaching a maxi-
mum, i.e., its saturation value. Data reported at heat flux of 75,000
and 100,000 Btu/hr~ft2 are thus considered to correspond to the same condi-
tions as those at the lower heat flux where subcooling did not influence

Ty - Taat-

Figure 9 is a composite plot of Ty = Tggy versus acceleration
for the various values of heat flux with pool boiling of essentially satu-
rated water. OSome deviation of the data with a gravity field did exist,
and several of the curves were displaced to bring Ty = Tgat at a/g = 1 in
agreement with the best fit of data from a number of tests conducted at
a/g = 1, shown in Figure 10.

The difference between the heater surface temperature T, and the
water saturation temperature Tggt at the heating surface decreases with an
increase in acceleration at lower values of heat flux. This is attributed
to the increasing contribution of natural convection (non-boiling) with

*Occasioned by the decrease in Ty - Tggts a8 Tggt at the wall is
constant for a given acceleration.
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acceleration. As the heat flux level increases, the decrease in Ty - Tgat
becomes smaller, and at the higher values of heat flux Ty - Tgg+ increases
with an increase in acceleration. The contribution of natural convection
is relatively smaller at the higher heat flux. It is believed that in-
creased system acceleration results in swaller bubble sizes at departure,
with an attendent decrease in agitation. To provide for a fixed total heat
flux more nucleating sites then are required, which in turn requires the
increased wall temperatures, as observed.

Discussion of Results

Because the quantity of data obtained is not large and is for
one Prandtl number over a relatively small range of conditions it is be=
lieved thet to attempt a direet correlation of the data either with exist-
ing relationships or with ones which might be worked out would be premature,
although a start is made below. Further, none of the correlations in the
literature which have been examined (e.g., 4,5,6,7,9,20) appear capable of
predicting the trends shown in Figure 9 resulting from acceleration of the
boiling system. This may be due in part to the inadequacy of . the models
used to describe heat transfer by bolling or to the neglecting of the non-
boiling contribution.

Under acceleration, the non-boiling free convection contribution
is significant. This is more readily seen in Figure 11, which is & replot-
ting of the data from Figure 9. It places the data in the more familiar
form of g/A versus Ty = Tggt. In the lower portion the curves correspond-
ing to natural convection for the same accelerations are shown using the
correlation given in Equation (4). The data do not permit determination
of the intersection between the non-boiling and boiling curves except for
the higher values of heat flux. It is of interest to note however, that
if "the boiling curves of constant acceleration are extrapolated, the in-
tersection with the non-boiling curves occurs for Ty - Tgat between 1k
and 159F, indicating the possibility that the point of incipient boiling
of a saturated liquid is not greatly influenced by a change in the force
field. The data also suggest that one result of system acceleration is
to widen or delay the transition from non-boiling to fully established
boiling, the retention of non-boiling influences being more persistent at
the higher accelerations.

The influence of acceleration 1s greatest in the heat flux
range up 50,000 Btu/hr-ft2, where it appears that a transition in the con-
vective mechanism is taking place. Within this range acceleration de-
creases the temperature difference Ty = Tggt required for a given flux.
Above this heat flux range a reversal of the effect of acceleration is
observed on the temperature difference, although the total influence is
small. The upper range of the curve is extended to (q/A) = 200,000 Btu/
hr-ft2 to include some recent data of Costello (32) for water on a simi-
lar configuration for a/g =1 and a/g = 20. The general agreement be-
tween the two sets of date is quite satisfactory.

With fully establighed pool.boiling in a standard gravitational
field, the contribution of non-koiling convection to the total heat trans-
fer is so smwall that generally it is not separated from the total heat
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flux in analysis. With the application of an acceleration, however, the non-
boiling convection can become Guite appreciable, as was indicated by these
results. In order to describe the total heat transfer, it is necessary to
determine the relative contribution of the bubbles and that not resulting
from the bubbles. This was accomplished in effect by Chang (20) by consid-
ering the rate of momentum exchange in the liquid near the heating surface

to conslst of the sum of the molecular diffusivity and the eddy diffusivity.
Another method, which is introduced here, is to consider the non-boiling

and boiling contributions separable and to weight them in some manner.

The total heat transfer rate Ay is
dy = 9, t 93 (5)

where q, is that portion due to non-boiling and gg is ‘that portion due to
boiling and includes the influence of agitation induced by the bubble action.
Dividing Equation (5) by the total area, A, gives,

% 3B (6)

If Ap represents a time-averaged area projected on the heater surface in
which the influence (agitation) of the bubbles is concentrated and Ac(Ac =
At-AB) is that area in which natural convection is effective; then

(%) _ % A 9p g
£

Th R TR
= (%:)c (L-¥)+ (@/n)gl (7)

Ap is not the heater Surface Arda Covered by 'the bubbles, but is considered
differently. It might be designated as an "area of influence' ‘of the bub-
bles. Figure 12 is an illustration of this concept.

The fractional effective boiling area ¥ is found from Equation

(7) as

To evaluate J as a function of a/g and (q/A)y it is necessary to make cer-
tain assumptions regarding (q/A). and (q/A)p. For (q/A)e it is assumed
that the correlation given in Equation (4) would be appropriate for its
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calculation using the»experimentally observed value of T, - Tg., Equation
(4) is used as it is felt that the convective pattern between bubbles would
more closely be represented by this correlation.

The quantity (q/A)g is that heat flux which may be directly as-
sociated with the micro convection of the bubbles. For fixed acceleration
it is assumed that this quantity is a constant. The total heat flux (q/A)t
will vary with Ty =Tggt, of course, but this results because the number of
active sites, hence also J, varies with Ty =Tggqt. It will be further as-
sumed that not only will (q/A)B De conBtant foR 4 giveh aCceleration but
that it will be equal to the peak or burnout heat flux at that accelerationm.
This requires some explanation which follows.

Nishikaws and Urakawa (34) in a study of nucleate boiling in satu-
rated liquids made the following independent observations from their experi-
mental data

nd (%.Dgf)l/3 (9)
-(1/6
Agok@-)v (1/6) (%)ih (10)

8, (4 .

From these relations it may then be deduced that the quantity
Db3f, which is proportional to the rate of volume flow of vapor away from
the heated surface, is a constant and is independent of (q/A)t, N/A and
A©. If true this is a significant result as it has been observed that
Dypf is constant (1), Equation (2). As mentioned earlier, recent data on
methanol (18) indicated that f; D, and thus both f Dy and Dp3f remained
constant up to approximately 80% of the peak heat flux, but other obser=
vations (19) suggest that Dy decreases with increase in heat flux.

If the hydromechanics or micro convection of the bubbles is
thought to be proportional in its influence ("agitation") to the volume
flow of liquid into the surface associated with the rate of volume flow
of vapor away from the surface or any exponential power of this flow and
that this directly affects the heat flux (Q/A)B, then it follows that

(3) A,(Dg f)® = constant (12)
B

Because of this result it was assumed above that (q/A)B is a constant for
a given acceleration. This point remains unresolved but the assumption is
"necessary to this discussion.
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The next problem is to find an expression for (q/A)B. It seems
reasonable that it should be related in some way to the maximum heat flux,
In the llght -of recent studies by Debortoli and Green (33) it would appear
that (g/A)g might be more closely related to that heat flux at which a
significant departure is made from the processes of nucleate boiling, in-
dicating a change in the mechanism of the bubbles. However, this condi-
tion is not well understood at present and for the purposes of this paper
(q/A)g Will be taken equal to (a/A)p.

Relationships for q/A have been developed which show an influ-
ence of acceleration (3 L 35 altgough none have been confirmed by experi-
ment. However, for appllcatlon,here the following expression of Zuber (35)
will be used

i
n

(3), = pr3 oo, p,) ] (13)

The constant Ko was determined for these calculations from values of q/A
in saturated water at lg and found to be 0.146.

Using the above data the corresponding values of ) were computed
from Equation (8) and are shown in Figure 13 as a function of dimension=
less acceleration a/g and total heat flux, Whether this result is gener-
ally applicable for the fractional area of effective boiling has yet to
be established although the trend appears reasonable. That is, according
to Equation (1) Dy is reduced as acceleration is increased which would
also reduce the area influenced by the bubble. As seen from the data an
increage in acceleration causes a decrease in heated surface temperature
(at the lower heat flux) which would reduce the number of nucleating sites
for these conditions. At the higher heat flux the decrease in § results
principally from the larger relative increase in (q/A)p with increased
acceleration. It is poss1b1e the parameter on the curves should be

(q/A)+/( q/A) rather than (q/A)y. This could easily be done but a some-
what dlfferent set of curves would result.

Acknowledgement

The assistance of the U.S. Army Ballistic Missile Agency,
Huntsville, Alabama, the cooperation of Mr. H. G. Paul and Dr. R. R,
Head of that organization and the aid of the Department of Mechanical
Engineering of The University of Michigan in the conduct of this research
is gratefully acknowledged,



2l .

.30

2
=10,870 BTU/HR-FT

N
@

|
(O]
o~

0
~
>
_.v

]

A " =24,450 "
26 | @ " =48,800 "
x " =73,000 "
.24 |- ® " =99,500 "

TOTAL ACCELERATION, a/g

Figure 13. Calculated Values of 7 as a Function of
Total Heat Flux and Acceleration.



NOMENCLATURE

A Ares
a Acceleration

a/g  Dimensionless acceleration

f Frequency of bubble formation
g Local gravitational acceleration
&o Mass~force conversion constant = 32.17h lbm»-ft/lbf-sec2

N/A Number of active nucleating sites per unit area

n Unknown constant

q Heat transfer rate

q/A  Heat flux rate

T Temperature

T5,6 Temperatures at thermocouple TC-5 and TC-6, see Figure 1.

Ty=Tggt Difference between heating surface temperature end fluid satura-
tion temperature at heating surface.

v Volume

N, Nusselt number
G,, Grashof number
Pr Prandtl number

¥ = ag/A, (Equation (7))
o] Surface tension

Al T4 - Tsat
) Contact angle

r Density
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Subscripts

b Bubble

B Beiling

c Non=boiling convection
L Liquid

P Peak or maximum

sat Saturation
t Total
N Vapor

W Wall
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