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ABSTRACT

Cryogemc l1qu1d acqu1s1t10n dev1ces (LADs) for space-based propulsmn 1nterface d1rectly
with the feed system, which can be a significant heat leak source. Further, the accumulation of
thermal energy within LAD channels can lead to the loss of sub-cooled propellant conditions and
result in feed system cavitation during propellant outflow. Therefore, the fundamental questron
addressed by this program was: “To what degree is natural convection in a cryogenic liquid
constrarned by the capillary screen meshes envisioned for LADs.?” Testing was first conducted
- with water as the test fluid, followed by LN2 tests. In either case, the basic experlmental approach

was to heat the bottom ofa cyhndrlcal column of test fluid to establish strat1ﬁcat1on patterns -
- measured by temperature sensors located above and below a horizontal screen barrier position.
Experimentation was performed without barriers, with screens, and with a solid barrier. The two - -
~screen meshes tested were those typically used by LAD designers, “200x1400” and “325%23007,
~ both with Twill Dutch Weave. Upon consideration of both the water and LN2 data it was
- ¢oncluded that heat transfer across the screen meshes was ~dependent upon barrier thermal
conductrv1ty and that the caprllary screen meshes were 1mperv1ous to natural convectlon currents.

: ,:'INTRO'DUCTI\ON

If cryogenic propellants are used in orbital maneuvering and reaction control
systems (OMS and RCS respectively) then surface tension liquid acquisition devices

~ . (LADs) are likely to be required to ensure the supply of vapor-free propellant in the -

~ reduced gravity environment. Despite the fact that LADs have been used extenswely in
space-based storable propellant systems, there has been no on—orblt appl1cat1on with
cryogenic propellants Although the principles of surface tension are the same for both -
storable and cryogenic liquids, and the LAD components should be 51m11ar there are
additional thermal control challenges mherent in the cryogen apphcatlon

Natural Convectmn and Thermal Stratlficatlon

Typically the heat leak into a cryogenic container must be carefully controlled to
avoid excessive boil-off and assure adequate pressure control. In spite of careful thermal
. engmeerlng intended to minimize heat leaks, significant natural convection can occur and
result in circulation patterns which, in turn, affect the degree of thermal stratification.
- Stratification, or the distribution of thermal energy within the cryogenic tank and feed
system must be considered in assuring propellant sub- coollng sufficient to av01d cav1tatron .
* and vapor formation during propellant outflow to the engine. :

‘A common misconception is that natural convection is insignificant i in m1crograv1ty
As an example, during the Apollo Program convection was observed in the hydrogen tank
under acceleration 0.8 x 10™* g - 3.7 x 10™ g of an orbiting Saturn S-IVB test stage during
the Saturn AS-203 Flight Experiment (Ref.1). Temperature sensors within the hydrogen
tank detected a 2.8°C (5°F) axial gradient or stratification within the liquid. This gradient -
was attributed to the development of a convective recirculation current in the liquid.



Liquid Acqu151t10n Devices

* Figure 1 shows a notional cryogenic propellant tank and assoc1ated LAD coneept. -
~ Typical LAD design is intended to sepport: :

* OMS engine firings at the start of tank operation, with the net acceleratron vector
aligned along the tank main axis ' :

e Short-duration RCS eng1ne firings, with acceleratlon Vectors not necessarrly alrgned
along the tank main axis.

The presence of the LAD can affect cryogenic propellant condrtromng and vice

- . versa. The presence of the solid barrier or a compartmented tank is- s1gn1ﬁcant since it can

impede mixing and complicate reduced gravity pressure,control ‘however the issue of

concern for this effort is the localized accumulation of thermal energy within the LAD ﬂoi’?v N

* channels. Since the LAD interfaces directly with the feed system which canbe a -
srgnlﬂcant heat leak source, the accumulation of thermal energy within the LAD channels
is of special concern (F igure 2). . -

| TES»T HARD’WARE 'andf_PRocEDUREs OVERVIEW

The basic experrmental approach was to heat the bottom of a cylindrical column of

- test fluid to establish stratification patterns measured by temperature sensors located =~ o
throughout the tank. Testing was first conducted without the presence of a screen; then the

test condition was repeated with a screen placed horizontally across the test cylinder at
about the halfway position of the liquid column (Figure 3). Finally, for referénce purposes,
a solid barrier was placed across the liquid column at the halfway position above the heater.
The initial test series was conducted with water as the test fluid in a transparent container.
The second test series was conducted with liquid nitrogen (LN2) in a Dewar. Further :
details regarding the testing with water and LN2 are presented in subsequent sections.
» Two types of screen material were obtained for use in the tests. Both were of the
. stainless steel Twill Dutch Weave configuration that is typlcally used by surface tension
 LAD designers - “200 x 1400” and “325 x 23007, differ in wire size and the number of
warp and shute wires per unit length

Dur1ng the begmnmg water experlments a srgmﬁcant problem was dlscovered As
 the test progressed, gas bubbles began to accumulate on the underside of the screen sample
- These bubbles, which originated in the region of the heater, grew in number until
coalescence formed a large gas pocket. To mitigate this problem the water ‘was “de-

- aerated” by heating the water for extended periods of time and avoiding agitation pI‘lOI‘ to
testlng

- TEST SETUP and APPROACH

- Water Test

The Water test-setup is shown in Figure 4 and consisted of a. double walled
transparent polycarbonate cylindrical container. The exterior cylrnder was used to forma «
-2.54 cm annulus which could be evacuated, thereby mrmrmzmg sidewall heat leakage into



- the liquid. Thermal energy was injected into the water through two independent heaters
located at the bottom of the tank. Temperature sensors (thermo-couples) were located at .-

four positions above and below the screen sample positioned 45.7 cm above the tank base.

These four measurement levels are referred to as: Bottom, Lower Middle, Upper Middle
and Top. Asillustrated in Figure 4, five sensors were mounted on a cross- shaped support
structure at each of the measurement positions.

Checkout testing was conducted first to assure that the test setup functioned

satisfactorily. The baseline testing was performed after problems discovered during the
checkout phase were corrected In either case, the test matrlx presented in Table 1 gulded
the test sequence '

. Approximate
Test Tryper | ' » Sample Type He?&iﬁ;’;"“
Low power baseline test with no barrier . | None - 920
High power baseline test with no barrier. None ) 1840
Low power baséline test with solid barrier Aluminum Foil 920
High power baseline test with solid barrier |  Aluminum Foil | 1840
Low power test with coarse screen B “200x1400’.’ screen { 920
High power test with coarse screen | “200x1400” scréen 1840
. Low power test with fine screen “325%2300” screen 920
High power test with fine screen '. -“325_x2300” screen 18>40

Table 1. Water Test Matrix

Liquid Nitrogen Test

For the LN2 testing a stainless steel Dewar with an internal polycarbonate cylinder
installed was used (Figure 5). The inner cylinder was made with the same polycarbonate
double-walled pipe used in the water tests but was shorter (61.9 cm vs. 106 cm). It
contained the screen sample, temperature sensors (silicon diodés) and heater. It is within
this restricted volume — wherein the heater was sufficient to establish an adequate level of
convection and stratification — that the experiment was conducted. However, the entire
vessel was filled with LN2 for each test. ' :

The test matrix used to guide the testing is presented in Table 2. The basic
experimental approach was to achieve stable conditions within the Dewar, then activate the
heater at the bottom of the cylindrical column of test fluid to establish stratification patterns

- measured by temperature sensors located within the interior cylinder. Testing was first '
conducted to establish baseline stratification conditions without the presence of a screen -
and with and without heater activation. With this baseline condition, the cylinder was
cleared of any significant obstructions (only the temperature instrumentation arrangement
was present) so that unimpeded convection could occur. Then, the test condition was
repeated with a screens placed horizontally across the test cylinder at about the halfway



~ position of the liquid column (Figure 5). Finally, for reference purposes, a solid barrier
(aluminum foil supported by the 325x2300 mesh screen) was placed across the liquid
column. In the process of testing it was observed that care had to be taken to establish
consistent initial conditions or the temperature magnitudes for the various test conditions
could not be compared. :

‘ Approximate
Test Type- | Sample Type ki . - Heaz%;x;ltr;g)wer
No power bas‘eline test with no sampie - None : 0
Baseline test with no sample ‘ None o 103
Tesf With‘ceerse screen: . o “200x1400” screen . 103
Test‘with fine screen - ) “325X2300” screen: _ 104
Baseline test with/solid barrier - Aluminum foil, supportedv , 104
: ' - by “325x2300” screen

Table 2. LN2 Test Matrix
TEST RESULTS

Durmg initial testing it was found that because & considerable convective mixing
occurred throughout the testing, a sensor-to-sensor comparison was impractical and
misleading. Furthermore, due to complex mixing currents at the “Bottom” (near the
‘heaters) and uppermost or “Top” positions, the temperature trends at these positions were
- not necessarily reflective of what was occurring at.or near the screen position. However,
“the averaged temperatures at the positions or levels nearest the screen, i.e. the Lower
Middle and Upper Middle- positions enabled a clear evaluation of convective flow
resistance due to the barriers. Also, it is emphasized that any temperature magnitudes
presented herein are considered adequate to estabhsh relatzve but not absolute heat
transfer resistance charactenstlcs

.' Water tests

The water test results for the Lower Mlddle and Upper Middle pos1t10ns (7 6 cm.
below screen and 15.2 cm above the screen respectively) are presented in Figures 6 — 9.
Temperature-time histories for both screen meshes, the solid barrier, and no barriers for test
durations ranging from 40 to 50 minutes are presented for the low heater setting (920 watts)

in Figures 6 — 7 and for the high heater setting (1840 watts) in Figures 8 — 9. With a barrier,

temperatures below the barrier p051t10n consistently increased more rapidly than without.
the barriers, indicating the accumulation of thermal energy or heat entrapment. For
‘example, at the end of the 920 watt test period (~ 50 minutes), the Lower Middle :

_ temperatures (below the barrier position) were 5~10°C higher with the barriers (Figure 6).
Similarly, at the 1840 watt setting, temperatures were 13-16°C higher due to the presence



of the barriers (Figure 8). Conversely, temperatures at the Upper Middle position (above

the barrier position) were lower with the barriers. The Upper Middle temperatures at the

end of the test with the 920 watt setting were 10-11°C lower with the barriers 1nsta11ed
_(Figure 7), and 16- 19°C lower at the 1840 watt setting (Figure 9). '

Therefore it can be concluded that all the water tests with sarhples‘ installed
(whether coarse screen, fine screen or solid barrier) indicated greatly reduced thermal
mixing. Also, although the solid plate represents a complete barrier against convective

- flow, it actually showed a greater amount of heat transfer than either of the two mesh

samples. The reason for this is that the aluminum barrier has a higher thermal conduct1v1ty
than that of the stainless steel screen mesh. Additionally, contrary to what one might
~ expect, slightly more heat transfer occurred across the fine mesh screen than with the ,
coarse mesh. Apparently neither mesh allowed the passage of convective currents, however

' the fine mesh — being considerably thinner — allowed a greater degree of thermal B
- conduction from the lower to the upper compartment. Nevertheless, both the screen -
samples showed greater heat entrapment than the solid barrier. This appears tobe
conclusive proof that with water as the test fluid the screens effectively prevented the .
passage of natural convection. /

Liquid Nltrogen tests

_ During the liquid nitrogen testing stratification created by the heater was somewhat »
obscured by the heat leak from the Dewar bottom and top. Due to the reduced temperature
differences and even more complex mixing currents (compared with water) at the Lower

- Bottom (near the heaters) and Upper Top positions, the data could not be used to evaluate
~ trends at or near the screen position. However, as in the water tests, the averaged
- temperatures at the positions or levels nearest the screen (the Lower Middle and Upper'
Middle positions) enabled an evaluation of convective flow resistance trends due to the -
barriers. Again, it is emphasized that any temperature magnitudes presented herein are
considered adequate to establish relative, but not absolute, convectlve flow resistance
characteristics. : :

, Temperature-t1me histories for both the “200x1400” and “325X2300” mesh screens,

the solid barrier, and no barriers for the Lower Middle and Upper Middle positions (8. 7 ¢m
“below screen and 8.7 cm above the screen respectively) are presented for a 10 minute test

period in Figures 10 and 11. The Dewar heat leak effects on the liquid temperature rise
rate are clearly illustrated with the “no barrier, no heater” condition, i.e., increased about
0.39°C per minute. Therefore, it is evident that the temperature dlfferences (stratification)
produced by the heater were reduced by the heat leak from the Dewar bottom and top.
However, even though the temperature differences are small, the trends with the barriers
installed were like those observed in the earlier water tests. Referring to the Figures 10 —
11, the temperatures below the barrier position were consistently higher with the barriers -
installed, indicating heat entrapment. Conversely, temperatures above the barrier position
were consistently lower with the barriers installed, indicating reduced stratification.

- The solid barrier case represeénted the greatest thermal resistance condition.
Although the solid barrier condition represented total resistance against convective flow,



the barrier-to-barrier temperature differences were small enough (~ .3°C) to have been
caused by the thermal conductivity of the solid barrier (aluminum foil + screen) compared
with that with the “screen only” conditions. Furthermore, the earlier water testing indicated
that the solid barrier used in those tests (aluminum foil only) was actually less of a barrier
than the screens, which was also attributed to barrier thermal conductlvrty differences.
Therefore, upon consideration of both the water and LN2 data one can conclude that heat
transfer across the screen meshes evaluated is dependent upon thermal conduction and that
‘the passage of natural convection through the screens was effectively blocked. In
conclusion, it 1S recommended that future LAD heat entrapment thermal analyses consider
only thermal conduction across caplllary screen barrlers Wlth elther “200xl400” or
“325x2300” meshes

‘ SUMMARY AND RECOMMZENDATIONS

Desprte the fact that cap1llary LADs have been used extens1vely in space- based
storable propellant systems, there has been no on-orbit appllcatron with cryogenic -
propellants Although the principles of surface tensron are the same for both storable and
cryogenic liquids there are additional thermal control challenges 1nherent in the cryogen:
application. Since the LAD interfaces dlrectly with the feed system, which can be a
51gn1ﬁcant heat leak source, the accumulatlon of thermal energy within the LAD channels
is of special concern since it can lead to the loss of sub-cooled propellant condrtlons and
result in feed system cavitation during propellant outﬂow =

, Testrng was ﬁrst conducted with water as the test fluid, followed by LN2 tests In
either case, the basic experimental approach was to heat the bottom of a cyllndrlcal column
of test fluid (19.1 cm diameter by 106 cm high) to establish stratrﬁcatlon patterns 1 measured >

‘ by temperature sensors located above and below a horizontal screen barrier position.

= Testing was conducted w1thout barrlers with screens, and with a solid barrier. The two -

screen meshes tested were those typlcally used by LAD desrgners “200x1400” and
“325x%23007, both with Twill Dutch Weave. ’ :

During the water checkout tests, air camie out of solutlon and accumulated under the
~ barriers, thereby affectlng the test results. Subsequently the water was “de-acrated” by =
heating the water for extended periods of time and avoiding agitation prior to testing. Test

results indicated that with a barr1er, temperatures below the barrier position consistently
increased more rapidly than without the barriers, indicating the accumulation of thermal
energy or heat entrapment. Neither mesh allowed the passage of convective currerits,
however the fine mesh — being con51derably thinner — allowed a greater degree of thermal
conduction from the lower to the upper. compartment. Also, although the solid plate

- represents the most complete barrier against convective flow, it actually showed a greater
amount of heat transfer than either of the two mesh samples. Apparently this is due to the
hrgher thermal: conductrvrty of the aluminum bartier as compared with the stainless steel
screen mesh. Therefore, with water as the test fluid, the “200x1400” and “325x2300”

capillary screen meshes both represented barriers impervious to natural convection currents
at two heater power levels, 920 watts and 1840 watts. : '



-LN2 testmg was. conducted Wrthm a 56.0 liters stamless steel Dewar. An inner.
polycarbonate cylmder ‘which was the same as that used in the water tests, was installed
~inside the Dewar to shield the stratification created by the heater from the sidewall heating: -

“effects. It is within this restricted volume that the experiment was conducted. However,
stratification created by the 104 watt heater was still somewhat obscured by the heat leak
from the Dewar bottom and top heat leak. Even though the temperature differences were
small, the trends with the barriers installed were like those observed in the earlier water
tests. The temperatures below the barrier position were consistently hlgher with the barriers -
' v1nstalled indicating heat entrapment Conversely, temperatures above the barrier position
were consrstently lower with the barriers mstalled 1nd1cat1ng reduced stratification.

' Upon con51derat10n of both the water and LN2 data one can conclude that heat
transfer across the screen meshes evaluated was dependent upon barr1er thermal :
conductivity and that the passage of natural convection through the screens was effectrvely _
“blocked. In conclusion, future LAD heat entrapment thermal analyses should consider only
-thermal conduction across capillary screen barriers with either “200x1400” or “325x2300”
meshes Whether or not the constrained convect1on leads to an unacceptable degree of
localrzcd stratification was not the subject of this mvestlgatlon since such a determmatron
18 dependent on specrﬁc engine operatronal requirements, tank/feed system thermal
_characteristics, the propellant vehicle orientation, and miission profile. However, once ‘the -
potential for accumulating thermal energy within LAD channels is quantlﬁed measures to
-’mrtrgate the problem can be devrsed Wlth more conﬁdence
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