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FOREWORD

The work described in this report was accomplished under contract number
NAS 8-11291 initiated by NASA Marshall Space Flight Center for a Research
Study on Instrument Unit Thermal Conditioning Heat Sink Concepts. The con-
tract was under the direction of Mr. F. Huneidi at the NASA and Mr. I. G.
Austin at the AiResearch Mfg. Co.

The following members of the AiResearch program staff contributed to
the report: D, W. Graumann, Therma! Analysis; G. R. Woods, Mechanical Design
and Development.
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Q/A

6“

NOMENCLATURE

tube radius

projected active wick area

wick free flow area

wick thickness

pore tortuosity

pore diameter

hydraulic diameter of stean passage
friction factor

acceleration of gravity

gravitational constant, 32.2 Ibf Ft/lbrn sec?

mass flux

vapor passage height

heat of vaporization

mechanical equivalent of heat, 778 ft-!bf/Btu
effective thermal conductivity of wick-water matrix
active wick length

absolute pressure

breakthrough pressure

pressure on liquid sijs of vapor-liquid interface
steam passage pressure

local saturation pressure

pressure on vapor side of vapor-tiquid interface

heat Tlux
heat flux
heat rate -
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r local pore radius

rt minimum pure radius
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t time
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To local liquid temperature

Tsat saturation temperature

ATsup fiquid superheat

AT temperature difference

W width ot wick or steam passage
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Wy absolute viscosity of liquid
v kinematic viscosity of liquid
Py liquid density
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SECTION |
INTRODUCTION

In the design of thermal control systems for spacecraft applications,
there are essentlally two approaches used In rejecting heat from the vehicle.
The first is by radiation to the space environment, an approach which is
ideal for extended duration missions and for applications where either large
radiating surface areas or high surface temperatures are available. The
second approach is to utilize the latent heat of an expendable evaporant,

a concept which is more suitable to missions of short duration. 'Due to its
relatively high latent heat of vaporization, water has proven to be an
attractive expendable evaporant for this application.

Two concepts which utilize the expendable evaporant approach to heat
sink design have been developed. These are the wick-type water boiler and
the porous plate sublimater. In the former, water is transported by capillary
action through the wicks to the heat input surface where evaporation takes
place, and the water vapor is vented to space. The latter incorporates
a porous plate barrier between the water and low pressure space environment.
Upon exposure to the space vacuum the water which enters the pores of the
porous plate freezes and then sublimes. The heat input is expended as the
latent heat of vaporization in phase change from solld to vapor.

While unfts utilizing these concepts have performed adequately in theivr
various spacecraft applications, they have been suspected of being non-optimum
designs. For this reason, an analytical and experimental study was performed
in order to develop optimized heat sink modules utilizing these concepts. In
the water boiler study, wicking materials were investigated with regards to
their water transport and heat dissipation characteristics, and water flow
distribution and control, heat transport fluid temperature control, and module
geometry were analyzed. A multi-wick boiler module and new type of control
system were designed, fabricated and tested. Stacking studies were performed
so that larger heat loads could be handled by using more than one module. On
the basis of the analytical and experimental 1nvest|gat:0n, an optimized one
kilowatt wick-type water boiler was designed.

The sublimator study invoived an investigation of the performance charac-
teristics of various porous plates during steady state, start-up, restart,
and zero heat load operation. The effects of feed water pressure, steam
plenum configuration, and water passage configuration were investigated,
and the potential use of hydrophobic coatings on porous plates was studied.
A multi-moduie sublimator core was designed, fabricated and tested. Stacking
studies were performed and an optimized one kilowatt sublimator designed.

The second part of this Thermal Conditioning Heat Sink Study was an in-
vestigation of a thermal conditioning panel with a self-contained heat sink.
Such a panel s used to cool electronic packages mounted upon it, and, being
entirely self contained, may be located remotely to an active thermal condi-
tioning system, Several thermal panel concepts were studied and the two most
promising designs selected for further development, Test modules were de-

signed, fabricated, and tested to substantiate the design procedure and per-
formance predictions.
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SECTION 2

WATER BOILER MODULE

INTROGDUCTION

Wick-type water evaporators have demonstrated successful performance in
a variety of spacecraft applications. However, due to a lack of basic
performance data the existing water boilers have been suspected of being
overdesigned, non-optimum cenfigurations. It was desired, therefore, to
conduct an analytical and experimental study program whereby a capillary-~
fed boiler would be optimized. The initial part of the study involved a
basic investigation of wicking materials. Based upon past AiResearch
development programs and information available in the literature, the best
type of wicking material for this investigation was selected, and the various
wick parameters were varied to determine their effect on water transport rate,
evaporation performance, etc. VYarious methods of water flow distribution,
water flow conirul, and heat transport fluid temperature control were analyzed.
The evaporator module geometry was investigated with respect to wick~fin
arrangement and flow configuration. A one-kilowatt boiler module and control
system were designed, fabricated, and tested over a range of inlet temperatures
and heat loads. Stacking studies were conducted to allow for heat loads larger
than one kw. Based upon the wicking investigation, boiler operation analysis,
and multi-wick mocdule testing, an optimized wick-type water boiler was designed.

CONCLUSIONS AND RECOMMENDATIONS

The experimental and analytical investigation yielded the following
conclusions and recommendations in the area of wick-type water evaporators.

. Wicking rates may be successfully predicted analytically for a
given wick as a function of pore size, contact angle, and tortuosity.
The equations developed for pumping capacity and wicking rate in
a zero g environment have been verified by horlzontal wicking tests
under one g conditions.

2. Stringent cleanliness requirements are essential to assure optimum
performance of a wick-type evaporator. Surface activating agents
should be further investigated as a means of overcoming system
contamination and prolonging maximum boiler performance.

3. Good thermal control of a wick type evaporator may be achieved
by the use of a single valve which provides back pressure and
water on-off regulation utilizing a vernatherm element which
senses the -heat transport fluid outlet temperature. The chief
advantage of this valve is that the vernatherm generates its own
driving force making the control system independent of external
power requirements.

67-2577
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Proper evaporator design should include a pressure drop distribution
system in order to assure equal quantities of supply water to all
boiler wicks. The primary importance of this syster is realized

in a |-g environm:int when the effects of gravity are normal to the
gvaporator wicks.

The optimum boiler module configuration incorporates water feed from
both ends of the wick with a centrally located steam duct. This
technique offers the advantages of low steam side pressure drop,
and, due to the shorter wicking length, the use of a minimum
thickness wick, and more rapid distribution of water during a

refill cycle.

A series of optimum one kw moduie water boilers may be combined
to provide cooling for a wide variety of heat load applications.
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WICKING INVESTIGATION
General

As the very principle of a wick-fed water boiler involves water
distribution through and phase change from wicks, a major portion of any
boiler optimization study is an investigation of wick materials. Among the
evaluation criteria which are relevant to wick selection are wicking rate,
evaporation performance, and structural integrity. Several investigations
have been conducted on the wicking characteristics of various capiilary
materials. Among these Ginwala' obtained vertical capillary rise rates and
water permeability data for various materials, primarily silica fiber materials,
sponges, and felts. Langston, Sherman, and Hijton? cobtained wicki g rate data
for sintered powder, sintered screen, and sintered fiber metal wicks, materials
more suitable for plate~fin wick evaporators due to their structural integrity
and compatibility with conventional joining techniques. Their results indi-
cate that in a vertical attitude fiber metal wicks provide the most rapid
liquid rise. AiResearch has conducted study and development programs in which
wicks and their properties were investigated. The first generation of wicking
evaporators utilized a glass fiber type of wicking material. Due to contami-
nation problems and the desireability of a material with more structural
integrity, subsequent units have incorporated sintered fiber metal wicks.

The major portion of tests conducted during the wicking investigation
phase of this boiler optimization program were performed on sintered fiber
metal wicking material. This was due to {ts superior wicking ability, com-
patibility with other evaporator components, applicability to conventional
joining techniques, and in general, recognition of its superior applicability
to state of the art wicking evaporators. The fiber metal material used is a
randomly interlocked structure of metallic fibers, subjected to a sintering
process in which metallic bonds are established at the fiber contact points.
The material can be made in various densities and thickness by varying the
size and type of fiber and manufacturing process. Ranges in density and thick-
ness of 10 percent to 30 percent and 0.030 in. to 0.250 in. respectively were
investigated as these appear to encompass the range of desirable properties.

Capillarity and Wick Flow

Equations defining the capillary rise in tubes and in wicks in any
gravity field have been developed starting with the general differential
momentum equation including surface tension, gravitational, frictional drag,
and inertia (momentum) forces. Siegel® solved the equation for 1iquid pene-
tration length in a tube in zero g and obtained the following result:

G(Za)sg 2 ca
i 0 -8Vt I 0
%2 =75 §—E;;7——-COSG (e /a -1) + (E'UEZGA cosf) t (2-1)
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For targe values of time the first term in this equation becomes negligibie,
and the length, X, varies as the square root of time. The equation then
becomes Identical to that obtained if the inertia term is neglected in the
original differential equation. ,
| O 39e

2 s
X "(2 Py

cos 9) t (2-2)

Since identical equations are obtained at large times with the inertia term
included or omitted, it may be concluded that inertia forces are relatively
unimportant in wick dynamics at large times. It should be noted that the term
"large times" s somewhat ambiguous and what may be a large time for one wick
or tube may not be for another. Solving equation (2-1) for the relative magni-
tude of the two temms on the right side, using the average pore diameter of
typical flber metal wicks used in wick evaporators reveals that the first term
becomes negligible at times shorter than one second. "“Large times"” for these
wicking materials therefore means times greater than one second. Since the
significant time increment for the wicking heights of these wick materials are
minutes rather than seconds, the validity of using simplified equations of the
form of equation (2-2), which omits inertia effects, is established.

The equation developed in Appendix A for the wicking rate in zero g or in
a horizontal attitude in one g is:

4 uzcx2

Do cos B

t = 2-3
9=0 g, (2-3)

which may be rearranged to obtain:

X2 - % (l o(D/2) c056> c (2-4)

2 (pﬂv/go)

Equation (2-4) is identical to equation (2-2) except for the tortuosity term C
which is defined as the ratio ~f the actual path Tangth to the apparent length,
X. -

It is not possible to obtain a closed form solution to the differential
equation defining vertical wicking in a gravity field if all the terms are
included. Pickett* presents a finite-difference equation to obtain analytical
solutions and Siegel utilized a digital computer to solve the equation numeri-
cally using the Runga-Kutta method of forward integration. Both of these
investigators obtained good agreement with experimental data for tubes at
small values of time. A closed form solution to the differential equation is
possible if the inertia term is neglected. The equation defining vertical
wicking in a gravity field developed in Appendix A is:

32 w,C 4o cos 9 g I ) (25
t = log - (2-5)
g #o "|p,q D’ P, D Pyg D

b~ %5 cosb g, *
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To aid in selection of optimum wicks for a water boller and to provide
pumping rate data necessary for thermal panel design, horizontal and vertical
wicking rate tests were performed. These data also served to verify the
validity of equations (2-3) and (2-5).

The vertical wicking test involved mounting the wick specimens in a
vertical position and immersing the bottom end of the wicks in water. A clock
was started at the moment the wick was immersed and water level In the wick
recorded at reqular time intervals. Visual observations were supplemented by
attaching litmus paper strips to the wicks. In the horizontal advance tests,
the specimens were mounted in a horizontal position and water feed accomplished
by using pieces of cellulose sponge to wet the bottom portion of the wick.
Data were recorded in the same manner as in the vertical rise tests. Some
difficulty was experienced with wick contamination which caused initial incon-
sistencies in the data; however, when it was learned how critical wick clean-
liness was, additional care was taken to prevent contamination and good data
were obtained.

In order to assure cleanliness of the test specimens, the following
precautions were observed:

a. All testing was conducted in the AiResearch Altitude Laboratory
Clean Room.

b. All specimens were thoroughly cleaned prior to testing.

c. Wick specimens were kept in nylon bags when not in use.

d.  VWicks were handled only with tongs or clean rubber gloves.

e. Only distilled [/2 micron filtered water was used in testing,

Data were obtained for nickel fiber feit wicks of various densities and
thicknesses as given below.

Wick No, Thickness, in. Width, in. Density, percent
| 0.132 .25 20
2 0.061 1.0t 20
3 0.031 .02 30
4 0.034 f.02 20
5 0.031 1.0l 5
6 0.093 .00 {0
7 0.060 }.00 15
8 0.125 l.24 30
9 0.062 i.014 30
{0 0.122 .25 15
il 0.250 2,49 5
12 0.090 .00 15

67-2577
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The results of these tests are shown in Figures 2«1 through 2-4 as wetted
length vs elapsed time. The solid lines in these plots are the values pre-
dicted by equations (23} and (2~5),

The numerical values of the parameters in these equations are fairly well
defined in the literature except for the effective pore diameter, the tortuo-
sity, and the contact angle of the wick. Wicks of this construction have a
wide range of pore sizes, but the pore size variation is distributed evenly
throughout the wick. The manufacturer quotes minimum, mean, and maximum pore
diameters which vary with density but not with thickness. Wide variation in
the values of contact angle on the same clean metal surface are quoted by the
literature, It is also known that the contact angle varies greatly with the
conditions of the surface and that surfaces may become contaminated during
short exposure to a supposedly clean atmosphere.

Correlations of the horizontal data was attemped early in the program
using assumed valves of tortuosity and contact angle of |.5 and 45 degrees
respectively, and it appeared that the best correlation was obtained using the
minimum pore diameter. However, it was not possible to obtain agraement
between the predicted and experimental vertical wicking data using these
valves for C, &, and D. More realistic valves of tortuosity were then obtained
from water permeability data for this type of wicking material given in
Reference 2. Values on the order of |.] were obtained which indeed seem more
reasonable for materials which are from 70 to 90 percent void space. Contact
angles on the order of 70 deg were obtained from vertical equilibrium wick
height data.

Several important effects of gravity or the absence of it on the wicking
characteristics are indicated by the equations and substantiated by the data.
First, the predicted and measured wicking curves for different density wicks
(different mean pore diameters) cross in a one-g environment. Initially, the
wicks with the largest pores (lowest density) wick fastest but at large times
as they approach their lower equilibirium height, the smaller pored wicks pass
them. The denser wicks reach a higher equilibrium height because the height
is inversely proportional to the pore size as shown by Equation (3) in Appendix
A. In a zero gravity environment, or in a horizontal position in one-g, the
wicks with the lTargest pores wick at a greater rate at all values of time; no
equilibrium height is reached because there is no gravity head to oppose
wicking, and the wick will continue to pump liquid until the wick is filled
with 1iquid.

Wick Boiling

In order to determine the heat transfer performance of various wick
materials and to obtain data upon which water boiler and thermal panel design
could be based, water vaporization tests were performed on wick test modules.
The wicks tested were oriented in a vertical position so that water resupply
by capillary forces in the wick was against gravity.

67-2577
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The original test modules were large flat units, the components of which
are shown in Figures 2-5 and 2-6. Figure 2-5 shows the electrical heater and
the heavy copper plate to which it was attached. Electrical heaters were
chosen for simplicity of operation and to provide better heat balances, while
the copper plates assured uniform heating and more precise defnition of the
temperature boundary conditions. Copper-constantan thermocoi. ~ere imbedded
in the copper plate at six locations at two elevations so that ¢. heater
temperature could be recorded as a function of position. The he.ier was
attached to the copper plate with RTV silicon rubber. Figure 2-6 shows the
fins and wick, in addition to the heater and copper plate. The fins shown
are rectangular offset; however, triangular fins also were tested with this
unit,

A photograph of the test setup is shown in Figure 2-7. The wick module
was enclosed in a bell jar.so that the boiling temperature could be controlled
by reducing the pressure. Separate power input was supplied to each heater
plate and individual voltmeters, ammeters and variacs were provided. The
water from the supply tank was filtered through a [/2 micron absoiute Millipore
filter, and metering was provided for extended duration testing. Tuae test
section was wrapped with multiple layers of aluminized Mylar to reduce the
heat losses.

Two series of boiling tests were performed on this type of unit: one
with rectangular fins between the wick and heater plates and the other with
triangular fins. Both units were 4.5 in. high by 6 in. wide, contained 15
percent dense nickel fiber wicks, and had the fins brazed to the wicks. The
wick in the rectangular finned unit was 0.090 In. thick, and the one in the
triangular finned unit was 0.080 in. thick. Tests were performed at saturation
temperatures of 40, 50, and 60°F, and heat fluxes as high as 8500 Btu per hr
sq ft were reached. Effective boiling coefficients of from 100 to 300 Btu per
hr sq ft °F were obtained. It was determined from these tests that variations
in the performance between rectangular and triangular fins were slight.

Two probiems were encountered with these test urits which prompted a
redesign of the wick boiler test moduie. The first of these was a vertical
variation in plate temperature {or h). The fairly large temperature differ-
ences which existed, caused substantial heat conduction in the vertical
direction and were suspected of having & pronounced effect on the performance
and the data obtained. The other problem was due to the relatively wide (6 in.}
heater plates. For unbrazed modules, it was difficult to obtain good contact
between the wick and fins at the middie of the wick due to a tendency of the
wide copper plates to bow.

In order to eliminate the pioblems encountered, a new test module was
designed and fabricated. The new module shown in Figures 2-8 and 2-9 incor-
porated a series of heater plates, each thermally isolated from the next.
Triangular fins were machined into the copper heater plates sc the need for
providing additional heat transport surface was eliminated. The wick specimen
was placed between the two rows of heaters which were then clamped tightly to
the wick until they siightly deformed the wick surface. Each copper plate
had a copper constantan thermocouple inbedded in it and good thermocoupie
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Figure 2-5. Wick Performance Test Module Heater Plate
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Figure 2-7. Single Wick Boiler Module
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Figure 2-9, Wick Performance Test Apparatus
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contact was assured by holding the thermocouple to the plate with a set screw.
The three plates at the bottom of the module on each side contained two thermo-
couples located near the top and bottom of the plate; these were used to verify
the prediction of an essentially constant temperature in each plate, Eleven
heaters on each side allowed for the testing of wick samples 2 in. wide and

up to 12 in. long, The separate heaters eliminated vertical conduction prob-
lems and enabled the heat flux to be varied in the vertical direction.

A schematic of the test setup is shown in Figure 2-10, Heat transfer tests -
were performed on the wicks shown in Table 2-1. Heat flux, heater temperature,
saturation pressure, and water reservoir temperature data were obtained at
saturation temperatures of 40, 50, and 60°F and heat fluxes to 12,000 Btu per
hr sq ft. Effective.boiling coefficients were obtained by dividing the heat
flux (based upon projected wick area) by the heater to saturation AT and the

results are shown in Appendix B as film coefficient vs ATheater to saturation

Coefficients are shown also as a function of vertical position.

A summary of the data obtained for wicks approximately |5 percent dense
of various thicknesses Is shown in Table 2-2. The mean film coefficients at
various ATs are shown for the three saturation pressures. Some wicks experi~

. 2 sl - P b1 . ‘
nced @ slight decrease in coefficient with increasing ATheater to saturation

while others had an increase, The data indicate a slight increase in the
evaporation coefficient with increasing saturation pressure, at least over the
0.122 psi to 0.256 psi range tested. These same trends were evident for the
higher density wicks.

Several significant points other than the magnitude of the coefficient
were learned from these tests and are indicated by the data shown. First,
there is no consistent or uniform decrease in coefficient with height. A
fairly uniform coefficient exists up the wick to a certain level above which
it drops rapidly to essentially zero. This ilevel decreases with increasing
heat flux as is indicated by the fewer number of data points at large AT's
and 1s due to the inability of the wick to deliver water to_the higher eleva~
tions. There were two wicks which proved to be exceptions to this behavior,
the 0.030 in. thick 20.2 and 26.8 dense wicks. These two, as indicated, did
exhibit a consistent decrease in h with elevation. The reason for this is not
known although it is thought to be due in part to the small thickness of the
wicks 1imiting the water supply. It Is noted that this did not occur for the
other 0.030 thick wick tested, the I5 percent dense one, however, the lower
density wicks are better pumpers which may offset the effect of thinness.

As indicated in Table 2-1, all the wicks tested were nickel except for
one copper wick and one refrasil wick. In general, higher effective evapora-
tion coefficients were obtained for the nickel fibar metal wicks than for the
copper and refrasil wicks. This is consistent with data obtained during pre-
vious programs and for this reason as well as for the fact that through
experience it has been learned that nickel wicks are less susceptible to con-
tamination the majority of data were sbtained for the nickel fiber wicks.
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Figure 2-10, Wick Heat Transfer Performance Test Setup
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Wick No,

1700
1800
1100

900
1900
(400
200
1600
1500
300

700

WICKS TESTED IN SINGLE WICK BOILER MODULE

Density,
percent

13.8
4.6
14.5
15.6
15

20.2
7.2
18.7
26.8
25.4
28.7
20.7

4!0

AIRESEARCH MANUFACTURING DIVISION
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TABLE 2-1

Thickness,
in.

0.028
0.057
0.092
0.121
0.250
0.030
0.062
0.124
0.033
0.06!
0.250
0. 100

0.132

Material

Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Nickel
Refrasil

Copper
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TABLE 2-2

MEAN FILM COEFFICIENTS FOR VARIOUS THICKNESS WICKS OF
APPROXIMATELY 15 PERCENT DENSITY AT VARIOUS HEATER
TO SATURATION ATs

Wick No.  5°F  10°F  [5°F  20°F  25°%F  30°F  35°F Teat

1700 350 360 360 340 325 305 285 40
-- 390  4l0 410 400 400 - 50

450 480 480 460 430 400 - 60

1800 420 400 390 370 350 330 315 40
480 480 480 450 439 -- -- 50

370 450 480 470 460 430 -- 60

1100 -- 195 230 245 250 255 260 40
-- 150 210 240 260 270 280 50

-- 165 220 250 270 280 280 60

900 -~ 150 180 200 200 210 210 40
-~ 130 190 220 240 250 260 50

-- 150 200 225 240 250 260 60

1900 460 440 415 400 380 370 . 360 40
410 400 400 400 390 390 390 50

520 460 430 410 390 380 370 60
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No consistent dependence upon either wick thickness or wick density was
evident with regards to the magnitude of the coefficlent; however, the wick
thickness did have a pronounced effect on the elevation to which evaporation
occurtred as explained below. Some scattering of data is evident, that is, at
any heat flux data point, the temperature of the various heaters were not
identical which results in different film coefficients. Some of this scatter
is due to inaccuracies in data collection, as evidenced by greater scatter at
the low AT range. The rest is thought to be due to local nonwetting of the
wick or possible poor contact between the wicks and the clamped on heaters.
For the most part the scatter is within 20 percent of a line drawn through
the ntiddle of the data points.

The wicking and heat dissipation abilities of any wick material interact
with each other. For example, in order for a saturated wick to pump more
water from a reservoir, some of the liquid in the wick must be removed. The
following equation defining the relationship between the maximum heat flux
which a wick can maintain and the active wick length for a uniform heat flux
boundary condition is developed in Appendix A.

2 .2
D gp l(Ac/w> g, Do cosb p A(Ac/w)

a -
AT € B 5, C(UA)

=0 (2-6)

For a zero gravity environment, the second term becomes zero and L increases.
The effect of neat flux on the active wick length for a vertical wick in one

g is shown in Figure 2-~1| for various thickness |5 percent dense wicks as pre-
dicted from equation (2-6). The values of D, 8, and C used for the prediction
are the same as those used in the wicking rate predictions. Also shown on the
plot are experimental data obtained in the single module tests. The analytical
derivation predicts an increased active wick tength for lower heat fluxes and
thicker wicks. These two trends are expected, for at lJow heat fluxes, less
liquid is evaporated near the bottom and more is available to be pumped higher,
and thicker wicks merely represent more free flow area through whizh Tiquid

may be supplied. Reasonable agreement between the data and predictions was
obtained, at least as far as the two trends are concerned. The deviation
evident is probably due to a difference in the actual contact angle and that
used in equation (2-6) as it is known that this parameter may vary significantly.

Wick Endurance Testing, Wick Contamination, and Surfactants

AiResearch conducted a series of |000~-hr wick performance tests as part
of the Apolio glycol evaporator program. The series of tests of specific
interest involved 3 in. high by 6.4 in. wide nickel felt metal wicks of IS
percent density, with an average pore size of 0.00165 in. These wicks were
heated on both sides with electrical heaters separated from the wicks by off-
set rectangular fins. Four thermocouples were used to measure the plate tem~
peratures, two adjacent to the top half of the wick, and two adjacent to the
bottom half of the wick.
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Figure 2-11. Effect of Heat Flux on Active Wick Length in One G



Five different types of tests were run. Two of the wicks were brazed as
received, two were oxidized at 800°F in air and one was saturated with a 0.}
percent solution of Sterox NJ, @ surface-active agent. To investigate the
effect of water filtration some of the samples were fed water that had gone
through a 10 micron filter, while the others were fed water that had gone
through 1/2 micron filtration. Table 2-3 shows the results. On the basis of
performance change, the best performance was obtained with the suifactant-
treated wick, which actually increased 19 percent in performance over the
[000~-hr test. The best overall perfoirirave of the five specimens tested was

the brazed-as-received wick with 1/2 =7 vy wseer Filtration, which deciined
in performance only 5 percent. Tr=2 +.- |- -Hich were fed 10 micron water
had performance degradations of &' ¢ .1 *5 percent, respectively, while
the oxidized wick which had 1/2 mic: + + ag o.ater, had a performance
degradation of 23 percent. While tii .. 'fuL.:nt apparently prevented any

degradation and actually led to a signiiicent increase in performance with
time, the effect of the surfactant was also to decrease initial performance
by a significant amount.

The following conclusions can be drawn from these (000-hr tests.

3. Water filtration and water purity is of great importance. Water
that was Tiltered through a 1/2 micron fiiter led to much less
degradation of wick performance than water which was fl]tered
through a 10 micron filter,

b. The oxidation of the nickel wicks in air leads to reduction in
performance, and does not reduce susceptibility to degradation with
time.

c. Treatment of wicks with surfactant may lead to considerabie reduction
in susceptibility of the wick to performance degradation with time.
However, th= surfactant may reduce the wicking rate of the wicks
significantly. An interesting possibility would be to use wicks
which had an initial wicking rate considerably in.excess of that
required, and treat these with surfactant. Based on the results of
the above tests, it might be possible to obtain immunity from per-
formance degradation, without the sacrifice of performance that would
be obtained by treating the same wick with a surface active agent.

The importance of maintaining clean and uncontaminated wicks was
demorstrated in both the wicking rate and evaporation tests. Initial wicking
rate tests yielded inconsistent results until the importance of absolute
cleanliness on the wick rate was realized. The same tests, when conducted
on properly cleaned wick materials, produced test results consistent within
themselves and with predicted values. The probiem of wick contamination is
further complicated by the results of wicking rate tests performed on =avapora-
tion test samples after completion of the boiling tests. The tests showed
that in most cases the wicks that had been tested would not wet after they
were dried. This indicates that trouble might be encountered in trying to
restart an evaporator which has been dried out completely. It should be noted
that the wicks were still functioning quite w=11 at the end of the evaporation
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tests so that the contaminants did not cause the wicks to fail as long as they
remained wet. The contaminants may exist in suspension as long as water
remains in the wick, but once the wick is dried, the solids settle on the
metal fibers causing a hydrophobic effect. This is consistent with other test
results that show wicks that would not wet by capillary forces, would perform
satisfactory in an evaporator when forcibly wet.

One of the nonwetting wicks obtalned in the boiling tests was submitted
for a chemical analysis in an attempt to identify the cause of contamination.
The results of this analysis listed an unidentifiable amide compound and a
small quantity of a low molecular weight methyl silicone polymer. The silicone
base was traced to the adhesive compound used to bond the electrical heaters
to the copper bars used in the test setup. To eliminate the silicone as a
source of contamination the heaters were baked at temperatures |00°F above the
test temperatures to drive off any of the silicone compound which remained.
Subsequent testing showed that the test sampies would not wet in those areas
where evaporation had taken place. A sample of the test water was then sub-
mitted for chemical analysis and the amide found on the wick sample was once
again discovered in the water. The quantity of amide present in the water was
not, however, sufficient to permit its identification.

As a portion of the Apollc glycel evaporator program, & series of tests
were conducted to establish a standard cleaning procedure for wicks known to
contain contamination. Wick samples were prepared by measuring the initial
wick rate and then applying known sources of contamination. After contaminant
application none of the wicks would wet. Of the many cleaning techniques tried,
the most successful was a high temperature soak under vacuum conditions.

Samples were run at 5 x 10™% torr and 500%F, 600°F, 700°F, 800"F, and 900°F.
The samples run at 900°F and 5 x 10™% torr produced wick rates after cleaning
equal to the initial values recorded and this 900°F vacuum cycle has been
adopted as the standard cleaning procedure for fiber metal wicks.

Although no specific tests were performed during this program on surface
activating or wick wetting agents, investigations conducted.on other programs
have indicatéd that such compounds can prevent a surface from becoming non-
wetting. Some of the solution treatments tested at AiResearch include:
Ethylene diaminete acetic acid In combination with Aerosol MA and Aerosol 0T
applied by dipping dry wicks in the respective solutions and then drying them
at 212°F overnight; Aerosol OT and Aerosol I8 applied by themselves with the
same technique as above; and Sterox NJ solution also applied by dipping. In
general, most of the surfactants tried tended to reduce the surface tension

force of the water to such an extent as to reduce the wicking rate to as little
as 1/10 of the criginal rate. In some cases, although noticeably reduced, the
wick rates did remain high enough to allow the use of surface treated wicks in
an evaporator. The use of wetting agents to overcome contamination problems
is a subject which will be puisued in the follow-on effort of this program.
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TABLE 2-3

1000 HR ENDURANCE TEST RESULTS
f5 PERCENT DENSE NICKEL FELTMETAL WICKS

Location
Wick Description Number
Brazed as received Top |
10 micron water Top 2
filtration op
Bottom |
Bottom 2
Brazed as received Top |
1/2 micron water Top 2
filtration P
Bottom |
Bottom 2

Brazed after heating Top |
in air, 800°F, 30

min 10 micron water 9P 2
filtration Bottom |
Bottom 2

Brazed after heating Top |
in air, 800°F, 30

min I/2 micron Top 2

water filtration Bottom |
Bottom 2

Brazed as received Top |

saturated in 0. Top 2

percent solution P

of Sterox NJ. Bottom |

1/2 micron water

filtration Bottom 2
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Pinttial
Btu per hr
sq ft °F
176
240
156
139

203
240
120
132

83
91
o2
102

106
132

a1
115

61
b5
15
15

hfinal
Btu per hr
sq ft °F
106
66
91
71

240
220
106
106

61
45
66
66

80
132
64
71

126
132

78
102

h

__final
initial
0.
0.

0.
0.

l.
0.
0.
0.

0.
0.
0.
0.

o.

1

60
28
58
51

18
92
88
80

75
49
65
65

76

.00
o.'
.62

71

.04
. I5
.68
0.

88

Average
Performance

Change

percent

=36

-23

+f9
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WATER BOILER DESIGN CONSIDERATIONS

Boiler Water Flow Distribution

A large amount at work has been done at AiResearch on techniques for
feed water distribution to a wick fed water boiler. The primary goal in these
studies has been the development of a system which would provide equal
quantities of water to all portions of a wick boiler Independent of the
orientation of gravity. The best of the systems is a distribution plate-
cellulose sponge-wick system developed for use on the Apollo Glycol Evaporator
and applied to the | kw module water boiler built during this program.

The most important features of the glycol evaporater are shown in Figure
2-12. Water is pressure-fed into the boiler after passing through 1 filter
and a solenoid valve. There are nine groups of distribution plate. composed
of stacks of six plates each, with each plate containing five holes, 0.0045-in,
in diameter. The high flow restriction in the distribution plate is required
for two reasons: (1) to make the pressure drop across the distribution plate
great enough to minimize the effect of gas evolution (upstream of the boiler)
on flow distribution, and (2) to make the head of water (when the boiler is
tested on its side and end) small compared with the pressure drop across the
plate, so that gravity has a negligible effect on boiler performance during
ground tests in various attitudes.

CELLULOSE SPONGE

THERHISTOR

WATER DISTRIBUTION

ColD GLYcoL PASSAGE

DISTRIBUTION PLATE SOLENOID VALVE

‘/,n FILTER

.PT €™ FROM FUEL CELL

CELLULOSE SPONGE

CHAFFEE VALVE

Figure 2-12. Giycol Evaporator
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After the water passes through the distribution plate, it impinges upon
a cellulose sponge that is in contact with 21 feltmental wicks, five of which’
are shown in the figure. The wicks pull water from the sponge as a result of
capillary action; the water flow from the sponge to the wicks continues until
the wicks are saturated. The glycol flow passages are attached to the wicks
by nickel steam fins as shown. Heat is transferred, by conduction across the
fins, from the hot glycol to the surface of the wicks where water is evaporated.
When evaporation occurs, water is continuvally drawn from the sponge near the
distribution plate and fed to the surface of the wicks by capillary forces.
The steam that is generated flows In the steam-fin passages to the center sec-
tion of the core, where it makes a 90-~deg turn and flows out the end of the
evaporator. The steam exhaust section is in the interior of the evaporator;
this enables performance requiements to be met with the evaporator both in !
the Taunch attitude, as shown in the figure, and upside down. To improve per-
formance when the unit is in the inverted position, a cellulose sponge is
placed on the top edges of the wicks to redistribute water from the wetter
wicks to the dryer ones. '

The simplified schematic of the qualification test boiler subsystem
presented in Figure 2-13 shows the way in which the distribution plates,
located in the sump pan, and the sponges are segmented to make it possible
for the boiler to meet performance requirements when turned on its end or

IHTERFACE J

)
B9

DI STRIBUTION PLATES

j//
%

SPONGE

cYcLlc
ACCUHULATOR

- ;ﬁ // SOLENOID
—_— f4th // VALVE
GLYCOL / /
EVAPORATOR FILTER
/ SUHP PAN
| )
GSE VALVE SULT HEAT EXCHANGER "

Figure 2-13. Qualification Test Boiler Subsystem
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side in a I-g environment. Nine separate distribution plates and sponges
that independently feed the required quantity of water to each segment of the
bgiler are used. If this were not done, when the boiler was operating on its
side, as shown, In a !-g environment, the pressure difference across the
distribution plate at the bottom of the boiler would be greater than that at
tbe iop, because of the head of water in the sump pan. A disproportionately
h;gh flow of water, therefore, would be forced into the bottom of the boiler
while the top would be deficient in water. This system has been successful];

qualified for the Apollo boiler and proved quite satisfactory on the | kw
boiler tests.

Water Flow Control Systems

Several concepts have been proposed for the supply of water to a wick
type evaporator, and sach system has its own advantages and disadvantages
when examined in tight of a particular problem statement. The actual per-
formance of most of the proposed concepts has been evaluated at AiResearch in
connection with evaporators built to satisfy a variety of design requirements.
The following paragraphs discuss each concept, explaining its operation and
particular characteristics.

F. Wick Temperature Sensor

This system contreols the flow of water to wicks in an evaporator core in
an on-off manner as a function of wick temperature. In a wick evaporator,
when the wicks are wet, the temperature of the wicks remains close to the
water saturation terperature. As the wicks become dry however, the heat
conducted from the hot side fluid through the steam fins raises the wick
temperature to a level near that of the hot fluid. The water flow control
system is based on this characteristic. A thermistor is located in selected
wicks, generally in that portion of the wick most remote from the source of
supply water. As long as the thermistor senses a temperature ciose to the
water saturation temperature, adequate water is available within the boiler
and the accompanying water solenoid valve remains closed. Whenever the
thermistor senses a temperature approaching the hot side fluid temperature,
the water solenoid valve is opened and water flows from a pressurized source
to the evaporator where the distribution system divides the water among the
evaporator wicks. Thus, the water flow is controlled so that sufficient
water to meet the heat load is always in the evaporator, but boiler flooding
and water carry-over are prevented, because no more water is fed into the
boiler than can be contained in the wicks and boiler sponges.

This type of system provides a very effective control of water flow, in
that while the temperature sensed by the thermistor may vary a few degrees,
the hot fluid outlet temperature will vary only slightly. This is possible
because the thermistor located remote to the water source may sense a dry wick,
but the remaining wicks can contain enough water to provide cooling until a
fresh water suppiy can be introduced by the opening at the solenoid valve.
The almost instantaneous reaction of the solenoid upon signal makes & variation
of +2°F possible with this system. The disadvantage of this technique lies
in its complexity as compared to other candidate concepts. The output signal
of the thermistor requires amplification to actuate the solenoid and the power
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requirements involved, while limited and intermittent, do represent a dependence
of the water control on the rest of the system. However, where electrical

power is available, the wick temperature does provide a close reliable control
as demonstrated by its use on the Apollo glycol evaporator.

2. Outlet Temperature Sensor

Control of supply water with this technique is a function of the heat
transport fluid temperature level as the fluid leaves the evaporator. This
temperature can be sensed by a wax type vernatherm element or an electrical
signal, with the Vernatherm element being the simplest in operation and the
electrical signal providing the most rapid response to a change in cutlet tem-
perature. In elither case, the control principle is the same, that is, when
the evaporator wicks begin to dry, less water is available For cooling and the
heat transport loop temperature begins to rise. At this increase in fluid
cutlet temperature, the water control valve opens ,permitting water to flow
from a pressurized source to the evaporator. The valve remains in the open
position until the heat transport outlet temperature drops to the normal
operating level. This drop in temperature corresponds to a sufficient water
supply in the wicks to meet the heat load.

The disadvantage of this technique, when compared to a wick wetness sensor,
is that the valve actuating ~‘aracteristic is a secondary one. The relatlve
dryness of the svaporator wicks is sensed by the result of that dryness or a
change in heat rejection and not directly at the wicks themselves. The advan-
tage of the concept is derived from the use of a Vernatherm element to sense
fluid outlet temperature. The Vernatherm element provides an actuating force
by the melting of a wax mixture and can be coupled to a simple valve mechanism,
thus eliminating the relative complexity and the power requirements of an
electrical system.

3. Constant Water Flow

This concept is the simpiest of all those considered. It involves merely
turning on a constant pressure supply of water to the evaporator at the same
instant that the evaporator itself is activated or at a command signal when
the need for cooling arises. 1Its applicetion is, however, limited to the
circumstance where the evaporator heat rejection is constant. In this case,
the water flow could be metered such that only enough water to meet the heat
Toad would be allowed to enter the wicks. 1In a system where a fluctuation in
heat load is expected, the use of this system would permit, at Tow heat loads,
an excess of water to enter the evaporator under pressure, resulting in boiler
*looding and water carryover.

A slight modification to this concept has been employed on the PECS
(Portable Envircnmental Control Svstem} evaporator. This unit consists of an
evaporator mounted atop a wick lined water reservoir, with a wick circuit
between evaporator and reservoir continually open. As the evaporator wicks
begin to dry an imbalance in surface tension forces between the water in the
evaporator wicks and the reservoir water draws water through the wick matrix
to the boiler core. The difficulty encountered with this wick reservoir con-
cept occurs when, on startup, a sudden decompression of the evaporator steam
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plenum causes an initial water carryover which continues until the system
pressure level has been equalized. This drawback can be overcome if It s
possikle to reduce the pressure level slowly and use chilled water in the
reservoir.

4. Inlet Temperature Sensor

Control of water flow with this technigue is based on a change in
evaporator inlet temperature and the constant heat rejection capability of the
evaporator. The actual flow control is accomplished with a modulating valve
which converts a change in the amount of water allowed to enter the evaporator
wicks. The modulating function creates the chief disadvantage of this system,
in that It requires a perfect correspondence between the system heat load -
temperature relationship and the temperature - water flow characteristic. IFf,
for example, the system flow rate is not constant with time a change in the
inlet temperature could represent any number of heap reject'ions and required
feed water flow rates. The net result for the evaporator would be too much or
too tittle supply water, depending on whether the heat transport flow were
lower or higher than that for which the valve was calibrated. For a system
where the heat transport fluid flow is constant, the modulating valve cali-
bration would have to be exact, because a slight discrepancy between the actual
water flow and the required amount of water could result in flooding of the
boiler or a drying of the wicks.

Evaporator Temperaturs Control

In a typical system where a wick type evaporator is used to provide cooling,
there exists both a maximum and minimum desired heat transport fluid temperature.
As the temperature of the heat transport }iquid entering the evaporator is
determined by addition of heat from external sources, the system temperature
can ba regulated only by varying evaporator heat rejection. The most common
technique for regulating the amount of cooling obtained is by backpressurizing
the evaporator steam plenum. Varying the steam plenum pressure provides a
strong and direct effect on the temperature difference between heat transport
fluid and evaporator water temperature. This is accomplished by altering the
water saturation temperature and results in a direct control of the heat rejec~
tion capacity of the evaporator. Proper design of this type of system will
allow the boilar to operate between O and |00 percent of the maximum heat load.

Two methods of effective backpressure control are available. The first
method, which maintains a comstant sink temperature, utilizes a pressure
transducer placed in the evaporator steam plenum. The output signal from the
transducer is converted to an opening or closing of an electrical backpressure
valve., An increase in the heat transport fluid inlet temperature causes an
increase in the amount of water evaporated and a rise in the steam plenum
pressure. The backpressure valve reacts by opening and reducing the plenum
pressure to a level which will provide sufficient heat rejection to maintain
a constant heat transport fluid outlet ‘emperature. Backpressure bv this
techrique requires a constant heat transport fluid flow rate, and electrical
signal amplification, and depends on the availability of a power source.
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The second alternative for backpressure control utilizes a temperature
sensitive element to monitor fluid outlet temperature and regulates the sink
pressure as a function of this temperature. A change of the total heat
rejection of the evaporator is therefore achieved by varing the driving force
temperature difference between the heat transport fluid and evaporator water.
Typically this valve is driven by a Venatherm element sensing the fluid outlet
temperature and supplying, with a change in temperature, a change In the
position of the backpressure poppet. The valve is desligned to operate between
two limits in heat transport fluid outlet temperature, with the backpressure
poppet sized to allow a steam free flow area which will produce the desired
steam side pressure drop at the maximum heat load condition, and a Vernatherm
piston travel that will insure a closed poppet at the zero heat load condition.
This type of valve has been used successfully on the Gemini evaporator, PECS
evaporator and | kw module water boiler bullt for this program. The concept
offers the advantages of simplicity of design, no external power requirements
and a direct sensing of the evaporator outlet temperature. The resulting
control band {(£3°F for heat transport fluid temperature) is, however, not as
narrow as that which can be achieved with an electrical system.

Another suggested technique for control of the system temperature is the
use of a bypass valve sensing evaporator outlet temperature and regulating the
percentage of fluid traveling to the boiler core. This technique can be used
only in conjunction with backpressure valve, which will close completely where
the steam plenum pressure falls below the water triple point pressure. A by~
pass valve and on-off backpressure valve combination can be effectively used
where a limited power supply is on hand to energize a solenoid type steam
plenum shutoff valve.

Hodule Geometry

Design of a boiler module core involves selection of the specific wick
and fin, wick-fin arrangement, core dimensions, steam duct location, and flow
configuration. While some of these parameters may be selected independently,
others, such as wick selection and core dimensions are directly related and
must be considered together.

I Wick=Fin Confiqguration

The geometry used exclusively in current wick evaporators is the heated
surface-Tin-wick configuration shown in the sketch, in which heat is conducted
through fins in the steam passage to the wick. Another geometry which has
been suggested and subjected to timited testing is the heated surface-wick-fin
geometry in which the wick is in direct contact with the heat input surface
as shown In the sketch on the following page.

The reason that the former geometry has been used exclusively is the
desire to avoid vapor formation in the wick at a location where the vapor
cannot escape, namely at the wall. If vapor is formed In a heated surface-
wick-fin geometry, it will likely occur as bubble nucleation at the wick-wall
interface, the hottest location. Analysis has shown that in this case the
surface tension force; dominate and buoyancy forces are insignificant. Vapor
formed at the wall will remain there and form an insulating blanket, decreasing
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the heat transfer capability significantly. Only if the wick is thin enough,
will nucleating bubbles grow to sufficient size to reach the surface and be
forced out by surface tension drawing the liquid around them before a con-
tinuous vapor blanket 1s formed.

If nucleation does not occur within the wick in this configuration, the
heat transfer mechanisms are conduction across the wick-water matrix and
evaporation at the surface of the wick. In this case, unless the wick is
extremely thin, conduction is the controlling mechanism and the major tempera-
ture drop occurs in conduction across the wick.

The desire to avoid the performance degrading phenomenon of nucleation
within the wick and the uncertainty as to the method of predicting analytically
the criteria for nucleation, along with the realization that if phase change
occurred as evaporation at the wick surface, a sizeable temperature gradient
would exist in the wick, has resulted in the use of a fin between the heat
source and the wick.

Recent investigations of heat pipes and phenomena associated with their

operation have indicated that analytical predictions of the conditions which
must exist for nucleation to occur in the wick may be made by appliying the
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same criteria as those which apply to nucleate boiling. In that case,
according to Tong® a bubble nucleus will grow when the 1iquid surrounding it
is superheated by an amount:

2o T sat

AT % .. S3t -
swp "X T e, (2-7)

The local temperature required for nucleation to occur is:

= .2
To = Tsat (’ * X r gp J) (2-8)
n"v

In the capillary structure Fo cannot exceed r/cos 8 where r is the pore

radius and & the contact angle. Thus as long as:

?2c cos \
To'< Tsat ([ Ml R J (2-9)

the bubbles cannot grow bevond this critical size and nucleate boiling will
not occur. It is therefore possible to predict the occurrence of nucleation
in a wick and design accordingly. Thus the heated surface-wick-fin geometry
is an acceptable configuration which should be considered in wick evaporator
design.

Setection of the wick-fin configuration cannot be made independent of
other system parameters such as core dimensions and wick selection and is
discussed below with these items.

2. Fin and Wick Selection

In selecting the components for the evaporation side of a wick boiler,
the following concepts are relevant. First it is desirable to minimize heat
transfer resistances in the core in order that the size and weight of the
unit may be minimized. Sufficient capiilary material should be provided so
that adequate water is supplied to &ll areas of the unit. Pressure drops
should be minimized so that maximum ATs are available for heat transfer.

If the configuration is heated surface-fin-wick, wick thickness is
related to the heat flux and the height of the unit as described by Equation
(2-6). The larger the heat flux and/or the dimension perpendicular to the
plane of water supply, the thicker the wick must be, Since all the heat is
conducted across the steam passage, the fins must be sized so 85 to minimize
the heat transfer resistance. This means short, thick, high conductivity
fins are desirable. 3Sufficiently high heat transfer conductances are generally
obtainad using high fin~density surfaces typical of those utilized in state~
of-the-art aerospace heat exchangers; the major temperature drop is still
associated with phase change at the wick. Care must be exercised so that such
restrictive configurations that would give large pressure drops are not used.
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If the confliguration i5 heated surface-wick-fin, wick thickness is
related not only to the height and heat flux but also to the degree of super-
heat allowable before nucleation. Whe eas for the previous configuraticn it
s possible to select a wick thickness which will satisfy a given heat flux
and wick height (provided the height is not greater than the veritical equili-
brium height for operation on the ground), it is not necessarily possible to
do this for the heated surface-wick-fin configuration. This is due to the
inverse dependence of the heat flux on the wick thickness because of the con-
trolling conduction mechanism as described by:

k
q/A =Y‘L“'.AT (2-10)

where K = the effective thermal conductivity of the wick-wate " matrix
W

X wick thickness

il

AT

I

the temperature difference between the two surfacss of the wick

Again Equation (2-8)(modified for one sided heating) applies, and an increase
in heat flux for a given wick length requires a corresponding increase in wick
thickness (AC) to sustain operation. From (2~10) which a21so applies, an in-
crease in hweat flus requires a decrease in thickness. Compatibility of
Equations {2-6) and (2-10) is necessary in designing a unit of this configura=-
tion. The fin which appears between the wicks in this configuration is there
only for structural purposes and therefore can be a "looser" surface (i.e.,
fewer fins per inch and higher) than is required for the conventional design.
This may in some cases prove to be significantly advantageous from a pressure
drop standpoint, as a less restrictive fin causes less friction AP.

In general, if the configuration is heated surface-fin-wick, the lowest
density wick should be chosen because, since it has the largest pores it will
b2 the best pumper and because it is least dense, it will ke lighte:. This
s of course based upon the assumption that the height of the unit (Ffor opera-
tion in one g) is sufficiently less than the equilibrium wicking height. The
least dense wick is not necessarily the best wick for the heated surface-wick~
fin geometry because as the density decreases, the thermal conductivity of the
wick-water matrix decreases, increasing the thermal resistance. Since con-
duction across the wick-water matrix is a significant heat transfer mechanism
for this confliguration, an increased resistance will give worse performence.

A trade-off must be made therefore between the heat transfer process (large
density desirable) and the water transport process {small density desirable).

3. Flow Configuration

On the heat transport fluid side of the wick boiler, the heat transfer
coefficient is generally much hicher than the evaporant ceoefficient and is
predicted based upon well established equations. Since Lhe evaporant side
is the controlling side of the heat exchanger, selection of fins for the trans-
port fluid side is rot so critical. Again high fin densit, :tate-of-the-art
finned surfaces are quite adequate to assure sufficient conductance on the
hot side to make the cold side controlling.
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It is well understood that in an evaporator or & condenser, the flow
configuration has no effect on the heat transfer performance. This is true
of course only if one side of the unit operates isothermally, which in the
case of a wick evaporator means that the friction pressure drop should be
small enough as not to change the saturation temperature significantiy. From
this standpoint the flow configuration could be counterflow, or crossflow
with any number of passes and the same performance would be obtained. There
are however some noteworthy reasons for choosing a specific configuration,
reasons which are directly related to the overall performance of the unit and
manufacturing considerations. Possible flow configurations are shown in
Figure 2-14. The first configuration (A) is the simplest one; the glycol
makes one pass through the unit and the water enters at one face as liquid
and leaves at the opposite face as steam. In configuration, (B) the glycol
makes two passes through the unit. The water inlet face may be adjacent to
either the glycol inlet pass or outlet pass with the steam outlet on the
opposite face. Configuration (C) is another two-pass unit, however this
unit has the steam outlet duct in the middle of the core. Again the water
inlet may be adjacent to either the glycol outlet or the inlet. Configuration
(D) goes one step further in that it incorporates water feed through two faces
of the unit.

The differences between configurations (A) and (B) are slight. The glycol
passage free flow areas and the flow lengths differ by factors of two, however
Jittle advantage is realized with the higher mass flow rate of (B) since the
flow rates in conventional units are so low that flow is in the laminar regime
and only small increases in the heat transfer coefficient are realized. Since
the evaporant side is controlling, small increases in h on the glycol side
are insignificant. Also, the longer flow length results in a higher glycol
pressure drop. Some advantage in control may be possible with configuration
(B) since the water inlet may be adiacent to the hot or cold glycol pass.

Configuration (C) places the steam pienum at the middle of the unit.

Two advantages are realized with this configuration. First, with the steam
exhaust duct at the center of the core the vapor flow length in the steam
fin is reduced in half. This reduces the vapor AP and provides a uniformiy
lower saturation temperature. Also a sponge redistribution pad may be pro-
vided at the face opposite the water inlet for liquid redistribution whereas
ir (A) and (B) this is not possibie and water may drip from the end of the
wick into the exhaust duct under certain conditions.

The last configuration is similar to (C) but in addition to cutting the
steam flow Tength of (A) and (B) in half, the wicking length is reduced by
a factor of two. This is accouplished by feeding liquid from two faces.
Reducing the wicking length allows for the use of thinner and lighter wicks,
and provides for more rapid distribution of water to all areas of the unit
when additional liquid feed is required. Configuration (D) represents the
optimum design.
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ONE KW BOILER MODULE
General

In order to obtain performance data from a complete wick evaporator unit
and to evaluate experimentally the new control valve, a one kilowatt wick
boiler and control system was designed, built, and tested. Since in order to
altow sufficient time for fabrication and testing it was necessary to begin
design of this unit while the wicking investigation and the design studies
were in progress, this unit is not necessarily an optimum design. However,
wick selection and unit configuration were based upon what appeared to be
the best choices at the time of design. An optimum design was not essential
since the unit constructed was fTor test purposes.

Boiler Design

l. Evaporator

Since the primary objectives of the one kilowatt test moduie were to
verify analytical procedures and to evaluate the performance of a new control
system, the design was based to some extent upon configurations and components
whose operation was clearly understood. This was to assure that the core
itself would not 1imit the performance and hinder the accumuiation of control
system data. The configuration utilized in the steam passage was the heated
surface~fin-wick type which has proven quite adequate in past designs. Fiber
metal wicks |5 percent dense and 0.080 in. thick were selected as the
capillary structure. These wicks are good capillary pumpers, light weight,
provide adequate film coefficients and have given good performance in the
past. The fin employed in the steam passage was 0.002 inch thick, 0.05C inch
high and contalned 20 nickel fins .per inch of flow width. Nickel was used
because the high thermal conductivity gives a smaller conduction temperature
drop across the steam passage. The large number of fins and short fin height
also reduce the conduction AT while not being so restrictive as to increase
significantly the pressure drop. An identical fin configuration was used in
the heat transpert fluid passage, however the material was stainless steel
because it is more compat’ble with the water~ethylene glycol heat transfer
fituid. This compact, high area density fin was used to increase the conduc-
tance on this side of the unit.

A two pass configuration with the steam passage in between was used with
water feed on one face only. The advantages of this design were given above
in the discussion on flow configuration. Water feed was directly into a cellu-
lose sponge in which the metal wicks were imbedded. This sponge which was
i inch thick served to distribute the water to all the wicks across the face
of the unit. The control scheme utilized an on-off water control so the
sponge also served as a wm«<:r storage facility betwee. periods of feed.
Another thinner sponge i~ 1~ated on the face opposite the water feed face
and serves to redistributs ..«ter from faster pumping wicks to slower pumping
wicks as well as storing water.
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2, Control Valve

The control system for the boiler is a new conux,i combining water supply
on-off control and steam pressure modulation in cne vaive bolted to the boiler
core. The valve, shown in & section view in Figure 2«15, is Vernatherm actuated
with the thermostat element sensing coolant csutlet temperature. A control band
of 40° to 50%F was chosen for the unit in order to make use of available Verna-
therm elements. The control scheme operates as follows: as the coolant
temperature increases above 40°F, the thermostat begins its stroke, opening
the steam poppet, thereby reducing pressure in the steam plenum and provid-
ing additional cooling to the boiler. As the boiler uses all the available
water in the wicks and storage sponge, the coolant outlet temperature con-
tinues to rise and the thermostat increases its stroke. At a pre-set coolant
temperature, the thermostat piston actuates a second valve mechanism opening
the water control poppet, ailowing water to flow to the boiler from a pres~
surized water storage tank. Coolant temperature continues to rise for a few
minutes until feed water reaches the wicks and the coolant outlet temperature
drops. Steady state cooling continues until the coolant temperature again
increases, at which time the cycle is repeated. The duraticn of each cycle
is determined by the valve dimensions, boiler characteristics and the size
of the sponge reservoir. The amount of sponge used may be varied, »nd the
water on-off valve is independently adjustable, making it possible to change
both the cycle time and the control temperature to obtain optimum “perating
characteristics.

Water Boiler Fabrication

The | kw module evaporator is essentially a brazed stainless steel
heat exchanger using nickel feltmetal wicks to transport the evaporant.
Brazing of the boiler core is accomplished in modular form with an initial
braze operation jolning the primary fluid (water glycol) fin passages and
a second braze operation adding the steam fins and nickel feltmetal wicks to
these modules. Two nickel base braze alloys with different melting points
are used for these operations. Figure 2-16 shows the completed braze assembly
of the boiler module. Final assembly of the boiler module is made with toe
weld of the water glycol inlet-outlet pans and the steam backpressure valve
mounting pad to the brazed assembly. The boiler core is completed by final
machining of the flange surfaces, followed by cleaning of the entire assembly.
The water on-off steam packpressure valve is essentially a machined aluminum
structure with the water control valve mounted to the backpressure valve which
is in turn bolted to the evaporator assembly. Prior to performance testing
of the unit, the supply water sponges are cleaned and installed, and the
control valve calibrated to the desired temperature settings.

A photograph of the boiler module and control valve is shown in Figure
2-117.
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Boiler Testing

Tests were performed on the wick bollet and control vaive combination to
evaluate its performance and to verify the design procedure. Figure 2-18
shows the boiler module instrumented for testing., Water was used as the heat
transport fluid, and various heat loads, inlet temperatures, and flow rates
were examined., A summary of the test conditions is glven below.

: wcoo]ant Tcoolant in Tcoolant out Q
Run No. ib per hr OF °F Btu per hr
103-106 70 90 L4 3250
204-208 70 76 42 2380
201~203 70 60 38 1540
209-21 | 70 90 bé 3260 (unit
inverted)
101-102 211 68 47 4430
H13-116 226 6l 46 3500
107-~i12 109 76 45 3490

Portions of the coolant inlet and outlet temperature traces are given in
Appendix B.

For a coolant flow rate of 70 1b per hr, runs were made at approximately
full, 2/3, and 1/2 of the design heat load to determine the effect of a reduced
heat load on performance, Examination of the coolant outlet temperature for
these three cases indicates that as the heat load decreases, so does the average
outlet temperature of the coolant. For 90, 76, and 60°F inlet temperatures the
steady state outlet temperatures are 44, 42, and 38°F, respectively., This is
an expected characteristic which is built into the system in the control valve.
The outlet temperaturs controls the opening of the steam poppet. At lower in-
let temperatures {lower heat loads for the same flow rate) less steam is gene-
rated so that a smaller pressure drop exists across the poppet. Since the sink
pressure is constant this decresses the saturation pressure and temperature in
the core, reducing the outlet temperature of the heat transport fluid. This
reduced temperature is sensed by the control valve and causes the steam poppet
to close, increasing the AP across {t. Equilibrium is established at a smaller
poppet opening and a lower outlet temperature for a decreased heat load.

The three plots beginning with runs 103, 204, and 201 (Appendix B) also
indicate the cycle time associated with the different heat loads. For full,
two-thirds, and half of the design heat load the average amount of time
betwern water feeds was 15.2, 26.7 and 34 min, respectively. Prediction of
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the cycle times were not made because it was not known what percentage of the
water in the wicks and sponge could be pumped out. The data do indicate

that the time between water refills increases roughly as the inverse of the
heat Toad. This would be the expected tendency if the same amount of water
were added during each refill period regardless of the heat load. The data
aiso indicate that this is the case. The control valve was calibrated to open
the water flow poppet when the coolant outlet temperature reached 50°F and
close when it reached 48.5%F. Observations conducted during the testing indi~-
cated however that water flow began at 51°F and ceased at 47%F. S$ince for
these three runs a constant water feed pressure was used, the amount of water
flowing into the unit was directly proportional to the time the water valve
was open. This time is indicated by the outlet temperature trace; the elapsed
time between the SI°F reading and the 47°F reading is the time during which
the valve was open. For full, two-thirds, and half heat lpads the average
fill times were .82, 1.72,and |.90 min, respectively, indicating essentially
no difference in the amount of water fed during each refill period. As stated
above this is consistent with the recorded cyclz time.

Runs 209 to 21! were also made with a full heat load and a coolant flow
of 70 1b per hr, however, the unit was run in an inverted position, that is,
with the water-feed face located on the top of the unit instead of on the
bottom. As is indicated in the temperature trace, the outlet temperature of
the coolant was 44°F, the same as that recorded with the feed on the bottom of
the unit. The one significant difference between the two orientations was the
cycle time, the time between refills. With the feed on top the unit called for
additional water every 2!.5 min, operating about 40 percent longer between
refills than the previous orientation. This is likely due to gravity effects,
which aid in transporting the water from the supply sponge to the wicks., 1In
a space environment, no gravity forces exist to a!i or hinder the water feed
and the cycle time would likely be between 15.2 awu 21.5 min.

The three other sets of runs were made at higher coolant flow rates, two
at the design heat load and one at about 130 percent of the design. A summary
of the data obtained in these runs, along with that obtained in the 70 Ib per
hr runs is given in Table 2-4. Comparison of the runs made at or near the
design heat load indicates that the cycle times are relatively independent of
the coolant inlet temperature but proportional to the heat load. Also shown
are the average maximum and minimum temperatures reached by the outlet tempera-
ture during the periods when the unit was refilling itself. It has already
been pointed out that the average outlet temperature is a functicn of the heat
load only and independent of the inlet temperature. The difference between
the maximum temperature and the average ocutiet temperature increases with
decreasing heat load and with increasing inlet temperatures. This s due
partialily to the lower average temperature at lower heat loads so that there
is @ greater temperature change between the average outlet and the outlet
temperature when the water is turned on (51°F in the tests). At the same heat
load the maximum outlet temperature increases with increasing inlet tempera-
ture because as the wick begins to dry out, heat dissipation capacity becomes
a function of the amount of water in the wick. Therefore, as the amount of
available water decreases, the heat transfer rate decreases and at lower cool-
ant flow rates (higher inlet temperature), the change in the outlet temperature
is greater.
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TABLE 2~4

BOILER MODULE PERFORMANCE TEST RESULTS

Run Nos. Q Tcin TOUtss TDUtmin TOUtmax Cycle Time Refill Time
Btu/hr  °F °F oF °F Minutes Minutes
[03-106 3250 90 44 42,5 59 15.2 ' .82
204-208 2380 76 42 38 57 26.7 1.72
201-203 1540 &0 58 35 54 34 .90
209-211 3260 90 44 43 57 21.5 [.74
lol-102 4430 68 47 47 52 in.7 --
3-1i6 3500 61 46 45 54 15.3 .33
107-112 3490 76 45 43 55 4.2 }.50
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It is also seen that the runs at Tower heat loads exhibited larger
difference between the steady state and minimum outlet temperature, in other
words they had a greater tendency to "undershoot" the steady state outlet
temperature. This tendency exists because at the low heat loads, for a
given poppet opening, the AP and therefore the saturation temperature and
pressure are lower. Since for all cases, when water 1s fed the outlet tempera-
ture must be 5i1°F or greater, the poppet openings are about the same (since
it is controlled by the temperature). The resulting lower saturation
temperature causes increased cooling; pulling the outlet temperatuie lower
until the corresponding smaller poppet opening can compensate and bring the
saturation pressure (and therefore the outlet temperature) back up.

For all test condicions it was possible to control the unit. The controi
band was greater for low flow rates. This is because the heat rate is pro-
portional to the product of the flow rate and the difference in temperature
of the coolant from one end of the unit to the other. Therefore the smaller
the flow rate, the larger the change in the coolant temperature difference,
and this change in the temperature difference is reflected in the control
band. Since variation in outlet temperatures above the steady state value
were much greater thaa variations below, better control could be achieved
by decreasing the high side variation. This could be done for a unit
designed for a specific coolant flow rate by designing the control valve to
turn on the water flow at a temperature relatively close to the steady state
temperature at full heat load, and by designing the core so that the distance
water must travel to feed the wicks is shorter.

OPTIMIZED BOILER MODULE

Based on the wicking investigation and the results of the multi-wick
boiler testing, an optimized one-kilowatt wick evaporator was designed. While
the optimized module was not constructed, all the concepts incorporated into
the design were verified experimentally. Design of this unit incorporated
the use of the best overall wick from a boiling coefficient standpoint,
optimization of the fleow cenfiguration, and minimization of the wicking flow
path and steam friction pressure drop while keeping the size and weight of
the unit to a minimum. The problem statement to which this unit was designed
is given pelow.

Coolant 62.5% ethylene glycol, 37.5% water
Inlet Temperature 90°F
Outlet Temperature 60°F

Heat Rejection one KW

A steady state absolute pressure just upstream of the steam valve of .1040
psia was used in the design. This corresponds to a saturation temperature

of 36°F, sufficiently above the freezing temperature of the expendable

fluid. The wick chosen for use in this unit was a .060-in. thick, 15 percent
dense, nickel fiber, metal wick. It was selected because it yielded high
boiling coefficients and because of its light weight. A simitar .030-in.
thick wick demonstrated similar boiling coefficients, but could be easily
plugged during a braze operation,
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A two-pass configuration was emploved on the glycol side of the unit
and the water feed was designed to be from two faces. The steam plenum was
placed at the middie of the unit. This is identical to the final configu-
ration discussed above in the section on Flow Configuration, and was chosen
because of the advantages cited there. A sketch of the optimum core design
is shown in Figure 2-19 with overall dimensions. As indicated, the unit
incorporates 9 wicks and 10 glycol passages. The width of the glycol
passages is | in. which is also the active wick length. A I-in. wide steam
plenum is shown at the center of the core. The fin surface used on both
the glycol and steam sides was 20 fins per inch, ,050-in. high, .002~in.
thick, with a 1/10-in. offset. Stainless steel was used on the glycol side
and nickel on the steam side. The reason for using nickel is to increase
the conduction across the steam passage, thereby increasing overall conduct~
ance and reducing the required unit size. The glycol flow length is 5 in.
per pass.

The active width of the wick adjacent to each glycol pass was limited
to | in. for several reasons. first, by keeping the capillary flow length
short, better control may be realized since liquid can reach the active
areas faster when additional feed is required. Second, for operation in
i g, the thin wicks cannot support a sizable heat flux over a substantial
length so it is necessary to limit the length for this reason. Also, the
steam pressure drop [s smaller for a sharter steam fin length. It is noted
from the figure that on each water feed face, there is a distribution plate
and a distribution pad. The distribution pilate is a plate with small holes
(w1716 in.) drilled in it at given intervals. It serves to distribute water
to all portions of the unit through the distribution pad. The distribution
pads are 1/2-in. thick cellulose sponges which serve to store water, to
distribute water, and to prevent flooding of the unit. When the wicks begin
to dry out and the water feed is turned on, liquid enters the core through
the distribution plate. Since it enters at a faster rate than it can be
pumped through the wicks or dissipated in evaporation, uniess it is stored,
it will flow into the steam passages and flood the unit. The sponges damp
out this surge of fluld and serve as storage area. Using sponges on two
faces speeds up the water distribution to the wicks.

ONE KW MODULE WATER BOILER STACKING STUDY

The ultimate goal in the design of an optimum | KW module water boiler
is the use of multiples of this module in comktination to satisfy the required
heat load in a variety of applications. Typical of this type service would
be the use of six modules to provide a heat dissipation equal to 6 KW. With
this typical problem statement in mind, a series of design Tayouts was con-
ducted, aimed at evaluating the various methods which could be used to com-
bine six | KW modules.

Figure 2-20 {SK51270) shows one arrangement which could be used. This
solution was selected because it provides the simplest technique for joining
six modules and because it keeps the required piping to a minimum. The
boiler modules are joined. to each other in a bolted assembly with four bolts
through the sideplate of each module. Clearance holes are provided in each
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sideplate such that assembiy could be accomplished merely by stacking six
units and bolting each to the unit above and helow. The heat transport
fiuid loop can be seen most clearly in the upper left side view of Figure
2-20. The heat transport inlet is uppermost in the drawing and is composed
of a single pipe manifolded to each of tha six modules. The total flow
would be distributed equally to each of the six modules for all modes of
operation by an orifice in each manifold sized vo equalize the pressure drop
in each botler loop.

The heat transport fluid is ducted from each core through the water
on-of f valve vernatherm of each unit. After passing through the water on-
off valve, the total flow is collected in a single pipe and returned to the
heat transport loop. Each boiler module contains its own steam back pressure-
feed water flow control valyve mounted atop the individual module. This
valve, similar to that used on the | KW module designed and built during
this contract, senses heat transport fluid outlet temperature and controls
steam plenum pressure and feed water flow according to the sensed temperature.
Feed water is supplied to each of the valves from a single line operating
off a pressure source. The use of a separate valve for each module {s
necessitated by the desire to maintain a versatility for the | KW module.
Thus if a single back pressure flow control valve were designed for a 6 KW
system, the back pressure characteristics of this valve would make it
incompatible with a 2 KW or 8 KW system. If a single contrel valve were
used for each different appiication, the net result would be a change in
the nominal control temperature for each new systen. The universal appli-
cation of a single valve would also require a rather complete system of
ducting for the steam flow and the heat transport locp outlet flow, which
would be different for each application.

The system shown in Figure 2-20 is no’, of course, the only possibility
for arrangement of six modules. The modules could easily be placed side
by side in stacks of two or three and manifolded together to provide a more
convenient package size for a particular application. However, the arrange-
ment shown does demenstrate the feasibility of a diversified application
of an optimum | KW module.
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SECTION 3
WATER SUBLIMATOR MODULE

INTRODUCTION

Task || of the heat sink study was an investigation and optimization of
a porous plate sublimator module. Analyses were performed to investigate
possible sublimation mechanisms, the liquid breakthrough phenomenon, and the
effect of steam plenum configuration. An extensive experimental investigation
of various porous plates and their operating characteristics was conducted.
The effects of the heat flux and water plenum pressurs were examined, and
performance at startup, restart, steady state, and at ro heat load was defined.
Several water plenum configurations were testad and the potential advantageous
use of hydrophobic coatings was established. A sublimator core incorporating
several porous plates was designed, fabricated, and tested. Based on the
investigation, an optimized one kilowatt sublimator was designed. The potential
of handling large heat loads was investigated in stacking studies.

RECOMMENDATIONS AND CONCLUSIONS

. An optimum sublimator design should incorporate a steam plenum slzed
on a maximum pressure drop basis to insure that all areas of the
sublimator plates are exposed to pressure levels substantially less
than the water triple peint pressure. Oversized passages contribute
nothing to performance and merely increase unit weight and volume.

2. The use of a supply water plenum height on the order of 0.0[0 to
0.020 in. eliminates the possibility of a porous plate rupture
during sublimator freeze up. The short water plenum does not,
however, degrade the unit performance.

3. Varying the heat transport fluid fin area density by increasing the
number and thickness of the fins from the hot to the cold end of the
unit, will produce the optimum heat transport fluid side sublimator

) desngn., The resulting increase in overal] conductance allows for
operation of the sublimator over its entire Iength at the maximum
allowable heat flux which can be withstood by a given porous plate
without breakthrough.

4. Porous plates selected for use in a sublimator shouid contain pore
sizes in the range of 2 to 10 microns. Porous plates with pore
sizes smaller than ¢ microns are subject to plugging by currosion
and system contaminants. Plates with pore sizes larger than 10
microns demonstrate poor startup characteristics due to the longer

period of time required to form an ice block within each pore.

5. In general for porous plates with the same average pore size, the
plate with the highest void fraction will demonstrate the best
performance, measured in terms of the temperature difference between
the heat transport fluid and the sink temperature.
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6. Development of the concept of using hydrophobic porous plates will
allow elimination of the breakthrough heat flux limitation impcsed
upon conventional designs, resulting in units more reliable and
as much as 50 percent lighter than current sublimators.

7. A series of optimum | kw module sublimators may be combined or
stacked to provide cooling for a wide variety of heat load appli-
cations. ‘
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SUBLIMATOR ANALYSIS

Possible Mechanisms

According to the theory presented in Reference 6, the sublimation mechan-
ism is characterized by a layer of ice on the inside face of the porous plate.
The main elemants of the referenced theory can be summarized as follows:

[The existance of this ice layer is determined by a comblnation of
the vapor pressurc drop characteristics of the porous plate and the
heat flux or vapor flow rate. When the vapor pressure drop across
the porous plate is less than the triple point pressure the phase
change must be from the solid directly to the vapor phase, by sub-
limation of the ice layer. The thickness of the ice is governed by
the rate of heat transter and the subjimation temperature corres-
ponding to the local vapar pressure at the inlet face of the porous
piate. To meet the imposed heat load the ice sublimes at the face
of the porous plate and freezes at a corresponding rate at the lig-
uid interface. The generated vapor passes through the porous piate,
It can be shown that the normal operating pressure differentiais
across the porous plate and ice layer are insufficient to extrude
the ice into the pores and thus the ice forms a barrier to liquid
flow into the pores,

If the input heat flux Is increased, the vapor pressure drop across
the porous plate increases causing the sublimation temperature to
rise accordingly. This results in a reduction in the ice layer
thickness in order to satisfy the heat conduction requirements.
Eventually the ice layer will disappear completely when the heat
flux is sufficient to cause the vapor pressure at the inlet face of
the porous plate to be greater than the triple point pressure. It
is at this point that the evaporation mechanism begins to occur,
However, if the pore size distribution is non-uniform, the heat flux
at which this transition occurs will vary with location on the plate
due to inequalities in vapor pressure drop, resulting in mixed mode
operation.

Typical porous plates contain a random distribution of pores with
respect to both size and shape. The point of transition for any
single pore is dependent on its equivalent radius and ultimately

the vapor pressure drop produced by the pore. In the mixed mode of
cooling, phase change occurs at local temperatures above and below
the triple point depending on the local pore geometry. An averaging
effect exists and if the plate Is of reasonable thermal conductivity
the effective plate temperature remains constant and very near 32°F
over a wide range of heat flux. Design calculations are then simply
based on a triple point sink temperature,]
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The main elements of the theory are summarized above. Some portions of
this theory, however, are not consistent with the experimental data given in
Reference & or the observations made here at AiResearch. In order to formulate
a more consistent theory several "mixed mode" models were proposed and analyzed
to check their validity.

The original model assumed both sublimation and boiling taking place at
the upstream face of the porous plate with all the vapor passing through the
entire plate. Using this model, a pressure drop corresponding to the vapor
flow rate fixed by the experimental heat flux may be determined from the refer-
ence pressure drop vs flowrate data. This was done for several test modules
referred to in Reference 6.

From the experimental heat fiux, the vapor mass flux is determined from
the equation:

A
W= %ﬁ; (3-1)

where W = vapor mass flus, ]bm/hr Fre

/A

Heat flux, Btu/hr ft?

1

AH, = Heat of vaporizationof water, Btu/lbm

By using experimental nitrogen flow rate vs pressure drop curves for free
molecule flow given in the referenced report, and by making a simple water
vapor correction (given below) derived from the free molecule pressure dron
equation, the pressure drop through the porous plate may be determined.

8P oor = AP, ﬁﬁgegg /2 - 1,25 APy, {5-2)
N2
where APvapor = Water vapor pressure drop, ]bF/inz
APN2 = Nitrogen pressure drop, ]bf/inz
Rvapor = Water vapor gas constant = 85.8 Tbe ft/!bm oR
RN_2 = Nitrogen gas constant = 55.2 lb. ft/1b_ oR

The experimental data and calculated pressure drops are given in Table 3-1,

It is seen that the pressure drops obtained in this manner give pressures on
the upstream side of the porous plate of from 1.5 to || times the triple point
pressure. Since ice was observed in the test units, these high pressures
obviously could not have been attained, indicating a deficiency in the assumed
. hanism.
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In order to account for this pressure drop discrepancy, the model was
revised, proposing sublimation at the upstream face and boiling near the down-
stream face. This is essentially the theory given in Reference 6 for "misxed
mode" operation. According to this reference, sublimation takes place upstream
because the pressure differential is not sufficient to extrude the ice layer
into the pores, and the vapor generated r.-:ses through the entire plate.
Boiling takes place inside the plate, at ¢- neat the downstream face giving a
small pressure drop. In effect, this model suggests sublimation ovei some
areas of the plate with pressure drop and boiling over the remalning areas with
negligible pressure drop, the difference arising from the different sides of
the plate at which phase change occurs.

TABLE 3~1

CALCULATED PRESSURE DROP FOR VAPOR FLOW THROUGH
POROUS PLATES IN SUBLIMATOR

Porous /A Pambient Tpp W APvapor
Plate Btu/hr st? pSsi 0 Ib/hr ft? psi
c 470 0.001 33,7 0.385 0.36
710 34.0 0.582 0.5l
270 34,2 0.795 0.69
1230 32,0 .0l 0.87
1475 3.8 I.21 1.03 ‘
D 420 ~0.002 30.5 0.344 0.1 g
475 28.9 0.389 0.140
580 31.5 0.475 0.156
610 33.7 0.500 0.162
690 3.2 0.565 0.168
-
Q/A = experimental heat flux
Pambient = pressure in vapor passage
Tpp = porous plate temperature
W = calculated vapor mass flux
Apvapor = calculated vapor pressure drop based upon assump!ion that

vaporization takes place at water side porous plate face
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The validity of this model may be tis:ed by experimentally determining the
average heat flux over the plate, from tii.: determining the relative magnitudes
of the boiling and subliming heat fluxes, and ubserving whether the values ob-
talned are reasonable. This was done for several test plates from the referencc
as shown below. The total average heat rate is equal to the sum of the boiling
heat rate and the subliming heat rate.

qg Ag ¥ 9B AB = Yavg A (3-%)
where Q, = subliming heat flux
qB = boiling heat flux
avg = average heat flux, experimentally determined value
As = area over which sublimation takes place
AB = area over Wi ich boiling takes place
AT = total piate area = As -+ AB
AB
By defining a "boiling area ratio" RB =5 which is the ratio of the plate
T

area over which boiling takes place to the total plate area and dividing both
sides of (3-3) by A, one obtains

qs (I - RB) + qB RB = ang (3"4}
which becomes

q

j:%_[RB_;J,fE.YE (3-5)

qs B qs

For a given plate with a known pressure drop as a function of vapor flux, one
may determine the maximum possible flow rate per unit area, W which gives a

pressure drop low enough to keep the upstream pressure at or below the triple
point pressure, thereby assuring the possibility of ice (and sublimation) at
the upstream face. This flow rate is then the maximum possible vapor flux
over the subliming area, and from this, the maximum sublimation heat flux may
be found.

q, = AHGNS (3-3)
AH = heat of vaporizaton

W, = vapor flow rate per unit area
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q
Once 9 is known, Equation (3—5)may be solved for Eﬁ using values of RB

§

between O and |, The ratio of boiling heat flux to subliming heat flux was
calculated for the referenced published experimental data and typical results
are given below for plate D with an experimental average heat flux of

420 Btu/hr ft2,

9e E%H fe Assumed RB qB/qs
120 1.0 (maximum possible) 3,44
120 0,9 3.72
120 0.8 4,05
120 0.7 4,49

This analysis Indicates that if the proposed mechanism is that which occurs,
the heat flux over those areas at which boiling takes place is more than
three times greater than the heat flux existing over the subliming areas. In
order to support such great variation in heat flux, there must be ejther a
correspondingly great variation in the local heat transfer resistance between
the heated surface and porous plate or a large variation in the local source
temperature. Since neigher of these seems likely in the test modules used,
and neither of these seems likely in the test modules used, and neither was
reported along with the experimental data, it can only be assumed that the
model of sublimation and boiling occurring upstream and downstream of the
porous plate, respectively, is inaccurate,

The only model which is compatible with the data is that of sublimation
taking place not at the upstream face but within the pores cyclically, with
_the ice vapor interface receding and again forming when water fills the pores
and freezes, Sublimation visualization tests which will be explained below

seem to lend credibility to this model.

Breakthrough Analysis

Measurements of 1iquid breakthrough of porous plates in the literature
have shown that the breakthrough pressure can vary from a very small fraction
of the gas breakthrough pressure to a number in excess of the gas breakthrough
pressure. To better understand this situation an analysis of the phenomena
of liquid and vapor breakthrough for capillary tubes with rounded exits of
various sharpnesses and for contact angles from O to 180 deg was undertaken.
The reason for investigating various exit sharpnesses is that in a porous
plate of conventicnal construction, a sharp cornered capillary will not be
the typical pore geometry. A sketch of the axially symmetrical model used
in the analysis is shown below.

67-2577
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Admittedly, the pore exits in a porous plate will probably not have symmetrica)
shapes; nevertheless, the following analysis is useful in that it provides a
better understanding of the breakthrough phenomenon and gives an idea as to

the desirable plate and fluid-surface characteristics. For clarity, the follow-
ing analysis is given for liquid breakthrough; however, it can be shown that

the results for liquid breakthrough with a contact angle of § are the same as
those for vapor breakthrough for an angle of 180° - 9.

A force balance on the vapor-liquid interface gives for r' = r < r! 4 R:

P, - P, = %g cos @ (3-7)

L )

where Py = the pressure on the vapor side
P, = the pressure on the liquid side
o = the surface tension
From simple geometric relations, one obtains cos ¢ as a function of contact

angle 8, r, r', and R; therefore the expression for the interface pressure
differential becomes:

S BN TSI
) o )]

If both sides of (3-8) are divided by %%, one obtains the normalized pressure

PL= By

differential For vapor breakthrough the equation for the interface

gk

pressure ditierentail is the same as (3-8) except there is no minus sign on the

= 67-2577
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coefficient of the cos § term. Therefore since cos (180 - 8) is equal to
- cos 9, the vapor breakthrough pressure for 180 - § is equal to the liquid
breakthrough pressure for a contact angle of 8.

[
For a given contact angle B and "exit sharpness” LI the ratio of the

R)
pore radius to the radius of curvature of the exit, one can evaluate the
PL = Py
normalized pressure differential 5 for different values of r between
=T
r

r! and r' + R from Equation (3-8), and upon doing so, observes that the norral-

ized pressure differential increases and. then decreases with increasing r. An
example of this is shown in Table 3-2 for an "exit sharpness" of 1.0 and a
contact angle of 100 deg.

TABLE 3-2

NORMALIZED PRESSURE DIFFERENTIAL ACROSS LIQUID-VAPOR INTERFACE
FOR EXIT SHARPNESS OF |.0 AND CONTACT ANGLE OF 100 DEG

r/r! cos ¢ EL "y
20
FT
1.00 0. 174 0.174
1.65 0.474 0.451
.10 0. 860 0.532
.20 0.700 0.584
1.30 0.825 0.634
1.40 Q.892 0.637 - Breakthrough occurs
at this value of r/r!
t.50 0.940 0.626
.22 0.972 0.607
.70 0,991 0.583
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P -

One notes that for this case the maximum value of _L PV occurs at r= 1.4 r'.
20
T

The maximum normalized pressure differential will occur at different values

I
of r/r! for different combinations of 8 and %1 The maximum value of AP/%g

is the normalized breakthrough pressure, for if this AP is exceeded, the

liguid will detach from the capillary opening and breakthr?ugh will occur.
. r

to obtain the breakthrough pressure PB for a given B and —, one Flrst solves

for the %T at which breakthrough occurs., This is done by differentiating

Equation (3-8) with respect to %r

p, - P Iy 2 I I
L v r r r -
d(“z“cﬁ?f‘)(?") (+5) s 0+ (F) (2-5)
r
T
r

r .
2 rl [r AL N T sin®
Fl ) - E) )
Equation (3-9) is then set equal to zero and solved for £T' This value
P
B

is then substituted into (3-8) and the normalized breakthrough pressure 5o/r !

is found,

The results of this analysis are shown in Figure 3-1 for "exit sharpnesses"
of 0, 0.01, 0,65, 0.1, 0.5, 1.0, 3, and », Figure 3-2 shows pore size as a
function of 20/r' and can be used in conjunction with Figure 3-| to obtain pore
diameter from measured bubble point data. As previously stated, results for
vapor breakthrough correspond to liquid breakthrough for the supplementary con-
tact angle. 0One notes that for an infinitely sharp corner, the liquid break-
through pressure is independent of § between 90 and 180 deg and proportional
to sin 8§ between 0 and 90 deg. For a sharpness ratio of 0, the curve takes
the form of a cosine curve. Liquid breakthrough pressure is seen to decrease
with decreasing contact angle and exit sharpness ratio. Another interesting
feature of this plot is that for values of § to the right of the diagonal
broken line, the normalized breakthrough pressure may be represented exactly

P :
by Eg = 20 % . The reason for this simplified expression has to do with the
oot
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point in the capillary exit at which the breakthrough pressure is reached,
and this will be explained below.

Figure 3-3 shows the position of the Interface prior to liquid break~
through for a pore with a sharpness ratio of 0.5 for various contact angles.
One notes that as the contact angle is decreased, the point of contact moves

further out of the pore unt!l it reaches the outer extrimity where %T =1+ %T-
Upon further reduction of the contact angle, the vapor liquid interface con-
tacts the pore wall at the same location. The maximum contact angle for
breakthrough at %T = | * %T is given by:
| L
emax = grctan ‘R (3-10)
This means that for all angles less then emax’ breakthrough will occur at
{T = | + %T and the defining equation ohtained from a force balance is:
20 .
Py =7 — sin 8 (3-11)
ma X
where r =rl +R
max
Normalization yields:
P . .
B _sin 8 _ sin§ (3-12)
2, L tRT R
T r!
PB
This is the equation given above defining —~ for 8 to the right of the
il
.

broken line in Figure 3-1, and it is now seen that this occurs because for
all 8 < emax in the case of liquid breakthrough (8 > emax for vapor breakthrough)

the breakoff point occurs at the pore exit extremity.

Analysis indicates that the breakthrough pressure will always be reached
when the interface is at the pore exit. It is cbviously impossible to support
a liquid head at a rounded pore entrance for a contact angle of less than
90 deg because the surface tension always tends to pull the liquid through
the pore; however, for an obtuse contact angle, the liquid vapor interface
can exit at the pore entrance for pressures sufficiently less than the break-
through pressure, Since it seems desirable in sublimators to have the
evaporating interface near the pore exit to decrease the vapor flow length
and thus the vapor pressure drop, we are interested in the pressure required
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to force the liquid into the pore, the break-in pressure PBI‘

A sketch of the pore entrance and liquid-vapor interface is shown below.

LIQUID

Again, a force balance gives

A=21706
2g

P Py = = €os ¢ (3~13)
Since the breakin pressure is desired, the maximum value of P - PU must be
found, and one observes that as the interface moves into the pore, r and ¢
become smaller and cos ¢ becomes larger. It follows then that PL - PV is a
maximum when r is a minimum and cAs ¢ a maximum. This occurs when r = r!,
and at that point, ¢ = 180° - ¢ so the normalized breakin pressure becomes:

P

BI

3o/rT = Tcos B (3-14)

This is of course true only for § = 90° since for 8 < 90° the surface tension
forces pull the liquid into the pore. The normalized break-inpressure curve
is identical to the r'/R = 0 curve iIn Figure 3-), and It is seen that this
breakin pressure is always less than the breakthrough pressure, indicating
that at breakthrough the interface always exists at the pore exit.

It is seen from Figure 3-! that is is indeed possible for a system to
have a liquid breakthrough pressure in excess of the vapor breakthrough )
pressure, however this is possible only if the contact angle is greater than
90°, It is seen also that, in genevrai, a system which possesses a relatively
high liquid breakthrough pressure will have 2 relatively low vapor break-
through pressure. The one exception to this is the system with a contact
angle around 90° for which both breakthrough pressures are nearly the same.
In the sublimator application, a high iiquid breakthrnugh pressure is
desirakle ir arder to prevent loss of water while the vapor breakthrough
pressuse is of little consequence. For this reason, a high contact angle seems
desirable in this application.

Tests were performed in order to verify the analytical predictions,
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The test apparatus for liquid and vapor breakthrough is shown in
Figure 3~4, Stainleszs steel capillary tubes of known inside diameter were
used and were thoroughly cleaned prior to testing. The liquid breakthrough
test involved gradually increasing the liquid head and observing the pressure
differential at which breakthrough occurred. 1In the vapor breakthrough test,
the gas pressure was slowly increased untll the first dynamic bubble appeared
from the test fluid, :

The tests were performed with water and mercury for sharp cornered
capillary tubes in order to verify the r'/R = @ curve in Figure 3-1. With
these fluids, results were obtained for a wetting (8 < 90°) and a nonwetting
(¢ > 90°) liquid.

The resuits of these initial tests are shown on Figure 3-1. It is seen
that fairly good agreement with the analytical predictions was obtained, The
normalized gas breakthrough pressures are within a few percent of the predicted
values while the liquid breakthrough pressure of mercury is about ten percent
less than the analytical prediction. A possible explanation of this might
be the value used for the interfacial iurface tension of wmercury and air,

Perry states that the surface tension of mercury is "variable and decreases
with time," which could explain the discrepancy. The contact angle of water
with stainless steel is shown as a range rather than & point because of the
difficulty in determining its exact value, Observation under moderate mag-
nification of the liquid drops on the test apparatus during testing, as well
as the protruding liquid-vapor interface, indicated a contact angle in the
neighborhood of 30%, Photographs of water drops on a stainless steel plate
were made in order to obtain a more accurate value of the contact angle; how-
ever, this was unsucessful due, probably, to contamination of the plate
between cleaning and photographing, and contact angles ranging from 30° to
90° were obtained., The literature gives contact angles of water on "cleaned"
stainless steel surfaces of from 0° to 42°, depending on the cleaning procedure
and whether the contact angle is the advancing or receding angle.

cffect of Steam Passage Dimensions gn Sublimator Desidgn

In the design of a conventional sublimator, the steam passage dimensions
are critical, With a high vapor mass flow and a long narrow steam passage,
the pressure at the bottom of the passage could approach the triple point
pressure even though the pressure at the plenum outlet is quite low, due to
the pressure drop of the vapor leaving the plenum. The increased pressure at
the bottom of the plenum could lead to liquid breakthrough, especially at
startup, since the time required to freeze increases greatly as the ambiasnt
pressure approaches the triple point. It {s desirable therefore to design
the steam passage such that a relatively Tow pressure is maintained.

The pressure in the steam plennm may be predicted as a function of the
operating heat flux (mass flux), vapor flow length, passage height and width,
and plenum outlet pressure by solving the basic pressure drop equation:

— 67-2577
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-2 4F

dp = ZQCP Dh dx (3~15)
where dP = change in pressure

G = vapor mass flux in direction of flow

p = vapor density

f = friction factor b ft

g, = gravitational constant = 32.2 TE?%EE?

Dh = hydraul ic diameter of steam passage

dx = incremental flow length

For the probable limits of heat flux and flow length of 10,000 Btu/hr ft?
and | ft, the flow is in the laminar regime and the friction factor may be
approximated to within 2 percent with the eguation:

14.2 + 9.8 (1 - h)?
w

f = (3-16;
‘Re ' ’
where RE =~ Reynolds Number
3—: passage aspect ratio
Assuming uniform heat flux, the mass flux in the flow direction is
directly proportional to x and the defining pressure drop equation becomes:
_ - By RT (Q/A) x dx
PdP = ch Hs h* (3-17)
where w = viscosity
R = gas constant

7 = vapcr temperature
Q/A = heat flux
Hs = heat of sublimation

h

n

vapor passage height

[i4.2 + 9.8 (I _.5)3 ] [! . 512

Integrating equation (3-!7) between x = 0 and L (total flow length) and
applying the boundary condition that P = P at x = L, the equation defin-

B

outlet
Ing the pressure at any position in the plenum is obtained.

_ By RT (Q/A)(L% - x%)

p? + p? -1
29, Hs h*® outlet (3-18)
" 67-2577
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The maximum pressure in the plenum which occurs at the bottom of the
passage is obtained by setting x = 0, As indicated previously, the pressure
is a function of the heat flux, flow length, passage height, passage width,
and the outlet pressure.

To illustrate the effect of passage height on the maximum steam plenum
pressure in a typical sublimator, the above equation was solved at x = 0
for a heat flux of 6000 Btu/hr ft?, a plenum outlet pressure of 0.5 mm Hg
(.00965 psia), and h/w =~ 0 (no fin in the steam passage). Figure 3-5 shows
the maximum plenum pressure as a function of plenum height for various vapor
flow lengths.

If the maximum allowable steam plenum pressure is known, the passage de-
sign height may be determined from this type of plot. Obviously, in order to
prevent breakthrough, it is necessary to maintain the pressure below the
triple point in & conventional sublimato:, however, how far below the triple
point is not known at this time. It has been shown that the time required to
freeze small liquid drops exposed to low pressures increases markedly for
pressures greater than approximately 50 percent of the tripie point pressure,’
which implies that the pressure in the steam passage should be maintained at
least below this value,

Even though it is not possible at this time to pick the optimum pressure
level and therefore the minimun allowable height, it is possible in some
cases to determine a maximum passage height. For example, for a flow length
of 3 inches, no advantage is realized by designing a passage height of .5 inch
instead of .3 inch because the pressure reduction obtained is for all practi-
cal purposes negligible, as indicated by Figure 3-5.

Sublimator Visualization Test

Early in the sublimator study program a visualization test module was
designed. It was thought that through visual observations some insight
might be gained into such problems as where the ice forms, whether in or
out of the pores, if there is blockage of flow by fins, and what causes
breakthrough and under what circumstances does it occur. With this goal in
mind, a unit consisting of a heated plate, finned water passage, porous
plate, steam passage, and transparent sides and top was fabricated and testing
was initlated. ‘

Some difficulty was encountered in observation of the bottom porous
plate surface due to the fins and the relatively small helght of ths water
passage (0.175 in.). To alleviate this problem, a similar unit was assembled
with no'fins and a water passage 0.5-in. high. Figure 3-6 shows the new
module in operation. With this unit, observation of the entire plate surface
was possible and testing was continued. Photographs were taken for docu-
mentation purposes and to allow repeated observation of certain phenomena.
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A schematic and photograph of the test setup are shown in Figures 3-7
and 3-8, As indicated, the water was filtered and metered before entering
the water plenum. A measurable heat load was provided by passing a heated
fluid through a finned passage and recording inlet and outlet temperatures.
Pressures were measured at the point of water supply, in the water plenum,
and in the vapor plenum. A bypass of the filter was provided in order that
the flow might be reversed without destroying the filter.

Several interesting and noteworthy phenomena were observed. When the
unit was run with no heat load, a layer of ice formed over the entire bottom
of the plate except along the edges of the unit. (The lack of ice next to
the lucite sides was due to heat leaking through from the surroundings.)

Observation of the ice layer on the water passage side revealed a light
colored surface, frosty in appearance, at the ice-porous plate interface.
Intermittently, portions of these light areas became darkened and when this
occurred, small "fingers" of ice appeared at corresponding areas on top of
the porous plate. This change in color always proceeded from the edge of
the ice layer or from an already darkened area. It is thought that the light
areas are small spaces between the ice and the porous plate, formed when the
ice sublimes and passes through the plate as vapor. When this space becomes
sufficiently large, water rushes in, causing the darkened appearance, and
some of the water passes completely through the plate, forming the "ice
fingers" at the surface. This ice "breakthrough' occurred over only those
portions of the plate which were covered with ice on the water side.

When the plate area covered by ice was reduced by increasing the heat
load to the system, this intermittent breakthrough phenomenon continued over
that area or the plate covered with ice but ceased to occur over areas covered
with liquid water and no visible ice. Increased heat load resuited in the
elimination of all visible ice and along with it, elimination of the forma-
tion of the "ice fingers" on the low-pressure side. At this point the pres-
sure on the downstream side of the porous plate was increased while main-
taining constant all other system variables; profuse water breakthrough
occurred when the pressure reached the triple point pressure.

This significant fact indicates that there is ice in the pores which
melts when the pressure goes above the triple point, allowing water to break
through. The indication of ice existing in the pores when there is no ice
visible on the bottom of the plate is an important one, for it implies a
cycling mechanism in which the ice-vapor interface recedes and reforms due
to either the ice melting or the interface receding all the way out of the
pore and water rushing in.

The mechanism which Is thought te be that which occurs in a porous plate
in a sublimator is shown in Figure 3-9. 1In Sketch (a), liquid enters the
pore. Originally it was thought that the llquid was restrained at the pore
exit by surface tension forces, however, the breakthrough analysis indicated
that this is possible only for minute water pressures or for hydrophobic
surfaces. Therefore the liquid is not restrained until ice is formed.
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is not Visible on Liquid Side of Plate
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Sketch (b} shows solid forming rapidly In the pore as the liquid is exposed
to the very low pressure. In Sketches (c) and (d) the solid phase has sub-
limed, causing the solid-vapor interface to recede further into the plate
and also raising the absolute pressure at the interface. At this point it
is thought that one of two things happens. Either the solid-vapor interface
recedes until all the solid phase has sublimed or the interface pressure
increases above the triple point and the solid melts, either of which would
allow liquid to reenter the pore (Sketch (e)) causing the cycle to repeat.
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POROUS PLATE INVESTIGATION
General

It is well known that the operational characteristics of a sublimator
are a strong function of the porous plate which is used in the unit. Optimiza-
tion of a sublimator therefore includes sllection of an optimum porous plate
and an investigatinsn of porous plates is required in order to make such a
choice. The investigation performed during this program included simple bench
tests to describe the plate characteristics themselves and single module
sublimator tests to determine the plates sublimation characteristics.

The majority of plates tested were of sintered metal powder construction
as supplied by Clevite, lLockheed, APM and Union Carbide. A limited number of
sintered woven wire mesh, porous Teflon and Kel-F, and electro-formed mesh
camples were tested. (A list of the plates tested and the type of construction
is given in Appendi» €.} A few plates coated with Teflon weire also tested.

Bench Tests

In order to define the porous plates to be used in sublimator testing and
to obtain plate characteristics with which the porous plate sublimation
performance could be correlated, a series of bench tests were performed on
sample plates. Bubble point in alcohol, water retention pressure, nitrogen
permeability to vacuum, and nitrogen permeability tc ambient were performed.
The results of these tests are tabulated in Appendix C. The majority of plates
tested were of sintered particle construction and were obtained from Lockheed
(L designation), Clevite (C designation), and Union Carbide (UC designation).
As indicated, all of these plates are nickel, ranging in thickness from 0.0I5
to G.056 in. Porosities ranged from the smallest of 32 percent for one of the
Union Caibide samples to 56.7 percent for a Clevite sample. All the specimens
are of sintered particle construction, and Samples Cl, C2, and C6 contain a
20 by 20 mesh, 0.007 in. dia wire nickel reinforcement screen. At different
times during the program, bubbie point data were obtai..ed tor the same plate
or for plates of the same designation in the same batch. All these data are
presented in tabhles C-! and C-2, and the pore diameter based upon the average
atcohol bubble point is given. The Lockheed plates appear to have the smallest
maximum pore diameters, about 2.5 microns, with approximately 80 percent of
the pores larger than |.5 microns. It will be shown below that these plates
are the least permeable of all the "L", "C", and "UC" plates tested. The
Clevite plates have the largest pores of those tested in this series, from
6 to 8 microns. The Union Carbide plates have more of a spread in maximum
equivalent pore diameter, from 2.82 to 6.90 microns, with the 80 percent
pore diameters equal to from 57 to 76 percent of the maximum diameters. The
other plates tested exhibited 2 wider range in maximum pore size, Trom 3 microns
to 128 microns.

Permeability data were also obtained for the porous plates, one series
with nitrogen discharge to ambient, the other with nitrogen discharge to vacuum
(0.093 mm Hg abs to .42 mm Hg abs). The results of these tests are shown in
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Appendix €. It is seen that just as in pore size, the "L" and "C" series
tend to be bunched while the "UC" series Is spread over a range. The APM
plates were the least permeable and the BM5 plate the most permeable of all
plates tested.

Table C-2 shows the bubbie point is water and water retetion pressure
data obtained. In general the water bubble point pressure is significantly
higher than that obtained with alcohel. This is due to the higher surface
tension of water. The water retention pressure is in general quite small,
and, as was pointed out in the breakthrough analysis this is due to the low
contact angle and rounded pore exits.

The opposite trends are evident for the hydrophobic plates (large
contact angle). For the Teflon and Kel-F plates the water retention pressure
is greater than the bubble point (gas breakthrough) pressure due to the large
contact angle as predicted by Figure 3-{. The water retention pressure was
'ncreased substantially for the nickel plates with a teflon coating.

Single Module Tests

In order to determinz the performance of the sample porous plates and to
establish their characteristics in the various modes of operation of a
sublimator, a series of tests were performed on single modules. Tests were
performed to define the maximum heat flux attainable, steady-state character-
istics, operation at startup, restart characteristics, and the effect of
freezing or operation at zero heat load. The single porous plate tes* module
consisted of a heat source, a water passage and a porous plate. The heat
source was an electrical heater so that precise contrel of the input heat
flux could be maintained. The unit was instrumented with 6 thermocouples
in tha heater plate and one at the water inlet, and continuous temperature
readout was provided. The porous plate module installed in the test rig
is shown in Figure 3-10. For some of the thinner porous plate specimens,
it was necessary to attach additional cross bar supports to prevent the
plates from bowing as shown in the photograph. Not shown, but important
to prevent heat losses, were the layers of aluminized mylar placed on the
bottom of the module next to the heater plate. A photograph of the test
setup is shown in Figure 3-11. The electrically heated test modules were
enclosed in a vacuum chamber in order to maintain the vapor pressure below
the triple point. Heat flux was controlled by a variac, and voltage and
current were indicated on appropriate meters. Water from the supply tank
was Tiltered through a /2, absolute filter and metered before entering the
sublimator mcdule.

l. Steady State Performance and Maximum Heat Flux

Initial tests were performed to determine the heat rejection capability
of various plates and the maximum heat flux attainable before breakthrough.
In some cases the water plenum was a .100 in. gap with a nickel conduction
fin in it and in others a .0l2 in. high water gap. Plots of the heater
temperature as a function of heat flux are shown in Appendix C. Plates from
Union Carbide, Lockheed, Clevite, Aircraft Porous Media, and Buckbee Mears
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were tested with the finned water gap configuration. With all these plates

it was possible to establish equilibrium operating conditions with heat fluxes
of 3500 Btu/hr ft? or more. There are two criteria by which the porous plates
might be compared on a steady state basis. These are the heater temperature
at a given heat flux and the heat flux at which liquid breakthrough begins or
bacomes uncontrolled. As shown in Table 3-3, of the 25 plates tested at a feed
pressure of 3 psi, 9 experienced no uncontrolled breakthrough up to a heat
flux of 10,000, 12 failed at 10,000, 3 at 7300 and | at 5500. Minor break-
through occurred at 2000 Btu/hr ft? for | plate, at 5500 for 3 plates, at
7300 for 7 plates, at 10,000 for 8 plates and did not occur at all for 6
plates. From this data it is evident that a major portion of the plates
tested would be suitable for a sublimator application, at least from the
standpoint of maximum heat flux attainable before uncontrolled breakthrough.

At the outset it was hoped that the performance of the porous plates
vauld be correlated on the basis of some easily measurabile property of the
piates such as bubble point or permeability. This was not possible for the
breakthrough phenomenon.

The other method of comparing the plates is to compare the heater
temperatures required to establish a given heat flux. It is advantageous to
have this temperature as low as possible for this means a smaller porous
piate area is required to dissipate a given heat rate. It is noted from
the plots in Appendix C that, for instance, all the plates but the one Buckbee
Mears sample, gave heater temperatures from 46 to 58°F at a heat flux of
5500 Btu/hr ft?. The plates which glve the lower temperature are, of course,
better selections for sublimator plates, There does appear to be some corre-
lation between the plates which give the lowest heater temperature and those
which have the highest breakthrough heat flux. The average heater temperature
at a heat flux of 5500 for the plates which did not experience uncontrolled
breakthrough was 47.8°F, 51.6°F for those that broke through at 10,000, and
53.7°F for those that failed at 7,300. Selection of a plate which has a high
breakthrough heat flux is therefore compatible with selection of plate with
good heat transfer characteristics.

Also given in Appendix C are the results of porous plate tests conducted
with a 0.12 in. water gap with no fins in the water plenum. This configura-
tion was tested because of the potential of using this concept to eliminate
problems associated with freezing of the unit during zero heat load operation.
Tests were performed at feed water pressures of 3, 6, and 9 psia to determine
the effect of this variable on performance. From the data it can be seen
that in general the heater temperature decreases with higher feed pressures.
Also, as indicated by Table 3-4, the uncontrolled breakthrough heat flux
decreases with increasing pressure. It should also be noted that the break-
through heat fluxes at 3 psia for the .0[2 gap are compatible with those at
3 psia for the .100 gap with fins,indicating that the plenum configuration
may have little if any effect on the breakthrough.
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TABLE 3-3

SUMMARY OF HEAT FLUX BREAKTHROUGH PERFORMANCE OF PLATES
TESTED WITH 0,10 IN, HIGH FINNED WATER PASSAGE AND 3 PSIA FEED PRESSURE

Heat Flux for Heat Flux Ffor
Plate Uncontrolled Breakthrough Minor Breakthrough

uc-1A 10,000 Btu/hr ft? 5,500 Btu/hr ft?2
IB 7,300 5,500
iC 7,300 5,500
2A >10,000 10,000
2B >10,000 10,000
2¢ >10,000 >10,000
3A 7,300 7,300
3B 10,000 7,300
3C 10,000 10,000
4A 10,000 10,000
4B >10,000 >10,000
4C >10,000 >10,000
LIA 10,000 7,300
2A »10,000 10,000
3A 10,000 7,300
4A 10,000 7,300
5A 10,000 7,300
c2 >10,000 >10,000
3 10,000 10,000
4 >10,000 >10,000
3 10,000 10,000
6 - >10,000 >10,000
APM34 10,000 10,000
35 10,000 7,300
BMS 5,500 2,000
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TABLE 3-4

UNCONTROLLED BREAKTHROUGH HEAT FLUX FOR .02 GAP

Plate 5 psia 6 psia 9 psia
uc-2B-5 I2,300 10,000 7,300
Uc-4B-5 12,300 10,000 7,300
UC-4C-6 None 7,300 7,300
10,000 7,300
Uc-2C-4 10,000 10,000 10,000
Uc-2A-3 10,000 7,300 -
Clevite VI 10,000 - -

2. Start-up Testing

A conventional sublimator depends upon the exjstence of ice in the pores
of the porous plate in order to prevent water breakthrough for feed pressures
above the water retention pressure., Testing has indicated that while a plate
may operate in a steady state condition with a feedwater pressure on the order
of 9 psia, it may be impossible to achieve start-up with this pressure without
breakthrough occurring. For this reason, start-up characteristics were investi-
gated in order to define system start-up limits. A series of start-up tests
were performed on single module porous plates of varying pore size and
permeability, The plates tested ranged from 0.020 to 0,028 in., thickness and
had a subliming surface area of about 18 square in. The test module and test
setup used were those shown in Figures 3-10 and 3-11, Heater temperature and
water plenum pressure were sensed and recorded. The test module was mounted
in a vacuum chamber and the pressure reduced to about 200 microns of mercury
absolute. The heater was turned on and the heat flux set at 2,000 Btu/hr ft?,
and when the heater temperature reached 80°F the water inlet valve was opened.
Observations were made as to the severity of breakthrough. Water inlet flow
rates of 100, 40 and 20 cc per minute were used. A summary of the start-up data
is given in Tables 3-5, 3-6 and 3-7. Permeability and bubble point data are
shown along with the type of breakthrough at various feedwater pressures and
fill rates. “Minor" and "serious" breakthrough refer to the relative amounts
of fce formed on the top of the plate. The time for healing refers to the
time at which the plate ceased to form ice on the downstream face. The ice
that had formed there sublimed away in time. The plates are arranged in
order of increasing permeability which corresponds in general to decreasing
bubble point which means increasing pore size.

Table 3-5 gives results for 5 plates tested at pressures of from 3 to 9
psia and at an inlet flow rate of {00 cc/min., The plates tested were chosen
because they gave a range in permeability and because they all performed well
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TABLE 3-5

SINGLE MODULE START-UP DATA

NOISIAIG DNIHNLIVANNYA HOYYASIHIY [(raszzavo)

AP at Bubble Point in Alcohol Type of Breakthrough at Given Feedwater Pressure
2 1b/hr ft?
N, Flow, 1Initial 80 Percent, 3 psia 4.5 psia 6 psia 9 psia
Plate psi psi psi
§ uc-2c-8 0.57 4.60 7.68 None Minor, healed Serious, Uncontrol led
2 in 1.5 min. healed in
g 3 min.
uc-4c-1 0.53 3.52 5.99 None Minor, Serious, Serious,
healed in healed in healed in
F min. I min. 4 min.
Uc-4B-1i 0.34 3.10 4.36 Very minor, Very minor, Serious, Uncontrolled
healed healed healed in
immediately immediately 2 min.
Serious,
healed in
5 min.
UC-2B~ | 0.25 3.56 4£.81 Minor, Uncontrolled Uncontrolied Uncontrolled
heaied in
| min.
Uc-2A-1i 0.15 [.8] 3.07 Uncontrolled -- Uncontrolled Uncontrolled
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TABLE 3-6

START-UP DATA AT VARIOUS FEED PRESSURES AND FLOW RATES
FOR A 0.012 INCH HIGH WATER PLENUM

Plate 100 cc/min 40 cc/ min

3 psi 6 psi 9 pst 3 psi 6 psi 9 psi
UC-2c-4 0 §2% U 0 VM2 VM2
UCc-4C=6 0 M2.5 52 0 0 9
Uc-4B-5 0 M.5 u 0 VYMO 5.5
Uc-2B-5 VM.5 M.8 U 0 VMO 83
Uc-2A-3 0 MO 0 M2 S2

TABLE 3-7

3 psi
0

0
0
0
0

START-UP DATA AT VARIOUS FEED PRESSURES AND FLOW RATES
FOR A 0.100 INCH HIGH FINNED WATER PLENUM

Plate 160 cc/min

3 psi 4.5 psi 6 psi 9 psi

Uc-2¢-9 0 0 0 M.
UC-4C-4 0 0 MO Ml
UC-4B-3

Uc-2B-4 M.l M.75 u u
UC-2A~4 0 Ml U u
Note.

YM-very minor breakthrough

M ~minor breakthrough

U - uncontroiled breakthrough
S - serious breakthrough

8

3 psi
V. 2

0
VM 0
VM. 2
VM, 2

40 ce/min
6 psi 9 psi
VM.3 WM. 3
0 VM 0O
VM.3 VM5
VM.3  VM.5
VM. 3 VM. 3

20 cc/min
6 psi 9 psi
0 0
0 0
0 0
0 C
VM2 0
20 cc/min
3 psi 6 psi 9 psi
0 0 VMO
0 0 0
0 0 0
0 0 VMO
0 0 VYMO

3*
The numbers appearing in the tables refer to the time required for healing in
minutes. For example, 52 means serious breakthrough which healed in 2 minutes.
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in the steady state and maximum heat flux tests. Two trends are evident.

The First is an increased tendency to break through with increasing feedwater
pressure, an expected characteristic. The second indicates an increased
breakthrough tendency for larger pore sizes (lower bubble point).

Table 3-6 shows the start-up characteristics of plates tested with
.012 in. thick water plenum with no fins at 3 inlet flow rates and 3 feed-
water pressures. Again there was increased uncontrolled breakthrough at
higher feedpressures, however the increasing breakthrough tendencies for the
plates with larger pores were not so evident as in the previous tests. The
effect of decreasing the feedwater flow rate [(s quite evident. As the flow
rate was decreased the breakthrough became less severe and at an inlet water
feed rate of 20 cc/min, successful start-up with no breakthrough was achieved
with essentially all plates.

Table 3-7 shows results for the same tests performed with the finned
water passage. Here again are evident the effects of increasing pressure and
increasing pore size. Again start-up Is improved by decreasing the plenum
fill rate and at 20 cc/min successful start-up with only very minor self-
healing breakthrough was achieved for all plates. Comparison of Tables 3-6
and 3-7 indicates that the plenum configuration has little effect on the
start-up characteristics,

3. Restart Testing

One method of controlling a sublimator to prevent freezing damage at
zero heat load is to monitor the heat load and turn off the water supply when
the heat load becomes small. When the heat load is reapplied, the water
supply will be turned on and the unit must restart from a completely or
partially dry condition in the water plenum. Tests were performed to deter-
mine the restart characteristics of various porous plates. The single
module test rig was used, and the water plenum configuration was the .100 in.
gap with a fin. Equilibrium conditions were established at a heat flux
which gave a heater temperature of 60°F. The water feed was turned off, and
the heat flux monitored to maintain a heater temperature of approximately
60°F. When the steam plenum pressure dropped off sharply, it was evident
the plate was almost dry. The time required for this condition to exist
was very nearly equal to the predicted time to sublime the volume of water
in the plenvwn. Two restart conditions were explored. The feedwater valve
was opened again at a flow rate of 100 cc/min when the plenum was almost
dry and at half the time required to dry the plenum or when it was half dry.
The severity of breakthrough was recorded and the results are shown in
Table 3-8. Essentially no difference was noted for the two cases. The re-
sults were quite similar to the dry plate start-up tests with the same
inlet flow rate and plenum configurations with similar dependence on pore
size and feedpressure. The data indicate that there is essentially no
difference between start-up with a dry plenum and restarting with a partially
wet plenum.
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TABLE 3-8

RESTART CHARACTERISTICS AT VARIOUS FEED PRESSURES, TWO PLENUM WETNESS
CONDITIONS, AND WATER FEED RATE OF 100 CC/MIN
FOR A . 100 INCH HIGH WATER PLENUM

Plate Plenum Almost Dry Plenum Approximately HalF Dry
3 psi 4.5 psi &6 psi 9 psi 3 pst 4,5 psi 6 psi 9 psi
Uc-2c-9 0 0 H.5 0 0 0 0
UC~4L-4 ! 0 0 MO 0 0 0 MO
Uc-4B-3 - - - - - - - -
UC-2B~4 0 M. 2 u U 0 MO U U
UC-2A~4 0 M.5 U U 0 M.8 u U
4, Freeze-Thaw Cycle Testing

A design requirement for thermal conditioning systems is that they be
able to operate intermittently. If the heat load to a sublimator is turned
off and the unit is maintained in this quiescent state for an extended time,
the water in the water plenum freezes, and the accompany expansion may
destroy the unit. Methods of designing around this problem may be: (1) main-
taining a low heat load on the unit at all times, (2) limiting the duration
of the no heat load condition, or (3) turning off the feedwater when the heat
load is removed or reduced and allowing the residual heat load to sublime
sufficient water to prevent expansion. The first two of these alternatives
in effect violate the quiescent operatlon requirement for they do not allow
an indefinite zero heat load condition. The third method appears to be a
reasonable alternative; however it does require additional valves and sensing
equipment, complicating the system and reducing reliability.

Another alternative was investigated with single modules. The approach
is to 1imit to @ small value the linear expansion in the water plenum by
reducing the height of the water passage to about 0.010 in. and allowing the
water to freeze compietely. The |0 percent volume expansion due to freezing
expands the passage 0.00!| in. in this case, wherease with a 0.100 in.
passage the expansion would be 0.010 in. Testing has indicated that the porous
plate is flexible enough to allow repeated freeze-thaw cycles with a low
water passage, but with a high passage the plate will rupture. Four plates
were tested with different passage configurations summarized in Table 3-9.
The test procedure in all cases involved initially establishing normal oper-
ation of a single module sublimator and then terminating heat load. When
the temperature of the heated surface dropped below 32°F it was assured that
the water passage was completely frozen. Heat was then reapplied to melt the
fce, and to assure this, the pressure in the steam plenum was raised above
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the triple point initiating water breakthrougﬁ and precluding the existence
of ice. The heat load was again removed and the cycle repeated.

Two plates were tested in Configuration A, the .175 high water gap with
fin. Plate UC-2C-& showed minor buckling and developed a surface crack aftelr
5 cycles, and plate UC~2A cracked severely after one cycle. The damaged
plates tested in this configuration are shown in Figure 3-12. Configuration B
was similar to A; howevel the passage height was reduced to 0,100 inch. The
plate tested showed severe buckling after 100 cycles (it had deformed .070
inch); however no degradation in bubble point was detected. The third con-
figuration incorporated a .012 in. water passage and the plate run in this
configuration exhibited no visible damager after 100 freeze-thaw cycles. This
plate was also checked for microscopic damage by performing a bubble point
test every !0 cycles, and no decrease In bubble point was detected.

The tests have shown this method to be successful in eliminating plate
damage due to freezing. Therefore, this design was used in the multi-porous
plate sublimator module construction.

5. Hydrophobic Coatings

It is noted from Figure 3-| that the liquid breakthrough pressure increases
with increasing contact angle. (Two types of liquid breakthrough are discussed
in this report, One Is that which occurs when the surface tension forces are
not sufficient to balance the pressure forces applied to a liquid on one side
of a porous plate. The other is that which occurs in a sublimator when
sufficient ice is not availabie in the pores to form a barrier to the liquid.
The former type may also occur in a conventional sublimator operating above
the triple point (really a force-fed evaporator) if the feed pressure is very
near the sink pressure, The liquid breakthrough pressure discussed in the
development of Figure 3-! is, of course, the former type since it deals with
surface tension and contact angle. The second tyve is that discussed in the
sections describing start-up, restart, and maximum heat flux characteristics.)
Even though conventional porous plates have quite small pores, their liquid
retention pressures are low because of the reletively low contact angles and
dull pore exits. If. however, plates with Targe contact angles are developed,
larger breakthrough pressures will result, and the dependence upon ice in
the pores to prevent fatlure is eliminated.

There are two approaches to developing this concept for improving subli-
mator design and operation. One is to use a plate made from a hydrophobic
material {(one with which water has a large contact angle), and the other is
to apply a hydrophobic coating to a conventional porous plate. The latter
approach is probably more feasible because of pressure drop considerations.
If the entire plate is hydrophobic, the water will be restrained at the
upstream face of the plate and phase change will occur there. The resulting
vapor pressure drop through the porous plate will raise the pressure above
the triple point, thereby increasing the sink temperature and decreasing the
heat rejection capability. A hydrophobic coating applied to the downstream
face of the plate will restrain the water near the downstream face, provided
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the coating penetrates to a smail depth. Phase change now occurs at the
downstream face, and the pressure drop is significantly less since the vapor
flow length has been reduced.

Tests were performed to determine experimentally the magnitudes of the
effects of hydrophobic coatings on the water retention pressure and permeability
of porous plates. A porous plate which performed well in the single module
subl imator tests was selected, cut into four sections, and tested for bubble
point in water, permeability with vacuum discharge, and water retention pres-
sure.

The plates were then sprayed with a Teflon coating and heated to fuse
the coating to the base porous plate., Different spray times and heating
temperatures as shown below were employed to determine the effect of these
variahles.

Time of Spray Heat Treatment Length of Traatment
Plate Seconds oF Minui 2s
I 2 . 750 10
2 4 750 10
3 2 550 10
4 4 550 v

The coated plates were retested for water retention pressure and permeabil-
ity, and as predicted, the water retention pressure increased markedly;
pressures of 7.8, 10.0, 6.9 and |!.2 psi were obtained for plates [, 2, 3, and
4 respectively. Plate characteristics before and after coating are shown be-
low.

Water Water
Retention Retention
Thickness Bubble Point Pressure Pressure
Plate Inches in Ha0 Before Coating After Coating

psi psi psi
| .020 >12.3 57 7.8
2 .020 >12.3 .54 i0.0
3 020 12,3 .59 6.9
4 .020 >12.3 .57 1.2

Figure 3-]3 shows the permeability of the plates before and after treatment.
As indicated, the permeability pf plates 2, 3, and 4 was reduced while that
of plate | remained essentially unchanged. It appears that the longer spray
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times gave higher water retention pressures while the higher curing tempera-
ture gave less permeability reduction. These data indicate therefore that
with a suitable coating, the water retention pressure may be increased to the
desired level without reducing the permeability of the plate significantly.
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MULTI-POROUS PLATE SUBLIMATOR MODULE
General

A multi-porous plate sublimator module was designed, constructed and
tested in order that data might be obteined on the performance of a complete
unit. The design involved porous plate selection, feedwater plenum design,
heat transport fluid passage design, and steam plenum design, as related to
operating heat load, maximum heat flux attainable without breakthrough,
prevention of freezing damage at zero heat load operation, and maintenance
of a pressure sufficiently below the triple point.

Subl imator Design

The selection of a porous plate for a sublimator must be made to a large
extent on an emperical basis. This is due to the fact that the sublimation
mechanism which occurs inside the individual pores has not been completely
defined quantitatively for the irregular passages and undefined geometries
of the plates used in current sublimators.

It is well known that as the heat flux across a porous plate is increased,
a point is reached at which liquid breakthrough cccurs, causing failure of
the unit. This breakthrough is due to the elimination of ice within the
individual pores, ice which had been restraining the liquid in the feedwater
pienum. Data defining this heat flux limit for various porous plates obtained
from several vendors was given above in the single module test results.
Obviously a plate which has a high breakthrough heat flux should be chosen
for use in a sublimator. Plates from the UC-%C series were chosen for use
in this sublimator, and it is seen from Table 3-3 that this series experienced
no breakthrough to a heat flux of greater than 10,000 Btu/hr ft?,

Other considerations which must be taken into account in selection of a
porous plate are its performance at start-up and restart, and its steady state
operation characteristics. As was indicated in the discusszion of the single
module porous plate tests, the UC-2C series performed among the best of all
the plates tested. Breakthrough at start~up was, in general, less likely
with this plate, and, for a given heater temperature it was able to dissi-
pate about as great a heat flux as any plate tested.

It should be noted that at a feedwater pressure of 3 psia, it was possible
to operate at steady state all of the plates tested. OF these ali but one
did not experience even minor breakthrough until a heat flux of 5,500
Btu/hr ft? was reached, which indicates that if very careful limitations on
the start-up and restart conditions could be maintained, aimost any of these
plates would o-ove satisfactory for use in a sublimator. This is true even
though the we:" wm pore diameters of the 24 plates vary by a factor of 4 and
the permeab t.es by a factor of 20.

The design of the feedwater plenum is based upon maintairing a high heat
transfer conductance in the plenum to increase the heat flux for a given
heated surface temperature and preventing freezing damage associated with
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zero heat load operation. High conductance is achieved by placing fins in
the water plenum, reducing the height of the plenum to reduce the conduction
path, or both., While it is advantageous to increase the heat flux by reduc-
ing the heat transfer resistance because this reduces the size of the unit,
care must be exercised not to increase the heat flux above the breakthrough
heat flux discussed above. The water plenum must be designed so that a high
heat filux {s maintained but not so high as to initiate breakthrough.

The approach developed in the single module freeze-up tests to reduce
zero heat load problems, namely the use of a very short water plenum, was used
in the multi-porous plate unit. A water plenum height of .0i5 in. was used
since a height on this order proved satisfactory in the single module tests.

A fin was not used in the water plenum. The reason for this was that [t was
necessary to limit the heat transfer conductance in order to kee,;: the maxi-
mum heat Flux below the breakthrough limit,

As was stated previously, proper design of the steam plenum is essential
in order that too great a pressure is not maintained above the porous plate.
This is so that the chances of breakthrough will not be enhanced. The method
outlined in the section on sublimator analysis for predicting the pressure
drop in the steam plenum as a function of the system parameters was used to
design the steam plenum in the multi-porous plate unit, A one-half in. plenum
was used in those passages with a porous plate on both sides and a /4 in.
plenum where there was only one. Steam flow was along the 4 in. dimension
of the unit instead of the 7 in. dimension to decrease the flow length and
therefore the pressure drop.

Sublimator Fabrication

Assembly of the muiti-porous plate sublimator is accomplished with a
modular brazing technique similar to that employed to the water boiler. Tha
finned water glycol passages are joined with a nickel base braze alloy in an
initial operation with the water suppiy passages, porous plates and steam
passages added in a secoid braze step. Some difficulty was encountered in
the brazing of the porous plates selected for use in this unit. The porous
plates showed a tendency to roll and deform at their edges during the braz-
ing operation. It is felt that the porous plates were experiencing a con-
tinuation of the sintering process employed during their fabrication, and
that this sintering process caused the plates to deform locally. The net
result of this plate deformation was local braze voids around the perimeter
of the porous material and some minor cracking of the plates in the areas
immediately adjacent to the header bars. However, a torch braze repair of
the sublimator core after the final braze operation was successful in seal-
ing those leaks which developed. The glycol inlet-outlet pans were added
with a torch brazing operation and the water plenum mounting flange machined
prior to the final cleaning of the sublimator. Figure 3-[4 shows the water
inlet and steam outlet faces of the multi-porous plate sublimator.
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Sublimator Testing

The multi-module subiimator was tested to verify performance predictions
and to investigate problems occurring in a complete sublimator. A 62.5 per-
cent ethylene-glycol and 37.5 percent water solution was used as the heat
transport fluid. The unit was mounted in a bell jar attached to a vacuum
system. The inlet temperature, outlet temperature, and flow rate of the
glycol solution; the supply pressure, flow rate, and temperature of the
expendable water; and the absoiute pressure downstream of the porous plate
were recorded. Visual observations of relevant phenomena were made and
recorded.

Initially a set of freeze-up tests were performed on the inlet by filling
the water plenum with water at no heat load and allowing the unit to freeze.
A heat load was applied to melt the ice and the cycle was repeated. Ten
freeze-thaw cycles were performed on the test unit and no visual damage or
leaks observed.

Performance tests were conducted with glycol Flow rates fram 90 to 240
Ib/hr and inlet temperature from 50°F to 74°F. Water supply pressures of 3
and 6 psia were used. The test results are shown in tabular form in Table
3-10. Figure 3-15 is a comparison of the test results with the predicted
performance in the form of effectiveness versus glycol flow rate. The
effectiveness is defined as:

T - Tg
g.
E= —0 2 (3-19)
9in
where T = glycol inlet temperature
in
T = glycol outlet temperature
gout

Good agreement between predicted and experimental performance was obtain

Attempts were made to run with higher glycol inlet temperatures, however
this was unsuccessful due to uncontrolled liquid breakthrough. At glycol
inlet temperatures much above 75°F it was impossible to sustain steady oper-
ation because of liquid pouring through the porous plate in the areas adjacent
to the glycel inlet. This problem was thought to be a result of the short
water plenum configuration. The conduction path through the water plenum
header bar to the porous plate is short enough so that at high glycol inlet
temperatures, the porous plate is heated above 32°F and ice cannot rorm there.
Since no ice exists to restrain the liquid, water passes through the plate
and causes fzilure. An analysis of this phenomenum is presented in Appendix
D. Two approsches may be utilized to eliminate this problem. One is to
attach the porous plate to a "frame" which is in turn brazed to the header
bar in order to lengthen the conduction path and increase the temperature
drop and thus reduce the temperature of the piate to below 32°F.
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TABLE 3-10

MULTI-MODULE SUBLIMATOR TEST RESULTS

Glycol Glvcol Water Water Water
Inlet Outlet Glycol Sink Suppliy Flow Supply
Run No. Temperature, | Temperature, | Flow Rate, Pressure, |Pressure, Rate, | Temperature, Q

°F °F ib/hr Microns HgA}In. HgA ce/min °F Btu/hr
101 58.0 45,0 238 900 12,25 43,5 78.0 2230
102 62,0 42,5 152.5 700 12.25 1.2 72.0 2140
103 60.0 42.0 150.5 700 12.25 14,5 72.0 1950
104 57.0 40.8 150.0 600 12,25 H.s | 72.0 1750
(05 58.0 4,10 150.5 620 12,25 13.8 72.0 1840
106 60,0 43.8 i82.5 700 12.25 14,3 72.0 2130
107 60.0 43.8 183.0 700 12,25 i5.5 72.0 2140
108 59.0 37.2 25.0 550 12.25 10.5 72.0 1490
109 59,0 37.2 95.0 550 12,25 10,4 72.0 1490
V10 74.2 38.0 9l1.2 800 12.25 26,2 72.0 2380
201 50, 1 39.5 150. 500 6.12 0.0 76.0 1150
202 50.0 39.2 50. 500 6.12 10.0 76.0 1170
203 50.0 41,0 190. 500 6.12 8.0 76.0 1230
204 50,0 41.0 190, 500 6. 12 8.0 76.0 1230
205 50.0 40.0 190, 500 12.25 8.0 76,0 1370
206 50.0 40.0 190, 500 12.25 8.0 76,0 1370
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The other is to use a hydrophobic-coated plate so that ice is not required to
restrain the liquid and surface tenslon forces are sufficient.

As Indicated, feedpressures of 3 and 6 psia were used, and no significant
difference in steady-state performance was found for the two cases,

OPTIMIZED SUBLIMATOR MQDULE

On the basis of the porous plate investigation, the multi-module unit tests,
and related analysis, an optimized sublimator was designed., The optimized sub-
limator module was not constructed; however, all the concepts incorporated into
the design {except for the recessed porous plate construction explained below)
were verified experimentally. The unit was designed to the problem statement
given below,

Heat transport fluid 62.5 percent ethylene glycol,
37.5 percent water

Inlet temperature 90°F

Outlet temperature 60°F

Heat rejection I kw

Available sink pressure 0.5 mm Hg

The porous plate selected for the optimum design was the UC-2C series a«
this plate gave the best overall performance during start-up and steady-state
operation. A sketch of the optimum core is shown in Figure 3-16. The heat
transport fluid makes one pass through the unit in three passages and the
water enters at one face and the steam leaves at the opposite face. The water
plenum is 0.0i15-in. high so that freezing at zero heat load will not damage
the plates. No fins are used in the water passage. The heat transport fluid
passage is a finned passage, 0./00~in. high. The finned surface is varied in
the flow direction. The reason for this is that it is desired to keep as nearly
a uniform heat flux as possible in order to minimize the size of the unit.
Single-module tests indicated that porous plates for sublimators are heat fiux
limited; that is, there is a heat fiux above which breakthrough will occur.

The core must be designed so that heat fiuxes greater than the maximum limit

are not exceeded. Since the temperature difference between the heat transport
fiuid and the effective sink temperature decreases along the glycol flow length;
if the same heat transfer surfaces are used throughout the unit, the heat flux
will decrease also. However, if the heat transfer conductance is increased
along the unit by varying *he finned surface, a fairly uniform heat flux may

be achieved and the resulting unit will be smaller. In the optimum design,
different finned surfaces were used in a 2-in. section at the inlet, a 2-in.
section at the middie of the core, and at a 3-in. section adjacent to the outlet
of the glycol passage. They are all 0.100-in. high offset fins, 0.002-in, thick,
The first section used eight fins per inch, the second 15, and the third 29 fins
per inch. Using these three fins, the average heat flux is approximately

89 percent of the maximum allowable. By using more different fin sections, it
is possible to increase this percentage; however, the gain becomes smaller with
each additional section. For comparison, a unit was designed with the same
maximum heat filux but with the same finned surface throughout. For this
particular probiem statement, the resulting unit was 25 percent larger than the
3-section configuration.
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The steam passages were designed using the analysis presented above in
the analytical section. The passages between two porous plates are 0.30-~in,
high and those at the side of the unit 0.20-in. high. This limits tire maximum
plenum pressure to 0.015 psia, about one-sixth the triple point pressure,
which is low enough to prevent breakthrough due to too high a sink pressure,

An expanded detail of a glycol passage-water passage sandwich is shown in
Figure 3-16, Of interest in this detail is the attachment of the porous
plate. As indicated, the porous plate is not brazed directly to and between
the header bars but is welded to a frame which is, in turn, brazed between
header bars. The reason for this is te increase the metal conduction length
from the glycol passage to the porous plate through the header bar. As was
mentioned in the discussicn of the sublimator module tests, with a short water
plenum, this conduction length is small, and as was experienced in these tests,
with the porous plates brazed to the header bars, at high glycol inlet
temperature (> ~ 75°F) the porous plate is heated above 32°F and breakthrough
occurs. In order, therefore, tv realize the advantages of the short water
plenum without initiating breakt’ rough. it is necessary to locate the porous
plate at a short distance from the header bar, thus, the frame design.

Spacers are located in the water plenum and steam plenum for structural
purposes.

It is obvious that with a heat flux limitation on porous plates, the size
of a unit designed for a given heat load is pretty well fixed. It s not
possible to increase the conductance by using fins in the water passage or
more compact surfaces in the glycol passage because this increases the heat
flux above the allowable limit. Therefore, in order to decrease unit size, a
way must be found to increase this heat flux limit or to do away with it
altogether. Indications are that the development of the concept of hydrophobic
plates will allow elimination of the breakthrough heat flux limit. Development
of a suitable hydrophobic coating will eliminate the need for ice in the porous
plates and will aliow the use of compact high conductance geometries to achieve
higher heat fluxes and reduce unit sizes by 50 percent or more.

ONE KW MODULE SUBLIMATOR STACKING STUDY

As with the water boiler design, the ultimate goal in the design of an
optimur' | kw module sublimator would be the use of several single modules
stacked together to provide cooling for a variety of heat load applications.

A typical service condition would be the use of six modules to provide a toial
heat dissipation equal to six kw. Using this as a problem statement, a series
of design layouts were conducted almed at evaluating the various techniques

for stacking six | kw modules. Figure 3-{7 (SK51280) shows an arrangement
which could be used to combine the six units. This solution provides the
simplest technique for joining the six units and for providing inlet and outlet
heat transport fluid flow to each of the modules. The sublimator modules are
joined to each other in a bolted assembly with a bolt pattern inciuded in the
side plate of each unit. The units are assembled one atop the other and joined
at the fonr corners.
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The heat transport fluid loop can most clearly be seen in the lower right
hand view of Figure 3~17. The water glycol flows to the unit in a single
pipe and is distributed to each of the cores through small tubes. The total
glycol flow would be distributea among the six modules for all heat levels by
an orifice located in the inlet tube to each core and sized to equalize pres-
sure drop through each sublimator loop. The glycol iniet line is supported by
ring clips around the line and bolted directiy to the sublimator. The glyccl
flow would make a single pass through each sublimator and be collected in an
outlet manifold which is also attached to the modules with ring clips. Down-
stream of the unit the glycol outlet flow travels through a bypass valve. The
bypass valve senses the mixed temperature of the inlet and outlet heat trans-
port fluid by means of a Vernatherm element. Upon increase in glycol mix
temperature the valve moves toward the ciosed position and increases the
amount of heat transport fluid traveling through the sublimator. At a decrezse
in mixed temperature, the valve moves toward the open or full bypass position,
in order to maintain a constant mix temperature. Due to the nature of this
valve, a single valve could be designed which would handle the control function
for a variety of heat loads from one to six kw. Feedwater supply is from a
pressurized source and is brought to the sublimator by means of a single line
individually manifolded to each unit. As with the | kw water boiler module,
the sublimator modules could also be arranged in a manner different from that
depicted. However, Figure 3-17 does represent the simplest stacking arrangemgnt
possible in terms of joining the basic modules and in providing the minlmum
amount of ducting.
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SECTION 4

THERMAL CONDITIONING PANELS

INTRODUCTION

In a space vehicle, cooling of electronic packages located remctely to
an active thermal conditioning system without resorting to lengthy and eiaborate
piumhing systems is possible only by providing the units with their own ulti-
mate heat sinks. Since obviousiy it is not practical to design a unique thermal
conditioning unit for each heat producing electronic package or experiment in
the vehicle, it becomes advantageous to develop an entirely self-contained
thermal conditioning panel, capable of being located anywhere in the vehicle,
upon which the various heat producing components may be mounted. The require-
ments of such a unit are as follows:

a. Thermal conditioning panel will be self-contained and not dependent
on the external power or pumping requirements to distribute evaporant
within the panel.

b. The thermal conditioning panel will include its own water supply and
control system. '

c. The panel will be capable of dissipating heat from components
mounted on its surface and/cr normal operation with an independent
prime mover for conditioning of electronic packages with internal
cooling shrouds.

d. The panel will deliver maximum thermodynamic performance and allow
evaporant water to vent inboard to the spacecraft without the dis-
charge of liquid water or ice.

e. Heat loads for the thermal panel will be typical of those for the
Saturn IU thermal panels (420 watts) with locations of high heat
flux varying with each particular applicatiaon.

f. The structural integrity of the thermal panel will be sufficient to
withstand the environment of the Saturn IU.

Since nondependence upon =zxternal power is a primary requirement, another
method of distributing coolant over the large thermal panel area (30 in. x
30 in.) must be used. In the zero-gravity environment of a space vehicle,
capiliary forces become the dominant fluid transport forces and may be utilized
to advantage for liquid distribution. Wicking materials are therefore an impor-
tant and necessary component of a self-contained thermal panel independent cf
external power.

Just as zero-gravi: - '~ utilized by taking advantage of the dominance of
the capillary forces, th: .--sentially zero-pressure characteristic of the
space environment may be advantageously used in dissipating heat. The ulti-
mate heat sink in this type unit is provided by the latent heat of an expendable
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fluid, in this case water, and the low pressur: % the space epvironment
allows phase change at a temperature necessariiv icwer than the desired
control temperature level.

CONCLUSIONS AND RECOMMENDATIONS

The experimental and analytical investigation vielded the following
conclusions and recommendations in the area of thermal conditioning panels.

l. The heat pipe-sublimator and single wick boiler are feasible panel
concepts for thermal conditioning of electronic equipment in a
zero g environment. Development tests conducted on panel sections
representing each of these concepts have demonstrated that both
panels will successfully dissipate heat loads typical of those
encountered on the Saturn IU. The test sections achieved thermal
control within a band of %|0°F.

2. The two panels studied can be equipped with mechanical controis
and an integral water storage capacity making them independent
of external loops or power requirements. The control system
would be driven by a melting-wax vernatherm element -~ad water
would be supplied from a rechargeable storage tank within the
panel.

3. Analytical techniques available for predicting the performance
of the heat-pipe sublimator and the simple wick boiler have proved
quite accurate yielding predicted values within I0 percent of test
results.

4. The heat pipe~sublimator and simple wick boller panel test sections
fabricated under this program can be further evaluated with startup
tests (frozen and unfrozen wicks) and tests under transient heat louzc
conditions,

5. Based on the panel study results the optimum design shoulec he
selected and a fuli size, flight type, thermal conditioning
panel should be fabricated and tested to verify its performance
and structural capabilities.
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HEAT PIPE - SUBLTMATOR

Principle and Mode of QOperation

A conceptual design of the Heat Pipe-Simulator thermal panel is shown
in Figure 4-1. 1In this design, high thermal conductivity fins are brazed
to the equipment mounting face of the panel on one side and to a wick mater-
ial on the other. The remote coolant loop is a multi-pass finned passage
attached to the other slde of the wick. This thermal panel design incor-
porates as the ultimate heat sink, a single module sublimator, which may be
located anywhere on the panel because of the ability of the heat pipe to
transport heat to the coldest location. The heat whick is generated by the
electronic equipment mounted on the panel surface is conducted through the
high conductivity fins to the wick surface where evaporation of the heat
pipe working fiuid occurs. The vapor thus generated locally condenses on
the colder portions of the panel which may be any unheated section or the
area adjacent to the sublimator heat sink. The latent heat of the vapor which
condenses adjacent to the sublimator heat sink is conducted across the wick
to the sublimator where it is dissipated in sublimation of water from an
expendable supply. When the heat input is from the remote coolant ioop
fluid, heat is transferred from the fluid by convection to the finned surfaces
in the coolant loop passage and by conduction through the fins, plate and
wick-fluid matrix. Evaporation occurs at the wick surface and the rest of
the heat dissipation mechanism is identical to that which occurs with the
heat input from the equipment mounting su-face. There is no net loss of
working fluid from the heat pipe; evaporaiion and condensation occur at
different locations simultaneously and fluid is resupplied to the evaporating
areas by capillary forces in the wick material. Very uniform temperatures
are maintained along the mounting surface, an inherent characte 'stic of a
properly designed heat pipe. In Figure 4-!, the sublimator heat sink is
located in an extended area which also serves as the expendable water supply
storage. Although for purposes of clarity the water storage area is shown
as an extended section, it may be desirable from a packaging standpeint to
locate the water storage section and sublimator heat sink on the rear face
of the panel.

Test Module Design

In order to evaluate the heat pipe concept for use in thermal condition-
ing panels the test section shown in Figure 4-2 was fabricated and tested.
This unit is 30-in. long in order tc examine the effect of the longest possible
thermal panel dimension on heat pipe operation. The heat pipe uses 0.250-in.
thick nickel fiber metal in the evaporating section to provide maximum water
pumping capacity and 0.250-in. high copper fins in the steam passage to
obtain maximum heat conductance with Tow pressure drop. The condensing wick,
located adjacent to the ultimate heat sink, is 0.060-in. thick nickel fiber
metal. Electrical heaters were fixed to the face of the panel for heat
input and thermocouples were attached for temperature measurement. The heat
removed from the condensing water vapor is dissipated by a single passage
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liquid heat exchanger in the test module. This form of ultimate heat sink
allows even control of condenser surface temperature and determination of
accurate heat balances during testing of the heat pipe. The test module
did not utilize a sublimator as the ultimate heat sink since extensive
single module sublimator tests had been performed and since the primary
objective was to establish the feasibility of using the heat pipe concept
in a thermal panel. Therefore design of the test module was essentially a
heat pipe design probiem.

The design of a heat pipe is primarily a matter of minimizing the
temperature drops along the path of heat transfer and assuring sufficient
fluid transpert from the condensing area to the evaporating area.

Selection of appropriate wick materials for the various areas of the
heat pipe is an important ltem. Since the evaporating area must be supplied
with sufficient liquid at all times, the wicks must provide good capillary
pumping and will probabiy have relatively large pores, since in a zero gravity
environment the pumping rate increases with pore size. Over the condensing
area, since condensation o..urs at the saturated wick surface, all the heat
must be conducted across the liquid-wick matrix to the ultimate heat sink.
Since the ratio of condensing area to evaporating area is small, the con-
densing heat flux is significantly larger than the evaporating heat flux,
and it is necessary therefore, to minimize the condensing wick thickness to
reduce the AT at this location. While a thin wick will not pump as much
liquid, in the condensing area the pumping distance is short and it may be
possible to supply sufficient liquid to the thicker evaporating wick with
a relatively thin condensing wick. The wick thickness over the condensing
surface is determined then by optimizing both the pumping requiremants and
the heat conduction AT.

The vavor passage must be sized to prevent excessive friction pressure
drop associated with the flow of vapor from the evaporating surface to the
coendensing surface. The vapor flux driving potential is approximately equal
to the difference in vapor pressures corresponding to the fluid temperatures
at the evaporating and condensing interfaces. Since the condensing tempera-
ture is fixed for a given design and heat flux, the surface temperature at .
the evaporating area will be a function of the pressure drop. If the driving
potential is not sufficient to transport the vapor flux corresponding to the
operating heat flux, the pressure at the evaporating surface will increase,
causing an lincrease in temperature there due to the increase in saturation
temperature. If the friction pressure drop is small, the required pressure
differential and therefore the AT from one end to the other is minimized.

The above considerations were taken into account in the heat pipe thermal
panel test module design. It should be noted that a conservative approach
was taken in the design, primarily from the standpoint of incorporating thicker
wicks than the analytical calculations indicated were necessary. The reason
far this was that it was desired to assure operation of the unit even if the
v~ ks became slichtly contaminated and suffered degradation in pumping ability
so that sufficient heat trarnsfer data could be obtained to determine the
operating characteristics.
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For test purposes the heat input to the thermal panel section was sup-
plied with electrical strip heaters bonded to the panel surface. Thermocouples
are located in rows along the length of the panel in order to measure tempera-
ture distributions over its entire surface. The heat pipe section is also
equipped with prassure taps and lucite cover plate which provides visual
observation of the wicks during filling and panel operation. Heat fluid
temperature {4 measured by mixing sections and the performance tests were
carried out in a2 large vacuum chamber to insure a minimum of heat leak and
no gas leakage into the heat pipe. The assembled test module with the attached
instrumentation is shown in Figures 4-3 and 4-4,

Testing and Test Results

The heat pipe thermal panel module was tested with input heat rates up
to 620 Btu/hr and input heat fluxes up to 1000 Btu/hr ft2. This heat flux
is the maximum flux which the actual panel will experience and the heat rate
is about haif the design heat rate. (The module is 30 in. x 5 in. so that
half the full-sized panel heat rate was being dissipated over about [/6 the
full sized panel area.) Heat was applied along the entire length of the panel
or at one end or the other for the various tests. The panel temperatures
were predicted analytically by summing the ATs throughout the system for the
test heat rates. The temperature drops in the system were:

i. AT associated with heat conduction through the fins and with
evaporation at the fin-wick interface

2. AT associated with the difference in saturation temperature from
one end to the other due to the pressure drop resulting from vapor
flow from the evaporating areas to the condensor

3. AT associated with condensing

4. AT associated with conduction of heat through the wick-water matrix
to the ultimate heat sink

5. AT associated with transferring heat from the heat pipe wall to
the heat transfer fluid flowing through the ultimate heat sink
heat exchanger

Summing the system-ATs and adding the total to the mean sink fluid tempera-
ture one obtains the predicted panel maximum surface temperature. A compari-

son of the predicted and experimental panel temperatures !': shown below.
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Run No, Q Tmax analytical T}r*.ax experimental

Btu/hr °F
301 212 59, | 58.5
302 2la 59. 1 57.8
303 440 67,3 67.0
304 440 67.3 67.2
305 617 73.5 72.6
306 617 73.5 73.3
307 | 26 59. % 62.3
308 248 6i,2 62.3%

As indicated, good agreement is obtained with the predicted maximum tempera-
tures. For the cases of maximum heat rate, the wall temperature between the
condenser wick ant the ultimate heat sink heat exchanger was about 53°F giving

a AT through the heat pipe alone of about 20 degrees. Of this it was calcu-
lated that a conduction AT of |l.4 degrees occurred across the condenser wick,
This is the major temperature drop in the system and may be reduced signifi-
cantly with a larger condenser section The total AT occurring In a full size
thermal panel would be on the order of 10 to |12 degrees at the maximum heat load.

Initial tests conducted with this unit gave ATs of about 45 degrees at the
maximum heat rate instead of the 20 degrees reported above. This was thought
to be due to the presence of noncondensables ir the system, The literature
stresses the detrimental effect noncondensables have on heat pipe performance
since they collect at the cold end and retard condensation. To alleviate this
problem, a tap was installed in the unit at the condenser end and gas was
allowed to escape while heat was applied. After a short period the tap was
closed and the teste< renorted above were conducted., The performance improved
markedly, indicating the noncondensables had been driven off and verifying the
importance of removing all gases other than water vapor.

It may be concluded from these tests that (I) it is practical to use a
heat pipe for thermal centrol of a panel which may receive heat loads of
various magritudes at random positions; (2) it is possible to predict the
performance of such a unit; and (3) it is essential to remove all the non-
condensable gases from such & system.

SIMPLE WICK BOILER

Principle and Mode of Operation

The other thermal conditioning panel concept investigated during this
program was the Simple Wick Boiler. This design shown in Figure 4-5 incor-
porates two fiber metal wicks between the remote coolant fluid passage and
the equipment mounting surface. These two wicks, an evaporating wick cover-
ing the equipment mounting face and a thicker water supply wick, are sepa-
rated by a small steam plenum. A heat input from either the mounted equipment
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or from the remote coolant source is dissipated in evaporating water at the
surface of the adjacent wick. As the water in the thinner wick is dissi-
pated, additional cooling water is drawn from the supply wick through
cellulose sponge material located around the inslde perimeter c¢f the thermal
panel! and between the wicks. In turn, water is wicked from the water stor-
age area to the water supply wick to refill it. The vapor generated passes
along the steam pienum and is vented to the Interior of the spacecraft. With
this design, as in the heat pipe-sublimator, the heat input may occur any-
where on the panel since the wicks will supply fluid to all areas. Tempera-
ture control of a Simple Wick Boiler thermal panel is achieved by controlling
the pressure of the steam plenum to the desired saturation pressure level.
Either a thermistor actuator system or a vernatherm type valve could be used
for control of pressure level.

Test Module Design

The 12-in. square simple wick boiler test section is shown in Figure
4-6. (A photograph of this unit with heaters and thermocouples attached
is showr in Figure 4-7.) This section represents approximately one quarter
of a full-size thermal panel and employs a 0.080-in. thick, 20 percent dense,
nickel fe't metal wick on the evaporating surface. The supply wick is
0.125-in. thick nickel felt metal and feeds the evaporative wick through
cellulose sponge packed on three sides of the test section. The fourth
side of the test section is a lucite cover plate which allows visual evalu-
ation or fill procedures and examination of the wicks during operation of
the unit. Electrical heaters are mounted on the surface adjacent to the
thinner wick, and the unit is instrumented with fourteen thermocouples and
two pressure probes. Temperature control of the panel test section is
accomplished by manual adjustment of a back pressure valve utilizing panel
temperature and/or steam plenum pressure to determine the correct valve
setting.

Testing and Test Results

Startup and steady state tests were performed, and the unit was operated

in two orientations, with the heated surface up and with it down. The unit
mounted in the test setup is shown in Figure 4-8. In the steady state tests
the wicks were saturated with water and the unit was allowed to come to
temperature equilibrium at 60°F. The heaters were turned on and the pressure
maintained at a specified level. Surface temperatures were recorded as a
function of time. As predicted the surface temperature remained | to 3 de-
grees hotter than the saturation temperature depending on the heat flux.
After a period of time, the temperature at certain locations started to rise,
slowly at first and then at 2 rate greater than 1°F per minute, indicating
that these areas were beginning to dry out and that the wicks had pumped
themselves as dry as possible. In the inverted position, the unit operated
longer before the rapid increase in temperature occurred. This was due to
the fact that in this position, gravity forces aided in transporting water
from the supply wick to the evaporating wick.

= 67-2577
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Figure 4-6. Simple Wick Boiler Thermal Panel Test Sectlion
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A typical set of data is shown in Figure 4-9 for a test in which a heat
flux of 1000 Btu/hr ft? was applied over the 108 square inches of heater
area, The solid circles are temperatures recorded at various locations on
the heat input surface; the apen circles are those recorded on the unheated
surface. The saturation temperature was maintained at 71°F by controlling
the pressure level. The data indicate that all locations except one re-
mained a few degrees above the saturation temperature. The one thermocouple
which heated to 90° before the test was terminated was located in the exact
middle of the heated surface. The increase in temperature was due to an
insufficient supply of water to this area. As the heat input was dissipated
in evaporating water and venting it from the unit, more water was pumped by
capiliary forces from the bottom supply wick. Eventually, since a wick
cannot pump itself dry, the wick could not supply water to the heated sur-
face at a sufficient rate and the temperature therefore began to Increase
rapidly. One would expect the center portion of the heated surface to heat
up first because this location is most remote from the supply and water must
be pumped furthest tn reach this point, and this is indeed the case. At this
heat load the rapid increase of greater than [°F per minute occurred at
about 40 minutes and for the same heat Flux with the unit inverted it occurred
at 52 minutes, the increase in time due to the aiding affect of gravity.

For heat fiuxes of 750 and 350 the "drying ocut" occurred at 80 and i85 minutes
respectively.

In the startup test, the wicks were filled with water, the pressure in
the unit was reduced and the unit sealed, and a heat flux of {000 Btu/hr ft?
applied over /3 of the face of the unit. Temperatures were recorded as a
function of time and a plot of the temperatures recorded immediately adjacent
to the active heaters and at the areas furthest from the active heaters is
shown in Figure 4-10. The maximum difference between surface temperatures
was 8 degrees, the hottest locations being those adjacent to the operating
heaters and the coldest those thermocouples located at the extreme end. The
fact that the temperature at the unheated end follows the heated end tempera-
ture quite closely indicates that as the unit starts up, it operates as a
heat pipe with vaporization and condensation occurring at different sections
tending to keep a uniform surface temperature. This means that at startup
of this type of unit, control may be achieved by sensing the temperature at
any location since for reasonable temperature levels, the temperature differ-
ences at various locations are retatively small.
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APPENDIX A
ANALYSIS OF CAPTLLARY FLOW IN WICKS

The following discussion reviews the fundamentals of capillarity, after
whicl equations are derived which can he used to predict the character:stlcs of
capillary induced flow in a wick.

FUNDAMENTALS OF CAPILLARITY

The pressire - difference across a2 curved liquid surface has been shown
to be

L
AP:O’LRl Rz.l

where Ap = pressure differences, o = surface tension, Ry and R; = principal
radii of curvature of the surface. If tne surface is spherizal, R; and R; =
R and

2
AP = =2

R (1)

Considering tht case of a capillary tube of diameter D where the liquid
contacts the solid at an angle 8, D and R are related by

- b st [) o=
R= 3 cos © R
Therefore, Equation (|} becomes f;7f i
- Lo cos B 8 [’
Ap = 2S00

Wettability of a surface is usually defiped in terms of the contact angle, 6.
A zero contact angle would Indicate complete wettahility, and an increase in
8 indicates a lower degree of wetting. For water and glass or metallic sur-
faces the contact angle is between zero and 90°

If one end of a capillary tube is Immersed in a pan of liquid, the
liquid will rise or fall until the force due to the curved surface is
balanced by the liquid head, giving

docos 8 .9 hip, ~p,)

0 90
-
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where h = height difference between fluld in tube_and the pan, g = accelera-
tion of gravity, gs = gravitational constant,P; and p, = densities of the
fluid and the surrounding atmosphere, respectively. Under most conditions,
ps is much smailer than p, and can be neglected so

h - Eﬂ A0 cos 8
g ° pD (3)

Obviously, as gravity is reduced, h increases.

I flow vn a capillary tube is of interest, the pressure drop due to flow
must be considered. Smail diameter tubes and low flow rates are involved
so laminar flow is assumed. Using the friction factor correlation for
flow in round tubes yields the followlng equation for the frictional pres-
sure drop with flow in @ capiliary tube

AP = 32 —'-H%[ ()

230

where L = flow length
G = average mass velocity
w = fluid viscosity

During transient conditions, there is a change of momentum in the
capillary tube which could affect the force balance used to analyze
capillary dynamics, However, it can be shown that for the passage diame-
ters of interest in wick boilers, the momentum term in the force balance
equation is completely negligible relative to the other terms in the equa-
tion. The absence of the momentum term greatly simplifies the following
enalysis,

WICK DRYNAMICS

The application of the above equations to wicks involve a number of
assumptions because the diameter of the flow passage varies in a given
wick material and the fibers in the wick material are oriented in various
directions. However, comparison of the resuits of the following analysis
with experimental data on wick dynamics verifies the assumptions that are
used.

Wick Pumping Rate

The purpose of this analysis is to derive an equation for the maximum
flow rate that «°~ be provided by capillary forces in a wick. It is assumed
that the !iquid is being vaporized at the surface of the wick by a constant
heat flux as shown in the sketch. The derivation for other heat flux
boundary conditions follows the same procedure.

- AIRESEARCH MANUFACTURING DIVISION 67-2577
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At the top of the wick the flow q/A
is*zero, as all the liquid entering S L
the bottom of the wick has been
vaporized. The assumed constant heat e
flux boundary conditions yields a "T—
linear variation with distance of =
liquid flow rate. ok
6=6 (I-2 ) (5) }
Go

The friction pressure gradient at any position is ovtained by combining
Equations (4) and (5).

dp _ 32u C Gg (I - X/L)
dx ~ pgoD® (6)

where C = the ratio of the actual flow length through the randomly criented
fibers to the wick length. The mass velocity, Go, for a wick is obtained by
dividing the total liquid flow rate by the product of wick cross section

area Aw and parosity, e. The free flow area Ac =A, e

The total frictional pressure drop is obtained by integrating Equation
(6) from X =0 to X = L with the following result

pp o= 16 B Go C L
UQQDZ (7)

The available pressure drop is equal to the difference between the
capillary driving force, given by Egquation (2), and the head of liquid in
the wick.

4o cos 6B L
flP'——L““D-—“--p‘g; (8)

At steady state the pressure drops given by Equations (7} and (8) must
be identical; solving these two equations for the mass velocity pumped by
the wick yields

2
G = EQ - pgoD [40 cos 8 _ o - ]
0 Ac fépl.C D g

(?)

The importance of gravity to wick performance is measured by the value
of the last term in brackets relative to the value of the first term. Results
obtained from Equation (9) for the maximum wick pumping rate for water are
presented in Figure A-l as a function of wick length and pore diameter. The
increase in pumping capacity which results from the removal of gravity is
shown by the comparison between the dashed and solid {ines.
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A similar analysis which describes the operation of a wick while evapr - a~
tion is taking place from its surface is used to develop an equation for e
height to which a wick can deliver water at various heat fluxes. Again:
G =Go (| = X/L) (10)

The mass entering the wick at the bottom per unit time is equal to the
rate of evaporation. For evaporation occurring on both sides of the wick:

GOAc::—Z-LQ‘-/—QI—WL' (1)

The friction pressure gradient is:

32 4 C Gp (1 - X/L)

L

W (12:

P 90 D

which becomes;

4P 64w C (Q/A) (L-X) dX "
r i (s
D 9op A Ac/w

Integrating {13) between X = O and X = L:

32 ¢C (/A) LE
D2 go £ A Ac/w

ap

and setting this equal to the difference between the capillary driving force
and the liquid head one obtains:

2 ) L2
32uC (Q/A) L _4a Eos 8 _ o 4| (15"
D2 go P X Ac/w do

or:

D2 g p? X (Ac/w) go Do cos 8 p A (Ac/w)

? 3
S TR (77 Y 8 C (Q/A) =0 (16!

This equation may then be solved for L as a function of Q/A for a given wick

in any gravity field. It is noted that in zero g the second term in equation (16"
becomes zero.

Transient Wicking Height

The following analysis develops an equation for the time it takes liquid
to reach various heights in a wick after the end of a dry wick has been brought
into contact with the liquid., It is assumed that there is no heat or mass .
Lransfer from the sides of the wick; the flow rate of liquid is the same at each
level at any one time.

—
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Assuming that momentum changes are i
negligible reduces the force balance
equation to thre~ terms: gravity,
friction, and surface tension. The
pressure drop due to friction, given I
by Equation (4) is equal to the
pressure drop provided by the
excess of capillarity over gravity
as given by Equation (8).

-

g
X
|

G

bgcos 8 _ paX _ 32 CXuG (17

D 90 pgeD®

The change of height with time is equal to the liquid velocity at any
time. Combining this with the definition of mass velbcity yields

dX ,
G =pV =p g 18

Substituting Equation {31) into Equation (30) and solving for dt gives

32 C X dX (19
go D (4 gcos 8 pg X)
D 9o

dt =

Integrating Equation (32) yields the final equation for the time it
takes iiquid to reach each height in the wick.

32 4 C |4 gcos § gg ] ¥ (20

t = Z fog -
o D D
g#o ~ p g P g ] 5 qb

"4 o cos 8 go

Note that Equation (33) breaks down when gravity exactly equals zero. It

is however applicable to verify transient wick tests performed on earth.
Under zero gravity conditions the corresponding equation obtained by setting
g = G in Equation (32) and then integrating is

L 4Lt Xt -
g=0 go D c cos © (21
AIRESEA
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APPENDIX B

SINGLE MODULE WICK BOILING TEST DATA
AND ONE KW BOILER TEST DATA

A

In order to determine the heat transfer performance cof various wick
materials and to obtain data upon which water boiler and thermal panel design
could be based, evaporation tests were performed on various wicks. The results
of these tests are shown in the form of effective boiling coefficient as a
function of heat flux at three saturation pressures. The effective coefficient
is determined by dividing the heat flux (based upon projected wick area) by the
difference in the heater and saturation temperatures. Wick identification
numbers are tabulated in Section 2 of the text.

Figures B-16 through B~22 show traces of the inlet and outlet heat trans-

port fluid temperatures obtained in the one kw boiler test. The significance
of the results are explained in Section 2, Water Boiler Module.
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APPENDIX C
POROUS PLATE BENCH TEST AND SINGLE MODULE
SUBLIMATION TEST RESULTS
POROUS PLATE BENCH TESTS
A series of bench tests were performed on porous plates. The results of
these tests are given in Tables C-| and C-2 and in Figures C-1 through C-8.

A brief outline of the tests and test procedures is given below.

Water Breakthrough Pressure

Distilled one~half micron filtered water js supplied at steadily increas-
ing pressure to the back face of a porous plate clamped in a holder. The pres-
sure is recorded for water to initially form on the top face,

Bubble Point in Water

Distilled one-half micron filtered water is poured onto the top face of a
porous plate clamped in a holder, sufficient to form a layer approximately one-
half inch thick, Air is applied to the bottom face at a slowly increasing
pressure. The pressure is recorded when the first dynamic bubble Is seen and
when 80 percent of the surface is seen to be bubbling.

Bubble Point in Alcohol

The same procedure as above is used except that 95 percent ethyl alcohol
is substituted for water.

Nitrogen Permeability - Yacuum Discharge

Filtered nitrogen gas is supplied to the back face of a porous plate in a
holder which is situated in an evacuated bell jar. The pressure drop across
the plate is recorded at various flow rates, the downstream pressure being
msintained at less than 500 microns pressure.

Nitrogen Permeability - Ambient Discharge

The same procedure as above is used except that the plate and holder are
situated in laboratory ambient conditions.

The following handling procedure is used to insure cleanliness of the
plates. Any contamination of the plates can produce serious errors in the
resul ts.

a. All testing is carried out in a clean area.

b. All plates are thoroughly cleaned prior to testing by heating in a
vacuum furnace at 900°%F,

67-2577
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c. All plates are kept in nylon bags when not in use,

d. The surface of the plates are handled only when wearing clean
rubber gloves,

SINGLE MODULE PERFORMANCE TESTING

To evaluate the performance of various porous plates, single module sub-
limation tests were perfcrmed, The results of a portion of these tests are
shown in Figures C-9 through C-!7 in the form of heated surface temperature
versus heat flux. The significance of the results are discussed in Section 3,

Water Sublimator Module,
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Plate

LiA
L2A
L3A
L4A
L5A

gl
c2
&3
Ca
G5
Co

uc-1A
uc-I1Be
uc-Ic

-1
-2
-3
~4

uc-2a

-1
-2
-3

uc-28

-1
-2
-5

Material

Nickel

Thickness
in.

0. 030
0.030
0.030
0.030
0.030

0.053
0.046
0.053
0.056
0.056
0.052

0.020
0.018
0.015

0.024

0.022

TABLE C-1|

POROUS PLATE CHARACTERISTICS

Porosity
percent

56.7
49.5
48.5
50.0
46.7
4.1

48

32

47

Initial
Bubble Point
in Alcohol

psi

5.75
5.30
5.35
5.25
4.80
1.8l
1.52
i.88
| .66
.59
.40

2.92
4.59
4.61
4.47
4.87
3.93
4,18

.91
2.26
.62
1.03
2.60
1.57
1.67

3.83
3.49
3.74
3.15
3.59

Average Initial
Bubble Point
for Plates In

Same Batch
psi

1.50

4.44

1.8i

3.56

80 Percent
Bubble Point
in Alcohol
psi

8.20
8.65
8.40
8.30
8.64
2.24
1.81

2.16
1.8l

1.73
1.74

=~
™~
o]

SN =0 oo oWl
EQOwUbUUe~ PO 00

]

P
-0 =~ O
-~ o WUmn

MUt WD WN DO Oy

Max imum
Equivalent
Pore Diameter
Based on Average
Bubble Point
microns

2.40
2.60
£.58
2.63
2.88

7.62

3.88
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uc-2n.

wope) sy so

UC-3A

uc-38

uc-3c

uc-4A

Uc-48B

-7 2beyg
LLG2~L9

Plate

-9
~10

-1
-2
-5

Material

Nickel

Thickness
in.

0.028

0.023

0.020

0.018

0.024

G.022

TABLE C-1 (Continued)

Porosity
percent

32

48
44
34
48

32

Initial
Bubbie Point
in Alcohol

psi

4.62
5.65
5.80
5.60
5.15
4.13
3.37
3.6l
3.29
5.60
4.09
4.87
3.90

4.26
4.23

2.64
2.51

z2.10
2.60

.88
.91

2.71
3.59
2.90
3.20

Average Initial
Bubble Point
for Plates in

Same Batch

psi

4.60

4.25

2.58

2.35

.90

80 Percent
Bubble Point
in Alcohol
psi

8.15
7.87
7.71
8.11
7.61
o
6

Maximum
Equivalent
Pore Diameter
Based on Average
Bubble Point
microns

3.00

3.25

5.35

5.86

7.26

4.45
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311
: TABLE C-| (Continued)
=
ﬁ . Max imum
4 Average Initial Equivalent
z Initial Bubble Point BO Percent Pore Diameter
= ) . ngble Toint for Plates in Bubble Point Based on Average
g i Threkness Porosity in Al;ohol Same Batch in Alcohol Bubble Point
g Plate Material in. percent psi psi psi micrens
S
kS UC-4C 0.020 29 3.72 6.14
30 -1 3.39 5.55
= -2 3.84 6.10
E3 3.74 5.11
ER= -3 3.78 6.74
-5 5.08 3.52 6.98 3.92
-6 2.90 6.10
-7 3.69 5.11
-8 3.20 6.40
-9 2.90 5.70
APM 28 0.034 2.46 3.93 5.60
30 0.032 2.46 35.68 5.60
34 0.029 3.93 6.87 3.51
35 0.028 4.66 7.85 2.96
BM | Nickel 0.002 2.72 5.06 5.07
3 0.002 [.08 2.72 i2.8
5 0.002 0.62 i.81 22.2
Rigimesh | Nickel 0.012 2.38 2.78% 5.80
Teflon A Teflon 0.136 .613 L67# 22.5
Teflon C Tefion 6.075 1.34 1.36%# 10.3
KEL-F B g.119 .1e L a5 116
KEL-F B 0.071 . 108 N34 128,

#Tenth bubble point

-7 obed
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TABLE C-2

POROUS PLATE CHARACTERISTILS

Initial Water
Bubble Point Retention
in Water Pressure
Plate psi psi
LiA >0 -
LZA >{4 ———
L3A >0 —_———
L4A >0 ———
L5A =10 -—
Cl 3.8 -
c2 5.3 e
C3 4.9 -—
C4 5.2 -
CS 5.2 ——
3] 4.5 0.072
UC-2A-3 ——— 0.065
UCc-2C~4 10.8 -——-
-5 8.4 -
UC-4C-1 >12.3 0.57
-1I >12.3 0.54
-1I1 >12.3 0.59
-1V >{2.3 0.57
UC-4C-1I - 7.8
~-II ——— 10.0 After coating
~III - 6.9 with Teflon film
-1y —— [1.2
UG-4C-A i2.0 0.34
-B 12.1 0.25
-G 2.1 0.20
~-D 10.6 0.20
uUc-4C-C 8.4 7.9 After coating
-D 8.1 7.5 with Teflon film
BMlI ——— 0.30
BM3 ——— 0.03
BMS ——— 0.03
Rigimesh | 0.74 {.6
Teflon A 0.065 i.95
Teflon C 0.123 4.1
KEL-F B 0.134 0.24
KEL-F-D 0.072 0.20
— 67-2577
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APFLHDIX D

GLYCOL IfLET '«'AT FLUX BREAKTHROUGH

While the short water plenum eliminates the plate damage problems associ-
ated with {reeze-thaw cycling, some difficulty is encountered with breakthrough
at higher glycol inlet temperatures. This is due to the relatively short heat
conduction path through the water plenum header bar which results in the
porous plate being heated to above 32°F in this region and liquid passing
through the plate. The following analysis develops the equation which defines
this phenomenon. The geometry is definad beiow.

STEAM PASSAGE

HEADER BAR A, {CROSS SECTION AREA'

ﬁgﬁdﬂé”ﬁ[AfE ...................
PLUS BRAZE ALLO

........
-------

WATER PLENUM
HEADER BAR

TUBE PLATE

GLYCOL PASSAGE

e T g

Glycol enters at a temperature Tg and heat is transferred by convection

to the tube plate. The heat is conducted along the water plenum header bar
and porous plate which in this region is filled (or partially filled) with
braze alloy. Heat is conducted along the alloy filled porous plate (A,)
where it is eventually dissipated in the sublimation process. The conduction
equation defines heat transfer through the alloy filled porous plate from

x = G to x.

%2_:%”5"32) {n
e P %; = heat flux through A,
k = effective thermal conductivity of porous plate - braze alloy matrix
x = distance over which braze alloy fills porous plate
TB = temperature at porous plate - header bar junction
cnlilsrr AIRESEARCH MANLUIFAC rumr:ﬁegugﬁm 67-2577
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It is assumed that at x the maximum plate temperature is 32°F since if it
is hotter, no ice will form and breakthrough will occur.

The convection equation definés heat transfer from the glycol to the
porous plate, The porous plate - header bar combination is treated as a fin
whose base temperature is T_.

B
ET-= noheff (Tg ) TB) (2)
where %T- = heat flux through A,
M, = fin effectiveness of porous plate and header bar
heff = effective heat transfer coefficient over A
Tg = glycol inlet temperature

Equation {2) may be rearranged to obtain

- Le/A) (A/AL)
TB ) Tg ﬂoheff (%)

Solving equation (1) for x and inserting (3) in the resulting equation, one
obtains:

K JLasng) (Ap/h))
X = 5 [Tg Tzloheff 32] (4)

Equation (4) defines the minimum distance x which must be filled with braze
alloy in order that the plate temperature does not exceed the 32°F required
for ice formation. As indicated, x is a function o>f Q/A;, the maximum heat
flux along the porous plate which the plate can support without causing break-
through. Since this heat flux is not know, it is not possible to solve (4)
exactly for a given geometry. However, to get a rough idea of how x varies
with T_, equation (4) was solved for assumed values of the various parameters

and the results are shown in Table |. The thermal conductivity of the sintered
nickel porous plate taken to be 20 B/hr ft °F. Values of A,/A| and noheff

were obtained from the experimental unit designed during this study program
and were 0.1!2 and 149 B/hr ft? °F, respectively. Q/A; was assumed tc be
20,000 Btu/hr ft?. Using these values, the following distances were obtained
as « function of Tg:

- 67-25
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T, °F x, in.

- M.
90 0.515
75 0.336
60 0.156
45 0.024

As indicated, relatively small changes in x may result in a significant
increase in the glyco! iniet temperature.

Additional analysis and/or testing is required to define absolute values
of k and Q/A; so that accurace predictions of the relationships between T
and x may be made. 9
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