T = shear stress at a point in the pipe, Ib./sq. ft.
7, = shear stress at the pipe wall, Ib./sq. ft.
k= gas viscosity, Ib./ft.-sec.
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Suction Nucleate Boiling of Water

P. C. WAYNER, JR., and A. S. KESTEN

United Aircraft Corporation Research Laboratories, East Hartford, Connecticut

Suction nucleate boiling (consisting of saturated pool boiling on a porous heat source with
the generated vapor exhausting through the pores) was investigated experimentally and
theoretically. The experimental results demonstrated that: (1) interfacial free energy can be
used to direct the flow of liquid und vapor in a desired direction and to separate vapor from
liquid at the point of vapor generation; (2) the heat transfer coefficient for suction nucleate
boiling is higher than that associated with normal boiling; and (3) a porous heat exchanger
can be designed to give stable transition from nucleate to film boiling. The theoretical an-
alysis, which was based on experimental observations, indicated that extremely high heat
fluxes and heat transfer coefficients are possible with small pores. Comparison of the experi-
mental and theoretical results demonstrated that the full potential of suction nucleate boiling
was not attained in the experiments ond indicated some of the experimental refinements needed

to attain this potential.

The feasibility and limitations of many engineering de-
vices depend on normal boiling heat transfer. The results
of extensive study in this field have demonstrated that
normal boiling is an extremely complex phenomenon with
many undesirable characteristics, such as random nuclea-
tion and fluid flow; an area of hydrodynamic instability;
a heat transfer coefficient dependent on many variables
including heat flux, vapor quality, and gravity; a low aver-
age heat flux and heat transfer coefficient in the film boil-
ing regime or when a high quality product is desired; and
difficulty in obtaining 100% quality vapor because of
liquid entrainment. In an effort to eliminate some of these

P. C. Wayner, Jr., is with the Rensselaer Polytechnic Institute, Troy,
New York.
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undesirable characteristics, a modified mode of heat trans-
fer consisting of film boiling on a porous heat source with
the generated vapor exhausting through the heat source
has been proposed (1) and studied experimentally (2, 3).
The results of these film boiling studies demonstrated the
feasibility and advantages of this concept. Since the heat
transfer coefficient and heat flux are higher in nucleate
boiling than in film boiling, a logical extension of the film
boiling work is the study of nucleate boiling on a porous
heat source with the generated vapor exhausting through
the heat source. This mode of heat transfer, herein desig-
nated suction nucleate boiling (S.N.B.), has not been
previously studied. The basic difference between suction
nucleate boiling and film boiling on a porous heating ele-
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Fig. 1. Pore cross section.

ment is that the phase change occurs at the surface of the
porous heating element in S.N.B., while the phase change
occurs well away from the surface in film boiling. De-
pending on the porous heat transfer surface design and
operating conditions, suction nucleate boiling offers the
following possible advantage: (1) control of bubble nu-
cleation, (2) elimination of the hydrodynamic resistance
to vapor removal, (3) a large decrease in the effect of
gravity on boiling, (4) an increase in the heat transfer co-
efficient over that of normal nucleate boiling, (5) exten-
sion of the nucleate boiling regime to higher heat fluxes,
(6) stable transition into film boiling, and (7) generation
of either a saturated or superheated vapor. The objective
of the work described herein was to investigate both theo-
retically and experimentally the feasibility and inherent
advantages of suction nucleate boiling.

DISCUSSION OF SNB CONCEPT

In general, suction nucleate boiling utilizes the forces
derived from interfacial free energy to supply liquid to
the evaporating interface, control bubble nucleation,
separate vapor from liquid at the point of vapor genera-
tion, and direct the flow of vapor. Ideally, a porous heat
source would be composed of a regular pattern of small,
parallel, cylindrical pores designed to stabilize the menisci
in a desired plane of evaporation. In this paper we are
concerned with stabilizing the menisci at the outer surface
of the pores in the porous heat source. Figure 1 is a
cross-sectional drawing of a particular heat source design
showing one of these pores and a portion of its zone of
influence. The zone of influence of a pore is defined as
that portion of the heat exchanger primarily influenced
by that particular pore. In this design, the outer surface
of the heat source is composed of a high surface energy
material (for example, copper) to ensure “wetting” of
the solid by the liquid (for example, water), and a por-
tion of the surface of the pore is composed of a low sur-
face energy material (for example, Teflon) to ensure
“nonwetting” of that portion of the pore surface by the
liquid. It should be noted that the lower the surface ten-
sion of the liquid, the lower the surface energy of the
material required for the nonwetted portion of the pore
surface. In Figure la, a pore is shown when there is no
vaporization occurring, and a colummn of liquid is sup-
ported by surface tension acting through the obtuse con-
tact angle between the liquid-vapor interface and the low
energy surface. In Figure 1b, a pore is shown with vapor-
ization (boiling) occurring. With the use of the concept

Vol. 11, No. 5

A.1.Ch.E. Journal

of free surface energy, it has been shown that nucleation
from a solid surface at a temperature near the saturation
point is very improbable in ebullition unless a gas or
vapor pocket is present to act as a nucleation site; there-
fore, in suction nucleate boiling vaporization occurs pref-
erentially at the pores where vapor continuously exists.
In this case, surface tension acting through an acute con-
tact angle between the liquid-vapor interface and the high
energy surface forces the vapor through the pore. Since
the pressure difference across the liquid-vapor interface is
proportional to the surface tension of the liquid and in-
versely proportional to the radius of curvature of the
meniscus, substantial pressure differences are attainable
with very small pores. The pressure difference across a
hemispherical liquid-vapor interface of 1 x radius in water
is approximately 16 Ib./sq. in. In order to maintain a high
volumetric flow rate in small pores, it would be possible
to apply an external pressure drop across the pore; the
meniscus pressure drop, which varies with the radius of
curvature, would control any fluctuations that occur in
the evaporation rate. Removal of vapor through a large
number of small nucleating pores eliminates the need for
the large scale turbulence associated with normal boiling
and results in an extremely short conduction path between
the thermal energy source and point of vapor generation,

EXPERIMENTAL STUDIES

The experimental studies were designed to investigate the
feasibility of suction nucleate boiling, determine the operating
characteristics of a heat transfer element operating in the
suction nucleate boiling regime, and suggest a theoretical
model for analysis.

Test Apparatus

Since it would be difficult to construct a microporous sur-
face using the pore design presented in Figure 1, it was found
advantageous to make two modifications in the design of the
heat transfer zone, taking advantage of both the substantial
controlling forces associated with smaller pores and the simple
construction of a regular pattern of relatively large pores. The
first modification was to place an additional nonheatgenerating
porous element of a relatively high free surface energy mate-
rial (Alundum) with smaller pores in contact with the liquid
side of the porous heat-generating element. A cross-sectional
drawing of such a configuration (designated experimental de-
sign “A”) is presented in Figure 2. Because the pressure
differential due to surface tension is inversely proportional to

EXPERIMENTAL DESIGN "A"

LIQUID — FILLED
FLOW CONTROL
ELEMENT

-1 ,~— COPPER HEATER

VAPOR

Low

EXPERIMENTAL DESIGN "B"

LIQUID — FILLED
FLOW CONTROL
ELEMENT

_~— GOPPER HEATER

MICROPOROUS TEFLON

VAPOR FLOW

Fig. 2. Cross section of experimental designs
IIAII und IIB.II
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the radius of the pore, the smaller pore radius in the additional
porous element greatly magnifies the pressure available for
directing the flow of vapor through the pores of the heat-
generating element. Since this additional porous element has
a higher thermal conductivity than water, it also enhances
heat conduction from the solid portion of the heat-generating
element to the liquid-vapor interface. The feasibility of this
type of flow control element has been previously demonstrated
in film boiling with vapor suction (2, 3). The second modifica-
ton was to replace the cylindrical pore through the Teflon
by microporous Teflon which increased the resistance to liquid
flow in the exhaust direction and, therefore, is a liquid-vapor
separator. This configuration (designated experimental design
“B”) is also depicted in Figure 2. Experiments were per-
formed with each of these configurations.

A cross-sectional drawing of the general configuration of the
experimental heat transfer cell is presented in Figure 3. The
construction using pore design “A” will be described first.
The heat transfer surface was made from a circular, 5.5 in.
diameter, copper-clad, Teflon plate composed of 0.0014 in.
thick copper laminated to 0.015 in. thick Teflon (Raybestos-
Marnhattan, Inc., No. 100-1). Except for a 1-in. strip of copper
across the middle of this plate, the copper cladding was re-
moved by chemical etching. The copper strip was used as a
d.c. resistance heater. Copper was selected for use in this
application in order to avoid hot spots which would act as
extraneous nucleation sites on the heat transfer surface. The
middle 1 X 1 in. portion of this copper-clad Teflon strip was
made porous by drilling 0.010 in. diameter holes in a hexagonal
pattern. The number and spacing of the holes for the various
experiments are indicated in Table 1. The etched, copper-clad
Teflon plate was supported by a 0.75 in. thick, ceramic filled,
Teflon plate (Polymer Corporation Fluorosint) and clamped
between two 3.5 in. I.D. Pyrex pipes which acted as a saturated
water reservoir and a flow channel for the generated vapor,
respectively. A path for the vapor flow through the support
plate was made by inserting a 1.1 X 1.1 X 0.75 in. porous
support plate (fused refractory with a pore diameter of ap-
proximately 100x) directly under the drilled pores in the heat
transfer element. The flow control element was a 1 X 1 X
0.187 in. porous Alundum plate (Norton No. RA 360 clay
bonded alumina) which had an apparent porosity of 29%
and a particle retention in filtration of Su. Auxiliary heaters
were located around the heat transfer area to minimize heat
losses from the vapor channel and to maintain the boil-
ing liquid in the reservoir at saturation. In order to permit
collection of the generated vapor and thereby permit measure-
ment of its flow rate, a condenser was attached to the exhaust
channel. Copper-constantan thermocouples were used to meas-
ure temperature at various locations in the heat transfer zone.

—— 3.5 INCHES

Foom e e w0 o L e

[ 1
CERAMIC-FILLED, E
) TEFLON

POROUS
SUPPORT
VAPOR FLOW

POROUS HEAT
TRANSFER SURFACE

_,J“

S

L o

Fig. 3. Cross section of experimental heat
transfer cell.
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TasrLe 1. DIMENsIONs AND HEAT TRANSFER COEFFICIENTS
FOR ExpERIMENTAL DESIGNS “A” aAnD “B”

Experimental design A A B
Pore density, pores/sq. in. 1150 1755 1090
a, ft. x 10* 4.17 4.17 6.67
b, ft. x 10° 1.30 1.07 1.47
hes, B.tu./(hr.)(sq. ft.)(°F.)

x 10+ 1.06 2.30 0.45
hie, (Model “A”), B.tu./(hr.)

(sq. ft.)(°F.) x 10 444 8.50 —
hie, (Model “B”), B.tu./(hr.)

(sq. f.)(°F.) x 10~ 0.87 1.24 0.86
ke, Biau/(hr.)(sq. ft.)(°F.)

X 10-° 2.09 2.98 —
hep, (Model “A”), B.tu./(hr.)

(sq. ft.)(°F.) x 10- 8.77 11.0 —
hep/hin, % 23.8 27.1 —

The experimental heat transfer cell for the study of pore
design “B” was constructed by making the following changes
in the above test apparatus. In this design the resistance
heater was made from a 1 X 5.5 in. strip of copper, 0.0014
in, thick, with a hexagonal pattern of punched 0.016 in.
diameter holes. The spacing and the number of holes are
given in Table 1. Instead of the Teflon backing, which was
laminated to the copper used in pore design “A” a circular,
5.5 in. diameter, 0.063 in. thick, microporous, Teflon plate
(Pall Corporation porous Teflon) with a mean pore diameter
of 9u was placed under the copper strip to provide support.
The middle 1 X 1.19 in. of the porous copper were covered
with 2 1.19 X 1.19 X 0.187 in. porous Alundum plate (Nor-
ton No. RA 84) which had an apparent porosity of 33.5%
and a particle retention in filtration of 0.1u. Thus, that portion
of the porous copper resistance heater in suction nucleate
boiling was sandwiched between microporous Alundum and
microporous Teflon. The dimensions of the porous support
plate were 1.3 X 1.3 X 0.75 in. In order to permit operation
with high values of pressure drop across the heat transfer
element, the heat transfer cell was fitted with a sealed water
supply reservoir and pressure gauge. The d.c. power input to
the resistance heater was supplied by a Rapid Electric, Model
3006, 3,000 amp., 6 v., stabilized silicon rectifier. The voltage
across the electrically heated surface and the electromotive
forces of the thermocouples were measured with a K-3 Leeds
and Northrup potentiometer. The heating current was meas-
ured with a calibrated Weston Model 273 d.c. ammeter in
conjunction with a constant resistance shunt placed in series
with the resistance heater.

Operating Procedure

In all the experiments the heat transfer cell was filled with
boiling, deionized water to a prescribed depth which was
maintained constant during cell operation; the exhaust channel
was vented to the atmosphere; and the water was kept at the
saturation point with auxiliary heaters which were also used
to minimize heat losses from the heat transfer zone. For the
higher pressure drop experiments, the heat transfer cell was
operated above atmospheric pressure by sealing the saturated
water reservoir and allowing the vapor pressure to increase
to the desired value. For each test the power input was set
at the level of interest and 20 min. were allowed for the
equipment to reach steady state before measurements were
taken., Measurements were made of the voltage drop across
the porous surface and the constant resistance shunt, the cur-
rent, the pressure head, and the temperatures at various loca-
tions in the heat transfer cell. The average temperature of the
heat transfer surface was obtained by measuring the change
in its electrical resistance from that at a known base tempera-
ture. The voltage drops across the shunt and the unknown
resistance of the resistance heater were measured with the
potentiometer at a base temperature and during operation. The
base temperature was measured with a potentiometer and
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calibrated thermocouple. These measurements were sufficient
to determine the unknown temperature. The flow through the
porous plate was condensed and measured for a period of 15
to 20 min. It was not possible to measure the temperature
of the exhaust as it left the porous heat transfer surface, be-
cause auxiliary heaters were used to prevent condensation due
to heat losses in the exhaust channel. However, since the vapor
left the heat transfer zone at saturation when the heat transfer
cell operated in the nucleate boiling regime, this was not an
obstacle to the calculation of a heat balance. The auxiliary
heaters did not supply sufficient heat to the evaporating inter-
face to interfere with the determination of a heat balance be-
cause the temperature below the Teflon was maintained at
approximately the saturation temperature.

Data Reduction and Error Estimation

For experimental design “B” the heat flux was taken equal
to the heat of vaporization of the condensate collected per
unit of time and area assuming that the vapor left the porous
plate at the average plate temperature. This heat flux agreed
to within =7% of that calculated using the voltage and cur-
rent measurements when the average porous plate tempera-
ture was equal to that of the electrical contacts leading to the
porous plate. When these two temperatures differed, the differ-
ence in the calculated fluxes was taken equal to the heat loss
or gain by conduction in the electrical contacts. The super-
ficial area of the porous heat transfer surface, that is, the
projected area of copper and pores perpendicular to the fluid
How direction, was used in these calculations. For experimental
design “A” the heat flux was taken equal to the power input
corrected for the heat gained by conduction in the electrical
contacts. The magnitude of the required correction was est-
mated from the data of experimental design “B.” The other
heat calculation errors were assumed negligible, since the
auxiliary heaters maintained the surrounding zome at the
saturation temperature. It was not possible to use the con-
densate for heat flux calculations in experimental design “A”
because of liquid entrainment in the vapor exhaust, which is
discussed below. The maximum relative error in the heat flux
calculation using the electrical measurements was 6% which
resulted from a =+3% error in the area, a =1% error in the
voltage measurement, and a +2% error in the current measure-
ment. These calculated fluxes agreed with the fluxes based on
the condensate measurements when the electrical contacts were
at the same temperature as the porous plate; therefore, a heat
balance was established with these error limits. The estimated
maximum error in the temperature of the porous heat transfer
surface is =4°F.

Experimental Results

In Figure 4 the experimentally determined heat flux based
on the superficial area is plotted vs. average temperature differ-
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ence between the copper and evaporating interface for the
suction nucleate boiling of saturated water using experimental
design “A.” The effects of pore density and pressure drop are
shown. These pressure drops occurred between the top of
the flow control element and the bottom of the porous support.
In these experiments all the vapor flowed in a direction con-
trary to that of normal buoyancy. For reference, previously
published data for the nucleate boiling of water on a 4/0
polished copper surface are also shown (4). The data demon-
strate that: (1) the heat transfer coefficient for suction nucleate
boiling is substantially higher than that associated with normal
boiling; (2) surface tension can be used to direct the flow of
vapor in a desired direction; and (3) an increase in pore
density and/or pressure drop gives higher heat fluxes and an
increase in the heat transfer coefficient. A small increase in
heat flux above the last experimental point in the individual
curves resulted in a slow drift toward much higher surface
temperatures and in vapor flowing from the top of the flow
control element. This last point is designated departure from
nucleate boiling and corresponds to departure from nucleate
boiling in normal boiling. It should be noted that the total
internal surface areas of the pores in the metal for the two
configurations are 0.05 sq. in. for the 1,150 pores and 0.077
sq. in. for the 1,755 pores, and that departure from nucleate
boiling at the same pressure drop occurs at a correspondingly
higher flux with additional pore surface. The individual curves
have a characteristic shape of two straight lines of different
slope. The initial slope is considered the region of nucleate
boiling. The second portion of the curve may be considered
a transition region between nucleate boiling and film boiling.
It was also found that liquid was entrained in the vapor ex-
haust. The volume of entrained liquid ranged from 40% of
the condensed liquid-vapor volume at higher fluxes to 90%
at Jower fluxes. This entrainment was eliminated by the use
of experimental design “B.”

In Figure 5 the experimentally determined heat flux based
on the superficial area obtained using experimental design “B”
is plotted vs. the average temperature difference for various
pressure drops. These pressure drops occurred between the top
of the flow control element and the bottom of the porous sup-
port. In these experiments surface tension was used to direct
the flow of all the vapor in a direction contrary to that of
normal buoyancy and to separate vapor from liquid at the point
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of generation. The calculations described above indicated that
the exhaust quality was 100%. The individual curves have
the characteristic shape of an initial straight line, which is con-
sidered the nucleate boiling region, followed by a smooth
transition into film boiling. Unlike experimental design “A,”
no vapor was observed coming from the top of the flow con-
trol element in any of the experiments. The data demonstrate
that: (1) while operating in the nucleate boiling regime, the
measured heat transfer coefficient for suction nucleate boiling
is substantially higher than that associated with normal boil-
ing; (2) the point of departure from nucleate boiling is a
function of pressure drop; (3) the transition from nucleate
to film boiling is stable; and (4) it is possible to use surface
tension to separate vapor from liquid and to direct the flow of
vapor in a desired direction. Due to the limited scope of the
experiments, the effect of higher heat fluxes was not investi-
gated. Though not measured, it is anticipated that higher fluxes
are attainable with these pore dimensions at higher pressure
drops.

Results have been published that demonstrated the use of
nonwetted nucleation sites to obtain high heat transfer co-
efficients in normal nucleate boiling (5, 6), and the use of
wicking material on a solid heat transfer surface (7 to 9). Al-
though these papers are related to the present paper under the
general concept of the use of interfacial free energy to control
the boiling process, a discussion concerning this general con-
cept is omitted because of the particular nature and length
of this paper.

ANALYTICAL STUDIES

Proposed Mechanism

Based on the experimental data and observations dis-
cussed previously, a hypothetical heat transfer mechanism
is proposed for each experimental design and is used in
a theoretical analysis of the suction nucleate boiling proc-
ess. As regards experimental design “A,” the low surface
temperature, the pore design itself, and the entrainment
of liquid in the generated vapor indicated that some lig-
uid was always present in that portion of the pore sur-
rounded by metal and that vaporization occurred at the
copper wall of the pore. The flow control element pre-
vented the generated vapor from flowing up into the bulk
liquid; the generated vapor with entrained liquid ex-
hausted through the Teflon. (It should be noted that the
pressure drop across a meniscus with a radius of curvature
equal to the radius of the copper pore is not sufficient to
direct the flow of vapor downward.) Departure from nu-
cleate boiling occurred in these pores when substantial re-
sistance to vapor removal caused the liquid-vapor interface
to move up into the flow control element. As regards experi-
mental design “B,” the slightly higher surface tempera-
ture, the absence of entrained liquid in the exhaust, the
resistance to vapor removal, and the presence of a micro-
porous Teflon surface penetrating up into a portion of
the pore that was only 0.0014 in. long indicated that
vapor predominated in the pore. The low free surface
energy of the Teflon ensured that any vapor present read-
ily coated its surface. It is proposed that in this case
vaporization occurred at the boundary between the micro-
porous Alundum and the pore. The flow control element
prevented the vapor from going upward and the micro-
porous Teflon prevented any eddies of liquid from passing
downward, Departure from nucleate boiling occurred in
this design also when substantial resistance to vapor re-
moval caused the liquid-vapor interface to move up into
the flow control element.

Analysis

A single pore in the copper heat generating element
and its zone of influence in the porous Alundum are ana-
lyzed for experimental designs “A” and “B.” The objec-
tive of the analysis was to determine the steady state
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Fig. 6. Cross section of analytical model show-
ing a single pore and pore zone of influence.

temperature distribution in the copper and in the water-
filled Alundum as a function of position and heat flux.
Although the pores in the experimental design were
drilled in a hexagonal pattern, it was assumed that the
temperature is symmetrical about the axis of the cylindri-
cal pore. Since the area of the inscribed circle of a hexa-
gon is equal to 91% of the area of the hexagon, and the
temperature variation in the remaining portion of the
hexagon was small, the assumption that the temperature
profile exhibited cylindrical symmetry is a good onec.
Schematic diagrams of experimental designs “A” and “B”
are shown in Figure 2 and a cross-sectional diagram of
the analytical model is shown in Figure 6. In experimen-
tal design “A” it was presumed that heat was transferred
from the copper heating element axially, to the water-
filled Alundum contacting the upper surface of the copper,
and radially to water contacting the inside surface of the
pore. In experimental design “B” the presence of micro-
porous Teflon below the pore was assumed to restrict
radial heat transfer by retarding liquid entrainment within
the pore. In both designs heat was assumed to be trans-
terred by conduction in the water-filled Alundum.

The equations describing the temperature fields asso-
ciated with experimental designs “A” and “B” are derived
in the Appendix. For both designs the temperature in the
water-filled Alundum is given by

2 & L)
Tw('r’z) - b gl: nz(a"b)

[ cosh a, (Il — z)

cosh a, [

] ‘[b 1To(1) Jo(ant)dr (1)

In experimental design “A” the temperature distribution
in the copper heating element was found to be

S
To(r) == <af’——r‘2+2b21n—;—) +

2SaeH : Ji(an a)

b o an']* (e b)

Uolonr) —Jo(ewa)] (2)

In experimental design “B” a discontinuity in temperature
was assumed between the copper heating element and
the vapor filling the pore. The temperature in the copper
was then taken as uniform (see Appendix) and was found
to be
S b*(b*— &
T, — 3 i ](> —— (3)
4H@ 2 il [ Javendl
an b (e, b)

The average value of the theoretical heat transfer co-
efficient for experimental design “A” was obtained by in-
tegrating Equation (2) from 7 = a to r = b and by
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evaluating the result for the design dimensions of interest.
The average value of the theoretical heat transfer coeffi-
cient for experimental design “B” was obtained directly
from Equation (3) by evaluating it for the design dimen-
sions of interest. The caleulated values of the theoretical
coefficients based on the superficial area are presented in
Table 1. The theoretical heat flux is plotted vs. tempera-
ture difference in Figures 4 and 5. In the calculations, the
thermal conductivities of water-filled Alundum RA-84 and
RA-360 were estimated to be 1.10 and 1.16 B.t.u./(hr.)
(#t.) (°F.), respectively. The values for air-filled Alundum
were obtained from Norton (10) and were adjusted for
the presence of water with the method of Gorring and
Churchill (11).

COMPARISON OF EXPERIMENTAL AND
THEORETICAL RESULTS

Comparison of the experimental and theoretical results
given in Table 1 shows that the theoretical model pre-
dicts higher heat transfer coefficients than were attained
experimentally. The experimental results indicate the
presence of an additional resistance to heat transfer which
was not included in the theoretical model. In experimen-
tal design “A,” where vaporization occurred primarily at
the inside surface of the pore, this difference may be due
to a thermal resistance at this surface which is not in-
cluded in the idealized model. This resistance may repre-
sent incomplete contact between the liquid and surface.
The ratio of the measured to the theoretical heat transfer
coeflicient, which may be taken as a measure of the de-
gree of contact, was calculated for both pore densities,
and the values are in agreement at around 25.5% (23.8%
and 27.1%). In the transition region between nucleate
boiling and departure from nucleate boiling, individual
pores are believed to dry out with the liquid-vapor inter-
tace stabilizing at the surface of the flow control element.
By taking the heat transferred per pore at the start of the
transition region and dividing it by the theoretical heat
transfer coefficient, one shows that this process is initiated
at approximately the same temperature difference for both
pore densities. Departure from nucleate boiling occurs
when the vapor-liquid interface moves up into the flow
control element. Referring to experimental design “B,”
the difference between the theoretical and experimental
values is believed due to a thermal contact resistance be-
tween the heat source and flow control element which
was neglected in the idealized model. Since the Alundum
flow control element, which was pressed lightly against
the copper, has a rough surface, this resistance might re-
sult from a thin layer of vapor surrounding the points at
which the Alundum is in contact with the copper. The
hypothesis that the surface layer of the flow control ele-
ment is composed of vapor and Alundum is consistent
with the assumption that the exhaust pores in this design
were filled with vapor. Departure from nucleate boiling
occurs, then, when the vapor-liquid interface moves up
into the flow control element.

CONCLUDING REMARKS

The concept of suction nucleate boiling was investi-
gated experimentally and theoretically. The experimental
results demonstrated that: (1) interfacial free energy can
be used to direct the flow of liquid and vapor in a desired
direction and to separate vapor from liquid at the point of
vapor generation; (2) the heat transfer coefficient for
suction nucleate boiling is higher than that associated
with normal boiling; and (3) a porous surface can be de-
signed to give stable transition from nucleate boiling into
film boiling. The theoretical analysis indicated that ex-
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tremely high heat fluxes and heat transfer coefficients are
possible with small pores. Comparison of the experimental
and theoretical results demonstrated that the full poten-
tial of suction nucleate boiling was not attained in the ex-
periments and indicated some of the experimental refine-
ments needed to attain this potential (for example, min-
imizing the contact resistance in experimental design “B;”
eliminating the liquid entrainment in experimental design
“A;” and developing a heat exchanger with very small,
parallel, cylindrical pores designed to stabilize the menisci
at a desired plane of evaporation).

ACKNOWLEDGMENT

This research was undertaken as part of the United Aircraft
Corporation Research Laboratories’ corporate-sponsored pro-
gram. The authors acknowledge the helpful discussions with
and suggestions from Messrs. A, W. Blackman and J. R.
Keilbach.

NOTATION

A; = internal heat generation, B.t.u./(hr.) (cuft.)

A, == constant defined by Equation (A-T)

a = pore radius, ft.

b = zone of influence radius, ft.

H equal to e

h = heat transfer coefficient, B.t.u./ (hr.) (sq.ft.) (°F.)

k = thermal conductivity, B.t.u./(hr.)(ft.)(°F.)

4 = thickness of flow control element, ft.

P = pressure, lb./sq.in.

q = heat flux, B.t.u./hr. sq.ft.

r = radial distance, ft.
. Ag

S = equal to -—

ko

t = temperature, °F.

T = temperature minus liquid saturation temperature,
°F.

z == vertical distance, ft.

Az = copper thickness, ft.

an = roots of J/(ab) =0

Subscripts

c = copper

ta = theoretical value based on superficial area

tp = theoretical value based on the surface area of the
copper portion of the pore

ea = experimental value based on superficial area

ep = experimental value based on the surface area of
the copper portion of the pore

T = radial direction

s = saturation

w = water-filled Alundum
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APPENDIX A: DERIVATION OF EQUATIONS FOR
TEMPERATURE FIELDS ASSOCIATED WITH PORE
DESIGNS “A” AND “B”

The differential equation describing the temperature field
in the water-filled alundum is

FTe 1 9T §Tw 0=r<b
+— + =0 0<z<l (A-1)
or T or z° To = (tw —t:)

The solution to this equation, subject to the boundary condi-
tions of zera heat flux at + = b and at z = [, is given by
Carslaw and Jaeger (I12) as

- sh an(1 —
Ty — 2 As(onr) [__J_f_)] (A-2)
n=1 COShanl
where
2 b
Ay = ——— olanr)d A-3
B1(wb) St )

and aw, n = 1, 2 . . . are given by the positive roots of the
equation

J/(ab) =0 (A-4)

The temperature distribution at z = 0, f(r) will be deter-
mined below by the simultaneous solution of Equation (A-1)
and the differential equation describing the temperature dis-
tribution in the copper resistance heater.

The hollow, cylindrical, copper element is a thin, uniform
heat source insulated on the bottom side. The location of the
copper resistance heater is shown in Figure 6. The differential
equation describing the temperature distribution in the copper
can be derived by making a heat balance over a cylindrical
shell of infinitesimal thickness 3r. It is assumed in the deriva-
tion that the copper element is so thin that the temperature
at any radial position is constant across its width Az, This
assumption is justified by the high thermal conductivity of
the copper and by the thinmess of the copper. The heat
balance over the cylindrical shell is

2rrazq.|, — 2n(r + dr)Azqs|, o 5o — nl{r + Br)* —rlq.
+ maz[(r 4 8r)* —1*1A, =0 (A-5)

Neglecting terms involving &r% rearranging, and letting dr
- 0 gives

2 d T r
9 _ B9 4, (A-6)
Az dr r
Usin
& . darT. (A7)
Gr=" dr )
and
aT’W
q: = — ku (A-8)
0z =0

the resulting differential equation for the temperature distribu-
tion in the copper is

dzTc 1 dTu aTw a<r<b
_—F — =—S—H
dr + r dr 9z _ z2=10
#=0 Tcz(tc—tg)
(A-9)
Ac kw
where § = and H =
k. AZk.
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Experimental Design “A"
Equation (A-9) can be solved together with the boundary
conditions appropriate to experimental design “A.”

dT.
dr
BC.2 T.=0 r=ua (A-11)

The solution of Equation (A-9) is obtained by converting it
into a Fredholm integral equation (13), which is

To(r) = J:Elné [s +H aT;:E) ' ] dE

+1n._r‘j‘§rS+Hm
avr z

d A-12
5 Z:U]E (A-12)

This equation can be solved implicitly for T. (r) by differ-
entiating Equation (A-2) with respect to 2, evaluating the
result at z = 0, and substituting it into Equation (A-12) to
get

s
To(r) = — (@ —#* + 26 In—)
4 a

©  tanh anl An
—H 2 _.aia__[]o(anr)—]o(ana]

Qn

(A-13)

n

"
"

where

9 13
A = m‘f! Tc(T) ]o(anr)dr

(A-14)
assuming the temperature in the pore is the saturation tempera-
ture (that is, f(r) = Tw(r, 0) = 0 in the region 0 = r
<a).

In order to get an explicit solution for T.(r), it remains
now to obtain an expression for A. which can be evaluated
without knowing T.(r). Since Tw(r, 0) = T.(r) in the re-
gion a < r < b, Equation (A-9) can be subtracted from
Equation (A-1) to get

0 Tw T w
—H

Py 9% a <r<b(A-13)

—S8S=0 z =10,

This equation can be generalized over the entire interval
0 = r < b by writing it in the form

FTw 0Tw

9z° 9z

g(r),0=r<a

S,a<r<b
(A-16)

—G(r) =0 z=0 G(r) :{

The derivatives in Equation (A-16) can be evaluated at z
= 0 in terms of A. using Equation (A-2} to get

an® An Io(anf) -+

n=1

o i andn tanh and Jo(onr) = G(r) (A-17)
n=1

This equation can be solved for A» by using the fact that the
Bessel functions are orthogonal over the interval 0 == r < b.
Multiplying both sides of Equation (A-17) by r Jo(as7) and
integrating between r == 0 and r== b we have

Sa

Lr g(r) Jo(onr) dr — Ji(ana)

an

An = (A-18)

2

b
Oln(Oln + Htanh anl) E—]o(anb)

In order to determine g(r) let us evaluate the derivatives in
Equation (A-16) at z = 0 and in the interval 0 = r < a.
a2Tw

az*

(r,0) can be evaluated using Equation (A-1) and re-

calling that T (r, 0) is taken as identically zero in the interval
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) L Ul w
V = < 4 0r expenumental design "A.7 1ne denvauves

or

and

must, therefore, approach zero as z approaches

Tw

2

or

zero in tnis interval; consequently,

muse also approach

zero. A heat balance around the entire heat transfer zone can
be used to evaluate the other derivative in Equation (A-16),
o1

a; (r,0). Equating the total heat generated by the copper

to the heat leaving the system radially at r = 4 and axially
at 2 = 0, we have

. T
TAZA, (b — @*) = 2nkw fr
0 az

dT
dr

z (r,0)dr +

2nadzk, — (a) (A-19)

Noting that we must specify the flux distribution as well as
the temperature distribution between 0 and a to completely

Tw

define the problem,

(r,0) is taken as constant in the

in'terval 0 = r < a. Equation (A-19) can now be solved for

Tw

(r,0) to get

0T w (r. 0)
T, =
0% Ha

2 dT.
Ha dr

In the interval 0 = r < a, Equation (A-16) can now be
written as

(b —a*) —

{(a) 0=r<a

(A-20)

T 2 dT.
ry ——H 0) = — —
g(r) PP (r,0) - a)
S
= (b —a) (A-21)
a
0=r<a

Substituting Equation (A-21) into Equation (A-18) and
carrying out the required integration, we get

drT. Sb?

(a) —
dr a

aﬂ,2(01n + Htanh Olnl) b2 ]nz (anb)

2 ]l(ana) [ 2
A'n =

(A-22)

4
In order to obtain an expression for

(a), Equation (A-
13), together with Equation (A-22), can be used to get
dT.

a) =
dr
S * 12 T
oa b*—a* —4H 2 I (ona)
“ (i)
mEt gt H ) J? (ab
“ tanhotnl+ 1% (anb)
4H = J2 (ama)

b2 n=1 2 ( on H)]Z b
" \anhad T o (eab)
(A-23)

The temperature distribution in the copper T.(r) can now be
((ietermined by combining Equations (A-13), (A-22), and

A-23).

These equations can be simplified for application to the ex-
periments described in this paper, since the experimental
value of H was fairly small and the value of ! was quite
large. Under these conditions Equation (A-23) becomes
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T o) =2 —a) (A-24)
dr @r= 2a -
and Equation (A-22) is simplified to
—28al (an
A, —2Sak (o) (A-25)

o’ B Jo* {anr)

Substituting Equation (A-25) into Equation (A-13) and not-
ing that tanh an = 1 for large values of I, we get finally

Te(r) 1 ( ) 4 )
= @—r 4 2 In—
S 4 ¢ + " a
2aH *® ]1 i
—+ ¢ (ana) [Jo Camr) — Jo (ana)]

b 2 an* Jo* (anb)

n=1

(A-26)

Experimental Design “B”

Differential Equation (A-9) describing the temperature
distribution in the copper can be rewritten as

d [ dr. T a<r<b
dr dr 3z | :=0 2z =0
(A-27)

The boundary conditions appropriate to experimental design
“B” are

dT,

B.C.1 =0 r=5b (A-28)
dr
dar.

B.C.2 =0 r=a (A-29)
r

Before proceeding, it should be noted that it is quite reason-
able to expect the temperature profile at z = 0 to change
abruptly between a point at slightly less than ‘e’ and a point
at r = a, since there is no radial heat flow across the copper
surface at r = @. Although this abrupt change is easily repre-
sented mathematically as a discontinuity in temperature at
r = a, a solution for the temperature distribution in the cop-
per can be obtained only if the size of the discontinuity is
specified or if a sufficient restriction is placed on the shape
of the temperature profile in the copper. In this problem the
temperature of the copper in the interval is taken as constant.
Proceeding, then, toward evaluating this constant, one can
integrate Equation (A-27) with respect to r to get

(A-30)

v 3Tw S
L 0)dr = —— (b —a®
J;r P (r,0) dr Y ( a?)

after applying boundary conditions (1) and (2). Differentiat-
ing Equation (A-2) with respect to z and evaluating the re-
sult at z = 0O one yields

oTw 2aT. =

,0) =
o (r,0) W

Jo (ant) J1 (ana)
Jo% (anb)

tanh aal

(A-31)

since Te(r) = constant = T.. Substituting Equation (A-31)
into Equation (A-30) and solving for T., we get

S b* (b* — a?)
T.= (A-32)
«° 1 .’1 (aﬂa) 2
4H @’ 2 ——— | tanh el
- on ] ° ( anb)
For large values of ! Equation (A-32) reduces to
S b* (b* — a?)
T. = (A-33)

L 1 Ix(a..a) ]2
o g L] Rl
“ 12;1 an Jo {anbr)
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