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Film Boiling of Liquid Nitrogen from

Porous Surfaces with Vapor Suction:

Experimental Extensions

V. K. PAIl and S. G. BANKOFF

Northwestern University, Evanston, lllinocis

Previous work on film boiling of liquid nitrogen on flat horizontal porous surfaces with porous
ceramic flow control elements is extended to tubular geometries and to very thin (asbestos
paper) flow control members. At no loss in stability it is demonstrated that heat transfer co-
efficients more than five times greater than those in conventional film boiling can be cbtained.
An approximate model for g single liquid tongue breaking through the heating section at the
critical flow rate is alse presented. The upper {complete breckthrough) and fower (local
breakthrough) limits on critical flow rate can be obtained theoretically. The experimental points
lie between these two limits and, in general, are fairly close to the upper limit.

Methods for improving the heat transfer rate in both
the stable boiling regimes (nucleate and film boiling)
have been the subject of a number of investigations in
recent years. These include the use of capillary wicking
(I to 8), fixed nucleation sites (4, 5), impressed electrical
fields (6 to 9), ultrasonic fields and pulsating pressures
(10 to 12), and porous heating sources with vapor suc-
tion (13 to 16). The last mentioned mode of boiling heat
transfer, with which the present work is concemed, pro-
vides the additional advantage of vapor superheat and
Ehedelimination of vapor binding in reduced gravitational

elds.

The feasibility of film boiling® on an electrically heated
horizontal porous plate with the vapor being sucked
through the plate has been demonstrated in previous
studies (14, 15). In order to stabilize the system, it was
necessary to use a porous glass-bonded quartz block, 3/16
to 1% in, thick, next to the heating element on the liquid

side. In the absence of this element, strong pressure oscil-

¢ Actually, none of the common boiling regime classifications fit the
present system. The term controlled-access film boiling might be more
properly descriptive, since at high suction rates it is thought that the
flow contrgl elements serve to distribute liquid uniformly to the hot
porous surface. At sufficiently low flow rates, however, vaporization un-
doubtedly occurs principally in the flow control element.
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lations were recorded, followed by quenching of a portion
of the heating element to the liquid temperature. In-
creases in heat transfer coefficients of about 2.5 times
over those in normal film boiling were noted with vapor
suction. Although the ceramic blocks were found to be
well able to stabilize film boiling with vapor suction, the
full advantages of this mode of heat transfer were not
achieved. With no vapor suction, all the vapor was vented
up through the ceramic blocks, resulting in considerably
Tower heat transfer coefficients. Change in porosity of the
blocks was shown to have negligible effects on the heat
transfer coefficient, although there existed a limiting por-
osity for effective flow control. It seemed therefore desir-
able to investigate other flow control elements over a
wide range of heat fluxes. In the present work, film boil-
ing of liquid nitrogen with vapor suction is studied on
both flat and tubular porous heating elements at heat
fluxes as high as 80,000 B.tu./(hr.)(sq.ft.). A porous
metallic plate, which is similar to the heating element and
hence provides a compact sandwich construction, as well
as thin asbestos papers, are used as flow control elements.
Two different types of materials varying in thickness are
used for the heating elements. In addition, an approxi-
mate theoretical model for liquid breakthrough is devel-
oped in the Appendix.
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Fig. 1. Heat transfer cell with flat heating efements.

EXPERIMENTAL DESIGN

Two types of heating elements were used in the experiments:
a two-layer composite of Rigimesh J, a 316 stainless steel screen
with a wire count of 165 X 1,400 and an average pore diam-
eter of 10u, with a composite thickness of 0.013 in.; and a
1/32-in.-thick sintered porous stainless steel also with an
average pore diameter of 10x (abbreviated as PSS G). Rigimesh
J tubes were prepared by rolling the sheet material to % in.
LD. and soldering the seam with silver solder. PSS G tubes
were specially obtained and had an approximately 1/16-in.-
wide welded seam. Rigimesh | is a relatively high resistance
element and has greater strength at high temperatures than
the sintered PSS G elements.

The heat transfer cell with flat heating elements, which is
similar to the one used in the previous studies (14, 15), is
sketched in Figure 1. The heating element (A), silver-soldered
to copper strip leads (B), was sandwiched between two asbestos
gaskets (C), two transite flanges (D), and two metal plates
(M), and bolted to the flange of a 3-in. I.D. Pyrex exhaust pipe
(E). Nonhardening Permatex gasketing cement was used as
the sealing agent. A 6-in.-high pool of liquid nitrogen at at-
mospheric pressure (N) was maintained above the flow control
element in a styrofoam container (§8). The flow control element
(F) was placed on top of the heating element and cemented
on the sides with Saureisen No. 31 cement.

A cross-sectional view of the heat transfer cell with a
vertically mounted tubular heating element is shown in Figure
2. The total length of the heating element (A) was 5 in. and
the 1.D. % in. Two copper rings (B) were soldered to the tube
at its ends and were protected from the liquid by two transite
flanges (D) cemented to the tube and the copper rings with
Saureisen No. 31 cement. At the top end, the tube opening
was closed by means of a copper disk (C) to which the trans-
former leads were welded. This assembly was insulated by
a transite ring (E), a maranite cap (F), and a styrofoam en-
closure {G). At the bottom end of the tube, a copper ring
(H), carrying the transformer leads, was set-screwed to the
copper flange (B) of the tube. A piece of aluminum foil (I}
was also used to insure contact between the two copper pieces.
This assembly was gasketed by asbestos (J) and bolted to a
transite piece (K) and a metal plate (L). The Pyrex exhaust
pipe was also bolted to this assembly. This nitrogen pool was
provided by a styrofoam container (GG). Nonhardening Perma-
tex cement was again used as the sealing agent. The flow con-
trol element (P) was a thin asbestos paper wrapped tightly
around the tube and held in place by means of a Fiberglas
thread and cement.

Two types of flow control elements were used: porous stain-
less steel (average pore diameter 654 and approximately 50%
porosity) plate Y in. thick, which was separated from the
heating element by a 1/84-in, layer of Fiberglas cloth for
electrical insulation; and either a 1/16-in.-thick commercial
grade asbestos paper, or more often a 0.01-in.-thick (Nova-
bestos) glass-bonded asbestos paper.

The vapor exhaust system consisted of two calibrated
rotameters and a vacuum pump. The pressure below the heat-
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Fig. 2. Heat transfer cell with tubular heating elements.

ing element which controlled the flow rate was measured with
a manometer and the temperature of the exhaust pipe was
measured with two chromel-alumel thermocouples located
about 2 in. below the heater and shielded from radiation ef-
fects by a bed of %-in. berl saddles. The Pyrex exhaust pipe
was also stuffed with glass wool.

The vapor suction through the porous heating element made
it necessary to use the heating element itself as a resistance
thermometer to obtain an accurate measurement of the surface
temperature. In addition a number of chromel-alumel thermo-
couples were attached to the bottom of the heating element.
The thermocouple data were used to make the correction for
temperature distribution to ascertain whether any part of the
heating element was quenched by liquid, which defined the
end of the stable operation, and also in the calibration of re-
sistance of the heating element. The locations of these thermo-
couples, along with the dimensions of the heat transfer sur-
face, are shown in Figures 3 and 4. The resistance of the
heating element during operation was measured by an a.c.
potentiometric circuit, the details of which were described
previously (15) along with the calibration procedures. The
arrangement of the thermocouples also made it possible to use
the thermocouple wires as resistance leads and to measure
the temperature distribution on the surface. The calibration
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Fig. 3. Thermocouple locations and dimensions of heat transfer sur-
face with flat heating elements.
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Fig. 4. Thermocouple locations and dimensions of heat transfer sur-
face with tubular heating elements.

of the resistance of the heating elements was checked after
every experimental run and, at heat fluxes above 20,000 B.t.u./
(hr.)(sq. ft.), it was necessary to recalibrate the resistance
between each run because of the slow oxidation of the elements.

The power generation system consisted of a 5-kvamp. voltage
stabilizing transformer, a 5.75-kvamp. variac, and a 15/1 step-
down transformer. The power input was measured by measur-
ing the current and the voltage drop across the heating element.

OPERATION OF THE EQUIPMENT

The experimental runs were made at approximately constant
heat flux over a range of vapor flow rates from zero to the
limiting flow rate at which the lignid would tend to break
through the heating element, causing unstable operation. The
first steady state point of the run was recorded with no vapor
suction at low heat fluxes or at a suction rate sufficient to cool
the surface down to about 500°F. at the higher heat fluxes.
With the asbestos paper flow control elements, the time re-
quired to attain steady state was about 20 min. for the first
point and less than 10 min. for the subsequent points of the
run. With the metallic plate, however, as in the case of
ceramic blocks in the previous studies, these periods were
more than three times as large, presumably due to small changes
in the flow patterns in the flow control elements.

At low flow rates not all the vapor exhausted through the
surface, but at higher flow rates very little vapor could be
seen coming from the top of the flow control element. As the
flow rate was increased, the liquid would approach closer to
the heating element, as indicated by the thermocouples at-
tached to the bottom of the element. By calculating the percent
of energy input recovered in the exhaust vapor, the fraction
of the generated vapor that was sucked through the heating
element could be estimated. At the point when all the gen-
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erated vapor began to flow through the heat source, with the
Novabestos-covered tubular heating elements, any further in-
crease in vapor suction rate caused the liquid to break through
quickly (in the bottom half of the tube due to the hydrostatic
head). But with the metallic plate and also ceramic block
flow control elements on a flat heating element, there was an
appreciable spread in vapor flow rate between the point where
all the vapor entered the element and the point where liquid
breakthrough occurred. In fact, in the latter case the tempera-
ture read by the central thermocouple was observed to decrease
more rapidly with increasing flow rate than the thermocouples.
on the sides as soon as all the vapor began to flow through
the element. However, the operation was very stable; in fact,
stable operation ( except for slight fluctuations in the thermo-
couple signals and the a.c. null detector in resistance measured)
was possible even with the central thermocouple reading
within about 50°F. of liquid temperature. The flow rate at
which liquid breakthrough did occur (the central thermocouple
reading liquid temperature) was found to be sharply defined.
Even a slight decrease from this critical flow rate caused the
liquid to recede immediately, but any increase would cause
the other thermocouple readings also slowly to reduce to liquid
temperature. The exhaust vapor had appreciable superheat
even at the critical flow rates, especially at the higher heat
fluxes. These observations led to the presumption that liquid
would actually tend to enter the heating section at high How
rates, giving a stable evaporation interface in the heating sec-
tion. Based on this observation, the liquid breakthrough and
instability in this operation could be studied theoretically. An
approximate model is presented in Part II of this work,

When the Novabestos paper was used as the flow control
element on a flat surface, unusually large fluctuations in tem-
perature, pressure drop, and flow rate were observed slightly
before the predictable (from the other flow control elements)
critical flow rates. It was believed that this was due to the
thin flexible asbestos paper, which resulted in increased tur-
bulence in the system and caused appreciable pressure oscil-
lations near the critical flow rates. If, however, the Novabestos
paper was held relatively tight against the heat transfer sur-
face (by means of a fiber glass thread with the tubular heating
elements or by placing a %-in. mesh screen on top of the
paper in the case of flat heating elements), these fluctuations
were greatly eliminated.

CALCULATION AND ANALYSIS OF DATA

The measured power input was corrected for conduc-
tion and radiation losses to calculate the heat flux. No
radiation corrections were applied to the power input to
the tubular heating elements. Also, no corrections for
convection losses were applied to the power input, since
it was considered to be a part of the overall heat transfer
mechanism, The average surface temperature was calcu-
lated by the method used in previous studies (14, 15)
and involved the following steps: (1) the measured re-
sistance of the heating element was corrected for the
area of the heating element under the gasket by using
the temperatures read by the thermocouples under the
gasket; (2) by using the resistance calibration, the cor-
responding temperature was noted; and (3) this tem-
perature was corrected for temperature distribution with
the thermocouple data to obtain the electrically measured
area averaged surface temperature Tgq. This latter cor-
rection was usually within 2 to 3% of the total tempera-
ture driving force.

An error analysis of the data (I7) indicated that the
total relative error in the heat flux was *5.5%. The
maximum error in the calculation of T, was estimated
to be =15°F at low heat fluxes, but at higher heat fluxes
and at high vapor flow rates, this figure was as much as
+30°F. The uncertainty in the measurement of vapor
flow rate was less than 19%.

The average heat transfer coefficient h is defined as

Q.

h=A(Tsea—To) <1)

Page 729



where Q./A is the corrected heat flux and T, the satu-
rated liquid temperature. Here A is the projected area of
the porous heating elements. The heat transfer coefficient
and the flow rate were converted into dimensionless num-
bers by defining a Nusselt number Ny, = hD/k and a
Reynofclls number Ny, = DG/u, where D is the minimum
pore diameter of the heating element, G the superficial
mass velocity, and the thermal conductivity k, and vis-
cosity p of the vapor are evaluated at the saturated vapor
temperature.

DISCUSSION OF RESULTS
No Vapor Suction Effect of Flow Control Element

In Figure 5, the heat flux Qc/A is plotted as a function
of average temperature difference (Tsea — T,) for dif-
ferent types of operations. Curves A to E are zero vapor
suction curves for different flow control and heating ele-
ments, For comparison, the experimental data reported
by various investigators for film boiling of liquid nitrogen
on solid surface are also given. Curve F was obtained for
a flat horizontal surface (14); curve G was obtained for
a horizontal tube (I8) and also for a sphere (19),
whereas curve H was obtained with a vertical tube (20).
Finally, curves I and ] represent approximate instability
envelopes for operation with vapor suction by using
ceramic blocks and PSS D plate on a flat heating element
and Novabestos paper on a tubular heating element, re-
spectively.

Curves A and B, which were obtained in previous
studies (14, 15) with porous ceramic blocks, show that
with no vapor suction, these flow control elements result
in a consigerably lower heat transfer rate and do not
represent desirable operating conditions. The data points
obtained in the present work with PSS D flow control
element can be seen to be close to curves A and B. If the
flow control element is able to bring the liquid close to
the heating surface, the heat transfer to liquid can be
considerably increased. This is evident from curve E,
which was obtained with the two Novabestos-covered
tubular heating elements. Curve E shows about a twofold
increase in heat transfer rate as compared to normal film
boiling and seven- to eightfold increase as compared to
zero vapor suction boiling with porous ceramic blocks
as flow contro] elements. This pronounced increase in heat
transfer with the thin asbestos paper is evidently due to
the high-temperature gradients through the paper which
tightly covers the hot surface. It is of interest that Cow-
ley, Timson, and Sawdye (21) have shown that by cover-
ing a steam-heated copper tube tightly with Vaseline-
impregnated asbestos (less than 0.5 mm. thick), an in-
crease in heat transfer rate in film boiling of liquid nitro-
gen could be obtained.

Curves C and D represent the data points obtained
with zero vapor suction by using 1/16 in. asbestos and
the Novabestos papers, respectively, on a flat heating
surface. Except at lower heat fluxes, a slight effect due
to the difference in thickness (and possibly nature) of
the papers can be noted. It is further seen from these
curves that compared to ceramic blocks, the use of as-
bestos papers on a flat heating element results in a con-
siderable increase in heat transfer to liquid. However,
when compared to curve E, it is also evident that the full
capability of the asbestos covering is not achieved in
this design. When the thin asbestos paper is placed on
top of the flat heating surface of even relatively small
area (as in the present design), the vapor flowing up-
ward causes the paper to bulge, which in turn results in
a decreased heat transfer to liquid. This is also presum-
ably why curves C and D show a decreased heat transfer
rate as compared with boiling on a bare surface (curve
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Fig. 5. Comparison of heat flux curves for different types of op-
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Fig. 6. Heat flux vs. temperature difference for various flow rates
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F) at lower temperature differences. With increasing
temperature difference, curve D begins to show a higher
heat transfer rate than that given by curve F and also
approaches curve E. This is believed to be due to the
increased turbulence in the system at higher heat fluxes,
which decreases the effective thickness of the vapor film.

The upper limits for heat transfer rate that can be
achieved with vapor suction under two different condi-
tions are shown by curves I and J. These represent the
heat transfer rates that can be achieved at the critical
flow rates. At these flow rates, the liquid tends to pene-
trate the heating element. At low heat fluxes the liquid
would quickly break through the center of the surface,
but at higher heat fluxes, sufficient energy is present to
vaporize the tongue of liquid in the heating element, thus
resulting in a relatively Jower surface temperature at the
critical How rates. Curve | represents the maximum heat
flux that can be obtained in the present system.

Effect of Vapor Suction

In Figures 6 to 8, the heat flux Q./A is plotted as a
function of average temperature difference (Tseq — To)
with the superficial mass velocity of vapor through the
heating element G as a parameter for the three different
systems. The dotted envelopes on the left side are the
limits of stable operation. These figures readily demon-
strate how vapor suction increases the heat transfer rate
in film boiling. The heat transfer coefficient h is plotted
as a function of the superficial mass velocity G for the
three different systems in Figures 9 to 11. The data with
PSS D flow control element on the two different flat heat-
ing elements are seen to agree well with the curve for
ceramic blocks (Figure 5) obtained previously (14, 15).
From the point of view of practical application of the
system, the use of a porous metallic plate for flow con-
trol element seems preferable to porous ceramic blocks.

Yol. 12, No. 4
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Fig. 8. Heat flux vs. temperature difference for various flow rates
with Novabestos-covered PSS G flat heating element.

The former makes it possible to have a sandwich con-
struction by using similar materials for flow control and
heating elements, which may be more compact and easil

fabricated. The heat transfer coefficients obtained wit

the two Novabestos-covered tubular heating elements are
seen to be considerably higher than those obtained with
the porous ceramic blocks and metallic plates. The thin
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Fig. 9. Heat transfer coefficient vs. vapor flow rate with PSS D flow
control element on flat heating elements.
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Fig. 10. Heat transfer coefficient vs. vapor flow rate with Nova-
bestos-covered tubular heating elements.

asbestos paper snugly covering the heating surface brings
the liquid closer to the surface than the porous blocks,
and the vapor suction results in a pronounced increase in
heat transfer rate. With the Novabestos- and 1/18-in.
asbestos-covered flat heating elements, the heat transfer
coefficients can be seen to be affected by both the vapor
flow rate and the level of heat flux. Increase in heat flux
presumably causes greater turbulence, as well as motion
of the paper, which significantly increases the heat trans-
fer coefficients. By cementing a ¥%-in. mesh screen on top
of the asbestos paper, the large fluctuations near the criti-
cal flow rates were eliminated, but there was still some
separation of the paper from the heating surface at low
flow rates.

T I
180 r— ° Novabestos on Flat PSS G

2 Novabestos +1/4" mesh screen on Flot PSS G
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& e L 2
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Fig. 11. Heat transfer coefficient vs. vapor flow rate with asbestos-
covered flat heating elements.
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Dimensionless Correlations

In Figures 12 and 13 the Nusselt numbers are plotted
against Reynolds numbers for vapor-suction boiling with
PSS D plate on flat heating elements and Novabestos
paper on tubular heating elements, respectively. The Nus-
selt number is a function only of the Reynolds number
and the data are correlated by the equation

Niww = 0.044 + 0.925 Ngi23 @)

for the PSS D plate on flat heating elements. The data
for the Novabestos-covered tubular heating elements are
correlated by

Ny = 0.335 + 0.775 Ng,'1° (3)

In Equations (2) and (3) the figures 0,044 and 0.335
represent average values of Nusselt number with zero
vapor suction, respectively.

5.0
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Fig. 13. Nusselt number vs. Reynolds number with Novabestos-
covered tubular heating elements.
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Fig. 14. Heat flux vs. vapor flow rate for various exhaust tempera-
tures with flat heating elements.

Exhaust Temperoture

The heat flux is plotted as a function of the mass ve-
locity of vapor with the exhaust temperature as a param- ———t l i
eter in Figures 14 and 15. The measurement of exhaust [~ ° PSS D Plate on Flot Rig.J
temperature is subject to errors due to flow of vapor and PSS DPiate onFlat PSS 6
heat leaks into or out of the exhaust system. At a par- + Novabestos on Flat PSS 6

T T T
T

-

ticular heat flux and flow rate, the exhaust temperature /16" Asbes. on Fiat PSS 6

in the case of flat heating elements (Figure 14) is higher o Novabestos +1/4" mesh screen on Flat PSS 6
than that with the Novabestos-covered tubular heating
elements (Figure 15); this is apparently due to the dif- 10.0 = —
ference in average vapor-film thickness in the two sys-
tems, which results in different average surface tempera-
tures. Nevertheless, the advantage of obtaining a super-
heated vapor by vapor suction boiling is evident.

b1

Pressure Drop

The overall pressure drops through the flow control
element, vapor film, and the heating element are plotted
against superficial mass velocity through the heating sur-
face in Figures 16 and 17. An accurate measurement of
pressure drop in this system is difficult because of change
in permeability with temperature and pressure, local cor-
rosion or plugging of heating element, channeling of -
vapor or liquid, and the possible clogging of the flow con- / 7
trol element by ice particles. A considerable scatter in the o= *“—} 1/32" Thick PSS G Piate (Room Temp.1
pressure drop is, therefore, to be expected. Use of the gt
thicker PSS G instead of Rigimesh J heating elements in- I /
creases the pressure drop. The use of asbestos papers on ° %
flat heating elements can be seen to result in considerably /
higher pressure drop as compared to other systems. This “
is believed to be due to the clogging of the relatively
dense asbestos papers by fine particles suspended in the 0.0l
liquid. That these are principally ice particles is shown to 20 30
by the fact that when the asbestos papers are tightly € lbs./ min.sq.1.
wrapped around the tubular heating elements, the pres- Fig. 16. Pressure drop vs. vapor flow rate with flat heating elements.

ap (psi)
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Fig. 17. Pressure drop vs. vapor flow rate with tubular heating
elements.

sure drops are relatively low. In this case the asbestos
paper is at a much higher temperature than in the case
of flat heating elements. In a practical application of
this system, the possible clogging of the flow control and/
or heating element over a long period of operation is an
important point to be considered.

CONCLUDING DISCUSSION

The feasibility of this new mode of boiling heat trans-
fer at heat fluxes twice as high as the peak heat flux in
nucleate boiling (29) has been established and the re-
sults indicate that the method would be applicable at
even higher heat fluxes with a more than five times in-
crease in the heat transfer coeflicients as compared to
normal film boiling. A considerable reduction in the bulk
of the flow control element, which is required for the sta-
bility of the operation, has been achieved. In fact, the
use of very thin asbestos papers is seen to be profitable
even at low vapor suction rates. The improvements in
heat transfer coefficients added to the superheat obtain-
able in the exhaust vapor, which could be controlled by
changing the vapor flow rate and the heat flux, should
make this method of boiling attractive.

An interesting possibility that has not been studied so
far in this mode of heat transfer is that, by treating the
surface layers of the porous heat source (preferably with
a nonwetting substance such as Teflon or a Teflon-as-
bestos mixture), the flow control element could probably
be dispensed with while still obtaining stable operation.
That this is possible can be deduced from the fact that
a very thin covering of asbestos paper on the heat trans-
fer surface is able to stabilize the system efficiently. An-
other possibility that may also result in dispensing with
the flow control element would be the use of a heating
element with a gradient in porosity, decreasing inward
from a relatively open structure on the vapor side. It is
also interesting to add here that the parallel problem of
film condensation on a porous surface with the condensate
being sucked through the porous element has been
studied theoretically (22, 23), showing a substantial in-
crease in heat transfer rate. Experimental work on this
problem remains to be done.
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NOTATION

a = thickness of heating element, ft.

A = projected area of process heating element, sq. ft.

Ap = area of heating element covered by liquid ton-
gue, S(}. ft.

A, = ?rea ot heating element occupied by vapor, sq.
t.

C = constant potential on the interface, sq. ft./hr.

Cp = specific heat of vapor at constant pressure, B.t.u./
(Ib.) (°F.)

D = minimum pore diameter, ft.

G = superficial mass velocity, Ib./(hr.) (sq. ft.)

G: = constant defined by Equation (20A)

k= permeability of heating element, sq. ft.

k, = t}flermal conductivity of vapor, B.t.u./(hr.) (°F.)
(ft.)

Nnu = hD/k, Nusselt number

Nre = DG/g, Reynolds number

Ap = piesiure drop in heating element, 1b./(sq. ft.)
(hr.

q = rate of heat generation, B.t.u./(hr.) (cu. ft.)

()c/A = corrected heat flux, B.t.u./(hr.) (sq. ft.)

T, = average exhaust temperature, °F.

T, = saturated liquid temperature, °F.

Tsea = electrically measured area averaged surface tem-

perature, °F.
constant, hr,—1

velocity vector, ft./hr.
complex potential, sq. ft./hr.
position coordinate, ft.
position coordinate, ft.
complex variable

wnn

%ebrwg. new v g <y
o

k Letters
= latent heat of vaporization, B.t.u./lb.
= viscosity, 1b./(ft.) (hr.)
= density, Ib./cu. ft.
= potential function, sq. ft./hr.
= stream function, sq. ft./hr.
Subscripts
i = interface
L = liquid
v = vapor
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APPENDIX: FILM BOILING FROM POROUS SURFACES
WITH VAPOR SUCTION: AN APPROXIMATE MODEL
FOR LIQUID BREAKTHROUGH

The experimental observations suggested that the liquid
breakthrough in the heating section could be studied theoreti-
cally by assuming a stable evaporation interface in the porous
element, which would move along the depth of the section
as the flow rate was increased. The problem becomes mainly
one of obtaining an equation which describes this stable in-
terface as a function of the variables, namely, heat input (q),
pressure drop (Ap), and flow rate (G). This equation would
then define the conditions under which the liquid breakthrough
would begin. An approximate solution to the problem is pre-
sented here which consists essentially of assuming a complex
potential to describe the flow pattern in the system which
would define, under suitable assumptions, a tongue-shaped
evaporation interface.

It is of interest to note here that an analogous problem of
motion of an interface between two immiscible fluids in a
porous medium due to the instability which occurs when the
penetrating fluid is less viscous has been studied in detail,
among others, by Taylor and Saffman (24 to 28). The present
problem is complicated by the phase change occurring at the
interface and the finite depth of the porous heating section.

Figure 18 represents the theoretical model under considera-
tion. Liquid is fed uniformly into a heat producing porous

y
0 x
Cd
//
/7 /,’ 22N\ -y
/
O Ly
/ /, ,, x@! YQ
/'S

Fig. 18. Flow pattern in the theoretical model.
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section of thickness a, by a similar although nonheat generat-
ing, porous mediwm which extends to infinity. The latter repre~
sents the flow control element in the experiments and its thick-
ness is assumed to have negligible influence on the conditions
for liquid breakthrough in the heating section.

The flow pattern in the porous medium is assumed to be
described by the complex potential given by

w==e+iy=UzZz=x 41y (1A)

where U is a constant with the dimension of reciprocal time.
The choice of this function makes it possible to define con-
veniently a tongue-shaped evaporation interface as described
below. It is assumed that (x; — x¢)/xp << 1. The streamlines
and the constant potential lines are given by

1,(/=2ny;‘1’= U(JC2'— y2) (ZA)

It the flow system obeys Darcy’s law, the pressure drop in
the liquid phase in the heating section can then be neglected
as compared with that in the vapor phase, since the kinematic
viscosity of the vapor is large compared to that of liquid. Ap-
plying Darcy’s law, one obtains

- k
V= V‘P:———Vp (34)
"

so that the evaporation interface, as a constant pressure sur-
face, and hence a constant potential surface, is described by
a hyperbolic shape. These constant-potential surfaces are im-
agined to be liquid tongues entering the heating section.

The surface ¢ = C is now assumed to represent the liquid
tongue which has just reached the depth of the heating section.

The uniform superficial mass velocity of the liquid entering
the section is

G = 2UxpL, (44)
and since ¢ = C on the interface, Equation (2A) gives
C = U{x? —y1?) = Uxe? (54)
Further, a heat balance in the liquid phase gives
gAL = 2Gy1h (6A)

Equation {6A) assumes negligible thermal conductivity of the
porous medium, By using the equation for the intertace, the
area Ay, is given by

C \1/2
AL=xl(x12——)
U

C . (C/U) 12
— |In
+ U ( C )1/2 (74)
£ 2
14+ (2 T
so that Equation (6A) becomes
_ 2GA
9 C (C/U )2
x1 4 In
C \1/2 C \1/2
U("l“?) =+ ("12“7)
(84)

Since the depth of the heating section is known, use of Equa-
tion {5A) gives

C
xo=x1—aor?]-=(x1—a)2 (94)

The potential ® and stream function ¢’ in the vapor phase
are now defined by

U 2pLUx;
@’: PL (xz—-y2); ¢' =—Lq- (].OA)
Pv Pv

so that the mass balance across the interface is satisfied. On
the interface ¢’ satisfies
pC
P = (114)
Poi
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where py;i is the saturation density of the vapor. The average
value of &’ on the plane x = xo is given by

oU ”oxz_ 2
q”!x:x = j; -————0 y dy
0

(124)
0 Y v
The pressure drop through the heating section is thus
k C wU (°x2—g
Eoap=tl o f o — ¥ dy (134)
H pui yo v° Py

If the thickness of the heating element is small, as in the ex-
perimental work done to date, the change in py can be neg-
lected and yi = yo. Using Equation (5A) one can simplity
Equation (13A) to

k pui Ap

— g m———

22— ==
Y u o U

Combination of Equations (44), (84), (94), and (14A) re-
sults in

(144)

aG
X1 = (154)
k Ap
2 (G—s—[’vi——)
" a
2Gh
q =
(x1 —a)? 1 ( X1 —a )
x
t (2ax; — a2)172 x1 + (Zax; — a2)12

(184)

These two equations together give the desired relation between
heat input, pressure drop, and flow rate at which the liguid
will begin to break through the heating section.

It is further noted that the average superheat in the vapor
leaving the section when the liquid begins to break through is
given by

2Gy Cp (Te — To) = qAy (174)
Using Equations {7A) and (8A), one can rewrite Equation
(174) as

qa =G\ + GCp(Te—T,)

which gives the overall heat balance in the system.

(184)

Discussion

Liquid breakthrough in the heating element can occur in
two distinct ways: complete breakthrough and local break-
through. Complete breakthrough, by definition, occurs when
the heating element is just completely filled with liquid before
any liquid breaks through it. The critical flow rate is then
given by the heat balance equation GL = qa. On the other
hand, local breakthrough occurs when a tongue of liquid
begins to dip through the heating section locally at the center,
so that at this point liquid occupies the least area in the heat-
ing section, and consequently the exhaust vapor at the critical
flow rate may still have considerable superheat. At a given
heat flux, the critical flow rate is obviously maximum if the
breakthrough is complete. If the breakthrough is local, how-
ever, the critical flow rate may vary over a wide range, de-
pending on the shape of the liquid tongue.

Equations (15A) and (164) can be rewritten, solving for
qa, to give

400

COMPLETE BREAKTHROUGH |x, APPROX. 1200
L I ]
Thick Ceramic Block on Rig. J

Thin Ceramic Block on Rig. J

1
300 - PSS D Plate on Rig. J /
PSS D Piate on PSS G
1/16" Asbes. on PSS G
250
X =05/
200 \
- Lo
b 3
150

049 b o x

G, Ibs /(hr) (sq ft)

x
a o
l OO ‘o X - —
% o0
o x
50—, T
|
0 5 10 15 20 25 30

qa, Bfu/(hr){sq f1) x 10>

Fig. 19. Critical flow rate vs. heat flux for various values of x;
compared with experimental data.
and

ga = 2Gh (224)

This gives the lower limit on the critical flow rate in local
breakthrough and it is equal to half the complete breakthrough
flow rate (qa/L}. The shape of the liquid tongue is triangular
at this point, which is a consequence of the choice of the
complex potential. At the other extreme, x; = <0, so that G
= G1 and the heat input is zero. It is possible then at some
value of x; to have the condition for complete breakthrough
satisfied. This value of x( is given [by putting ¢ = Gi/a
in Equation (16)]

(x1—a)? 1 (

n
(2ax; — q2)1/2

Xi1—a
): 2a
x1 + (2ax; — a2)1/2
(234)

X1 +

In Figure 19 the critical flow rate is plotted as a function
of heat flux (gqe) for different values of x;, along with the
experimentally observed liquid breakthrough points for the
Rigimesh | and PSS G heating elements by using ceramic
blocks, PPS D plate, and 1/16-in. asbestos paper as the flow
control elements. At a given heat flux the value of x; in the
model determines the shape of the liquid tongue and the
corresponding critical flow rate, which is bounded by the upper
limit (complete breakthrough) and lower limit (local break-

(194)

through). The experimental points are seen to be appreciably
above the lower limit of local breakthrough given by x; =

2GA
qa=
G (2G1 — G)?2 ( 261 — G )
. n
2{G—Gy1)  4[Gi(G — Gy)3]1/2 G + 2[Gi(G — Gy)]1/2
where
G =k, 2P oG (20A)
= — '-—;x T e e—————
1 P Pui Z 1 2(C-—-—G1)

The value of x; in the analysis could vary between a and oo
and the basewidth and the shape of the tongue vary accord-
ingly. When x; = a, Equations (19A) and (20A) give

k Ap
G = 6—pyi— (214)
u a
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@ in the model. At low heat fluxes, the breakthrough is close
to complete, whereas at higher heat fluxes, appreciable devia-
tions for complete breakthrough can be seen. It is to be noted,
however, that at higher heat fluxes, the edge effects may be-
come appreciable.
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