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1.0 SUMMARY

The development of the Prototype 2 and 3 flash evaporator heat sinks
vhich vaporize an expendable fluid to cool a heat transport fluid loop is re-
ported herein. The units developed utilize Freon 21 as the heat trensport fluid
and water as the expendable fluid to meet the projected performance require-
ments of the Epace Shuttle for both on-orbit and ascent/re-entry operations.

The eveporant is pulse-sprayed by on-off contrel cnto heat transfer surfaces
containing the transport fluid and exhausted to the vacuum enviromment through
Tixed area exhaust duects.

The objectives of the effort reported herein were the design, develop~
ment testing and extensive system testing of two flight prototype flash evapora-
tor configurations which can meet the projected Shuttle performance reguire-
ments. The work was performed for NABA-JSC by the Vought Systems Division of
the LTV Aerospace Corporetion under contracts NAS9-130Th and NAS9-13506.

Element, component, and system feasibility testing wes conducted to
provide basic design data and to verify the spproach used for the development
of the two Prototype evaporators. The element/feasibility testing included:
nozzle testing to obtain spray pettern data for use in heat traansfer surface
configurstion design; sprey droplet impingement and evsporation data obtained
to hetter define heat transfer surfece-interface performance capebilities and
interactions; feasibility demonstration of a top-off evaporetor system configura~
tion with the eveporator eguipped with a long exhaust duct and supersenic nozzles:
system feasibility tests for en evaporator construcied from hesgt exchenger core
to verify its use as the hesat transport surface for the Prototype 2 and 3 units;
and heat exchanger core element tests to cbtain design date,

Design trade and optimizetion studies were performed to identify the con-
figuretion and consvruction of the Prototype evaporators. The system approach
selected utilized separate units in each of the dual Freon loops, and employed
load partitioning, between top-off and re-entry units, to minimize potential
Shuttle installation weight and reduce installstion volume. Two eveporators con-

structed of 18.5 fins per inch rectanguisar, lanced fin aluminum heat exchanger
core with 2 cylindrical configuration were designed end febricated. The units
were 380 mm (15 ineh) in diemeter with cylindrical sidewells 216 mm (8.5 in.) high
with a single layer of heat exchanger core, and were competible with a number
of spray nozzle designs and deposition rates. The two units hed different bottom-

plate configurations so that both solid cone and hollow cone spray nozzles and
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different duct entry locations could be evalueted in test. The Prototype
evaporators weighed less than 2.2 Xg {5 1bs) each. An integrated valve/nozzle
design 'vras developed which resulted in a hold up volume of less than 0.15 cc
to minimize ice chip buildup during cyelic operation. A backplate fabricated
from plexiglas was constructed to aid in visual observation of the evaporators
during operabtion.

The Prototype evaporstors were extensively system tested both individually
end in a Shuttle installation configuration. Eerly tests indicated flow maldis-
digtribution in both evaporstors caused by core des).n and Febrication anomalies
This was atiributed to flow stagnation at core splice intersections in the cir-
culer botitom plate section. The circular bottom plates were redesigned to
eliminate these flow stagnation areas, fabricated, and retrofitted to the Prototype
2 and 3 sidewalls.

The modified Prototype flash evaporators were then successfully tested to
verify the design and demounstrate application to meeting the Shuttle performance
requirements. The loed partitioning spproasch was demonstrated -ith evaporation
efficiencies of 98% for both the high and low temperature unit configurations.
Nozzle location optimizetion testing indicated that the eveporstor volume could
be reduced 35% over the "ss-Pabriceted" volume. With the evaporator end "on-
off" controller configured for the Shuttle top-off mode, the evaporstor system
demonstrated outlet temperature control within # 1.1°K (+ 2°F) of the set point
for inlet temperature rate changes of 1.6°K/min (2.8°F/min). In the Shuttle re-
entry mode, the evaporator system with the two units in series demonstrated con-
trol stability with outlet temperature control to + 1.1°K (+ 2°F) with inlet tem-
perature rate changes of up to 5.5°K/min (10°F/min).

A failure mode and effects analysis (FMEA) was performed for & proposed
Shuttle flash evaporstor system. Fault detection failure isolation equipment
was defined for the evaporator system. The results of the study indiceted
that no single failure in the evaporator system would result in & condition that
does not meet the fail-safe relisbility criteria. :

The Prototype 2 and 3 flash evaporators developed met the objective of LE
the program and demonstrated the capability to meet the system performence require-
ments for use on the Space Shuttle. The design and fabrication of optimized flighif
representative units which meet the finalized Shuttle instellation as well as h
performance requirements is recommend=d as the next phase in flash eveporator
development.

1-2
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2.0 INTRODUCTION/BACKGROUND

The Spreying Flash Evaporator is a recent concept for an expendable
heat sink. A device of this type directs a sprayed liquid onto a dry
heated surface where it is eveporated in single droplet fashion. The latent
heat is ,rovided by & circulating transport fluid which flows through the heat
exchange surface. The Spraying Flash Eveporator provides (1) a simple design
offering high relimbility, (2) control by supply rate pulse modulation, (3) low
acceleration sensitivity, (4) capability of multifluid eveporation, (5) long
life expectancy, and (6) low weight. Because of these features the evaporator
is & candidate for Space Shuttle use, and its development is being pursued
by NASA.

Explorstory tests were conducted under FASA Contract NASO- 1254 in 1970-
Tl to determine the feasibility of evaporation by direct spray impingement on
e heated well. The tests, demonstrated: (a) that eveporation fluxes of
2.52 watt/cm® (8,000 BTU/hr-ft2) were possible, (b) eveporant utilization of 90
percent for water, (c) transport fluid temperature comtrol of + 3°K (+ 5°F) at
a 227°K (LO°F) set point. Reference 1 documents the results of these studies.

Based on the results of these feasibility tests, the design, development
and testing of a laboratory prototype flash evaporator vhich incorporated the size,
construction, flow and tempersture conditions expected for Space Shuttle application
was pursued under NASA Contract NAS9-12026. The resulting Prototype I evaporator,
shown in Figure F-1 was designed to reject the Shuttle Phase B heat load of 14.6 kW
(50,000 BTU/hr), underwent s successful five week test program that demonstrated
(a) outlet temperature control to 277°K + 3° (LO°F + 5°), (b) dorment %o
sotive operation with no start up or shut down sequences, {¢) 95% evaporative
efficiency for water, snd (d) performance insensitively to evaporator orientetion,
evaporant supply pressure, btrensport fluid flow rate, or use of active or redun-
dant transport/eveporant system. These results are reported in detail in
References 2 and 3.

~ To further investigate the basic spray evaporation technology and to im-

prove the fabrication/consiruction of the flash evaporator, the Prototype 2
flash evaporator development program was initiated and pursued under Contract
WAS9-1307L4. The objectives of the Prototype 2 progrem as initially planned were:
(a) investigate nozzle spray patterns experimentally to find the effect of in-
ternal geometry on droplet size and spatial distribution; (b) study droplet




impingement and evaporation phenomene using high speed photography; and (c)
pursie design and fabrication improvements for the Prototype 2 eveporator.

(These included: valve/nozzle integratinn to reduce the liguid hold-up volume,
the use of seemless drawn extruded tubing to eliminate tube splitting dur-

ing brezing, elimination of salt pot brazing, and improved fabrication tooling. )

As the Prototype 2 progrem progressed, the Shuttle heat loads became
better defined at much higher values than originelly anticipated, the reguirement
for rediator"top-off" on-orbit with vapor exhaust through a supersonic nozzle
vas identified, and dual Freon coclant loop operation was baselined. To accom—
modate these chenges,the Prototype 2 evaporator was redesigned based on optimiza-
tion studies which led from the original wound tube heat transfer surface to
one employing couyact heat exchanger core to reduce weight and volume of the
device. Additionally. the Prototype I evaporator was modified and extensively
tested at NASA-JSC during this program to demonstrave the device applicebility
for meeting radiator top off requirements.

The Prototype 3 flash evaporator program was undertaken concurrently
with the Prototype 2 design to investigate alternate flash evaporstor configura-
vions and to extensively test both prototype flesh evaporators. The progran,
performed under NASA contract NAS9-13506, investigated: heat exchanger configura-
tion, exhaust duct configuration, failure detection/fault isolation requirements,
and component/system operational characteristics.

The results of both the Prototype 2 and 3 flash evaporator development
programs have been integrated intoc this single report in order to present all
dats from element/feasibility testing, design optimization studies, and system
testing which are applicable to both devices. The work was performed for the
NASA~JSC Crew Systers Division under the technicel direction of Mr. Frank Collier
by the Vought Systems Division of the LTV Aerospace Corporation.

-
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3.0 ELEMENT/FEASIBILITY TESTING

Element, component and system feasibility testing was conducted
during the program to provide basic design data and to demonstrute feasibility
of the approach for the development of the Prototype 2 and 3 flash evaporators.
The results of these tests are summarized in the subsections thet follow.

3.1 Nozzle Development Tesgting

The spray nozzle has been demonstrated to be a critical factor in
the evaporator design. Nozzle configurations have been observed to produce
a combined droplet size, distribution, and supply rate such that local accumu—
lgtions of frost result independent of surface temperature. Additionsally,
non-uniform spray patterns, spray adherence to the nozzle face, and evaporant
supply pressure limitations can plague the evaporator operation. During the
development of the Prototype 2 and 3 flash evepormtors and the Prototype I
modification program, extensive nozzle testing wus performed to find an
ecceptable combination of nozzle spray characteristics with various configura-
tions of evaporator heat transfer geometry.

The various nozzle configurations selected for evaluation during
the program (shown in Figure 3-1) encompassed a wide range of capacities, spray
patterns, ard flov geometries. Nozzles with water flow capacities from 16 %o
100 1bs/hr cousistent with expected spacecraft supply pressures were tested.
In addition to hollow cone spray pattzrns tested previously in the Prototype I
program, nozzles with solid cone we.e evalueted in conjunction with six dif-
ferent potential hest exchanger core configurations. Two techniques were used
in evaluating spray pattern/droplet distribution: (1) "implied distribution"
using the surface temperature profiles of the Prototype I flash evaporator;
end (2) direct analyses obtained from optical observations of & nozzle sprayed
into an evacuated bell jar.

The deta obtained from thc nozzle testing was reduced and put into
a useful formet for the designer having to select a nozzle or nozzles for a
particular evaporator heat exchanger core shape. This date is presented in
Appendix A along with a deseription of the two techniaues used to obtain the
data.

3-1
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(a) DELAVAN COOLTNG TOWER NOZZLE (d) SPRAYING SYSTEM CO. FULLJET NOZZLE
(p) SPRAYING SYSTEM CU. ATOMIZING NOZZLE (e) DELAVAN OIL BURNER NOZZLE
(c) SPRAYING SYSTEM CO. FULLJET NOZZLE (f) SPRAYING SYSTEM CO. WHIRLJET NOZZLE

(a) (b) - (c) (d) (e} (f)

FIGURE 3—1 SPRAY NOZZLE CONFIGURATIONS EVALUATED
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3.2 Spray Impect/Vaporizaetion Testing

A series of spray impact/vaporization tests were conducted to get a
better understanding of the spray impmet/eveporation/surface interface phenomens,
under & wide range of simulated eveporator operating conditions. The tests
were conducted in three parts in conjunction with a NASA-JSC consultant,

Dr., J. J. Rizza. The specitic objectives of these tests were: to observe, with
the aid of high-speed photography, the impacts of droplets striking a target
placed at various locations within the sprey pattern produced by typical flash
evaporator nozzle; to observe, again with the aid of high~speed photography,

the subsequent droplet vaporization process; end to make quantitative messurements
of the superficial heat flux produced by the spray impact/vaporizetion process.

In the pursuit of these objectives, the parameters investigated included ambient
chamber pressure, surface temperature, spray impact angle, and surface location
in the spray.

The test set-up used is shown in Figure 3-2. A small target, electrically
heated, was used to simulate an evaporator segment. The target was placed in
the spray field of the baseline Prototype 2 nozzle (WDA-14-090° Delaven oil
burner nozzle). A Red Lake camers with a 10,000 fps cepability was used to
record the interaction of the droplets with the heated surface.

The first series of tests, conducted in August 1972 under the direction
of Dr. Rizze, were performed at simulated chember pressures of 133 N/m? (1 mmHg).
The photographic results of the six test conditions run at camers speeds of
5000 fps showed that: 1) considerable splattering and bounce of incoming droplets
occurred during impact (the smeller droplets were apparently frozen due to the
low chamber pressures); 2) lerger liquid droplets formed ice caps while on the
target surface which tended to blow off during droplet evaporation; 3) incoming
droplet velocities were 20 m/sec as predicted. Dr. Rizza's observetion end
explanation of the phenomena are reported in Reference 10.

Based on these results and on further date thet the Prototype I flash
evaporstor opersted at 506 N/m? (3.8 mmBg), a second series of tests were con-
ducted by Dr. ¥, K. McGinnis of ¥SD during Marech 1973. These test results ere
reported in detail in Appendix B and are summarized below. Based on analyses
of high speed photography date, a variety of phenomena appear present in the
impact/evaporation process. At any instant, sublimation, nucleate boiling., ice

cap ejection, and mass egglomeration mey be occurring similtaneously. However,
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the efficiency of the phase change process appears ‘to deviate from 100%

-

only under extreme conditions: i.e., surface temperatures sufficiently

high to produce significant droplet bounce and splatter, or surface tem~
perature sufficiently low, and pressure sufficiently high to cause surface
flooding. Based upon spraying heat flux velues inferred from target-trensient
response, it appears that droplet bounce/splatter becomes significent at sur-
face temperature in excess of 338.71°K (150°F). A surface flooding boundery

is postulated in Figure 3-3 which allows heat fluxes in excess of 63122 J/me-sec
(20,000 BTU/ft2-hr) at a surface temperature of 277.59°K (40°F). The range

PRNPR,

o]

= of 100%-efficient operating condition is quite wide.

i

hy A third series of tests were conducted wunder direction of Dr. Rizza

- in Avgust 1973 with much lower camera speeds (600 fps) in order to observe the

evaporetion phenomens in more detail. In addition, a target constructed of cold

plate heat exchanger core was used to better simulate the type of surface

G expected in the evaporator. Formation of bubbles in the lerger liguid droplets
on vhe surface which grow end eventually blow the droplets to pieces were noted

! at normal evaporabor surface temperatures. It was also observed that the lower

the target surface temperature, the better the liguid droplet spreads and wets

- the surface. At higher temperstures, an impacting droplet tended to bresk

b apart locally during the initial evaporation with the net effect of producing
v greater wel.ing of the surface and inereasing heat transfer. Details of these
1 tests are presented by Dr. Rizza in Reference 10.
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3.3 Top-0ff Eveporator Feasibility Testing

Simulated Shuttle active thermal control system testing was conducted
at NASA Johnson Space Center during the summer of 1973 using a medified Proto-
type I Flash Evaporator as an expendable cooling device. The system. tested,
shown schematically in Figure 3-4, included 8 modular radistors, simulated fuel
cell water supply, water storage tank, and an expendable cooling deviece. The
modified Flash Evaporator was to demonstrate feasibiliiy of the device applica-
tion to "top-off" the radiator system during adverse orbitel conditions and to
dump excess fuel cell water produced during the mission. (The excess water is
ﬁumped on command from a water tank sensor which changes the mix temperature of
the rediators.)

The 14.6 kW (50,000 BTU/hr) Prototype I eveporator was modified during
the program to provide 4.69 kW (16,000 BTU/hr) of radiator top-off cooling. The

exact performance requirements and flow conditions the device had to meet were:

Transport Fluid Requirements:
Fluid : Freon 21
Flowrate : 1000 Kg/hr (2200 1b/hr)
Heat Load Range: O to 4.69 kW {0 to 16K BTU/hr)
Inlet Temperature Range : 277.5 to 204°K (40° to TO°F)
Redundent Transport Loop Cepebility Kequired
Evaporant Fluid Requirements:
Bvaporant : Deionized Water
Flowraste : T7.26 Kg/hr (16 1b/hr)
Supply Pressure : 0O to 3.5 Kp/em® (0 to S0 psig)
Supply Temp : asmbient 275 to 305°K (35° to 90°F)
Evaporator Chamber Operation Pressure : 5.2 x 10-3 Kp/cm? (3.8 mmHg)
Redundant Evaporant Supply Valve Cepability Reguired

A Delaven 4, 0-B-90° gpray nozzle was selected and integrated into the metering
valve to provide the proper spray distribution to achieve the desired performsnce.
The backecone was modified to reduce overall evaporator volume to simulete the
top-off device size expected on an actual design. Additionally, the evaporator
was outfitted with a 75 mm (3-in) diameter by 1.83 m (6-ft.) long duct with

two 45° bends to simulate Shuttle installation. Transport fiuid lines were
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attached to the duect to prevent ice from depositing on the exhaust duct walls.
The modified flagh evaporator as installed in the NASA-JSC Chember A is shown
in Figures 3-5 and 3-6. Supersonic, plug, and sonic vapor exhsust nozzles,
skown in Figure 3-7, were mated to the end of the duct to evaluate weter vapor
plume back-scattering on Shuttle surfaces.

The active thermal control system testing was performed under NASA con-
tract NAS9-10534 and has been reported in detail in References 4, 5 and 6. The
following is a summary of the pertinent results which are considered germane to
the Prototype 2 and 3 development progrems. The testing consisted of limit-case
performance profiles and typical missiorn heat loads and environment conditions.
The results of the Flash Evaporator operation are summerized in Figure 3-8 and
Table 3-1. 'The test results demonstrated: (1) outlet temperature control with a
set point of 278.6°K (L2°F) with a temperature range of 276° to 280°K (37° to
b°F); (2) efficient operation with 100% eveporation efficiency for evaporator
and exhaust duct combination; (3) stability of the evaporator control system for
rapid transient changes in inlet temperature due to radiator mix temperature change;
{4) repeated dorment to active device operation on commend of the outlet tempera-
ture sensor; and (5) the evaporator performance is insensitive to the type of
vapor exhaust nozzle utilized. The exheust nozzle test data indicated that water
vapor impingement could be reduced by a factor of 3 to 10 using a supersonic
nozzle and by a factor of 25 to 100 for the plug nozzle over & sonic nozzle con-
dition.

The testing verified the concept of the active thermal control system
utilizing a flash evaporator to "top off" the space radiators. Based on these
tests, the Shuttle baseline thermel control system was modified to ineclude the

"top off" evaporator to provide thermal control and to menage excess weter.

3-9
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TABLE 3—-1 FLASH EVAPORATOR PERFORMANCE SUMMARY

SUPERSONIC EXHAUST NOZZLE

AVERAGE CYCLE

WATER DUCT Bk F. E.OQUTLET MAX F.E. | TIME, SEC

FLOW INLET INLET | TEMP. OSCILLATION | INTERNAL
TIME LB/HR | OF OoF RANGE, oF PRESS., MM ON OFF
18:10 2.0 441 440 [395TO415 3.0 5 30
19:04 16.0 72.9 69.9 422 3.56 - ——
20:05 8.3 56.3 549 [39.9TO 415 3.3 14 15
20:35 5.1 48.4 47,7 |[39.0TO 40.8 3.1 8 22
21:31 2.8 44.7 444 (37970408 3.0 7 35
22:00 15.7 71.0 68.5 42.6 3.35 - —_

AVERAGE Hgg: 1030 (WITH DUCT)
950 (WITHOUT DUCT)

SONIC EXHAUST NOZZLE

AVERAGE CYCLE
WATER DUCT P F.E.OUTLET MAX F.E. | TIME, SEC
FLOW INLET INLET | TEMP. OSCILLATION | INTERNAL
TIME LB/HR OF OF RANGE, OF PRESS., MM ON OFF
8:52 15.8 723 69.7 422 4.1 e -
9:09 8.0 54.4 53.5 38.8TO 40.4 4.08 15 15
9:44 6.3 48.4 47.5 38.4T0 39.0 3.89 1 22
10:14 29 441 43.8 37.56T0 40.2 3.78 7 33
10:37 1.6 422 424 38.1TO 40.8 37N 5 42
11:15 16.0 74,6 718 444 3.98 - -
AVERAGE Hgg: 1025 (WITH DUCT)
R TTIRUT RNEY) NOTES: 1. F.E.— FLASH EVAPORATOR
2. HFG - H20 LATENT HEAT OF VAPORIZATION, BTU/LB
o Sl i ved \ol et At
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3.k Cold Plate Evaporator Feasibility Testing

After thorough review of Prototype I wound tube design end fabrication
approaech, an evaporator weight reduction and febrication simplification progrem
was underteken in October 1973 by the spplication of current state-of~the-srt
cold plate heat exchanger technology. Element and system feasibility tests
utilizing surplus lunar module cold plate heat exchangers were undertaken to
demonstrate the velidity of the design spproach, and to identify any potential
problem areas. -

Element tests demonstrated the cold plate evaporative capabilities for
single and double layer heat transfer surfeces. The system tests using the ecold
plate eveaporator showm in Figure 3-9 demonstrated device operation For non-optimum
designed core with a U to 1 weight reduction per unit heat transfer area vhen
compared to the Prototype I device. Additionally, the cold plate eveporetor dGem-
onstrated: high evaporant efficiencies, insensitivity to exhaust port location,
operation with both hollow end solid cone nozzles, and operation with on/off and
predictor/corrector heat losd control techniques. Based on the results of this
testing, the baseline evaporator design for the Prototype 2 and 3 was changed
from the wound tubular configuration to one utilizing & cold plate surface con-
figuration. Detailed results of the cold plate evaepor “tor testing are described
in Appendix C.
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3.5 Heat Fxchanger Core Element Testing

Based'on the results of element and system testing described in Section

3.4 and Appendix C, the Prototype 2 and 3 designs baselined the use of compact

Fooad]  dpussl  EWE

heet exchanger pgre fcdr the heat transror surface in order to reduce weight and
simplify fabrication. Th. heat exchanyer core selected underwent a series of
element tests in early 19Tk to verify performance data and to investigate verious

;f methods of manifoiding. These tests are described in this section.

i
i
b
b,
b

i
4
A
&,

o

3.5.1 Pressure Drop Tests

(o]

! Prototype 2 and 3 flash evaporator heat trensfer surfaces baselined

United Aircraft Products fin material designated as G-core (18.5R - .1/.1-1/8

v (L)-.005). G-core is a rectangular, lanced fin core and can be flowed through
g 2 perallel to the fing (EASYWAY) or perpendicular to the fins (HARDWAY). EASYWAY
4o flow results in the lowest pressure drop but is susceptible to flow maldistribution.
.. HARDWAY flow appears very uniform across the flow width and although the pressure
ii drop is significantly greater than EASYWAY, the magnitude was uncertain. Therefore,

tests were conducted to verify the available EASYWAY pressure drop data and
i - determine the HARDWAY pressure drop.
The test was conducted on a one foot square piece of G-core initielly
%Z manifolded to flow EASYWAY. Water was used as the system fluid %O create pressure
= drops which were readily messuresble. A U-itube manometer containing Meriam blue
(s.g. 1.75) was used to measure all the EASYWAY flow pressure drop. Figure 3-10
shows the pressure tep locations for EASYWAY flow.

p o

[

For the HARDWAY flow, the test panel was configured as shown in Figure
5 3-10(b). This configuration involved cutting off the EASYWAY manifolds and original
core close-outs which reduced the overall panel size. The pressure taps were

located on the penel centerlines with 76.2 mm (3 inck) separation, Only pressure
drops (HARDWAY flow) between taps 1, 2 and 3 could be measured with the menometer:

il all other pressure drop measurements were made with two Bell and Howell pressure

{im..—_.,.,
e

; L transducers with digital readout.

; T4 The test results for the EASYWAY flow are shown in Figure 3-11 compared

i %; to menufacturer's available data. Limitations on the pump prevented obtaining

4 " date in the high flow range, however the date obtained is sufficient to verify

i ii the available data. The larger deviation between available dats end the VSD test

éé o data at thz lower flow rates can be partially attributed to th= accuracy of the
:%2 %i instrumentation measuring these small pressure drops (0.7 p/em® or .0l psi).

i
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The EASYWAY flow core pressure drop is very low as reported by the menufacturer's
data and is recommended for EASYWAY pressure drop calculetions.

Figure 3-12 presents the HARDWAY flow cor+ pressure drop measured by
VSD. The data has been corrected to reflect the smaller dimensions of the HARDWAY
panel. The VSD tests measured HARDWAY pressure drop is 650 times greater than
the EASYWAY pressure drop at a flow per unit width of .263 gm/sec/mm (53 pph/in.).
The HARDWAY pressure drop is very large and its use should be avoided where small
Dressure drop is desi;ed.

Since the HARDWAY pressure drop was 20 times larger than expected, a cursory
look was undertaeken to determine causes of the high pressure drop. The best
estimate of a HARDWAY hydrsulic redius (ry = %%) is .115 mm (.0003788 £t.) versus
1.613 mm (,.005292 ft.) for EASYWAY, a factor of 14, Iuspection of typicel lanced-
fin material revealed burrs and metael smears which would tend to decrease the flow
cross~section and increase predsure drop. The test panel probebly has a similar
burr problem. The test apparatus is verified by the EASYWAY data and the AP
transducers were checked with the manometer. The HARDWAY pressure drop for the
G-core should be considered 650 times the APpre
3.5.2 Conductance/Evaporation Tesbing

The test article described ahove was tested in the EASYWAY configurstion
to investigate core conductance (UA) ms a function of eveporant flowrate and
coolant outlet temperature, and to look for flooding, cold spots and other signs
of flow maldistribution. The 0,093 m? single layer heat exchanger core wag
tested with Freon 21 as the transport fluid. Two manifold configurations were
evaluated: Configuration 1 is flow in end out adjacent corners and configuration
2 is the flow in and out diagonal corners. Flowrates ranged between .T756 and
3.02% kg/sec (600 and 2400 pph) with inlet temperatures from 28l.L to 322
degrees Kelvin (47-120°F). Rvaporator flow was constant at .02 kg/sec (16 pph)
with a 4.00-B-90° nozzle, with a& 259932 N/m? (23 psig) supply pressure. The
nozzle was positioned in the center of the plete at & height of 305 mm (12 inches)
for a series of runs and then lowered to 178 mm (7 inches) to have total spray

impingement on the core.
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Figures 3-13 and 3-1k present the test data for the onset-of-icing for
configurations 1 and 2, respectively. Onset-of-icing was calculated based
on the core conductance of Figure %-15, the eveporation rate data of Figure
3-16 and solving the following equetion for outlet temperature.

— o= 1
mCp(Ts ) = Toug) Uoore!?

out = Tsure) = UEVAP(Tsurf - Tset)
(UEVAP is celculated from the slope of the evaporation line of Figure 3-16
and is equal bo 11626 —st= or 2045 BIU/hr-ft2-°F).

Agreement between calculated Ty, for icing and the test date demonstretes
that the core conductance and evaporation data are known to sufficient accuraecy
to predict when iecing will occur and that Figures 3~15 and 3-16 can be used for
design calculations. The spray deposition rate corresponding to Figure 3~13 and
3-14 was 0.0136 Kg/sec-m® (8 pph/f42)(meximm) evenly sprayed over the entire
surface. The spray deposition in the form of a calculated surface tempergture
versus heat rejection capability is presented in Figure 3-3 to show sgreement with
the previously defined flooding boundary in Section 3.2

A device capable of evaporating 0.0136 kg/sec-m? (8 pph/ft?)

(meximum) spray deposition can evaporste a much higher spray rate if the outlet

temperature is allowed to increase. For exsmple, if the outlet temperature is

used as the basis for determining the maximum sprey rate and is allowed to increase

from 277.5°K (LO°F) to 294°K (70°F) while a constant water saturation temperature
of 272°K (30°F) is maintained, the spray rate can be increased 4 times
[(7T0~-30)/(40-30)]. The proper size nozzle was not available to provide the high

spray deposition rate desired. To get the heavier spray, the nozzle was lowered

to seven inches above the plate. Figure 3-17 presents the test data for the nozzle

at seven inches from the core in configuration 1. The disparity between pre-
dicted and measured Toup is due to uncertanity in the concentration of the sprey

in an annulus aboubt the plate center while the corners received no spray.
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FIGUEE 3-16 FLOODING BOUNDAEY

\ux\tw\:\ 1\0
- o e sy T T . T FEEY ERERERL ..'a.-ui.l..w“.-#.l“ W }
B ERREARE Eeenn Rl e m.., m_ e e,

2

i
t

.=t
1l

i
1
1

Stee
H i
TR
i Ealad
LER
Lt
{
1

el
i {

ot iat

|

3

-
;
i”
IBE4 RS2 3k :
Sou i i ke Sl L

fant e

‘ ]
. .,T'-‘..-;,,.__‘i '—"T' o
}
{

|

SUEFACE TEMPEEATUEE (k)

.‘-i‘.-.'-::._j..i..

]
e h
(]

vk Skl & ...‘ ek !
HE e ,
i S

.d'm?-.v U AR

]
- ; Er [ WRPIPEES PR
¥ i, :
A S TF i

{ :
]
%0

L2/ 21/ 739) v/ O

R SRR Bt R B e b



; FIGUIIPE 3-17
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3.6 Waste Water Evaporator Feasibility Testing

A test was conducted on 23 April 1974 to determine if the flesh evaporator
can be used to dump waste water and to define those problem sreas that need solving
by epplication of a waste water evaporator in the Space Shuttle. Approximately 27TKg
(60 1bs) per day of waste water is expected to be generated by the Shuttle occupents
and considergtion is being given to dumping this waste water through the
evaporator. Advantages of flash evaporator use include eliminstion of & special
dumping system and/or holding tank system with the subsequent oversll weight
savings., The Shuttle waste water has been estimated to be 50 percent urine and
50 percent waste water.

Spraying of a waste water evaporant composed of 50 percent urine and
50 percent distilled water (collected within 24 hours of test) in the cold plate
evaporator described in Section 3.1 was performed with the following specific
objectives,

(1) Determine if particulate matter gets into the exhaust stream

(2) Investigate the filtering requirements of & waste weter evaporator

(3) Investigate the amount of particulate buildup on the nozzle

end cold plate surfaces

(4) Determine the effect on performance of particulate buildup on

evaporator heat transfer surfeces

Approximately 13.5 Kz (30 1lbs) of waste water was evaporated by the coldplete
evaporator during 2 hours and 20 minutes of testing. Operating at an inlet tempera-
ture of 308°K {95°F), the trausport fluid was cooled to 2B0°K (4SCF) with evaporation
efficiencies between 87 and 92 percent. The impinging spray ceused a froth asnd
left a residue on the heat transfer surfaces but no trend towerd performance de-
gradetion was noticed. Further investigation is recommended, however, to determine
if residue does effect performance after extended operation.

The valve/nozzle/filter showed no buildup of solids or melfunctioning as
a result of waste water flow with a 60 y filter only, a 60 u &and 10 u in
series or pulsing spray operation. A yellowish browa liquid was collected in the
baffle trap and did not {Preeze or appear to eveporaie.

Since the test did not simulate the extended operation of Shuttle uzage,
the clean-up also did not simulate the actusl amount of residue or the time the
residue stays on the heat trensfer surfaces before clean-up is initiated.

Details of the test are presented in Appendix D of this report.
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h.o PROTOTYPE 2 AND 3 DESICN

The flash evaporator has undergone an evolutionary process in which the
important criterie of weight, volume, and cost have been reduced while retaining
high efficiency. The Prototype 2 unit design was initially planned to be a
refinement of the Prototype I wound tube device with improvements in fabrication
te:hnique, nozzle performance, valve/nozzle interaction, end reduction in volume.
The design of this device is reported in Appendix F. During the final design review at
NASA in March 1973, it was decided to forego fabrication of this unit, however, since

heat load requirements of the Shuttle had become better defined at higher velues, and

the need for a top-off evaporator to supplement radiator heat rejection became iden-

tified. It was also desired to optimize t1e device weight by febricating the unit

from state-of-the-art compact heat exchanger core based on the results of the anelysis

of Ref. 2 in 1972 and the cold plate evaporetor testing reported in Section 3.2.
?‘ The design of the Prototype 3 evaporator wes undertaken conmcurrently with
€ the Prototype 2 unit to investigate alternatives to device, as well as systa=m,con—
= figuration. During these design studies, the Shuttle Freon Coolant Loop elsgo
é; evolved from a single loop operation (with a completely redundant loop in a standby
- mode) approach to a dual loop operation (two identical Ffluid loops operating
iﬁ continuously) concept. Design consideretions used to evolve the Prototype 2 and 3

designs which meet the dual Freon loop heat rejection requirements for the

Shuttle are described in this Section.

L.l Design Reauirements

The baseline and alternate Shuttle Freon coolant systems in consideration

Flemi]

during the period of Prototype 2 and 3 eveporator design are shown schemetically in

Figures 4-1 and 4-2. The evaporator performance requirements, tabulated on these

E".A = .Il'u

figures, indicate a wide range of temperature conditions and flow conditions to

be accommodated by the Prototype 2 and 3 designs in order to simulate the potential
Shuttle application of the devices.

4.2 Load Pariitioning

In addition to the thermal performance requirements, the on-orbit water vapor
generaited by the evaporator must be ejected overboard from the Shutile through
"non-reacting" supersonic nozzles located on either side of the Shuttle. Connecting

the non-reacting nozzles is & steam Guct which is attached to the eveporetor.
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FIGURE 4-1 BASELINE SHUTTLE CONFIGURATION SCHEMATIC




! - . e i :

P/L DIVERTER VALVE  TOP-OFF BOOST & RE-ENTRY

GSE
F/EFIE HX RADIATOR

\ RE BY-PASS
v 02 RESTRICTOR ___QA/ s

r f -
‘ P/L AFT RADIATOR
ARS e HX ELEC.
PUMP PUMP kel

O Q . F/C | HYD ‘BOlLER

O hi O HX HX

[ 4 cr \GSE BY-PASS VALVE
‘ NOTE: ONLY ONE LOOP SHOWN FOR SIMPLICITY

NORMAL OPERATION FLOWRATE Q TIN TOUT
(SINGLE LOOP OPERATION) (LB/HR) (B/H) (OF) (OF)

-

FLASH EVAPOK A4 LR

BOCS) 1800 PER SYSTEM 92,647 1405 40
(3600 PER OPERATING SYS)

ON-ORBIT 1800 PER SYSTEM 12,500 53.6 40
I (3600 PER OPERATING SYS)
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Preliminary design studies indicated that = significant weight reduction
of approximetely 27 Kg (60 lbs) in the evaporator and in the steam exhaust duct
could be made by "partitioning" the lcad between evaporators connected in series. i
This approach utilizes two evaporator units connected in series in each Freon loop --
as shown in Figure U-3: +the upstream unit, or high temperature unit {(HTU), is utilized !
only during the ascent/re-entry portion of the mission and cools the Freon from
its maximum temperature to en intermediate temperasture; the dowmstream unit, or
low temperature unit (LTU), is utilized during ascent/re-entry portion of the mission
to cool Freon from the intermediate tempersture to the required outlet temperature,
and during orbit to provide all the evaporative cooling of the Freon. The LTU
is conheeted to the non-reacting duct/supersonic nozzle system to exhaust weter vapor
while the HTU's are connected to a short overboard duct since there is no require- A
ment during ascent/re-entry for thrust nullification. -~

The primary advantege in load partitioning the flash evaporator system is .
a reduction in overall weighi and volume. The higher outlet temperature of the
HTU results in greater eveporation potential of the unit and, thus , greater spray
Geposition per unit srea of heat transfer surface is obtained. Additionally, as
can be seen in Figure 4-3, the amount of duct weight is reduced bocmuse the HTU
duet installstion has shorter lengths of the large dimmeter duct.

The approach taken in the design of the Prototype 2 and 3 flash evaporators
was to baseline load partitioning. The use of identical configuration high .14 low -
temperature units for potential shubtle installetion was also baselined in order
to reduce hardware design and verification costs. For .
identical HTU end LTU configurations, optimization of loed partitioning caen be
obtained from the curves in Figures L-4 and b-5. From Figure L-l, the optimum
HIU outlet temperature (and thus LTU inlet temperature) can be determined based on
gystem inlet and outlet temperature. Thus heat load split betweer the HIU and LTU “E
can be obtained from Figure 4-5. For exsmple, for a system inlet and outlet tem- :
perature o 332°K and 277.4°K (120°F and LO°F), the optimum HTU outlet temperature
would be 286.6°K (60°F). 2
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; 4.3 Design Trade Studies

Design trade off studies were performed for the Prototype 2 and 3
‘ flash evaporators in order to evolve optimized units consistent with weight,
| cost, and availability of materials. The design variasbles considered for
i this design study and selection rationale are listed ir. Table 4-1. Included
; on Table h-1 in the comment column are the factors which affect the design
; selection. The study varimbles consisted of: core configuration, unit shape,
core redundancy., sprey deposition rate, and nozzle configuration.

Beceause the Shuttle flash evaporator system performence and configura~
tion requirements were not firm at the time of the Prototype 2 and 3 design,
it was decided that the resulting designs should possess "building block"
flexibility so that any number of configurations and design variebles eould
be evalusted in the test program. The criteria for selecting the verious design
choices reflect this approach.

The hesat transfer surfaces considered for selection included: the wound
tube approach used in the Prototype I unit; rectangular and triangular fin compact
heat exchenger core; and pin fin heet exchanger core. The wound tube heat transfer

surface was discarded dve to its high weight and the state-of-the-art of brezing the

wound tubes as described in Appendix F. The feasibility of using compect heat exchanger 3

core was analyzed in Ref. 2 and proven in the tests described in Section 3.L.

0f the heat exchanger cores considered, th=2 availability of the Keys and London

(Ref. 11) and the Sheh and London (Ref. ".2) cores with structurally sound fins of
aluminum to withstand the 380 psi Shuttle Freon system operating pressures was un-
certain. After discussion with various heal exchanger vendors, the 18.5 fins per inch
rectangular ccre wes selected due to ites good performance, avallatility, optimum
weight and manufacturing lead time. This heat exchunger underwent a series of

element tests to verify performance with the results reported in Section 3.5.
The various shapes that the flash eveporator unit could take included:

T e o atant cepern s e s

rectangular, octagonal, and cylindrical {or round). The cylindrical unit was
| selected due to the inherent low weight and volume, and due to the flow path
b flexibility in the event multipasses were needed in the core.

: The dual loop operabtion of the Shuttle Freon coolent loop provided the
flash eveporator system opportunity to operate with either single or two core

layer. With a single layer core design, the two Freon loops would flow through
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TABLE 4-1 TRADE STUDY VARIABLES AND SELECTION

(=)
™ ?; VARTABLE SELECTION POSSIBILITIES _ COMMENTS SELECTION RATIONALE
vol YA
8 E Core 18.5R-.1/.1-1/8(L)-.005 + Available, off-the-shelf Yes Good performance, Availa-
- + Performance of inner layer with low AP/L bility, cost, and schedule
= g - Redundant (outer layer) operation not feasible
2 - Wt/ft2(wet)=2.0 1b/ft5(dry)=1.0 1b/rt2(2 layer core)
] > + Fluxless braze S.0.A.
D + Available in Al and Ni/SS
=
Kays & London L6.LUST - + Performance of inner layer with AP/£ No
a .1 - ,002 + Fluxless braze S5.0.A.
+ Wt/rt2(dry) .85 1b/rt2 (2 layer core)
- availability uncertain
- Al & Ni/SS avallability uncertain
- Redundant (outler layer) operation not feasible
f" Shah & London Same as Kays & London except: No
O 36.85R-. 026~-. 001 + wt/ft2(dry) .4 1b/rt2(2 layer), .75 wet
+ Operation with redundant core possible
Pin Fin + Available off-the-sghelf No
Wound Tube + Operation with Redundant core same as primary No
+ Available (Stock in hand)
- Wt.(dry) 4.0 1b/rt2, (wet)(5.0 1b/ft2)
- Can't be fluxless brazed
- Braze separation of flow passages
F.E. Shape Rectangular + Cost No Lowest weight and volume
+ Tooling time units
- Velume, area, weight
- Less flexible for flow split: (2,h flow paths)
Octagonal - Cost No
- Tooling time
+ Lower volume, area, weight
- Less flexible for flow split (2,4,8 flow paths)
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Disadvantage
Advantage

+
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VARTABLE

SELECTION POSSIBILITIES

TABLE k-1 (Cont'd)

COMMENTS

F.E. Shape
(Cont'd)

Cylindrical

Cost
Lowest volume, area, weight
Most flexibility of # of flow paths

Yes

SELECTION

RATIORALE

Core
Redundancy

2 Layer core F-21 F.O.
In Single Device

Spray across, core sized for Qt either loop at 1
loop flow; nozzles spray 1/2 time at full load
for Qt/2 capability

F.0. capebility for Qt in single loop

Larger volume &k weight since only 1/2 capability
of core used

1 Layer core need 2
Devices for Operation,
F.8.

Spray from 1 side, sized for Qt/2 for each loop,
nozzle spray full time; Qt/2 F.S. load

1/2 weight, .7 volume of 2 layer

F.S. capability of Qt/2

More vapor ducting required

Same § valves/nozzles as 2 layer

Yes

Minimum weight since
redundancy not needed

Spray
Deposition
Design

Zven, Single Unit

Proven ability to control outlet temperature
Larger device (area, weight, volume)

Single fluid temperature sensor for control

Proven controller design

Simple core geometry and flow path selection

Even, Multiple Units
Load Partitioning

Same comments as for even single nozzle
Smaller volume, less area

Yes

Uneven, Single Unit

Smaller device (area, weight, volume)
(increase Q/A eff by 50% for 2:1 ratio)
Have not demonstrated with controller

Core geometry flowpath selection becomes important/

intricate

No

Uneven, Multiple Units
Lord Partitioning

Same comments as for Uneven, éingle Nozzle
Multiple nozzles/valves cost more

Yes

Load partitioning is
lighter weight, evalua-
tion of even and uneven
spray with effect on con-
trol.
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TABLE L4-1 (Cont'd)
VARIABLE SELECTIOR POSSIBILITIES COMMENRTS SELECTION RATIONALE
Hozzle Hollow Cone + Same spray deposition at high & lew flowrates Yesn Desirable to build device
+ Appliceble to top-off & re-entry designs using any nozzle for per-
- Larger volume flash eveporator formance comparison
Solid Cone + Smaller volume flash evaporator Yes
~ Avallable for low flowrates only
- Appliczble to top-off design only
/20 - 1/25 + Bmaller volume F.E. hollow cone Yes

Availeblie for low flowrates only
- Applicable to Top-off design only




separate devices as shown in the schemalic of Figure 4-3, This provides
for meximum seperation of the two Freon loops and results in half the total heat
sink cepability in the event of failure of one loop. TFor a two leyer vore design,

the heat from the outer loop must be transferred through the inner core layer

'
H
1
|
i
P
H

to the area of spray contact. The Freon leaving the unit from the outer loop

will tend to be warmer then the inner loop, and therefore, control of the
spray nozzle maey he complicated due to this temperature difference. The heat
exchanger surface would also have to be larger than an individusl single layer
; core unit because of the lower conductance from the outer loop core. The single o
j loop, single layer core concept was selected because redundancy was not needed,
it is resistant to system feilure due to metering valve failure (ice build up
on active core area), and it would result in a simpler outlet temperature control.
The choices of spray deposition design include load pertitioning and
non-loed partitioning, and even and uneven spray deposition. Loed partitioning
was selected based on lower weight as deseribed in Section L.2. Even spray
deposition wes successfully utilized in the Prototype I unit. The use of an
uneven spray deposition postulates putting the higher spray in the areas with 3
higher fluid/wall temperatures to take advantage of the greeter evaporation s
potentisl. {This can be seen in Figure 3-3). The use of uneven spray can re- .
sult in less heat transfer area and thus provide a unit with less volume and
weight. The Prototype 2 and 3 designs evaluated the effects both even and
2 uneven spray concepts on controller operetion.

The nozzles evalueted during the program development (see Seetion 3.1

: and Appendix A) included solid, hollow, and 1/2 solid 1/2 hollow cone designs.
The use of a particular nozzle depends on the exhaust duct configuration and
spray deposition approach. The hollow cone nozzles cen be used in units where
the exhaust is opposite to the spray nozzle with either even or uneven spray
deposition. The so0lid cone nozzles are applicable to units with the exhaust ‘
at the ssme end of the device as the nozzles, with even or uneven spray deposi- ;;
tion. Both types of nozzles were selected consigtent with the building block
approach to the device design mentioned earlier.

Using the sbove selected variables of an 18.5 fins per inch
rectangular-lanced fin core in a single layer, cyliindrical {(or round) configura-
tion compaetible with even or uneven spray deposition and load partitioning, con-

ceptual designs of the flash evaporators were generated for the baseline and

hoa2




e g ey

e e e e e

it o 1

[

ne
Qe

v

o
[

P

-

gomitong

ey

|
[ E———

.,.,
4

r

.,.w
= e

-

oAy
S

£

S

-a

froes

L

porte sy

alternate system performence requirements of Figures 4-1 and hep, These

12 conceptual designs, presented in Figurer 4-6 and L-T respectively, were
configured using core performance date of Section 3.5, the nozzle perfor-
mance data of Appendix A, and the evaporation date of Figure 3-3. Figures
4.6 and 47 compere the volume, and detailed weight estimates for each of the
concepts considered with each meeting the pressure drop design reguirement

of 4.5 psi at 2LCO 1lb/hr Freon flow.

The six designs in Figure 4-6 for the baseline performance require-
ments resulted in units which vary from 380 to 600 mm (15 to 26 in.) in dia-
meter with weights from 7.25 to 15.5 Kg (16 to 32 1bs). Four units of each
identical core design were required for the system installation of Figure 4-3.
The six designs in Figure b-T for the alternate performence requirements had
units that varied from 280 to L57T mm (11 to 18 in.) in diameter with weights
of from 5.9 to 12.7 Kz (13 to 28 1bs).

bk Design Configuration Selections and Prototype Description

Although for Shuttle application the four eveporator units (two high
temperature, two low temperature) would have identicel heat exchanger core con-
figurations, it was decided to build two different configurations to obtain per-
formance comparison data. Using the building block philosophy and the design
variebles selection of the previocus section, two configurstions were selected
for the Prototype 2 and 3 flash evaporators.

A 380 mm (15 in.) diameter, cylindrical unit was selected for both
eveporators since it closely (or exactly) approximated 6 of the 12 conecepts on
Figures b-6 and 4-T. In addition, a sidewall core height of 216 mm {8-1/2 in.)
in conjunction with a moveeble backplate with valve/nozzle mounting provisions
was selected so that the nozzle height could be veried to evaluate these €
design concepts.

Both prototype evaporaitors employ the sirgle layer of 18.5 fins per
inch, rectangular, lanced fin heat exchanger core with the flow running axislly
in the cylindricel sidewalls. Structurel snalyses {reported in Appendix E)
of the evaporstors were performed to determine the meximum safe operating pres-
sure, the optimum mountinr system end various thermal effects on the structural
integritcy.

The Frototype 2 evaporator, shown in Figures 4-8 and L-9, was designed

for a hollow rone spray nozzle with the exhaust aperture opposite of the

h13




REQUIREMENTS 2 LOOPS MOMINAL 1 LOOP ABORT
1 BTU/HWR 12,500 24,500
m 1b/hr/loop 1800 2,600
Tin o 4 §3.8° J8*

-4 4
Tout F a0 0*

RE- ENTRY
qQ BYU/WR 24,500 24,500
m  1b/hr/loop 400 600
i 163* 203°

° o .
ch‘ F 40 40

&P max + 4.5 @ 2600 Vo/hr

* Not thru 5.5. Mozzle

NUMBER OFf Vi TOTAL WT.| CORE AREAf CORE WEIGHTIMAKIFOLD WT.JCLOSE-QUT T,
LBS LBS. LBS.

; SPRAY RATIO
ICONF IGURATIGN UNITS ft LBS. PER UNIT

SPRAY
DEPOSITION| (MAX/AYSG. )

E‘ 4 2. 16.1 1.88 $.06 5.0 2.0 Uneven - 2.4

Re-entry
3.; Even - at
- Top-Off
e
—T 4 30 22.0 2.5 13.6 6.3 2.1 Even
n*
5 — g
5¥ i
__r 4 425 29.6 3.5 16.3 6.6 3.7 Even
n*
1 4 2.4 18.0 .77 B.88 6.04 ENC Uneven - 2.3
" Re-entry
/ Ever - at
i Top-OFF
_—
4 3.2 2.6 2.3 1n.2 PN | 4.3 Even
- -
[EN
| PR l
e
— L 6.1 2.0 3.7 17.3 8.4 6.3 Even
"
y
| —n 26" -

FIGURE L-6 EVAPORATOR CONCEPTS FOR BASELINE PERFORMANCE REQUIREMENTS
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L-15

REQUIREMENTS 2 LOOPS NOM]NAL 1 LODP ABORY
10P-0FF,
0 BTU/HR 12,500 -
m 1u/hr/loop 1800 2400
B s:.e. .
rc«ul F 40 -
RE-ENTRY
0 BT/ 92,000 2,000
n 1b/hr/loop 1800 2400
¥y 148° 191:
Inu\'. ¥ ‘u‘ 40
4P = 4.5 B 2400 1b/hr
BER OF] VOL. ] TOTAL W7.] CORE AREA] CORE WEIGHTJMANIFOLD WT. JCLOSE-OUT W1 smr SPRAY RATI0
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spray nozzle. This is the same epproach used in the Prototype I evaporator.
The 127 mm (5 in.) diameter exhaust hole in the bottomplate is of sufficient
size to permit passage of exhaust steam in either the high or low temperature
configuration.

The Prototype 3 unit, shown in Figures 4-10 and 4-11, was designed
for use with either a solid or hoilow cone nozzle. The steam exhaust exits
the unit in the same plane az the nozzle with the duect entrance accommodated
in the backcone (or backplate). The solid bottomplate permits the use of the
so0lid cone nozzle. The evolution of the Prototype 3 deviece to a flight con~
figuration is showm in Figure 4-12 tc d~monstrate its gppliesbility for the
Space Shutile. -

Although the appearance of the Prototypes 2 and 3 bottomplates were
different, the core material wesg identical in type and in instaelletion approach.
The core material was eut in circular sectors with the "easyway" direction
bigecting each circular sector as can be seen in Figures 4-8 and b-10. This
arrangement directed the flow in the bottomplate in a radial direction along
the sector centerlines which was also the path of least resistance. (The core
sector design generated areas of inherent stagnation along the sector radii
resulting in poor heat transfer slong each sector splice joint as will be
discussed in Section 5.3.) The sidewall designs of the two units were identical
with 790 mm (7-1/2 in.) easyway and 25.4% wm (1 in.) hardwsy core running in
the axial direction from the botiom.

The Prototype 2 and 3 flash eveporators were fabricated with 3003
aluminum using 2 salt bath process, esccording to the drewings in Figures 4-8
and 4-10. The two units weighed 2.06% Kg (L4.55 1lbs) end 2.195 Kg (L4.85 1bs)
respectively, for approximately .371 2 {4 fte) of heat transfer surfuce
(including manifolding). This is approximetely a 4:1 reduction in weight per
unit area when compared to the Prototype 1 device. The two units were fitted
with a plexiglas beckplate which incorporated moveable valve/nozzle mounting
plate and exhaust port provisions for test. The backplete design is described
in Section 5.1.

In asddition to the evaporator configuration, detailed design wes per-
formed to integrate the valve/nozzle combination to reduce the holdup volume

from 0.5 ce in the Prototype 1 unit to 0.10 cc. An off-the-shelf, light weight,
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Parker Hemnnifin propellant valve was swvlected and integrated with the class
of nozzles used with the Prototype designs selected above. The resuliting
design, shown in Figure 4-12, was selecled Prom many integration concepts
and achieved a liguid holdup volume of 0.15 ce.

The Prototype 2 and 3 flash evaporstors described above underwent
an extensive test program to verify the design. This is reported in ‘the next
section.
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5.0 SYSTEM TESTING

jé Prototype 2 end 3 evaporators were tested independently for extended

periocds in a vacuum enviromment. The purpose of these tests were to verify the

e e e e A SRR R

design epproach in the use nf heat exchanger core as the evaporation surface;
to verify the concept of partitioning *“he heat load between two evaporators
{(high/low temperature units); and to verify the design approach for hollow and
solid sgpray cone evaporators. The test program plan included demonstration of
cepability to me.. the Shuttle baseline performance requirements in the erea of
orbital operation, on-orbit water dumping, and re-entry payload cooling.

Overall test objectives to determine the successful operstion of the
system included:

1, Determination of efficiency of evaporant utilization

2. Determination of exact evaporant spray distribution
3. Damonstration of valve/nozzle freedom from freezing
L

+ Verification of controller design approach for pertial loeds

5.1 System Test Eguipment
5.1.1 Test Article Description

The evaporator as a system included prototype heat exchanger assemblies,
backeone, solenoid valve/nozzle, electronic controller and associated fluid mani-
folding. The Prototype 2 flash evaporator heat exchanger was designed for s hollow
cone spray nczzle. This hollow cone spray design had the exhaust port on the
evaporator centerline in the bottom heat exchanger plate as shown in Figure 5-1.
Fluid menifolding to the heat exchanger was mede through two tube-ring manifolds.
The bottom plate manifold is around the exhaust port and hes two manifold spools.
The cylindrical sidewall manifold has six manifold spools to assure uniform Plow
distribution in the sidewall.

The Prototype 3 flaesh evaporator heat exchanger was designed for a solid
cone spray nozzle. This design has the exhaust port loceted in the backcone and
the bottom healt exchanger plate as alsoc shown in Figure 5-1 is closed-out solid.
Proto 3 had & sidewall manifold identical to that of Proto 2; however, the bottom

B

A

plate menifold is a collection chember cutside the evaporstor accessed through =

I

single manifold spool.

A T TL B i s omn w4 ikt e e e v e e ae
P,

An evaporator backcone was constructed of 6.4 mm (1/4 inch) thick plexiglas

s sty
e

which allowed observation of the spray impacting the heat exchanger surface, The
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backeone was fabricated to permit interchangesbility between the Prototype
evaporstors. Figure 5-2 shows the plexigles hackecone with the varisble valve/nozzle
holder (box) which permitted evaluation of the evaporator/nozzle at various nozzle
heights. The exhauvst port shown in Pigure 5-2 below the nozzle box was varied,
depending on the evaporent spray rete being sprayed, to maintain a evaporstor chamber
pressure of approximately 3.8 mmHg.

5.1.2 Test Setup

The evaporators were instrumented to moritor the thermodynamic conditions
pertinent to evaeluating the evaporator performsnce. Figure 5-3 illustrates the fluid
connections to the evaporators and the various fluid parsmeters which were monitored.
Figure 5-4 shows the external thermocouple locations which were pleced in four
arrays along the cylindrical sidewsll and converging to the center of the bottomplate.

Data ecquisition was made with an sutometed system which converted all the
megsurements to customary U.S. enginesring units end displeyed these on closed-
eircuit television monitors to the test director. Printed data in the format shown
in Figure 5-5 provided e permanent record of the tests. Data channels 20 through
8L were external evaporator thermocouples which were used to infer spray pattern
uniformity and/or transport fluid sidewall flow distribution. Table 51 defines
instrumentation, date channels 1-19 (see Figure 5-5), and sccurascy attained during
testing.

Both evaporators were tested in & swell vacuum chamber (1.22 meter, U' dia.)
with a 6.4 em thick plexigles door which allowed continuous observetion of the

test article in operstion.
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TABLE 5-1 PROTOTYPE 2 & 3 EVAPORATOR TEST INSTRUMENTATION
DATA
CHANNEL MEASUREMENT RANGE (ACCURACY) TNSTRUMENT
1 R21 Flowrate 50-520 LB/HR (+ 10 LB/HR) LF6-2 SN3259
2 R21 Flowrate 200~3000 LB/HR (+ 10 LB/HR) AN-8 SN8h3h
3 HgO Flowrate 0-25 LB/HR (+ .5 LB/HR) Cox SN 8501278
] HpO Flowrate 5-50 LB/HR (+ .5 LB/HR) Cox SN 8501281
5 Ho0 Flowrate 50-100 LB/HR (+ .5 LB/HR) Cox ANB-L5
6 R21 Press. Drop Bvap. #1 0-30 psi (0.1%) Bell & Howell SN69LL
T R21 Press. Drop Evep. #2 0-30 psi (0.1%) Bell & Howell SN6990
8 Chamber Pressure 0~10 mmHg (1%) MKS Baratron 6978
9 HoU Supply Pressure 0-50 psig (+ 5 psi) Teledyne S/G SN2160
10 Eveporant Ho0 Weight 0-300 1bs (+ .3 1lbs) SN-129 0-500 lb Losd Cell
11 Evap. #1 R21 Inlet Temp +40-+180°F (+ .5°F) Thermistor
12 Evap. #1 R2l Outlet Temp +40-+60°F (+ .5°F) "
13 Evap. #2 R2l Outlet Temp =+L0°F (+ .5°F) "
14 Redundent {(Channel #11) "
15 " ( " #l2) "
16 " ( " o#13) "
17 Evap. #1 Nozzle Plete Temp (+.5°F) Thermocouple
18 " #2 " " " (_“;.SOF) "
19 Flow Bench Temp (+.5°F) "
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5.2 Initial Prototype Testing

An extensive four week test program was conducted in August and
September 1974 with the purpose of verifying evaporator design and performance
as mentioned previously. Execution of the test sequence started with valve/
nozzle verification and proceeded through nozzle spray location optimization.
During this testing, however, problems with achieving the desired performance
without forming smell amounts of frost on evaporator heat transfer surfaces
were encountered. The results of these tests are presented in this Sectior

The Prototype 3 unit was installed horizontally in the cheswber with
the previously described test seb-up with the low tempersture unit configuration.
The baseline Shuttle re-entry design conditions, 2.83 kg/hr (6.25 1lb/hr) evaporant
flow with 181 kg/hr (400 1b/hr) Freon flow wers established. The data presented
in Figure 5-6, the baseline nozzle, indicated s severe flow maldistribution in
the core due to the wide varistion in ray thermocouple data with localized frost
formation along this rey. It was suspected, and verified by analyses and further
testing, that the flow maldistribution wes csused by gravity which stagneted the
flow along ray 1. The Freon flow rate was increased to 272 kg/hr (600 1b/hr),
the Shuttle re-entry abort condition, with the ssme overall flow meldistribution
and local frost Tormation results prevailing as before.

The Freon flow was reversed in the Prototype 3 to escertain whether the
gravity effects would be as severe. As seen in Figure 5-T7, the ray temperature
deta diverges although nct as severely as noted previously. This was due to the
larger amounts of cooling oceurring in the floor of the device which is vertical
within the chamber. Agaein localized frost formation along the low temperature
rays was obtained.

The gravity effects on the performence of the evaporator at 181 kg/hr
(40O 1b/hr) Freon flow conditions would have serious implications for Shuttle
application since the evaporator would have to be aligned ﬁith gravity forces
in an installation'for both ascent and re-entry. Subsequent to this testing,
however, the Shuttle baseline configuration changed so that the slternate per-
formance requirements became the baseline with a minimum Freon flow rate of
815 Kg/hr (1800 1b/hr). This increased flow virtually eliminates flow

stagnation problems due to gravity.
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The new Shuttle baseline design conditions of 815 Kg/hr (1800 1b/hr)
Freon flow and 7.26 Kg/hr (16 1b/hr) evaporant flow were then tested in the
Frototype 3 evaporator. The data, shown in Figure 5-8, still showed wide
varigtion in rey temperature with frost for:zation on the sidewalls of the device.
Lowering the evaporant flow rate to 6.3 kg/hr (14 lo/hr) caused the spraey cone
to collepse slightly, as desired, end to spread the spray over a larger part
0 the evaporator area as seen in Figure 5-9. However, the increased spray on
the bottom of the device resulted in ice "fingers" forming over the core splice
joints in the bottom. These ice fingers are shown in Figure 5-10. Apparently
the Freon flow stegnates when the easy way core ends in a core splice, thus
causing uneven flow distribution in the bottom. Seven other nozzles zre selected
and tested for these flow conditions with the seme results: at the design eveporant
flow rate, frost formed on the device sidewalls; at lower evaporant flow rates,
frost fingers form on the device bottom. Using larger capacity nozzles, frost
formed on the bottom.

The Prototype 2 unit was then installed in the chamber, in the same
manner as the Prototype 3, and tested to see if the bottom flow stagnation al
the core splices would be less severe. The large exhsust hole in the bottom re-
sulted in less core splice area encountered by the Freon where flow stagnation
could occur. A%t the high temperature design conditions of 34 kg/hr (75 1b/hr),
the unit formed a frost bend on the device sidewalls. The evaporant flow was
reduced to 27 kg/hr (60 1b/hr) to obtain stab. 2 operating conditions with no
frost formetion. The performence data, presenced in Figure 5-11, again shows
divergerce in ray temperature data as was obtained for the Prototype 3 device.
The potential causes of this ray temperature divergence were postulated es due
to gravity induced flow maldistribution, heat exchanger core induced flow
maldistribution (due to either design and/or fabrication), menifold induced flow
maldistribution, or uneven spray distribution. A series of tests were then
performed to isolate each of the aforementioned postulations to determine the
exact cause.

Analyses indiecated that no gravity effects were expected for the
high Freon flow rates of 1000 Kg/hr (2250 1b/hr), however, tests were conducted

to verify the analyses. The Prototype 2 unit was roteted about its centerline

5-11
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by 90° snd 180° and date recorded. As expected the data showed no significant
change in the ray temperatures. Rays 1 end 2 were lower than rays 3 and b,
indicating higher temperatures es observed in the previous deta in Figure 5-11.
This ruled out gravity as the reason for the large ray temperature differences.

Tests were then conducted tc determine if the uneven nozzle spray
pattern caused the temperature maldistribution. The nozzle was rotated by 180°
and & second, as received (not modified for low hold up volume),nozzle was tested
in the Prototype 2 unit. Agein, the ray temperature data showed the same types
of differences between rays 1, 2 and 3, b as previously shown in Figure 5-11.
Therefore, the nozzle was discarded as the ceuse of the temperature meldistribution.

The menifold tubing connecting the distributor eveporator tube ring
manifold was disconnected, rotated 180°, reconnected and the unit tested to deter-
mine whether or not the distribution of flow wes affected by the manifold design
gpproach. ¥Figure 5-12 presents the data for this test with the Prototype 2 unit
rotated 180°, with an as received nozzle; end the manifold tubing remained rotated
180° relative to the unit. Again, the ray temperatre date shows the seme types --
of temperature differences between the rays as was noted in Figure 5-11. T

The Prototype 2 unit was then tested in the low temperature configura-
tion to determine if flow stegnation at the core splice intersection occurred
as it had for the Prototype 3 device with spray deposition on the floor. As with
the Prototype 3 anit, with 7.26 kg/hr (16 1b/hr) evaporant flow rate, frost
formetion wes obtained on the side wells. By reducing the flow rate to 5.4 kg/hr
(12 1b/nr), the spray cone collapsed end ice fingers formed on the floor as it
had also done previously. The date for this run is shown in Figure 5~13.

Based on the above test results for the Prototype 2 and 3 evaporators, -
it wes concluded that: gravity, manifolding, and uneven sprey deposition did not
cause the wide variation in ray temperature data,but was due to flow maldistri-
bution caused by core design and fabrication anomilies., The flow meldistribution
could be attributed, at least in part, to flow staegration at core splice inter-
sections in the bottom of the device and thaet fabrication anomalies more than
likely caused the fiow maldistribution in the deviece sidewalls. OSince the evapors-
tors performance was considerably below the design conditions, further testing

of the evaporators was cancelled in lieu of additional investigation of the flow
distribution.
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5.3 Core Flow Distribution Determination

- To resolve the poor core flow distribution, the twe prototype
evaporators were dz.sassembled into their component sidewall and bottomplate

components, and a sermes of flow ‘beets were performed to obtain exact f‘low -

' dlstmbut:.on ds.ta.  This data was used to reconf:.gure the evapore.‘tor COI_‘e con-

Tiguration as .repofted in the next section. The test data and experimental

: _techmques are deseribed-in ‘the paragraphs 'tha.t follow.

The bottomplate of the Prototype 2 flash eva.pora‘tor was d:.scon—
nected from the sidewells and the flow d:.str:.bu’t:.on in each section wes
de‘bermlned by :E‘low:.ng water in through the inlet or outlet menifolds end
out through the perimeter of the sidewall or bo‘b‘tompla,te. The wgter flow-

ing through the two sections were collected in glass beakers as shown in

'Flgure S-lh For the gidewsll, water was collected in e:n.ght “beakers posa.—

tioned et even spacing sround the perimeter of the sidewall. The relative

flowrste at the eight posibions were obteined by comparing the weight of the

water in the individual beekers to the average weight of water collected. -

Data for four runs were recorded to establa.sh the consistency of the measure—

ments. - The me.n:.fold wes filled with water pr:.or to each run end the beskers

were positioned accurately %o insure repeatability. The unit was maintained

. in a level position with the water flowing vertiecally downward throughout the

test, The results showed the flow distribution in the sidewall to be. i‘s.irly

un:r.form F:Lgu:re 5-15 shows thet low flows were o'bserved in two sect:.one near

""bhe locations of thermocouple rays - 1 and’ 2 e.nd & reg:.on of lugh flow wes

observed between rays 2 and 3.

The flow 11:1 the bottomnla:be wes found to be very nonun:.form. The

edge reglons of the pie sections ca,rmed elmos‘s no flow so that there were ga.ps

spproximately 51 mm (2 inches) wide in which very little flow wes collected

 in the .he‘akers; ~im: obtain mesningful data it was: nécess'aa-y 1o place the beakefs e N

at the centers of the ;p:Le sections. Therefore 12 beskers. would. h&vn been re~

v , qulred to coJ_'Lect the wa.‘ber from ee.ch pie secuzcn s:Lmultaneously. However,
only six oi’ the beakers could be pos:.tloned a.round the bottomnlete a.'h one t:.me
' so that two runs were req_u:.red 1o map the flow around the entire perimeter..

: Data from four runs were recorded to ¢heck the: cons:.stency -of ‘the meesurements. T

The results glven in F:Lgure 5-16 show that most of the sectlons carry approxm—"

mately_the .same emount of flow. The maximum _dev1e'tlon :_E‘rom the average is

5.19
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about 24%. The sections near ray 2 carry less flow than the average so
that the highev ilow resistance in the floor near this rey could add to

the flow resistmnce in the sidewall. If the manifold ring connecting the
floor and sidewall were blocked this would cause the flow near ray 2 to be
lower than averasge. A4Also, a high flow region aould appear between rays 2
gnd 3. Definite conclusions cannot be made because the core fins in the
floor were demaged when the evaporator was disassembled. The fins were
straightened but could not be completely restored to the original condition.
Also the actugl flow resistance in the manifold ring could not be measured.

The flow distribution measurements show the bottomplate ice fingers
coincide with flow stagnation areass and; further, that some of the lecalized
icing which occurred on the evaporator sidewall in the Prototype 2 vacuum
chamber performance test could have been caused by uneven Freon flow distri-
butions. However, the flow maldistributions measured herein do not account
for all of the discrepancy in the individusl ray thermocouple recordings of
the vacmm chamber test. This indicates that there were zdditional wvariables
such as the nozzle spray pebtbern and the nozzle orientation which had as
great an effect on the evasporator performance as the Freon flow distribu-
tion.

The flow distribution measured would result in the nonuniformity of
thne Freon outlet temperatures mround the perimeter of the evaporetor. Assuming
that the spray is entirely on the sidewalls the outlet temperatures for a
288.71°K (60°F) inlet temperature and 277.59°K (40°F) average outlet tempera-
ture would vary from 275.37°K (36°F) to 279.82°K (L4L°F) for the measured flow

distribution. This variation could be significant for cases where the satura-

_ tion temperature is near 275.37°K (36°F).

The flow distribution in the Prototype 3 unit was determined using
the measuremént techniques described gbove. The flow in the Prototype 3 sidewall
was found to be fairiy uniform. There were no large areas in which the flow
stagnated. However, small sreas of stagnant flow (of the order of 12.7 mm
{(1/2 inch) in width) would not have been detected with the techniques applied
because surface tension effects caused the water flowing through the sidewall
to colleet in gmall streams as it left the evaporstor. Figure 5-1T7 shows the
relative flowrates at various positions around the perimeter of the sidewall

obtainad by collecting the water streaming from the evaporator in glass beakers.
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4 The flow in the Prototype 3 bottomplate had relatively large gaps s
at the edges of the pie sections as expected. The relative flowrates '
measured for the twelve pie sections are shown in Figure 5-18.

Based on the results of the flow distribution tests, a redesign of the

Prototype 2 and 3 flash evaporstors was considered desirable. The floy maldis-

tribution in the bottom plate appeared to Warrant a different desipgn approach

for distributing flow. The flow maldistribution in the sidewalls was not con-

sidered to be a design problem but rather & Pabrieation/tooling technique 4

problem. ;
VSD had in existence an on going in-house R&D program for Evaporative

Heat Sink Development for Space Applicationg, The flow distribution in the

flash evaporator bottom plates was ¢f concern beeause VSD was contemplating a

proposal to Rockwell International as e potertial subeentractor for a flash

evaporator heat sink for the Space Shubtle. VSD therefore undertook to evaluste

the significance of the flow maldistributivn and methods for improvement asg

pert of its IR%D projects number 80 in 197h end number 107 in 1975. The VSD

study revealed thet a solid bottom plete for a flash eveporator appeared to be

most compatible for a minimum volume and weight Shuttle eppiication. A design

was conceived which eliminated flow stagnation areas while retaining high lanced

fin rectangular core performence. The flow distribution obtained with this design

was checked using the aforementioned techniques and is shown in Figure 5-109. 3

Next, the botbtomplate was tested with spray impingement (e temporary menifold %

being positioned on its periphery) to determine whether any flow stagnation

areas could be identified. The bottom plate was placed horizontally in the small

vacuum chember with & solid cone spray nozzle positioned 228mm (9 inches) from the %

plate, At an evaporant.flow of 6.8 kg/hr (15 1b/hr), no frost formation was cbszerved. §
Based on the improved flow distribution design and the successful spray ﬁ

testing it was decided %o adapt the design to the Prototype 2 and Prototype 3 i

flash evaporators fabricated under contract to NASA. Therefore, the improved d

-

bottomplates were febricated and retrofitted to the Prototype 2 and %
3 sidewalls and the testing of the resultant system continued under the 4

contract.
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5.4 Modified Prototype Bveporator Testing

The modified Prototype £Iash evaporators were tested to determine
whether the design and performance of the units could meet the aforementioned
test objectives. The testing, conducted in December 197k and January 1975,
was performed using the following heat rejection reguirements:

Top-0£F Re~entry
Tinlet’ °K (OF) 310-8 (61}) 329,77 (1311,)
T outies? K (OF) 297.4 (ko) 297.4 (ko)
Freon Flow, Kg/hr (pph) 1000 (2500) 1250 (2750)
Heat Rejection, ' 4. (15) 19 (©55)

XKW (KBTU/HR)

Nozzle locabion optimizastion tests were condueted to find the nearest
location of the nozzle to the evaporator botitom plate at which sll +the spray
is vaporized. The evaporators, first in a low temperature unit (LTU) and then
in & high tempersture unit (HTU) configurstion, were operazted in & fill on
condition and the nozzle height sbove the bottom plate adjusted to £ind the
minimum volume configuration. In order to achieve the low outlet tempsratures
and meximize the capacity of the evaporsator, it was found during these tests
that the Freon transport fluid had to flow in through the bottom plate and
then out through the sidewalls of the device. Solid cone nozzles were used for
both the HTU and LTU evaporators.

The temperature distribution in the evaporator for the LTU optimum
(minimum volume) location of the nozzle is shown in Figure 5-20. For this con—
dition, the nozzle is 203 mm (8.0 in.) from the evaporator floor. This cﬁnf.igwa—-
tion would require.s sidewell height of 140 mm (5.5 in.) in order to intercept ell
the syray lesving the nozzle. Thus the optimiza.tion reduced the volume"by‘ 30%
over the "as fabriceted" volume. Fveporation efficiencies of 97% were obtained
for the LTU configuretion. The HTU opbimum nozzle location temperature distribu-
tion and performance is shown in Figure 5-21. The HTU nozzle wes & Delzvan nozzle
modified to provide a solid cone. This was done by providing sdditionel slots to
obtain an added axial compdﬁeht to the exit water velocity. " ‘The eveporation ef-
ficiency for this HTU configuration wes 98%. Tor this configuration the nozzle

was 140 mn (5.5 in.) sbove the eveporator floor. A sidewall height of 89 mm - =

528
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(3.5 in.) would intercept all the sprey leaving the nozzle. In addition to
demonstrating efficient operation, these tests verified the design approach of
using heat exchanger core for evaporation surfaces and the concept of load per-
titioning the heat load between eveporators.

In sddition to determining the optimum nozzle locetion and flow
direction, these initiel tests indiceted that the exhaust duet rort in-
fluenced the sprey distribution slightly. It was found that this influence
could be offset by moving the nozzle off centerline by 3/8" from the exhaust
port. It was also demonstrated that the redundant nozzles could be operated
with the nozzles 3/4" off centerline. The nozzles had to be inclined at an
angle such that the nozzle centerline was pointed towerds the evaporetor
floor centerline.

An on/off econtroller with integrator circuits using the evaporator
sensed outlet tempersture was designed and constructed to regulate operation
of (pulse) the water solencid valve. The controller was constructed to
accommodate 0.6 °K/min (1°F/min) inlet temperature transients., The full losd
capability tests were repeated with the electronic controller operating the
water solenoid valve. These were followed by steedy state pertiel loads and
inlet temperature transients to checkout the controller capebility to main-
tain the desired outlet terperature. A series of tests were run to determine
the optimum control system configuretion of cyecle time and transient response.
Cycle times widths of I to 10 seconds were tested to control the valve during
partial loads to the LTU outlet temperature of 277.k + 1.1°K (k0o + 2°F). 4
six second pulse width proved to be the optimum pulse to control the outlet
temperature during steady operation, produce & minimum of nozzle ice chips
(due to hold up volume) and respond to changes in the inlet temperature.

Faster inlet temperature transients than the design 0.6°K/min
(1°F/min) transient rate were run to identify the ultimete capability of
the controller/evaporator to meet heat load comtrol. Figure 5-22 shows ‘the
LTU test results of the controller eyele/transient optimizetion. The re-
sults were obtained for a 6 second cycle end transient inlet temperature of
1.6°K/min (2.8°F/min). As seen by the data, the oublet temperature re-
mained within the desired + 1.1°K (+ 2°F) control band. These tests verified
the on/off controller concept with integrator cireunits with sensed tem—
perature as input. Additionally, the verification of the Prototype 2 and 3
flash evaporators to meet the Shuttle on-orbit water dumping requirements

wes &lsc demonstrated.
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FIGURE 5-22 WATER DUMP FLASH EVAPORATOR CONFIGURATION
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6.0 FATLURE MODE AND EFFECT ANALYSIS t

This sec¢tion presents *the results of a failure mode and effeect analysis
of a proposed Shuttle Orbiter Flash Evaporator Subsystem. The analysis was per-
formed to identify equipment failure modes, and to determine corresponding effects
on the proposed subsystem performance and mission success. The primary objectives
in performing the analysis were to detect critical failure ereas, end determine
an effective means of reducing susceptibility to such failures. It is anticipated
that the results of this anelysis will be considered as part of detailed design
improvement efforts; design reviews, and test/checkout procedure preparation and
review,

The required relisbility for the Flash Eveporaior Subsystem was essumed
to be fail-sefe based on the required reliebility for the Shuttle Orbiter Radietor
Subsystem. The requirement is defined as the capability of the Flash Eveporator
Subsystem to sustain a single failure in either Freon loop end still maintain a
level of performance sufficient for the safe return of personnel and payload. In
compliance with the requirement, miltiple failures were not included in the anelysis,
only single failures and their effects were evalugted.

The results of the Pailure Mode and Effects Analysis revealed no single
failure modes in the Evaporator Subsystem design which would result in a condition
that does not meet the fail-safe relisbility eriteria.

6.1 Equipment Description

The proposed Flash Evaporator Subsystem ccocrsists of two identical parallel
active coolant loops. Each loop consists of identical downstresm and upstreem con-
figurations, each consisting of a Control Module end an Evaporator Module. The
function of the subsystem is to dissipate waste heat from the two orbiter Freon
coolant loops to the deep spece environment.

6.1.1 Subsystem Deseription

Each loop of the Flash Evaporator Subsystem consists of a downstream
end an upstream evaporator configuration. FEach configuration is made up of a
Control Module and an Evaporator Module. A functional block diagrem of one loop
is presented by Figure 6-1.

The Control Module includes the Electronic Controller and the Failure

Detector. The Evaporator Module imcludes the Evaporator Core, the Primary and

FBECEDING PAGE BLANK NoT FILMED)




Secondary water metering valves, the primary and secondary isolation valves,
and the temperature sensor. This arrangement features physical separation of

electronic components and Freon/Ho0 components which simplifies packaging and

plumbing requirements, and enhances on-line and shop maintenance.

S

The downstream and upstream evaporator modules are identical. The

e B Cow 25 2B

downstream and upstream control modules asre identical also with the exception of

the functional difference that the setpoint control temperature for the downstream
econtroller is 277.5°K (40°F), and is 291°K (64°F) for the upstresm controller.

! 6.1.2 Component Description

Bl

The components, and functions, of the control and evaporator modules
are discugsed in the following parsgraphs. The modules have been preliminarily
classified as LRU's (Line Replaceable Units).

Control Module

The Control Module incorporates electronic control and failure detection

Gritd  Borewd ool

components only,

The controller is an on/off type which employs solid-state logic and ‘g
switehing devices. A temperature control signel is supplied to the controller by ch
the temperature sensor. The controller output signal drives the logic and output s
drive cilrcuitry of the failure detector which, in turn, drives the appropriate water cﬁ

metering valve. Single-gided printed cireuit board peckeging is utilized for the

controller.

The faillure detector incorporstes the logic, switching, and output

==

drive eircuitry for determining proper performence of an evaporator configuration,

s

and driving the eppropriate water metering valve. The failure detector compares

the pressure switch output signal with the output from the controller. If a

fault condition is detected, the failure detector switeches the control signal from

the primary water metering valve to the secondery water metering valve. The failure

Broming

detector is housed within the control module enclosure, and utilizes printed circuit

board packaging.
Bvaporator Module

i The Evaporator is a2 heat transfer component which mccommodates an

evaporative process for dissipating wagte heat from FCL coolant loops. The internal

surface of the evaporator is heated by the coolant (Freon 21). Water contacting

the surface is transformed to steam and expelled to free space from the evaporator

via & duet and supersonic nozzle.

C—2—-
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The Evaporator Core/Vessel incorporates compact heat exchanger core “1
and an internal evaporstive surfece. It also serves as the mounting structure -4
for the installation of external components (valves and pressure switch) and in-
corporates a well in the coolant outlet for temperature sensor installation. It
is constructed of an aluminum alloy and weighs approximately 22 Newtons (5 pounds).

Two water metering valves are applied in each evaporator module, a §
prime valve and a secondary valve. The valve is a solenoid driven on-off type
with an integral spray nczzie. In the normal operating mode, the primary metering E
valve ie driven by the failure detector. In the event of failure of the primary
valve, the failure detector detects the failure, and subseguently disables the 7
primary metering valve and enables the secondary metering valve. -4

The primary ahd secondary vaelves are instelled in ports on the top -
surface of the evaporator. The valves are driven by a 28 Vde source and weigh
less than 2.22 Newtons (0.5 pounds) each.

The Isolation Valve is a solenoid driven on-off component which is
applied for isolating and activating eppropriate water metering valves. There are
two isclation valves applied for switching primary and secondary water loops with
each evaporstor module., In the normal mode, the primery isolation valve is enabled.
If a failure occurs in the primary water loop, the failed condition is sensed by ~i
the failure detector which, in turn, automatically switches off the primary isolation .4
valve and activates the secondary isclation valve.

The primary and secondery isolation valves physically interface with the
primary aend secondary metering valves regpectively and with primary and secocndary
water plumbing connected to isolation valve inlets. The isolat.ion valves operate 4{
on 28 Vdc and weigh less than 2.22 Newtons (0.5 pounds).

The Sensor is a thermistor probe device which is installed at the loop i
temperature control point in each evaporator outlet. A three element (thermistor) a

majority voter configuration is proposed for the Eveporator Subsystem to provide e

T

f

highly relieble control temperature signal source. In addition, the majority voter

sensor would provide protection ageinst a degradation type of failure, which would

2}

| S

the majority voter configuration, an error due to a sensor failure would be detectable

{

H

|

E

H

% otherwise be difficult to detect with a single element or dusl element sensor. With
%

g by comparison of the three thermistor outputs. Two of the three outputs would con-

—

S )
——

stitute a majority which would be processed as the correct temperature input signal
to the controller.
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The temperature sensor is installed in a well in the evaporator Freon
cutlet. It requires a 5.0 Vde bias voltage.

The Pressure Switch is actuated by steam pressure which is produced by
the evaporative process within the evaporator. The switch output signal is applied
as & failure detection signal and water metering valve command must, after an
instanteneous delay, be accompanied by en output signal from the switch, and vice
versa. A variation from this would result in the failure detector switehing to
the secondary water loop.

The pressure switch is installed in the evaporator steam expulsion
outlet. It requires a bias voltage of 5.0 Vdc and weighs approximately 0.25 pounds.
6.2 Analysis

The Failure Mode and Effect Analysis procedure was formulated based on
the requirements of Rockwell Internationsl PDRD (Procurement Data Requirement
Description) RAOSA. A reliebility block diagram of the evaporator subsystem is
presented by Figure 6~2. Each functional item was alpha-nume ically coded for cor-
relating components with elements of the analysis. The resulis of the analysis
are presepted in Table 1. Major elements covered in the analysis are discussed in
the following subsections.

6.2.1 Feilure Mode Identification

This element of the aralysis required the identification of all single
failure modes which could result in loss of function or the inadvertent/transient
output from a given component. Failure modes which could result in loss of capebility
of failure detection and instrumentation cirecuitry were also considered. The cause
and effects of functional failure modes which may result in loss of funection, i.e.,
failure to operate at a prescribed time, failure to stop operation at a prescribed
time, and failure during operation were examined in detail.

Failure modes of redundant elements were not evaluated heyond the first
failure. Redundant components of the evaporator subsystem inelude the tempersture
sensor, and the water metering valves. The sensor is a three-element majority voter,
and in order for a component failure to be incurred, two out of the three elements
must fail. The primary water metering velve for each evaporator has a secondary

back-up valve which is switched to the active mode in the event of failure of the

primary unit.
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Failure modes which were identified for esch component are listed in
the appropriate column of the Feilure Mode and Effects tabulation.
6.2.2 Mission Phase

The mission phese element identifies the mission time interval during
which the failure ecould occur, e.g., prelaunch checkout, launch, orbit, re-entry,
horizontal flight, and landing. In the case of the evaporetor subsystem, the
failure modes which were identified could occur at any time during which subsystem
equipment is operaiing. The effects of each mode would very with mission phase;
e.g., failure and loss of a given upstream eveporator would be more critical during
the launch and re-entry phase than it would during the orbit phase. This is primerily
due to the fact that both the upstream end downstream evaporators of eech loop are
active during the launch and re-entry intervals, and only the downsiream evaporator
is operational during the orbit phase. These functional conditions generally exist,
however, both the upstream and the downsireem evaporators of each loop are continuously
on line throughout the mission, and their operational status is automatically con-
trolled based on outlet control temperature. It was for this reason that identified
failure modes were concluded to be able to occur during ell mission phases.
6.2.3 Failure Effects

The failure effects of each identified failure mode on evaporator subsystem
and interface hardware performance were determined and discussed in the appropriate
column of Table 6-1. Those failure effects which were determined to require religbility
design imgrovement action were identified, and are discussed with recommended cor-
rections in Section 6.3. :
6.2.4 Failure Detection i

The functional or displsyed failure indication method was identified end

PR e T LT S

discussed for each failure mode identified in Teble 6-1. This eguipment consists

primarily of circuitiry and components which are applied in the subsystem for the

Nl i

detection, isolation and/or correction of failures.
There is one component used in the subsystem for the direect detection of
an evaporator failure. This component incorporates the required logic and switching

circuitry for detecting & failed condition., After detection the Feilure Deteetion

activates stand-by equipment. The Failure Detection mointors evaporator perfor-

mance by comparing the controller output and a pressure switch signal from the
evaporator expulsion duct. Variastions from prescribed performence conditiuns results
in autematic switching to secondary equipment.

Another source of failure detection for the subsystem is the eveporator
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outlet temperature instrumentation end display. A failed condition of a given
evaporator may be detected by monitoring the displayed temperature indication.
6.2.5 Correcting Action

Autometie feilure correction is employed in the Evaporator Subsystem
to correct water metering valve failures. This correction function is performed by
the failure detector. If a primary metering valve malfunctions, it would be detected
by the failure detector. The failure detector would then disable the failed valve
and activate the stand-by valve. If a secondary water metering valve fails, the
failure detector would switch it off, thus fully disabling the affected evaporator.
The correection of this failure would be instantaneous.
6.2.6 Redundancy Evaluation

The redundancy employed in the subsystem was evaluated with regard to
failure detection, redundancy verificaetion, separation of redundent comperents,
and the igolation of non-eritical equipment from eritical subsystem equipment.

6.3 FMEA Coneclusion and Recommendations

The results of the Failure Mode and Effecis Analysis indicate thaet there
are no single failure modes which would result in & condition that does not meet
the fail-safe reliagbility criteria. Reliability improvement areas which should re-
ceive further consideration are discussed with associated recommendations as follows:
a) The Failure Detector incorporates failure detection and correction
equipment. It does not, however, incorporate instrumentation for
indicating that a failure has occurred and the resultant status.
It is recommended that the capability for displeying a fault condi-
tion and the resulting corrective status be incorporated.
b) A means of verifying the functional condition of back-up equipment
should be incorporated in the design. This capebility would serve
to verify the condition of redundant equipment during cheekout as
well as during e mission flight interval.
¢) The incorporation of Freon leak detection capability in each loop
of the evaporator subsystem or in the interfacing Freon Coolant Loop
(FCL)} is recommended. This detection capability should alert operator
personnel of leak condition, and should facilitate instantaneous

automatic detection and isolation of a lesk.

6-8
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SUBSYHTEM FLAEH EVAPOR/TOR TABLE 6.1
. ¥ FATLURE MODE AND EFFECTS ANALYSIS DATE _B-5-Th
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FAILURE
FAIINRE MISSION DETECTION BACK-UP/ CORRECTING REDUNDANCY
CODE ELEMERT QUANTITY FUNCTION MODE PIIASE FATLURE EFFECT METHOD ALTERNATE ACTION EVALUATION COMMENTS
L1PD | Primary Downntreem |One each |On/Off solenold 1. Open Sclenoid all Valve vould remain in Pressure switch Secondary 0 Fui}ure Detector| Sat’- “actory Fault conditien
EqU Yalve per loop [valve which cllown]or valve mechoni- clogsed condltion. tould pot be ncti- | Velve wouid deactivate should te
mzld oy stops the flow |eally feiled in flormal eperation would vated. Fellure primary isolatior instrumented
i1PU | Primary Upstream of HpO to the tlosed position be maintained by fail- petector Module valve and acti- for display.
1,0 Valve cvaperator core. ure detection and would sense this vate gecondary ;
liormally eclosed. back-up equipment. rault. isolation valve .
thus enobling -
pecondary Ha0
Velve.
2. Shorted volenoid a1l Valve vould remain in Pressure switch Secondary HEO Follure Letector| Satisfactory Foilure Detect-
or valve mechani- open condition. wvould rempin con- Valve vould deectivate iopn Hodule
cally Tailed 4n flormal operation would (binuously activated primary isolation should include
open peaition. be malntained by without cormand valve and acti- capability te
feilure detection en? {from contreller. vate pecondary switch pover off]
e o back-~up equipment. Fallura Detector ipolation valve to ghorted valve =~
m would sense this thus ensbling
b [ end deactivate secondary H.O
v [ep itatled valve. valve and die-~
- ﬁ abling primary
¥ 8 = HaO valve.
3
g a4 3. Intermittent all lo effect on gubsystel Pressure switch Secondary H.0 |Primary Ha0 Satisfactory
> Preration performance. Inter-  wwould sence press-| Valve “  |Valve would be -
m Imittent faflure wvould hre or lack of disabled ond
= be detected and back- pressure. This secondary HaO
up equipment ensbled. onld yesult in VYalve would be
a Failure Detector enabled through
- gieabling the back~up redun-
corresponding dant switehing
Erolation Valve. of Iselntion
Valves.
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TABLE 6-1

: ASSEMBLY: FAILURE MODE AND EFFECTS ANALYSIS ngE 57k
r FALLURE :

FAILURE MISSICH DETECTION BACK-UF/ CORRECTING REDUNDANCY
CODE ELEMENT QUANTITY FURCTION MODE PHABE FAILURE EFFECT METHOD ALTERNATE ACTIOH EVALUATION CONMERTS
11FD (Primary Dowvnstream ly, Interonl all fn intermel izak of  [Pressure switch Secandary Hp0  {Pr.mary HaO velvy Sntisfactory A lov rate of
Ha0 Volve Leskage the valve wonld mot  [would sense Volve would be dis- internal leakage
and affect cubsystem per- [preassure at an sbled and Secon- would not be

. 11PY Jerizory Upstreem Hy0 formance. A lenk of {un-progromned time dary HyO Vplve detected and

3 Yalve sufficiont magnitude |This would ini- enabled., would not cong-

Continued: would activate Failure|tiate the Failure titue o problem.

§ Detector which would (Detector to switeh

z switeh to boack-up to bock-up valve.

H valve.

K 5. Degraded Opera-| all Thie mode would not Pregsure gwiteh Secondary Hy0 Primavy Ha0O Valvd Satisfactory Trip presours

: tion {Valve perti- affect aubsystem per- |would gense in- Valve dioabled - See- of Premwure

ally open when formance., Degraded sufficient press- ondery Ha0 Velve Switeh should
activated). valve performence of jure during o enaobled. be gelected
sufficlent magnitude |programmed time. ouch that in-
would result in This would initi- sufficient flow
* activation of back-up tate switching to of H0 will
= redundant valve. redundant valve. activate pross-
=1 ure switeh,

3 16D |fecondary Downstream |One each [On/Off solenoid |1. Open solenoid all fio effect on subsyptem)buring checkout Hone When ond Lf the | Mects single Inptrumentation
o0 Valve per loop. [velve which allows jor valve mocheni- perfornance; Valve this mode would velve is requireq failure foil- should be in-
and br stops the flow feally failed in would remein in closed{be detected during the Failure gafe requirementdeluded in design

135U |Sccondary Upstream bof Ha0 the down- |elosed position. position. Would result|redundancy verifi- Detector would Hedundant back- Jwhich indicates

,0 Valve

ptreen evaporator

in loss of back-up for

cation. During

genoe the failed

up for affected

failed condition

kore. liormally the affected evppora- [flight, 1t would condition and evaporatar vould jof back-up
lozed. tor. not be detectrble disnble the be lost. equiment.
until the valve 1s falled velve.
required.
i
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TABLE 6-1
ASHEMBLY: FAILURE MODE AND EFFRECTS ANALYSIS DATE 85Tk
H L _— e |
FAILURE
FATLUKE MIBBICH DETECTICH BACK-UP/ CORRECTING REDUNDANCY
CODE ELEMENT QUANTITY, FUNCTION HODE FPHASE FAILURE EFFECT METHOD ALTERNATE ACTION EVALUATION COMMERTS
1150 |Secondary Dounstreen 2. Shorted golenoid all Valve woald rm.in in [Continuoun out- Hone. Upstream |Faflure Detector | Aedundant back~ |Instrumentotion
e oty or valve mechani- open condition. Yormel |put signol from evoporator would [would sense the | up for affectnd |should be in-
aad cally failed in operation would be re-|pressure switch remain operable f[failed conditien { evaporator would {eluded whick
1180 |decondary Upstream open positicn. stored by failure de~ |would cause ond opersticn of jand would aeti- | be lost. indicates Tnile:
o0 Yolve tection and beck-up  |Fallure Detector |nlternate FCL  [vate the eorres- cendition of
Continued: equipment. Would to disable the loop would be ponding Ioclatlorn backeup equ. -
result in lous of failed valve. unaffected. Valve. mont.
redundant back-up for
affected evaporator.
3. Intermittent all Un-cazmanded intermi- |Erroncous outtut | fione. Upstresm |Poilure Detector | Redundnnt back- | *
Operation ttent operation would |signed from evaporator would(would sepee the | up for affected
be detected and the  |presrure witch | rempin operabie |failed condition | evaporator would
valve dipnbled, wouid be sensed | ong aperstion of [of the valve and | be lost.
by Pailure alternete FCL would activate
Detector which loop would be  [the correspondin
would disable unaffected. Igsolation anveﬁ
eorresponding
T Isolotion valve.
A
o O h. Internal all Pressure switch | Nione. Upstreen |Fajled valve Redundant bach- | *
23] w Leakago A leak of|would sense evoporator would|vould be isplated up for affected
e gufficient magnitude [pressure ot on resain operable |as e result of evaporator would
vd G3 would be detected end |urprograzmed and operation of {the nctivation | be lost,
dg E the leoking valve Lime. This would | plterpate FCL of corresponding
{ irolated. renylt in & loop would be | Isclation valve.
| > F signal to the unaffected.
Failure Detector
f-»)} vd to activate the
— [ corracponding
m Isolation velve.
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ASSPEMBLY: FAILURE MODE AND EFFECTS ANALYSIS DATE __8-5-T4
e e e
1
FALLURE .
PATLURE MEGSBION DETECTION BACK-UP/ CURRECTING HEDUNDARCY
CODE ELEMENT QUARTITY FUNCTION MODE PHASE FAILURE EFFECT METHOD ALTERNATE ACTION EVARUMATION COMMERTS
12PD |Primary Dowastroam |One each |Latching solencid |1. Open Solenodd &1l Ho effect on cubsystem [Pressure switch Seeondary Feilure Detector | Satisfectory
Igolation Valve per loop |controlled valve. |or valve mechani- performenca. NHormal  |would pot be acti-|Isolation Valve [would deactivete
and Horzally open. cally failed in operption would be vated when Contro- Prinary Ioolation
12FU {Primnry Upotream Volve closes on  |open pusition. restored by fallure ller Commends U0 Valve and actie
Isolntion Valve command from detection and redun- {Velve, Fallure vate Secondary
Foilure Detector dant back-up equipeent{Detector would Isoletion Valve,
gense this and thus enabling
activate Secondsry gecondary Ho
Ioclation Valve. Vaive.
2. Shorted sulenuivJ all o effect on perfor- |Pressure switch Secondary Failure Detector | Satinfactory
or valve mechand- monce. Hormnl operationwould remmin con- | fgeiption Volve [swould dcactivate
cally falled in wvould be restored and |tinuously activa- Primary Inulation
cloped position. maintained by feilure lted without valve and acti-
detection and second- jcommsand from con- vate Secondary
ary back-up equipment. (troller, Failure 1soletion Velve,
Detector would thus enabling
sense this and de- gsecondary Hp0
activate falled Volve.,
Isolation Valve.
L‘ t
3. Internal Leakogel oll internal leak of th{!\ leak condition | oo A sericn appli-

lralve would not sffect
subsysten performance.
[fhe Primary Hp0 Valve
controls the flow of
0 and would beo une
affected by o leaking
1solation valve.

of & primary
isolation valve
iwvould not he de~
tectabie until a
conmand to deactd-
ivate it was Initi-
ated.

Rone Reguired,

cation of two
isolation valved
in each primary
120 loop with
|zanunl control
ecapnbility for
one {5 recomm-
lended.
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SUBSYSTEM: _ _FLASI EVAPORATOR PAGE __ 5____OF __ 15 \SUFERSEDED __ _
TARLE 6-1 .
ASEEMBLY: FATLURE MODE AND EFFECTS ANALY3IS DATE B35 7l
FAILURE .
PALLUHE MIBSION DETECTION BACK=-UP/ CORRECTENG REDINIDANCY :
CODE ELEMFERT QUANTITY FUXCTIOH MODE PHASE FAILURE EFFECT METHOD ALTERNATE ACTION EVALUATION COMMENTS .
-
4, Intermittent sl o effect on suboygsten|Pressure switch Secondary Prinary Ha0 Satisfectory :
2P E,’“'““’I Dc'::;'_“em Operation porformance. An inter- [would sense lack {Isolation Valve |Valve would be
H isolation Valve mittent off condition |of pressure. This disabled and
3 I i Unst. of an igolation valve [weuld result in Secondary HpQ
i L P"mn{ pﬁnlrﬁ:m would be detected and |Fellure Detector Valve enabled
Tsolat °2_ back-up equipment daisabling the through beck-up
Contlrued: enabled. failed valve and redundant
enabling the sec=- mritching of
ondary igsolation igolaticn velves -
valve. B
5. Degraded ell tio effect on subbystem|Pressure swltch  [Secondary Primary H,0 Sptinfactory
Operation {Valve performance. Degreded (would sense lack [Isplotion valve |Valve digabied-
particlly closes performance of suffi- |of pressure during Becondary a0
when activated} cient magnitude would |a demsnd interval. Valve enabled
regult in octivation (This would initf- through primary/ .
of boack-up equipment, |ate switching i~ secondary isolao- -_
:"!\ itecondary valve, tion valve
- pwitching.
L2tD [Secondnary Dovmotream [One cach Latching L. Open oolencid all fio effect on subsystem{During checkout hlone Hhen the valve Hecta single
Igolation Valve per leop | eplencid eontrell-eoil or valve performance. Valve this mode would is nctivated, failure, fail-
and od valve. Normallwiechenicrlly falled] fwowld remain in closed jbe detected the Failure safe eriteria. -—
LU |Becondary Upntrean i0ne each [closed. Valve in closed position. pasition. Would result |during redundancy Detector would Redundant bpcke
Ioolation Velve per loop |opens on command in loss of back-up verification. sense the failed| up for affected
from Failure for affected evoporate|uring flight it condition and evuporator voild
Detector. jor' . would not be disable the be lost,
dotectable until failed valve.
the secondary
equipment is
required.
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TABLE 6-1
ASSEMBLY: FAILURE MODE AND EFFECTS ANALYSES DATE __8-5-7h
1
FALLURE
FALLURE MISSION DETECTION BACK-UP/ CORRECTING REDUNDANCY
CODE ELEMERT CGUANTITY FURCTION MODE PHASE FAILURE EFFECT METHOD ALTERNATE ACTION EVALUATION COMMEHTS
1259 [Secondary Downstream 2, Shorted solenoid all An electricel short of |Buring a pon- Hone During & non- If this problem |A nechanieal
Isolation Valve coll or valve mech- the solenoid coil programied intervel programmed interf oceurs during dennuretopen)
and enically failed in would be correctd by [for the valve, val for the 8 non-prograrmed] of the valve
125U [Gecondary Upotrenm open position. Failure Detector ifailure aensing value the period for the |during a non-
Isolation Valve switching. A mechaniesfend switching Failure Detector] valve, redundent|demsnd period
Continued: fallure may not be circuitry would would disable thf back-up for the |would constitutq
correctable. Thia detect snd isolate failed velve, affectd evapor- |e sericus prob-
failure may only con-~ [the problem. During During 8 pro=- ator weuld be lem in that o
stitute a problem if e programmed gramsed intervel] lost. continuous flow
it occurred during e {interval for the no correction of .0 ta the
non-demand pericd for (valve, the condl- | would be nece= affestsd
the secondary isoletioftion would not be BGOTY. evaporator ‘.-‘.u_li
valve. detectable and be expem fonced.
would effect oub- A series ~on-
gysten performance figuration of
isplaticen valved
in eaeh pecon-
dary H»O loop
with monual
override is
T recommended.
(3. Internal ell Would edversely affect jDuring & non-pro- |jygpe Al
Leskage subsystem performance |ora—med interval
during s non-prograzme [for th* valve, a
led interval for the leaking velve
valve, HoO from both hwould be detected
the primary and sec- |by the Failure
pndary Y0 loopa would Detector. This
be delivered to the condition would
affected cvaporator. [uot be correctsble
thout another
isolatlon velve ang
ual.
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TABLE 6.1
ASSEMBLY FAILURE MODE AND EFFECTS ANALYSIS DATE 5
1
FAILURE
FAILURE MIBBION DETECTION BACK-UP/ CORRECTING REDUNDANCY
CODE ELEMENT CGUANTITY FUNCTION MODE PHASE FAILURE EFFECT METHOD ALTERNATE ACTION EVALUATION COMMENTS
. Internal at the geme time, This| override to
1250 |Secondary Dounstresn %ea.‘lmge would result in excess< igolate the leak-
laolatien Valve ive cooling of freom it} ing valve. During
- End the affeated FCL loop | & progremmed
- .:ecunc}?ry vpstrean and possible loss of interval leakage
Isolation Valve the loop, During a of the valve
Fontimed: |prograzmea $ntervel vould not be
for the valve there detectable nor
would be no effects on| would its detec-
subsyatenm performance.| tion be required.
L. Inteymittent all During a non-programe| During noh-pro- | Hape Failed condition|During 4 a

RIFIYNG €004 EQ
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Operation

ed interval for the
velve, an intermittent
on~conditicn would be
detected and corrected
with no effect on aub-
systen performance.
This would result in
the loss of back wp
Jeapabilicy for the
primary lsslation
velve, During a
programmed interval
this problem would be
detected and

gramed intervel,
Prespure switech
would fense
pressure. The
Pailure Detector
would then dis-
gble the valve.
During progr<mm-
ed interval,
pressure switch
would sense lack
of pressure.
Failure Detector
would the dlseble

of would be
detected and the
velve dissbled,

period for sec-
ondary velve and
intermittent
failure would re-
sult in loss of
the affected cva-
porator. During s
nap-demand pariod
for secondary
valve, an inter-
mittent failure
would result in
less of back-up
[capability far
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FATLURE
FATLURE MISSION DETECTION BACK=-UF/ CORRECTING REDUNDANCY
colE ELEMENT CQUANTITY FUNCTIOR MODE PHASE FAIIUHE EFFECT METHOD ALTERHATE ACTION EVATUATION COMMENTS
123D |Secondary Downstream k. Intermittent the cecondaxry valve the valve, Primary Loop
Igolation Valve Operation digabled. This would
and continued: result in the }oss of
125U |Secondary tpstream the atfacted evapors=
Isclation Valve - ] —
Continued: 5., Degraded all If valve oply vertislly Ho detection Kone lone, Partielly | Meets single *
Operation (Valve opens when commanded, | method incorpors open valve would| fallure fail-safd
partially opens would result in de- ated. 2)low at leest criteria. De-
when setivated) raded performance snd degreded opera~ | graded perfor-
possible lose of aff- tion of secondsyy mance from this
ected avaporator. Ha0 1loop for condition would
affected evapor-| resuit only
ator. ef'ter the
incurrence of
two failures.
7\
&
S - | I b
Q01D |Downstresm Evaporator|One per Lﬁedect waste heat 1. Freon lesk all wWould result in losn No detectian Aternate FCL Laaking freon The failure
Core loop frow Freon loop. of the affected FCL method incorpor- | loop loop would be result in a fail
loop end abort of ated. disabled. Waste { safe copdition.
misslon. heat rejection | The alteraate
would be perfor- | freon loop
med by repsining § vould provide
¥CL loop. sufficient hest
rejection capa-
bility to allow
safe return of
crew and pay-
load.
2, Stractural a1l Would result in loss ¥ Lows of abllity |p,,. Ha0 to affected |Meets single Manual fsolntiol
Failwre . affected evaporator tnocontrol to wroporator would | fallure fajlesafd of primery and
:ndt;.i:f a:egbtili:t res :0 ’ outt:;t be cut off. The |eriterie. Sub- secondary Ho0
u:‘cthe agi‘gcted ;%r[' weﬁsr:e i;ﬁi— {evaporator Sub- | system eapahilitﬁ loops for each
1oop. Thie failure ted o system would con following the evaporator
P cated by instru- tinue to operate | incurrence of should be poss-
would slsc result in mentation and hrith upstyean this fatlure ible,
fig0 contamination ';i display. evaporator active) would be suffi-
CAYED Bres ME pos 'blq in one FOL loop | clent for aafe
degradation ¢i" riscep. and full capebils] return of erew
tible payload elements ity in the slter- and payload.
nate lopp.
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i
%'_ -
FATINRE
FALIIRE WISSICH i Mmmcx-w/ prvrdiiy EATRATION COMMERTS
L CODE ELEMERT QIARTITY FUNCTTOR MODE TPHASE FAIILURE EFFECT METHOD ATE
aLy Upstrenm One per Reject waste heat | 1. Freon Leok Ml Would repult in loes Hone Aternate FCL  [Leaking freon The failure would The design
Evaporator Core Laop from Freon loop of affected FCL loop Loop loop would be @ig}- regult in a faill should incor-
and obort of mission abled. Waste heat} safe conditionﬁ porete suffi-
rejection would The sclternnte cieant separa-
he performed by freon loop would] tion of tubing
plternate FCL provige guffi- of each FCL
lloop. cient heat re- lsop or protec-
Jection capa- tiop to ensure
bility to allow that damage &
. safe return of subsequent leal-
crew and poyload.| rge of one fredr
path will nct
5 impair the per<
formance of th
alternate loop
The incerpora-
tion of freon
leak detection
S capability is
=] recoimended o
= Qo nlert erew of g
ah.'j n:d leak cond'tion.
=
Y 43
ﬁ; 2. Structural All(mogt | Would result in loss { Nore. iops of Hone HoD offected Meets single failtCopability for
=+ Fallure eritical | of affected cvapora- | capebility to cons evaporator wouldjure failesafe erifmoranl isoln-
%P- effect tor & loss of abilily | 4rol to 40°F oule be cut-off, The |teria. Subsyetem liion of pri-
fwad during to control evaporstor | let temperature J ovaporator sub- leapsbility fol- |mary & second-
Launch & | subsysten outlet tew- | would be fndicate syptenm would cnnw loving the incur-{ary Hz0 locps
o, re-entry] | perature to LO°F, by instrumentatlo time to operate|rence of this for each evap-

This would result in
degraded beat rejec-
tion capebility of

the affected FCL loop.
during launch & re-

entry intervals. This
failure would also re-
gult in H20 contamina-
tion of carge avesa &
possible degradation
of gusceptible paylond
elements.

& digplay eqip-
ment.

with dewnstremm
ovaporator io 1
loop % full
capebility in
the alternate FCI
loap.

feilure would be
sufficient for
safe return of
crew & poyload.

arator should
be possible.
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contacta mech-
anically failed
in open position|

output signel te feild
ure fetector which
would constitute an
arroneous failure in-
dication, The failure
detector would de—
activate the primary
isolation wvalve and
activate the sceond-
aty iselotion valve.
The fault would be
gensed ogein in the

seceondary isolation

ultimete effect would
be the loss of the
affected eyaporator &
subsequent reduced
heat rejection copa~-

tor subsystem.

secondary made and thq

volve denetivoated, Thy

bility of the Evapora-

switch iv a faile
wre detection
clement. The faild
ure would Ge de-
tected as o re—
sult of the evap-
orotors inability
to control to the
required outlet
tepperature.

ing evaporntor
and the alternat.
FCL loop would
continue to pro-
vide heat rej)ec-
tion capnbility.

sure switch ap-
plications are

not reccmmended.
The use of cotaby
1lished hi-rel
pregsure switche
is recomnended
for evapordtor
applications.
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FALLURE
FATIURE MISSION BETECTION BACK=-UF/ CORRECTING REDUNDANCY
con QUANETTY N —— MODE BHACE FATLURE EFFECT METHOD ALTERNATE ACTION EVALUATION COMMERTS
13D Downstream Pressure | One each | Provides signal tgdl. Shorted contactal A1l Would result in con- The problem would| There is no bacH lione. The re- This mode invol-}
Switeh loop foilure detector or contacts methr tinuous output signal | he detected as o | up anlternate umoining evapora=} ves s limitation
& for verification anieally Tajled to Failure Detector. | yesult of the rressure switch. tor & the nlter-] of foilure de-
13K Upstresm Preasure of proper evepore- in closed posi- If this occurs at a affected evapora-— nate FCL loop tection equip—
Suitch tor operation. tion, time when primary HoO § tor's inability would tontinue | ment in that
valve hags not been com: to control to the to provide heat | evaporstor sub-
manded, the Failure reguired outlet rejection capa— | system copabllit)
Detector will desetl- | temperatiw =, bility. would be reduced]
vate primary iselation due to the fail-
valve and activoate ure of & failure
secondary isolatibn detection elemen).
valve. The fpilure The use of eg-
detector would again teblished hiwrell
sense the fault and presoure Bwitcth
de-activate the second- is recommended
ary isclotion valve. for evarorator
The ultimnte effect applicotions.
would be the lons of
' the effected evapora-
tor & subsequent re-
duced hent rejection
ecapebility of the
evaporator subsyslem
B. Open Gontacts or| A1l Hould result in no None. The pregsurg flone Tone. The remnind Redundant pres-
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t FAIIURE i
FATLURE MISSION DETECTION BACK~UP/ CORRECTEIRG REDUNDANCY c " ki
COoDE ELEMERT QUARTITY FUNCTION MODE THABE FATIURE EFFECT METHCD ALTERNATE ACTION EVALUATICK OMMERT!
13 Downstream Pressure 3. Leakage Al IThic failure mode would T¥ke loss of abilitly Hone The pri. & sec. | Heets single -
Switch & result in loss of the | of the affected Ha0 to the af- failure foil- i
13U Upstream Pressure pffected eveporstor & | loop to control fected cvaporatod safe criteria.
Syiteh Continued: subsequent degroded to o LO°F outlet would be eut off} Subsystem capa- 3
R hent relectlon capabi- | temperature would The evaporator bility following t
[Lity of the affected be indieated by subgysten would | the incurrence of E
2CL loop. It would olsd irstrumentation continue to op~ | this failure
regult 1n EgO comtamingl-ard 2isplay. ' lerate with the would be suffi-
tion of carg> aren & remalning evap- | cient for safe
oopeible degradation of] . orator aetive in| retwrn of crew
quseeptible payload one FCL loop and | and paylond.
lelements. full copability
in the slternate
loop.
Al N - o P [ - ~
b, Intermittent/ A Thir failwre wonld be | Instrumentation & Tone The pri. & sec. | Meets single fail- The selection
Degraged (utpnt detected By the Fall- | display equipment Hol to the affecif-ure fail-safe cf egtablished
™ ure Detector which would indieate the ed evaporator criteria. Sub- Hi-Rel pressurp
& would then switch to |affected evapora- would be succes- | system capnbility switches is ref
secondary Hpl. If the |tor's inabllity tof gively cut off following the ing commended for
b O intermittent condition]cantrol to the red disabling the currence of this| evaporator
cantimed, the fajlure}quired outlet tems evaporator. The failure would be| subsystem ap-
=l E detectar would then perature, evaporator sub- | sufficient for plicntions.
* m gwitch oftf the seec, gysten would cond safe return of
- Hp, If the intermitt-) tinue to operate | crew and paylond.
’ 8 E ent failnre occurred with the remain-
:d with the affected evapf ing evoporator .
orater already on sce. active in one FCIJ &
D H50, the Failure detect loop & full capas .
! ) tor would switch the bility in the al- ;
> aecondary HpQ off. The ternate loop.
m ' ultimnte effeet would
g Eq be the loss of the af-
a fected avaporator.
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FAIIURE
FATLURE MISSION DETECTION BACK-UR/ CORRECTING REDINDANCY
CODE ELEMEHT EIANTITY FUNCTION MODE PHASE FAILURE EFFECT METHOD ALTERNATE ACTION EVALUATION COMMENTS
- e ecch | Senses coolant 1. Short Al Yould result in incor<| None. The propos-) The proposed serd- lone, The re- | Excellent. The
e I:ou:u;:;ignsrTmpﬁa g’; 1oop | temperaturs ana rect output signal to | ed sensor is e sor is a three- | maining evap- | three-element
A provides cor- zz::rowilule; :ﬁch inu ;hritevelgt wi-| element mejorit, orator and the| purnl%;i} !'Egun-
responiling output arrectly] jorlty vo ton—{ vyoter component. alternate FCL | dant ority
2 giﬁﬁﬂ:m Tenperature nigslr::l to Control] ghutoff the evaparant,| figuration. The loep would cond voter} will pro- !
1ler The nffected configurat cotputs of twoe tinue to pro- ride an extromelfy
tion would atiempt to | out-of three gen- vigde heat re- | .owv probability
correct an erronecus sing elementa Jection capa~ | o foilure for
high temperature con~ | must be incorrect bility. the sensor. Bx-
dition. The finnl ef- | before sn Incor=- ceedp fail-gafe
fect would necensitate| rect sensor out- criteria,
shmtdown of the afw put would be ex-
fected evaporator, perienced,

2, Open M Hould result in incor<| lione The gensor ip a| Rone Fxcellent, Ex- The sensor has
rect temperature oute three-element ceeds fail-safe Jan extremely
put wignal to Controle mejority voter eriterie. low probability
ler. The affected cone configurption. of fallure as if
figuration would ate is a three-ele-
teopt to correct an ment majority
erroneons lov temperg- woter confifFurad
ture condition. The tion,
fingl effect wounld
necessitate slmtdown
of the affected FCL

. Jleop. . .
3. Degraded Outpot | A1l This failure may resultt None required Sensor is n thre#- fione. If & sen-|Meets fail-pnfe
[Out—-pf~Toler- in an crroncous high el went majority ] sor failure criteria, Sensor
ance ). temperature or low voter should oceur is majority voter
. teapernture output sigd the affected configuration.
nal. Either condition evaporator woulfiBxceeds fail-pafe
wvould result in the af+ be digebled, criteria.
fected configuration The subsvstem
attempting to ¢orrect wuald eontinue
to the erroneous temp- to operate with
ergture sigual. The the remaining
foiled condition would evaporator in
(necoseitate chutdown one loop and
of the offected cvaporf— the other FCL
tor. ' loop fnlly
onerstional.
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ASSEMBLY: FATLURE MODE AND EFFECTS ANALYSIS DATE B-5.71
FATLURE
FALLIURE WISBION DETECTION RACK-UP/ CORRECTING REDUNDANCY
CODE ELEENT QUANTTTY FUNCTION MODE PHABE FAILUHE EFFECT METHOD ALTERNATE ACTION EVALUATION COMMERTS
220 Do
tmut;en:u Controlle]| One cach |Regnlates evapora« 1. Ho Qutput 11]) ®ould result in loss |The failure detec-| TLone llone. Subgyster [Meet fall-safe Instrumentad
224 | Upstrems Controller per loop [tor freon outlet of the affected evap- |tor would detect would continue Jeriterin. Friled ftlon shouid be
temperature, Pro- orator. Perfarmance of {the no=-output con= to perform with Jcondition would linecluded in the
vides on-off nig- remaining cvaporntor Jdition. The Hp0 ihe remaining not prohibit safeliesign which
nal to Ha0 valve, and alternate PCL loop |valven are normal-— evapor-" r in thpreturp of crew & lindicates this
via Fallure Detec-| would be unaffected. |ly closed and with affectea loop & | payload. Failure condi-~
tor in response to no eentrol signal the alternate kion to operotor
teoperature signal frem the controilef FCL loop. bersonnel ,
frcn sensor. will rennir in the
N - closed position.
2, Intermittent £11 onli degrade the abl- | The failure would| Kone Fone. The affect- i "
Ontput ity of controller to | not be readily ded ed evaporator may
lcontrol the correspoad~] tectable. The in= contimue to op-
ing H50 velve. The ex- | ability of the ard erate intermitt-
itent of the @egradation fected evaporator ently without
tronld he dependent on | to maintain the critieal effecto
ithe degree of intermit- required setpoint
fbency, The ultimate efs temperature would
fect would be loss of | be detected by
efficiency of the afe | ceclant temperatie
fected eyaporator. rendout.
3, Degreded Qutput| All If output control sig- | The inabllity of lione Hone. The subsys} Meets feilsafe |Instrumentation

el {s degraded to a

but, then the effect

[fected eynporstor.
IThis fallure vould not
pffect the performance
bf thHe remafning evap-
brator and the alter-
nate FCL loop.

point where the correa+
ponding Hyd volve dropd

the affected
evoporator to
maintain the re-
quired setpoint

hould be loss of the aff~temperatwre would

be detected by
coolant teTpera-
ture readout.

ten would con-
tinue to operate
with the remain-
ing evaporator
and the slter-
nate FCL loop.

criteria. Failed
condition would
not prohibit saf
return of crew
ond payload.

Findicates the

should be §nclud
in design which

status of pri.
& sec. HpOvalves
for each evap-
orator,
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18 vs FATLURE MODE ARD EFFECTS ANALYSIS DATE _ B-5-1k
FAIINRE
FALIURE MESBION DETECTION BRCK-U'PI,;‘E cﬂBRBL'l‘mN IHG REDUNDARCY o
ConE ELEMERT QARTITY FUNCTICH MODE PHABE FAILVHE EFFECT METHCD ALTERNA' ACT EVALUATION COMMERT.
230 |Dovmstrenm Follure one ench | Provides signal 1, lio output A1 A no-outpnt condition |lone, The falled fione, None, The sub- Meets failsefe |Instrumentetion
Detector per loop to de=nctivate for m given failure component is a syotem would con« criteria., Failed |should de ine
3 primery HgO valve detector would reoult |failurc detection tinue to operate | cendition would kluded which prod
2380 |Upstremm Foilure and activate pec. in loss of the affectefielement. The fail- with the reenin- j not prohibit safgvides direct and
Detector Ep0 valve in the evaporator. The con- jure would be de- ing evaporator return of erev [apid indicotion
event of pri. troller output signals|tected through and the nlternate] and pavload. b Ho0 valve
HoO valve fallure to the Hz0 valve(s] ecoolant temperatur FCL loop. htatus for each
are ronted through instrurentation vaporator.
the Fallure Detector. |and display.
The loss of the output
signals would repnlt
in the appropriaste
H20 valve not heing
actuated,
2. Logic sndfor A1l The following effects |The failure would |Rone, The sub=- Would renuire Meets single Capability to
Switehing could be experienced: ]he detected hy systenm would conddisabling the failure failsnfe manurlly isolste
Foailure (0} Feilure to d-tect |coolent tempers- [tinue to perform|affecved evapora-]criterls 1 pri. ond sec
0 failed condition. ture instrumenta- |with the remain- Jtor io0 loops should
- {2] Pailure to gwitch |tion and display. | ing evaporator be incorporated.
A to gec, Hp0 volve vhen in one loop and
o required, The ultinmate the alternate
effect would be loss FCL 1qop.
of the affected evape
arater.
3. Intermittent AL The ability of the af~|This failure vouldl fone None, The affect- "
Cutpnt fected controller to |not be readily de-. ed evaporator moyi
contrel the active Hy0itectable unless continue to operar
valve would be degra~ |the degree of in- te intermittently
H ded. Thin would sub- [termittency is ox-| without critical
peguently result in treme. The fnabi- erfects,
- degraded performance |lity of the affectt
of the pffected ed evaporator to
cyaporator. maintain the re-
quired coolant seit
point temperature
would be detected
by coolant temp.
{nstrumentation.
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ASSEMBLY: FAILURE MODE AND EFFECTS ANALYSIS DATE B-5-7h
FAILIJRE
FAIINEE MIBSION DETECTYION BACK-UP/ CORRECTING REDUNDAKCY
CORE ELEMENT QIANTITY FUMCTION NOLE PHAER FATIURE EFFECT METHOD ALTERNATE RCTION EVALUATTON COMMENTSE
23D Dowmatresm Foilure L. Degreded Dogradation of Failurg The feilure would) Hane fione. The evape~ | Meats single
Detector Cutyput Detecter to a level be detected by orator subsysted failure follsafe
& below driye threphold | tempernture in- would continue | eriterias.
Upstreem Failure of Hp0 volve winid re-] struzentation to cperate with
Petector stlt in aome fallure pnd display remaining evap-
Continued: effects a8 & no-cutpnt)] orater in one
condition, The shili loop nnd the
to cormand gorrespond - | alternote FCL
ing pri, and see, Hy® loop.
¥alyes wonld he Jost.
The ultinate effect
wonld he loss of the
affected evaporator.
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APPENDIX A
NOZZLE DEVELOPMENT TESTING

1.0 SUMMARY

The spray nozzle has been demonstrated to be a eritiecal factor in
the evaporator design. Nozzle configurations have been observed to produce
8 combined droplet size, distribution, and supply rate such that local aceumu-
lations of frost result independent of surface temperature. Additionally,

non-uniform spray patterns, spray adherence to the nozzle face, and evaporant

supply pressure limitations can plague the evaporator operastion. During the

- development of the Prototype 2 snd 3 flash evaporators and the Prototype I

é, modification progrem, extensive nozzle testing was performed to find en
acceptable combination of nozzle spray charscteristics with various configura-

tions of evaporator hesmt transfer geometry.

The various nozzle configurations selected for evaluation during the

gﬁ program (shown in Figure 3-1) encompassed & wide range of capacities, spray
= patterns, and flow geometries. Nozzles with water flow cepecities from T.3 to
T 45 kg/hr (16 to 100 1lbs/hr) consistent with expected spacecrafi supply pressures
= were tested. In addition to hollow cone spray patterns tested previously in the
b Prototype I program, nozzles with so0lid cone were eveluated in conjunction with
i; six different potential heat exchanger core configurations. Two technigues were
- used in evaluating spray pattern/droplet distribution: (1) "implied distribution"
25 using the surface temperature profiles of the Prototype I flash evaporator; and

(2) direct snslyses obiained from optical observations of a nozzle sprayed into
%ﬁ an evacugted bell jar.
iy

f; The data obtained from the nozzle testing was reduced and put into

a useful formaet for the designer having to select a nozzle or nozzles for a

r it

particular evaporator heat exchenger core shape. This data is presented in this

Appendix.
2.0 INTRODUCTION

In spray nozzles, liguid breakup is usually caused by the collapse of

unsieble sheets or jets. Centrifugal pressure nozzles impert a swirling motion

to the liquid by tengential passeges, slots, or cores. The swirling £ilm of {

liquid then emerges through a circular orifice as s thin hollow sgheet. Since

*
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it is wnstable, it immediately collapses into ligaments which bresk up into
small droplets of various size.

Such devices produce tiny droplets of 1 or 2 microns a8 well as
larger droplets that may raenge up to several hundred microns. No conventional
nozzles, however, are cepable of spraying droplets of equal size.

In most eases, larger droplets mey be expected as nozzle capacity
inereases. - As metering passages are enlerged to allow greater liguid through-
put, larger droplets generally result. Spray engle rating is also a factor,
finer droplets being associated with larger angles.

Droplet size may vary within the pattern of a given spray. In hollow
eone sprays, for example, there is usually a preponderance of larger droplets
at the outside of the pattern.

In order to gain greater insight into spray nozzle operation and to
find an acceptable combination of spray characteristies for various evaporator
combinaetions, spray nozzle testing was performed during Prototype 2 and 3
development using two techniques. These are described in the sections that
Pollow.

3.0 IMPLIED SPRAY DISTRIBUTION NOZZLE TESTING

The implied sprey distribution testing (using the surface temperature
profiles of the Prototype I flash evaporator) was conducted during the early
development of the 14.6 kw (50,000 BTU/hr) Prototype 2 evaporator. Twenty hollow
cone nozzles were evaluated (ineluding 13 "off-the-shelf" nozzles and 7 "baseline
modified" nozzles) to obtain the optimum nozzle/evaporator having the szme heat
transfer surface shape/configuration as the Prototype I device.

Typical surface temperature data,such as that shown in Figure A-1 for
the WDA-1L.0-90° nozzle,was taken for each nozzle tested. The date was reduced

to provide the spray distribution per unit heat transfer area using the following

relationship:
wCp (ATf) AM
Y —H20
hfg HT) AAHT

where: @mCp = fluid heat flow capacitance
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latent heat of vaporization

Using this approach, the test dete teken in Pigure A-l was reduced to provide
the implied spray distribution deta shown in Figure A-2. This distribution
dete was compiled for each nozzle tested uging the "implied distribution"
technigue.

The "off-the-shelf" nozzles were tested to obtain comparative data
with the WDA-14.0-90° baseline Prototype I nozzle. The seven "baseline modified"
nozzles were tested to determine the effects on spray distribution, opening
angles, etc. of variation of the WDA-1k,0-90° distributor slot geometry and orifice
diameter. The "baseline modified" geometry variations tested are compared in
Pab. » A-1. A summery of the nozzle spray cheracteristics and corresponding
evaporator performance are present :d in Table A-2., These resulis showed that
for a 1b.6 kw eveporator, the baseline WDA-1k4,0-90° Prototype I nozzle produced
the best spray distribution, and that the modified baseline nozzles tended to
spray in a heavy, narrow band with en uneven spray pattern. No conclusions on
the individual distributor geometry modifications on sprey peattern could be
separated from test results.

Additional spray distribution date was obtained for 12 off-the-shelf
nozzle:s spraying 6.8kg/sec (15 ibs/hr) using the implied distribution technigue
during modification of the Prototype I evaporator for use as a radiator top-off

device. These dats are presented in Table A-~3.
h,0 OPTICAL SPRAY DISTRIBUTION NOZZLF, TESTING

As development of the Prototype 2 and 3 eveporators progressed, the use
of the implied distribution technique for testing spray nozzles was not possible
due to the larger smounts of water evaeporsnt flow rate expected (up to 45 kg/hr-
100 1b/hr). This was due to the Prototype I heat exchanger core and exhsust duct
size being limited to spray rates of 22.5 kg/hr (50 1lb/hr).

In order to obtain quantative spray pattern dets, a visual analysis

method was developed for nozzle evaluation. It had been previcusly observed

that the spray into & near vacuum which impacted a bell Jar wall formed =2 band
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of frost which corresponded in shape and thicknese to the local spray pattern. .
It was decided to use the effect to obtalin quantitative spray pattern information
on the spray patterns of the various nozzle candidates at a variety of flow rates/
supply pressures. As seen in Figure A-3, the nozzle/velve assembly was centrally
located in the chamber for these tests, so the" an unsymmetricel impingement
pattern was produced. The spray was maintained for a sufficient period of time

to establish a visible frost layer on the bell jar wall. The pertinent

geometrical parameters (shown in Figure A-3) were then recorded at each location.
The results of these tests are summarized in Tables A-L und A-5 in -

Figure A-4. Computed angles 6 el, and 62 define the outer and inner limits

s B,
or the spray and heavy spray rZspe:tively, while Bc corresponds to the location
of meximum spray intensity. From the deta, it was noted that for hollow cone .
nozzles, the effect of ambient bell jar pressure on the included sngle of the spray
and the cone width remained at essentially 130° and 25°, respectively, for all

pozzles. For solid cone nozzles, it was observed that increesing flow (and -
supply pressure) caused the nozzles to spray in & hollow cone while decreasing

flow ceused the included angle to decrease.
5.0 SPRAY WQZZLE/HEAT EXCHANGER CORE DESIGN DATA

The spray nozzle data reported in Sections 3.0 and 4.0 of this eppendix
for a sprey rate of 7.2 kg/hr (16 1b/hr) was compiled into useful design dats
for six different evaporator configurations for 3.6 kg/ft2 (8 1b/ft2) meximm -~
spray densities. TFigure A-5 presents the design data for & circwlar flat plate
evaporator configuration. The data for a cylindrical configuration are presented
in Figures A~6 thru A-8 for heavy spray on the side, corner, and bottom respec- :
tively. Figure A-O presents cone shape configuration data, while Figure A-10 L

compares configurations where spray intercepts s cylinder side only. These data

e o

were used in evaluating verious concepts of Prototype 2 and 3 evaporators.
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TABLE A-~1
COMPARISON OF BASELINE AND MODIFIED NOZZLE
DISTRIBUTOR/ORIFICE CONFIGURATIONS

¥o. SLOT SLOT ORIFICE

SL.OTS DEPTH WIDTH DIAMETER
Baseline 6 .018 .018 .0ko
Mod 6 6 . 022 .016 . 0kO
Mod T ) .03k . 0L6 .0ko
Mod 8 6 .Ob1 .016 .0ko
Mod 9 6 . 025 .018 .00
Mod 10 6 .031 .018 . 040
Mod 11 6 .037 .018 . 0ho
Mod 13 & .018 .018 .038
Mod 1% 6 . 018 .018 .0h2

#¥WDA-1h. 0~90°



TABLE A-2 IMPLIED DISTRIBUTION NOZZLE/EVAPORATOR TEST RESULTS

. PERFORMANCE SPRAY ANGLES
o Q, (53 | Tpp ) | Ty (OF) mnggﬂggo EFFIgIENCY ﬁ%ﬁgﬁﬁs DEggEES REMARKS
WDA~14-90° 51800 150.3 45,1 50.0 . 98L 45 65 Proto I Baseline
WDA-12-90° 51800 150 Ll L 50.0 .983 L8 70 Heavy Spray
WDA-12-90° 53458 150.4 127.6 51.6 . 205 53 6k Ice
WDA~12-90° 51904 1k9.5 Lh.1 50.1 .976 b1 6k Tce
WDA-10-90* 5190k 1k9,6 h5.0 50.1 eyen 36 70
WDA-10-90* 52111 149.6 h6.1 50.3 .963 10 T0 Nozzle Leaks
WDA-8-90° 51696 148.8 6.2 | k49.9 .960 40 T0
WDA-1k-T0° 51489 150.L k3.0 Lo.7 1.003 Lo 6k
s MOD 6 52007 150.1 h5,2 50.2 .972 b 70 Nozzle Ice
® MOD T 51800 152.0 46.3 50.0 .983 53 T0
MOD 8 52111 150.3 h2.5 50.3 .996 53 70 Ice
MOD 9 5221k 150.6 k3.2 50. 4 . 992 40 T0
MOD 10 52111 1kg,0 43,8 50.3 .973 52 65 Ice
MOD 11 52214 150.8 53.4 50,k .905 53 6L Ice
MOD 13 52007 151.0 L, 0 50.2 .992 k3 70 Nozzle Ice
MOD 1k 52318 ikg.9 k2.0 50.5 . 994 Lo 70 Nozzle Ice
1/L-Nm-4 52111 1hg. b he.7 50.3 973 36 60 Ice
1/L-nN-8 52111 150.6 k2.9 50.3 . 9995 Lo T0 Heavy Ice
E WDA-XX-YY ~- Delavan nozzles, XX gph at 125 psig supply
; YY opening angle in atmosphere
: MOD ~- Modified WDA-14-90° nozzles
: 1/h-NN-XX -- Spray Systems Co. nozzles
e sped Bimml Beed Beed Bl Bl ) led d beed Bed Boend feeed Bend B

v

vy

ST —
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TABLE A-3

IMPLIED DISTRIBUTION DATA FOR
TOP-OFF EVAPORATOR NOZZLES

EVAP SUPPLY SPRAY ANGLES
" FLOWRATE | PRESSURE | EFFICIENCY Tout BOTTOM TOP i
NOZZLES 1b/hr psig n 7 oF deg deg REMARKS |
1/L4-NN-2 15.5 18.2 96.4 ho.2 10 L7
1/4-NN-2 15.7 11 98.0 42,1 10 4s
1/b-NN-3 | 15.8 8.1 98.0 La.7 28 45 i
WDW-3.5-90 15.6 26.6 100 bi1.h 35 50
WDA-L.0-90 15.T 18.5 98.7 Lo.l Ls 70
. WDA-4.0-T0 15.7 13.3 100 40.8 Lo 53
o WDA-3.0-90 16.0 ho.7 98.L4 b1.3 L3 60 i
WDW-L4.0-90 16.1 15.k4 99 ko.2 36 55
WDW-L4.0-90 16,1 16.6 99 40.0 Lo 53
WDW-3.0-90 15.5 38 99.5 41.3 Lo 57
WDB-L.0-90 16.1 21 98.4 40.8 10 4T Y
WDB-4.0-90 15.8 17.1 98 | .5 10 L6

#See notes on Table A-2
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h - distance from valve plate 4> nozzle tip
Xo~ ref. distance & valve plate
Xy - Top of spray deposition as est, by experimenten
Xo— Center of spray deposition

Xp= bottom of spray depusition

r - distance from nozzle & bell Jar ok location I
R~ bell jar pressure, mm Hy

A-10




l TABLE A-b
FLASH EVAPORATOR NOZZLE OPTICAL SPRAY DATA
l 16 1b/hr FLOWRATE
) 8, 6, e, 8, B, Mg
I NOZZLE (DEG) (DEG) (DEG) {(DEG) (DEG) MT
g h.5-w-90 30 40 L6 59 60 .80
5. 0-W~90 37 16 55 65 72 .87
- 3.5-H-90 25 33 39 L6 52 7
L % 3. 5-W-T0 27 37 b2 50 51 .85
L s, 5-W-T0 30 40 4T 5" 60 LTTh
: i 4. 0-B-T0 0 - - - 45 -
3.5-B-T0 30 32 - 36 50 .92
i 3,5-B-90 33 37 k2 48 52 .62
: 5,0-B-90 0 - - - 48 -
E h,5-B-T0 0 - - - 46 -
5.0-B-T0 0 - - - L5 -
¥ 5.0-A-T0 30 32 40 53 56 .70
g k. 5-4-T0 25 bk 5k 60 66 .12
1/b--2 23 33 39 4T 53 .65
! h.0-B-90 0 - - - g -
. 0-B~90 0 - - - L6 - !
i %.0-A-90 ) 48 5h 59 el .53
| 4, 0-W-T0 0 25 28 3L by .18
I k. 0-A~T0 30 38 43 148 54 .38
4, 0-A=}5 - - - - L8 -
¥ h,0-W-U5 - o 27 30 b5 -
E 3. 5-A~00 %0 A 51 58 67 .60 |

¥Delevan Nozzles
-YY.Z7

XX - flow gph &bt 125 psi supply i
¥Y - A - hollow
B - solid spray cone in atmosphere
W~ 1/2 and 6
7% -~ Cone opening angle in atmosphere

;
i
t
i
{
1
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TABLE A-5 sd
FLASH EVAPORATOR NOZZLE OPTICAL SPRAY DATA "t
75 1b/hr FLOWRATE ol
. o, 6, 0, 0, 6, M p i
NOZZLE (DEG) (DEG) (DEG) (DEG) (DEG) My -
35.0-B-90 Lo 46 51 56 67 . 58k B
32.0-B-90 4o by 52 57 6T . 545 it
30.0-B-90 43 48 5k 59 69 .556 .
28, 0~B~-90 Lo h6.5 55 63 70 .598 Tt
26, 0-B-90 b1 50 57 60 ™ 461 oi
32.0-B-T0 a7 ko h6 55 60 .T65 -
28.0-B-T0 37 L2 uT 58 63 .705 i
32.0-£-T0 27 41 by 59 T0 . 6h6 .
28, 0-A-90 23 16 52 61.5 77 .h70 %i
35.0-A-T0 28 b1 Ly 57 68 .695
26.0-B-T0 28 36 k5 50 62 .791 fi
35. 0~A~90 27 6 51 60 70 . 589 =
32,0-A-90 2l kg 53 68 8k .Th0 "3
30.0-A-90 28 Ly 55 67 75 .15 al
2k, 0-B-90 28 46 56 67 8o .502 re
22.,0-B-90 28 2 58 60 h .519 ok
20.0-B-90 32 49 53 63 70 723 “
18.0-B-90 39 My 51 60 68 . 710 i;
22.0-B-80 28 Lo Lk 58 T .502
22.0~B-T0 28 Lo 46 57 70 621 ;%
24, 0-A-90 Lo ko 56 68 72 .552 .
26,0-A-90 29 L7 53 65 2 .552 ;E
*SEE NOTES ON TABLE A-h 8
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FIGUEE A-4
ADZZLE SPREAY DEPOSITION DATA

* SEE NOTES ON TABLE A-4
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FIGIEE A-4 cont'd
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ElGilist A~k contd
SIOTZLE TFEAY DELPOSITION DATA
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FIGUEE A-4 comtd
MOZZLE SFRAY LEFPOSITION DATA
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FiGUEE A-4 comnid f
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| FIGUEE A-4 conld
MOZZLE SFEAY DEPRPOSITION DATA
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FIGUIEE A-S

COMPARISON OF EVAPORATOR DIMENSIONS FOR

CONFIGURATION No. I
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FIGURE A-~8° COMPARISON OF EVAPORATOR ODIMENSIONS FOR |6 Ib/ar NOTZLES

CONFIGURATION No, 2

4-A-90 . 8.5- A= 90

it
L

nse N 1258 '

- i -
2213 1 .
2009 H
‘ 2061 —” K
i

1ie-v

—"l L———-—'— N ——————aaipm] . 26.7 -—I ‘—

4-w-70 3.5 -w= 90

ScALE + 1"2 8" RE gisfle-re? Serav oEWsoTy

b . 18.55 __..._..___I




FIGURE A-7 COMPAR | SON OF EVAPORATOR ODIMENSIGNS FOR 16 bilhe NOZZLES
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FIGURE A~9 COMPARISON OF EVAPORATOR DIMENSIONS FOR 6 Ib/hr MNOZELES
CONFIGURATION No. 5
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APPENDIX B
DROPLET SPRAY IMPACT/VAPORIZATION TESTS

1.0 INTRODUCTEON AND SUMMARY
This report documents the droplet spray impact and vaporization

tests performed as part of the Prototype 2 Flash Evaporator Program. These

o BN BRE =R

tests were performed in two segments: a brief initial series, completed in

August of 1972, and a second series, completed in March of 1973. The initial

tests were performed at an ambient pressure of 133 N/m2 (1 mmHg), somewhat lower
than the nominal flash evaporator operation pressure of 506 n/m? (3.8 mmHg).

Hence, the additional tects at more representative pressures were deemed necessary.
This report deals primarily with the results of the tests comprising the

second series,

The specific objectives of these tests were as Tollows:

o To observe, with the aid of high-speed photography,
the impacts of droplets striking a target placed
at various locations within the spray pattern pro- é
duced by typical flash evaporator nozzle. ;
o To observe, again with the aid of high-speed photo-

graphy, the subsequent droplet vaporization process.

o To make quantitative measurements of the superficial

heat flux produced by the spray impact/vaporization
process.

In the pursuit of these objectives, the parameters to be in-
vestigated included ambient pressure, surface temperature, spray impact angle,
and annular/radial Tocation in the spray. As the tests progressed, it became
apparent that spray pattern information would be required for interpretation

of the heat transfer results. Thus approximate pattern data were also obtained

during the course of this study.

PRECEDING PAGE BLANK NOT FILMED
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The body of this Appendix describes the experimental equipment

and procedures, the test results, and the conclusions reached as a result

of this test procram.

In addition, recommendations for further investigations

of a phenomenological nature are presented.

The results of this study are summarized as follows:

0 A variety of phenomena are present in the impact/

evaporation process. At any instant, sublimation,

nucleate boiiing, ice cap ejection, and mass ag-

glomeration may be occuring simultaneously.

o However, the efficiency of the phase change process

appears to deviate frem 100% only under extreme

conditions: i.e., surface temperatures sufficiently

high to produce significant droplet bounce and

splatter, or surface temperature sufficiently Tow, and

pressure sufficiently high to cause surface flooding.

o Based upon spraying heat flux values inferred from

target-transient response, it appears that dropliet

bounce/splatter becomes significant at surface tem-

perature in excess of 339°K (150°F). A surface flooding

boundary is postulated which allows heat fluxes in

excess of 63.1 kw/m2(20000 BTU/Ft2-hr) at a surface

temperature of 277.5°K {40°F). Thus the range of 100%-

efficient operating condition is guite wide,

o It 1s recommended that immediate future efforis con-

centrate on steady-state measurements of spray heat

flux values, rather than additional studies of the

B-2
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properties of the spray itself, such as
droplet size and distribution. 1t is this
heat transfer data which will be most useful
in the optimization of flash evaporators
designed around the current class of spray

nozzle,
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2.0 EXPERIMENTAL EQUIPMENT AND PROCEDURES
2.1 Apparatus

The test set-up is pictured in Figures B-1 and B-2 and shown
schematically in Figure B-3. As shown in Figure B-4, the target assembly con-
sisted of an instrumented 60671-T6 aluminum sTlug imbedded in a polycarbonate
body. The base of this slug contained a 100 watt electrical heater, retained
by a phenolic insulator. De-ionized water was supplied to the spray nozzle
at a nominal 30 psia, with flow control provided by a Parker-Hannifin solenoid
valve of the type used in the Prototype 2 Flash Evaporator. The spray nozzle
itself was the proven Delavan WDA-14 for the majority of the tests. Two special
order Delavan nozzles were used exclusively in spray pattern testing. The
target and nozzle/valve assembiies could be moved relative to one another to
vary the impact geometry, which is defined in Figure B-5.

This apparatus was mounted in 1 bell jar, which was evacuated
by the VSD Space Environment Simulation Chamber (SES) through a Targe gate
valve. In order to maintain a constant bell jar pressure and to protect
the vacuum system of the larger chamber, a LNs cooled cold trap was placed
within the bell jar and used to condense the evaporant gas during the test
runs.

2.2 Instrumentation

The target assembly was instrumented with thermocouples as shown
in Figure B-4. The output of the surface thermocounle, TC#1, was displayed on
an Esterline-Angus Millivolt recorder. In addition, the initial transient
response of TC#1 was recorded for a period of several seconds at the begin-
ning of each run using an X-Y Millivolt recorder. The remaining thermocouple

outputs were displayed on a Brown Multichannel Recorder. Bell jar pressure

B-4
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was measured by means of an MKS Baratron gage. The Baratron output was also
recorded on the Esterline-Angus Millivolt Recorder.

High-speed photography was accompiished for selected test condi-
tions using a Redlake Hycam Model 41-0004 camera. Film speeds ranging from
2000 to 10000 frames per.second were employed at various times during the
experiments. The film used was Kodak Tri-X, in roll lengths of 100, 200,
and 400 feet depending on the film speed. ITiumination was provided by
four 1000 watt Tamps, the position of which was refined during the course
of the experiments to provide best illumination of the droplet input/vapori-
zatioh process.

2.3 Procedure

The basic procedure followed for each test condition included
these steps:

(1) Set-up desired test configuration, position camera

and Tights (if required).

(2) I required, shoot a short film leader at 100 frames

per second to define scale.

(3) Evacuate bell jar and initiate LN2 flow to the cold

trap.

(4) Stabilize target at desired temperature and adjust

bell jar pressure to the required value.

(5) In rapid sequence, initiate spray fiow, X-Y recorder,

Tights, and camera (as required). After five seconds,
turn of ¥ spray and Tights.

(6) Bring bell jar to atmospheric pressure, disassembie

and dry test fixture.

B~10
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As noted, the spray was maintained for only a brief period
of a few seconds. Originally, it was planned to spray until a steady-state
temperature distribution was established in the target slug, so that the
spraying heat flux could be inferred. However, the heat fluxes obtained were
so large that a steady condition could not be established with the target/
heater configuration utilized. Even with full heater power, the target sur-
face cooled monotonically under all conditions of pressure and geometry and
flooding of the surface eventually occurred. Thus a transient technique
had to be adapted for purposes of heat fiux measurement, and spraying time
was 1imited to the duration required for photography and recording of the
initial portion of the temperature transient. As an added benefit, this
reduced the quantity of water accumulated in the bell jar and allowed a

guicker dry-out between test points.
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3.0 RESULTS AND DISCUSSION

The actual test conditions investicated are summarized in
Table B-1, along with an indication of the length and nominal speed of the
film taken, if any. A "map" of the initial target tenperature/bell jar
pressure conditions investigated for the WDA-14 nozzle spray is presented in
Figure B-6. Results of the high soeed photography and the surface temperature
response measurements are summarized and discussed in the following paragraphs.

3.1 High-Speed Photography

For approximately half of the test condition, high speed films
were obtained. A1l of these films display two common features: a great deal
of droplet impact, rebound, and vaporization activity; and an absence of
detail as to the size and shape of the incoming droplets. Because of the
shallow depth of field associated with the high-magnification less, only an
occasional incoming droplet was in focus. Considerable time and effort was
expended in an attempt to improve the quality, but the final fiims still left
much to be desired. The salient features of the various films are summarized
in Table B-2, and this table is recommended for use as a quide in selecting
films for detail study. Any or all of the film data can be obtained from

the writer upon request.
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TABLE B-1
SUMMARY OF EXPERIMENTAL CONDITIONS

g PRESSURE | INITIAL | DISTANCE SPRAY SURFACE FILM
RUN # | (mmHg)  [TEMP (9F)|  (IN.) ANGLE (DEG.)| ANGLE (DEG.) | LENGTH (FT.)
1 3.9 149 8.3 45 90 200
C 2 3.9 124 & A ? 200
i 3 3.8 109 100
n 4 4.0 75 T
g 5 4.6 149
:% 6 3.6 150
: 7 3.0 150
8 2.5 149
% 9 4.5 69
& 10 3.5 70 iv
11 . 3.0 69
L 12 2.55 76 8.3 45
§ 13 3.82 150 10.0 40
14 3.95 148 10.0 50
15 3.8 150 4,87 45
% 16 3.9 149 9.75 F
& | 17 3,75 122
18 3,85 103
19 4.4 149 v
20 2.4 149 9.75 100
21a 3.8 252 8.3 ——
21b 225 ——
21c 198 a—-
21d 174 ——
2le 3.8 136 ———
22a 4,5 o8 —
22b 3.0 99 8.3 ——
23a 3.7 47 9,75 ! ———
23b 42 ——-
23c 70 ——
23d 61 ———
23e 109 v + ——
23F 3.7 168 9.75 45 90 ——

B-13
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TABLE B-2
SUMMARY OF HIGH SPEED FILM RESULTS

ACTUAL FILM
RUN # SPEED (FRAMES/SEC) DESCRIPTION

1 4500 Clear impact about half way through roil. Ice cap ejected near
end. Clear splattering near end. Good example of high surface
temperature phenomena. Slightly underexposed.

2 4600 Exposure better than Run #1. Excellent incoming drop just over
half way through. Good impact/splatter results at two-thirds
through. Parallel incoming dropiets near end.

[wel

é; 3 5300 Not much activity. Surface focus poor. Good incoming droplet
about half way through. Droplet diameter estimated at 0.005
inches, velocity at 120 ft/sec.

4 5700 Clear ice cap ejection near beginning. Good activity, but less
splattering than high temperature cases. Sticking impact about
two-thirds through.

5 5400 Condition near triple point. Good exposure, much liquid accum-
ulation, some apparent nucleate boiling.

i 6 5500 Similar to Run #1, but Tess overall activity.
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TABLE B-2 (CONTINUED)

ACTUAL FILM

RUN # SPEED (FRAMES/SEC) DESCRIPTION
7 5500 Much less bounce/splatter than other 150°% runs. Most incoming
droplets stick.
8 6000 Mixed splattering/sticking. Good splattering results abnut
two-thirds through. S1ightly underexposed.
9 6100 Condition near triple point. Much splashing on impact, Agglomer-
ation of 1iquid, some post-impact boiling.

10 6000 Underexposed, minimal activity.

11 6300 Poor surface iltumination/focus. Generally not much activity.
Good incoming droplet about two-thirds through.

12 6000 Good exposure, marginal focus. Ice particle stands on edge,
falls over, and sublimes. WMore ice present than for high
temperature case at this pressure (2.5 mm Hg).

13 6000 Spray missed target during film run.
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TABLE B-2 {CONTINUED)

ACTUAL FILM

RUN # SPEED (FRAMES/SEC) DESCRIPTION
14 3800 Switched to larger FOV lens to observe vaporization. Bad posi-
tioning, minimal activity, some splattering.
15 3800 Film accidentally exposed.
16 3800 Photography adequate. Some splattering, gyration of impacted
droplets observed.
17 3200 Droplets visibly adhering to the surface, occasionally ejected.
Good overall view of phenomena.
18 3200 Impacting droplets visible and migrating on surface. Not as
clear as Run #17. Agglomeration visible about one-third through.
19 3200 Poor focus. Migration of dropiets resembies the Leidenfrost
phenomenon (stable film boiling.)
20 3200 Underexposed, poor focus. Not much activity.

ol e ST memn e s S
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3.2 Surface Temperature Rasponse

When the spray is initiated, the short-time response of the
target surface is of interest since it refiects the spraying heat flux cor-
responding to the initial surface temperature, Typical, measured surface
temperature time histories are shown in Figure B.7. The initial damped oscilia-
tion present in the traces is a characteristic of the instrumentation system,
while the small perturbations are interpreted as the response of the thermo-
couple to droplet "hits" on or near it. The general downward trend in surface
temperature represents the overall response of the target front-face to the
spray.

The data from Run #17 are presented in Figure B-7(a). For that
case, the initial surface temperature was 128%F and a drop of 369F was
observed during the initial five seconds of spraying. Results of Run #23d
are shown in FiguveB-7(b). There, the initial temperature was 70°F and a drop
of 15°F was experienced during the recording period. Surface response for an
initial temperature of 54CF (Run #23b) is shown in Figure B-7(c).This value
was representative of the lowest attainable with the apparatus, and a drop
of 7°F was observed during the observation time. The interpretation of
these results in terms of spray heat flux is discussed in detail in Section

b.0 of this Appendix.
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4.0 HEAT TRANSFER DATA ANALYSIS

As mentioned eariier in this report, it was originally intended
to infer spraying heat fiux values by means of a steady-state energy balance
at the target surface. However, the rather large heat flux levels obtained
prevented establishment of a steady condition. Thus a transient data analysis
technique was employed, and the results are described in the following
paragraphs.

4,1 Surface Response Model

The target was a 1" diameter by 2" Tong slug, and the first
inclination is to model the front surface response as that of a semi-infinite
solid exposed to a constant heat flux. Schneider (Reference 8) presents the
analytical solution and working curves for this problem. The front surface

response is given by:

k 1
2908 (7o) - N
where:
k = material thermal conductivity (BTU/hr-ft-°F)
q = heat flux (BTU/hr-ft2-°F)
T = 9dnstantaneous surface temperature (°F)
T, = initial surface temperature (°F)
o = material thermal diffusivity (ft2/hr)
8 = time from exposure (hr)

Solving for the heai flux:

-k T oy
q = 2 ) (T_TO)

B-20
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For aluminum:
k 102 BTU/hr-ft-°F

2.33 Ft2/hr

[+

Substituting and manipulating units:

T-To  gry/st2-nr

Ve

g = 3230

where 8 is in seconds. This is the basic equation used in the computation of
the spraying heat flux,

In order to effectively utilize this semi-infinite solid model,
it is necessary to define its Timitations. Referring again to Schneider
(Reference 8), it is found that the front face of a semi-infinite plate (of
finite thickness) generally responds as that of a semi-infinite solid (of

irfinite thickness) for Fourier numbers less than 0.1:

where ¢ is the plate thickness. For the 2" deep aluminum target of these

tests: o
2
_ (0.1)(T§' (36N0) seconds _ .
BFD - 0.'! - (2.83) - 3-53 SECOnd..

Thus effects of finite siab thickness would be expected to be present in the
front face data after three to four seconds. 1In order to provide some margin
against this Timitation, data from the ¥irst two seconds of spraying were
used in the heat flux calculations.

A second source of error is found in three-dimensional effects.
The target is actually a cylinder with an insulated side wall, and the im-

perfection of the insulation will Tead to some radial heat 1oss. However, the

B-21
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maximum temperature change observed in two seconds was on the order of 30°F,
and if it is postulated that the insulation remains at the initial tamwperature

while the slab temperature changes by this amount, the radial conduction loss

would be
AT
. 431 ~ K. o,
radial insulator “insulator/2
Here:
- - _O
kinsu]ator 0.1 BTU/hr-fi-°F
Einsu]ator = 0.25 inches

Iradial ~ 0'1%530) = 144 BTU/Ft2-hr

:

Since the measured spray heat flux values were on the order of tens of
thousands of BYTU/ft-hr, this Tloss is negligible.

Note that the spraying heat flux is directly proportional to
the temperature change during the measurement period and hence will have, at
the minimum, the uncertainty of that measurement. Basad upon the estimated
assembly of the thermocouples and recording equipment, it is believed that
the temperature measurements had at best + 1°F accuracy. The corresponding
uncertainty is calculated as follows:

_ 3230
Ve

3230
—_— 1
3 (1)

Aq = 2340 BTU/ft-hr

Aqg A{T-Tp)
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As the results of the following paragraphs will illustrate, this abseiute
uncertainty can represent a 10% to 30% uncertainty in the computed spraying
heat flux value,

4.2 Computed Heat Flux Data

Heat flux values computed using the above technique are sum-
marized in Table B-3. The parametric behavior of these data is discussed in
the following paragraphs.

The variation of heat flux with mean surface temperature is
shown in Figures B-8 and B-9, for a nominal pressure of 3.8 mm Hg. The un-
certainty of each data point is indicated along with a curve following the
trend of the data. The data of Figure B-8 correspond to a target-to-nozzle
distance of 8.3 inches, while the data of Figure B-9 are for a distance of
9,75 inches. The greater spray intensity of the closer location is seen to
produce the higher heat flux level expected in the absence of flooding. In
both cases, the data are seen %o display a downward trend in heat fiux as the
surface temperature exceeds 100°F. This trend is due tov the increased bounce
and splattering (decreased efficiency) brought about by vaporization at the
droplet/target surface interface. Such film boiiing phenomenon would normally
be expected at surface-to-saturation temperature excesses on the order of
80°F (Reference 9), so this result is not surprising. Thus some loss in
efficiency can be expected in areas where the evaporator surface exceeds
100°F, and this Toss increases rapidly with temperature as 150°F is exceeded. %
The slight Tow temperature downward trend of the data of Figure B-9 is attributed i
to the onset of surface flooding, which will be discussed in Section 4.3.

It is interesting to compare the relative magnitudes of the

maximum heat flux values shown in Figures B-8 and B-9. At the low temperature

B-23
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TABLE B-3

COMPUTED SPRAY HEAT FLUX VALUES

PRESSURE | TEMPERATURE |  HEAT FLUX
RUN #| (mmHg) (°F) (BTU/FT2-HR)
1 3.9 149 35500
2 3.9 124 32300
3 3.8 109 38800
4 4.0 74 46800
5 4.6 149 68100
6 3.6 150 42000
7 3.0 150 41100
8 2.5 149 43000
9 4.5 69 35000
10 3.5 70 38800
11 3.0 69 40000
12 2.55 76 42900
13 3.82 150 45200
14 3,95 148 35600
15 3.8 150 116000
16 3.9 149 35600
17 3.75 122 38800
18 3.85 103 38800
19 4.4 149 67000
20 2.4 149 58000
21a 3.8 252 14500
21b 225 1780:
21c T 198 3390(
21d , 174 38800
21e 3% 136 38800
22a | 4.5 98 59400
22b | 3.0 99 48900
o 47 29100
23b 42 29100
23c 70 29100
23d 61 32300
23e 109 32300
23¢ | 317 168 13600
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1imit, the Figure 8-8 (8.3") data indicate a heat flux of 45,000 BTU/ftz-hr.

while the Figure B-9 (9.75") data indicate a nominal flux of 33,000 BTU/ft2-hr.

Thus the corresponding local mass fluxes (assuming -~ 1000 BTU/1bm) are

B W R B

fé 45 1bm/Ft2-br and 33 1bm/ft2-hr, respectively. Since the mass distribution

in the spray cone should be source-1ike, the ratio of mass fluxes at the

i

same angular position and two different radial positions should have an

inverse square dependence on radius:

L - 2

: n ﬁg r]z -9,

b THEORETICAL

Lo The measured mass flux/heat flux ratio is:

L ™ 9 _ 45,000

= % g, "oz <3
I 2
i MEASURED

g so that the source flow behavior of the spray can be considered verified in

the 1ight of the uncertainty of the present data.

S

The effect of pressure on spray heat flux in a fixed geometry

(i

is shown in Figure B-10. Data points for various surface temperatures are

indicated, along with their associated uncertainty. There appears to be no
trend in terms of surface temperature effects, and a slight, downward trend
appears as the triple point is approached. It is therefore concluded that the
efficiency of the spray heat transfer process is not significantly effected by
pressures ranging from 2.5mm to just below the triple point.

The effect of angular position in the spray is illustratzd by

the results of Runs #13, #14, and #16, as shown in Figure B-11. For ail three
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runs, the radial distance was 9.75 inches and the target was normal to the
ray. The outer angular location (40°) displayed a somewhat higher heat flux
than the 45° and 50° locations. This effect is explained by the spray pattern _
data of Section 4.0. For the WDA-14 nozzle at a 3.8 mm back pressure, the outer =
and inner boundaries of the spray were found to be 25° and 50°, while the
maximum spray intensity occurred at 37°. Thus the 40° data point corresponds
to near-maximum spray intensity., while the 45° and 50° points are toward the
inner edge of the spray. It is interesting to note that relatively high
fluxes were measured at the very edge of the spray, while in some abortive -
runs the target was placed just outside the spray and recorded no heat transfer.

4.3 Preliminary Flooding Boundary

Surface flooding is an extremely important constraint in flash
evaporator design : if the spray mass flux exceeds a critical value, an in-
cident droplet will fail to evaporate before another strikes the same spot.

Water then accumulates and the device efficiency decreases. The heat flux o
corresponding to this mass flux is then the maximum attainable, and defines

the minimum heat exchanger surface area. This f'ooding phenomenon is obviously
surface temperature dependent and occurs even when the heat exchanger core is
capable of transferring the equivalent or greater heat fluxes.

Three pieces of information which bear upon the flooding
phenomenon were obtained in this study : the data of Figure B-8, which indicate
no flooding at a temperature of 50°F and a flux of 45,000 BTU/ft2-hr; the data
of Figure B-9, which indicate incipient flooding at a temmerature of 40°F and a
flux of 33,000 BTU/ft2-hr; and the results of Run #15 (R = 4.87 inches), which
indicate no flooding at a temperature of 129°F and & flux of 116,000 BTU/ft2-hr.
In addition, it is obvious that flooding will occur at essentially zero heat

&)
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flux when the surface temperature is at the saturation value of 29°F (3.8 mm Hg).
These data are plotited in Figure B-12, with the uncertainty indicated. If it is
assumed that the incipient flooding point and its associated uncertainty define
the flooding boundary, the indicated band results. The non-flooding data points
do fall outside this boundary, as the results are self consistent. This boundary
is preliminary, but use of it should be conservative. Further definition of

this boundary should be a major objective of future spray testing and the un-
certainty associated with the transient measurement techhique strongly recom-

mends adoption of a steady-state technique for such future tests.
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5.0 CONCLUSIONS

Based upon the results of these tests, the following conclusions

are drawn:
o A variety of phenomena are present in the impact/
evaporation process. At any instant, sublimation,

nucleate boiling, ice cap ejection, and mass ag-

N S ME e

giomeration may be occuring simuitaneously.

o The efficiency of the phase change process appears

to deviate from 100% only under extreme conditions:
i.e., surface temperatures sufficiently high to
produce significant droplet bounce and splatter, or
surface temperature sufficiently low/pressure suf-
ficiently high to cause surface flcoding.

o Based upon spraying heat flux values inferred from

target-transient response, it appears that droplet

] e e B S

bounce/splatter becomes significant at surface tem-

o]

perature in excess of 150°F. A surface flooding

boundary is postulated which allows heat fluxes in

G

excess of 20,000 BTU/ft2-br at a surface temperature
of 40°F. Thus the range of 100% efficient operating

condition is quite wide.
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6.0 RECOMMENDAT LONS

As background information, the various flash evaporator
dropiet spray investigations and the types of data obtained or expected from
them are summarized in Table B-4. The two phases (1, 2) of impact and visuali-
zation testing, plus the spray patiern visualization work (3), are complete as
reported herein., In the Flash Evaporator Prototype 2 Program Plan, additional
droplet size and spatial distribution tests (4) are outlined. These tests,
which would utilize an optical array spectrometer, are currentiy planned for
the third quarter of 1973. As shown in Table B-4, they would provide quanti-
tative information as to the size and distribution of droplets within the spray.

However, the high speed film results and quantitative data of
the first three test series lead one to conciude that the complex impact/vapori-
zation process is of prime importance in the definition of flash evaporator
performance. Detail information on the spray itseif, although interesting, is
not essential so long as the current class of spray nozzle is employed. It is
therefore recormended that additional spray impact/vaporization tests (5) be
;ubstituted for the spatial distribution tests. The primary objective of these
tests would be refinement/completion of the definition of the flooding boundary
discussed in this report. In order to reduce experimental uncertanties, a
steady-state measurement technique would be employed. As shown schematically
in Figure B-3, the impact surface would be a segment of compact heat exchanaer
core with Freon 21 as the transport fiuid. A steady-state energy balance would
be utilized to infer the spraying heat flux as a function of surface temperature

and pressure.
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TABLE B-4

FLASH EVAPORATOR DROPLET SPRAY INVESTIGATION SUMMARY

DATA

PARTICLE SIZE AND

TEST STATUS HEAT TRANSFER MASS' DISTRIBUTION DISTRIBUTION
QUALTITATIVE| QUANITATIVE| QUALITATIVE | QUANITATIVE| QUALITATIVE| QUANITATIVE
1. ipray Impact Completed X X X
& Vaporization 8/72
-1
2. Spray Impact CompTeted
& Vaporization 3/73 X X X X
-11
3. Spray Pattern Complieted
Visualization 3/73 X X
4. Droplet Size and Planned for X X X ¥
Spatial Distri- 3rd Quarter
bution 1973
5. Spray Impact & Suggested
Vaporization Alternative X X X X
~111 To (4)
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APPENDIX C

COLD PLATE EVAPORATOR TESTING

PP

1.0 INTRODUCTION/SUMMARY

Tue to the weight and cost penalities incurred in fabriecating the
wound tube evaporator, an alternate method was sought. One method would be
to build the evaporator out of compact heat exchanger core. This would
result in a significent reduction in febrication, cost, weight, and complexi-~
ty over the originel design. Using surplus Lunar Module cold plates, a
prototype cold plete evaporstor was built and tested during October 1973.

The purpose of the test was to determine whether the "cold plate" evaporator
approach would funciion properly st various heat loads without ice or spray
buildup on the panels or along seams between panels., In addition, the ex-
haust duct was to be positioned et verious points to determine what influence
exhaust duct location had on device operation and evaporator efficiency.

Both the ATM controller end a new predictor/corrector controller were used at
partiel heat load to evaluate the response of the cold plate evaporator/con-
trolle combination.

Test resu’ . .cmonstrated that a cold plate eveporator will funetion
quite well et all heat loads and iz less prone to ice formation than the ori-
ginal wound tube evaporator. The predictor/corrector controller functioned
extremely well at all hest loads sbove 5500 BTU/hr. Below this point, the
nozzle ices hadly due to the short cycle time of the controller, and large
hold-up volume of the nozzle. Exhaust duct location seems to have little effect
on evaporutor efficiency or ice formetion. Conclusions of the testing are in
Section 4.0 of this Appendix.

2.0 TEST ARTICLE DESCRIPTION

The cold plate evaporastor wes configured as shown in Figures C-1, C-2,
and C-3 .0 meet the fcllowing typical radiator "top-off" evaporator performance

requirements:

PRECEDING PAGE BLANK NOT FILMED:
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TRANSPORT INLET

FIGURE C-1

TOP AND SIDE VIEW OF "COLD PIATE"
EVAPORATOR A
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FIGURE C-2

END AND BOTTOM VIEW OF “COLD PIATE"
EVAPORATOR




FIGURE C-3
"COLD PIATE" EVAPORATOR INSTALIED IN

THE 4 FT. VACUUM CHAMBER
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Eveporant Fluid System s
Eveporant : Deionized water
Flowrate : 0 to 16 1b/hkr
Supply Pressure : 0 to 50 psig
Supply Temp. : Ambient
Eveporator Pres. : 3.5 to 4.0 mm
Transport Fluid System
Fluid : Freon 21
Flowrate : 2200 lb/hr
Heat Loed Range : O to 16,000 BTU/hr

Tnlet Temperature : LO° to 70°F

The configuration shown optimized surface location for use with either the
Delevan hollow cone nozzle (U4.0-A-T70°) or the solid cone nozzle (L.0-B-90°),
The component mounting holes existing on the cold plates were filled with a
high conductance silver epoxy to prevent leskage of the evaporant {rom the
CPE. The mating or intersections of the cold plate surfaces were senled to
prevent evaporant leaksge.

The plexigless backcone was used to provide the proper position for
either of the 2 nozzles with respect to the cold plates and provide holes at
four locations for the evaporant exhaust evalustion. These orifice mount:ng
holes in the backcone were fitted with plexiglas cover plates when not in use.
In addition, the bottom center cold plete was removeeble such that an orifice
plate could be fitted opposite the spray nozzle. Figure C-b shows the three
orifice configurations used in this test. The dual orifice arrangement in
the center wasg installed only in the top two positions on the backecone. The
large orifice plate was used to replace the removeable cold plate in the bottom
of the evaporator.

The instrumentstion used in the test included the following: A Brown
multi-point recorder was used to record eveporator inlet and outlet temperatures
heater ontlet temperature, and transport flowmeter temperature; A Honeywell
single point pin recorder was used to record outlet temperature to aild in con-
troller tests; Apollo immersion thermistors were placed in the inlet end outlet
lines to serve as control sensors for the predictor/corrector controller;

Transport flow rate was measured with a Cox AN-8 fiowmeter read on a Flow
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Technology frequency converter; evaporant flow rate was read out using a
i {

Flow Technologies flowmeter feeding a Foxoboro Model FR-521-1-2-50 freguency
converter.

3.0 RESULTS

3.1 Evaporstor QOperstion

Initial tests on the "cold plate" evaporstor were r.n with all cold
plates and all exhaust orifice plates connected in series. These tests indi-
cated that the pressure drop across the zvaporator was too high to establish
a transport flow rate of 2200 pounds per hour. At a meximum obtainable AP of
250 pounds, transport flow rate was only 700 pph. The eveporator was removed
and replumbed as shown in Figure (-5 with all orifice plates and the nozzle

plate removed from the circuit., The evaporator was reinstalled and the meximum
flow rete obtainable at 250 pounds AP was 1400 pph. It wes decided that further
peralleling of the evaporator plates would increese maximum flow rate but only
at the expense of lowering the heat transfer coefficient. As a result, the
evaporator was left in this configuration and the maximum inlet temperature
changed to 85°F to provide the necessary 16,000 BIU/hr heat load and still main-
tain a 4O°F outlet.

Typical cold plate evaporator operation is shown in Figure C-6. Twenty
steady state cold plate evaporator conditions were tested during the progrem
with various configurations of exhaust orifice and spray nozzles. The results
obtained showed that exhaust port location mede no difference in operation sprey
pettern or efficiency. The device operated with both the hollow and solid cone
nozzle with no apparant effect on efficiency. Efficiencies were calculated to
be between 80% and 85%. This low 2fficiency is probably due to the non-optimum
design of the core and device configuration, and tc spray carryover in the exhaust.

Deteiled dats from this testing is presented in Appendix A of Reference T.

3.2 Contreoller Operation

Outlet temperature control to a LO°F setpoint was sttempted with both
the ATM {on-off) type controller and the predictor/corrector (variable pulse rate)
tyye controlier.

The predictor/corrector controller uses two thermistor sensors, one in
both the inlet and the outlet streems. The inlet thermistor determines the pulse
rate and percent "on" time of the spray and the corrector or outlet thermistor

changes these parameters to account for system response changes. During these

c-7
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TYPICAL SPRAY PATTERN

ICE CHIPS FORMED AT NOZZLE
SHUT-OFF

ICE FORMATION ON PLEXIGIAS AROUND EXHAUST ORIFICE

FIGURE C-6

T ey T

GURE C-6 EVAPORATOR OPERATION AND ICING AROUND
EXHAUST ORIFICE



tests, the controller was operated in both the predictor and predictor/cor~
rector modes. For inlet temperatures from 55°F to 75°F, outlet temperature
was maintained within 1°F to 4O°F operating with the predictor orly. Tempera-
ture gradients as high as 150°/howr did not fault the controller operation and
the corrector function was not required. Below an inlet temperature of 55°F,
the nozzle "on" time was not sufficient to £ill the nozzle hold up volume and
establish stable flow. As & result, ice chips rather than spray would be pro-
duced at random. These missed cycles would result in a run awey condition at
the outlet and outlet temperature oscillated wildly. With nozzles having very
smell hold up volume, nozzle cycle times less then 1/2 second could be tolerrted
and reliable operation could be expected at inlet temperatures approaching LO°F.
The ATM controller uses a thermistor sensor attached to the eveporator
wall or immersed in the outlet fluid stream. The controller is then set to turn
the valve on or off within some range of temperatures as seen by the sensor.
The span adjustment is a fuunection of the response time of the system and the
time necessary for cold or hot fluid to reach the sensor. Any change in system
response time, such as variations in transport flow rate, affects the tempera~
ture swing of the outlet fluid. In the current design, no provision is mede for
automatic span adjustments to compensate for response chenges. Due to physicel
limitations of the sensor-controller bridge network, the exset response of the”
"ecold plate" evaporator could not be modeled and the minimum outlet swing obteined
wes i_5°F. A 10% reduction in transport flow rate with the same contrcller set-

tings increased the outlet swing to + 10°F.
b.0 CONCLUSIONS

These preliminary tests indicate that an evaporator constructed of heat
exchanger core is entirely feasible. There was no tendency for the cold plates
to develop cocld spots and ice formation in corners and slong seams was not apparent.
Efficiency, however, ranged only from 80 to 85%. It is believed thet this is due
largely to the design of this particular eveporator and the inability to establish
proper flow rates end temperatures. The sevings in cost, weight, and reliebility
provided by this type of construction make the approach very desirable. A proper
cold plate design needs to be developed specifically for this appliceation end

further tests run to determine whether overasll system efficiency cen be inecreased.

C-10
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In addition, the operetion of a redundant transport loop needs to be evaluated.
‘f'ne location of the vapor exhaust orifice hed no effect on evaporator operation,
efficiancy, of ilce accumulation.

Considering the "meke do" nature of the prototype design, controller
operation was remaerkebly good. The predictor/corrector controller operating
in only the predictor mode wes able to hold outlet temperature to within 1° of
LO°F. Control was reliable from maximum heet load a1l the way down to the point
where physical limitation of the valve/nozzle configuretion made control erratic.
Further tests need to be run using a valve/nozzle arrangement with the smellest
hold up volume possible. Only then could & trme evaluation of the predictor/
corrector be mede.

Due to the mismatch between the ATM controller and the sensor which was
used, ATM operation wes not impressive. At best, the outlet ftemperature varied
by + 5°F. Proper sensor selection and correct sensor location would probably
reduce this swing considerably.

Of the two controllers used, the predictor/corrector seems most desirable.
Adjustments are simpler and less critical then those on the ATM controller, making
fine tuning of the controller much easier. 1In addition, the corrector mode makes
edjustments to compensate for variations in flow rate, efficiency and system
response unnecessary. The electronic peckage is also much easier to understand
and trouble shoot in the event of e malfunction.

The ATM controller, however, is much more difficult to tune. Any change
in either set point or span results in a change in outlet temperature, outlet
stability, and nozzle operation. A long iterative set up period is required to
establish optimum operating conditions. However, any change affecting system
response such as transport flow rate can greatly affect system stebility neces-
sitating a readjustment of the controller. No provision is made for automatically
meking these adjustments. During the test, a 10% variation in flow rete caused
the outlet temperature swing to double from + 5°F to + 10°F.

c-11



APPENDIX D

B WASTE WATER EVAPORATOR FEASIBILITY TESTING ¥

et

1.0 SUMMARY/ CONCLUSIONS

A test was conducted on 23 April 197k to determine if the flash evaporator
can be used to dump waste water and to define those problem ereas that need solving
for application of & waste water evaporator in the Space Shuttle. Approximately
27 Kg (60 pounds) per dey of waste water is expected to be generated by the Shuttle
occupants and consideration is being given to dumping this waste water through an
evaporator. Advantages of flash evaporator use include elimination of a special
dumping system and/or holding tank system with the subsequent overell weight savings.
The Shuttle waste water has been estimeted to be 50 percent urine end 50 percent
waste water.

Spraying of a waste water evaporant composed of 50 percent urine and 50
percent distilled water (collected within 24 hours of test) in the cold plate
evapor Lur (described in Section 3.4) was performed with the following specific
objectives:

(L) Determine if particulate matter gets into the exhaust stream

(2) 1Investigate the filtering requirements of a waste water evaporator

! (3) Investigate the amount of particulate buildup on the nozzle

and coldplate surfaces

& (4) Determine the effect on performence of perticulate buildup on
evaporator heat transfer surfaces

Approximately 13.5 Kg (30 pounds) of waste water was evaporated by the
cold plate evaporetor during 2 hours and 20 minutes of testing. Operating at an
inlet temperature of 308°K (95°F), the trenmsport fluid wes cooled to 280°K (45°F)

with evaporation efficiencies between 87 and 92 percent. The impinging spray

caused a froth and left a residue yn the heat transfer surfeces but no trend

toward performaence degradation was noticed. Further investigation is recommended,

however, to determine if residue does effeect performence after extended operation.
The velve/nozzle/filter showed no buildup of solids or malfunctioning es

e result of waste water flow with a 60 p filter only, a 60 y and 10 y in

series or pulsing spray operation. A yellowish brown liquid collected in the

baffle trap end did not freeze or appear to evaporate.

PRECEDING PAGE BLANK NOT FILMED!




Since the test did not simulate the extended operation of Shuttle usage,
the clean-up alsc did not simumlate the esctual amount of residue or the time the

residue stays on the heat transfer surfaces before eclean-up is initiated.

2.0 TEST INSTALLATION AND TIMELINE

The test article, shown installed in Figure D-1, was the LEM coldplate
eveporator (CPE) constructed in October 1973 and the fluid hook-up essentielly
duplicated that used previously snd is shown schemeticelly in Figure D-2. A
plexigias baffle chamber 15.25 x 15.25 x 33 em (6" x 6" x 13") was instelled
over the orificed exhaust port to trap solid and liquid carryover from the evapora-
tor. Two LN, cold traps (epproximately 9 30 em® (L ft2) each) were placed in the
satellite vacuum chamber with the evaporstor tc reduce waste water evaporant carry-
over into the large vacuum chamber. The bleed flow valve was opened during the
pulsing spray mode to heat the valve mounting plate and remained elosed during the
continuous spraying nicie. The evaporant valve contains a 10 micron filter and it
was supplemented by two additional filters of 10 microns and 60 microns upstream
of the valve.

Instrumentation consisted of three thermocouiles and two flowmeters. The
thermocouples measured the evaporator inlet and outlet temperatures and the valve
mounting plate temperature. Flowmeters were placed in the transport loop end waste
water evaporant loop. The actual amount of evaporant sprayed was monitored con-
tinuously by weighing the supply tenk and substracting the initial weight. Figure
D-3 gives the varistion of the supply tank weight throughout the test and the rate
of evaporant sprayed.

The satellite vacuum chamber is approximately 1.2 m (4 feet) in diameter and
1.8 m (6 feet) long. One end of the chamber is covered with a thick sheet of plexiglas
to allow full viewing of the complete test article in operation. This chember is
connected to a 3 m (10 £t.) diemetsr vacuum chamber which connects directly to the
vacuum pumps. The large chamber can be isolated when the satellite chamber is to
be opened.

The urine part of the waste water solution was ccllected within 24 hours
prior to the test. An antifoeming agent (G.E. Antifoem 60) in the smount of two
eye-droppers per 16.7 Kg (36.71 1bs.) of urine was added to the urine. The urine was
cut with an egual weight of distilled water. The waste waler solution wes lraded by
pulling & vacuum on the supply tank and allowing the vacuum to pull the well mixed
solution into the tank. A gaseous nitrogen source forced the waste water evaporant

out of the tenk through & bottom hose connection.

-
{
oy

w

-



r(-
£3S
oo
2 . EVAPORATOR 1
= E": PRESSURE TAP
o)
S
£8
&

e-a

FIGURE D-1 WASTE WATER FLASH EVAPORATOR TEST SET-UP (T+0)
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3.0 EVAPORATOR PERFORMANCE

The total testing time was 2 hours and 20 minutes with the first
hour of testing accomplished in one hour and 32 minutes clock time. The
remaining 1 hour and 20 minutes of testing required 2 hours and 46 minutes
clock time. The chember was brought up to atmospheric pressure twice to
clean the exhaust port cover to improve visibility: once at 60 minutes elapsed
time and once at 105 minutes. Evaporator performance is recorded in the series

of photographs which follow and will be discussed eccording to elapsed time.

T + 00:18:30
At this time, 2 Kg(h.53 1bs) of waste water had been sprayed and several trends

are bheing established. Frothing of the waste water occurred as the spray

impinged on the heat transfer surfaces. The frothing is believed to have con-
tributed to the splattering within the evaporator cavity which speckled the
evaporator plexiglas backecone. Exhaust vapor condensed and froze on the orifice
and an ice cone formed on the first baffle. A smell amount of liquid began to
accumilate in the baffle trap with no propensity for solidifying. The downstreem

portion of the baffle chamber was clear.

T + 00:30:00

N Pole EeaE E N TN BN N R

At this time, 3.4 Kz (7.28 1bs) of waste water had been sprayed. The large piece of
ice on the wrifice at T + 00:18:30 broke loose and blew into the trap. Tece

can be seen to have reformed on the orifice as was the pattern throughout the

test. The ice cone on the first bhaffle is shown slipping down the bafile.

Trapped liguid in the baffle chember was entrained periodically in the flow and
resulted in liquid splattering on the top and sides of the baffle chamber. The
liguid in the trap had a yellowish-brown color. Backcone speckling had made the

plexiglas opague and the heat transfer surfaces were hidden from view.

T -+ 01:00:00

At this time, 6.7 Kg (14.73 1bs) of waste water had been sprayed. The ice cone was
on the floor of the baffle trap, setting in a considerable amount of liquid and
partially blocking the flow cross-sectional area. Melting of the ice cone con-
tributed to the trapped liquid which was continually splattering on the beffle

top and sides. The large liquid droplets which hit the sides of the baffle

i
i



L

left visible film patterns on the plexiglas as it ren to the bottom. ILiguid
droplets adhered to the top of the evaporstor backcone and formed the pattern
shown. Although the heat transfer surfaces were not visible at this time, there
must have been some liquid in the evaporator since leasking occurred at coldplate
mgting joints. The vacuum chamber was brought up to atmospheric pressure to

clean an exhanst port cover and improve evaporation caviiy viewing.

T + 01l:30:45
At this time, a total of 10 Kg(22.03 lbs) of waste water evaporant has been sprayed.

This photo was teken after the evaporator spray was shut off. The liguid in

the baffle flash-froze as the pressure fell to sbout 1 to 2 mmHg. Previously
when the spray was stopped, liquid in the trap remained & liquid. It is believed
the partial melting of the ice cone diluted the trapped liquid end made it

susceptible to freezing as the pressure decreased.

T + 01:30:50

At this time, the chember has been closed-up and the sprey started. The amount

of evaporant sprayed has not changed significenily from the last photo. Liquid
was re-established in the trap as the pressure in the evaporation cavity increased.

All the various aspects concerning operation mentioned previously continued.

T + 02:20:00
At this time the test was terminated and a total of 13.1 Kg(29.53 1lbs) of evaporant
had been sprayed. The vacuum chamber was isolated and brought up to atmospherie

pressure, the plexiglas door opened and the evaporator removed from the chamber.
Post-test exeminaiion included photographic documentation, visual inspection and
weighing the evaporator and baffle chamber. When the valve/nozzle mounting plate
was removed the residue on the heat transfer surfaces could be seen to be about

1l to 2 millimeters thick and had a wet appearance. Although the mounting plate
did collect a residue, probably from the sgplattering spray, the nozzle exterior
remained clean. Inspection of the internal parts of the nozzle revealed they
were likewise clean and showed no effect from the 13.2 Kg (29 1bs) of waste water.

The evaporant flow filters appeared clean to the naked eye.
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The evaporator has a strong smell of ammonia which wes to be expected.
Liquid that condensed on the cold treps was clear when it melted but had an odor.
This was the case for both the satellite and large vacuum chamber cold traps.
Clean-up of the test article and associated equipment was begun immediately and
completed within 2 hours of the end of the test. Warm water and paper towels
were all that were necessafy to clean the residue from the eveporator.

Thermal performence of the evaporator using waste water as the
evaporant was similar to the performence obtained when deionized water was the
evaporant. Rvaporator efficiencies varied between 87 and 92 percent, and did not
show & tendency to decrease during the test., A4 residue built up on the evaporator
heet transfer surfaces to @ thickness of epproximetely one-two millimeters and
had a very porous appearance.

A weight analysis was performed on the eveporator to determine the
weight of the residue deposited due to use of weste water es the evaporant.

Table D-1 summarizes the results of the weight enalysis. The total weight of solids
collected in the evaporator while spraying 13.4 kilograms of 50 percent urine
solution wes 26l grams. This compares well with the Biocastronautics Data Book
which indicetes a nominal velue of 255 grems of solids in 13.4 kilogrems of 50
percent urine solution. The variance of 3.5 percent could be accounted for in

the difference in the concentration of solids in the urine solutions. Solids

concentrations are known to be & function of the individusl and his diet.

TABLE D-1
WASTE WATER FLASH EVAPORATOR TEST WEIGHT ANALYSIS

F/E TRAP TOTAL
Weight Delta (Grams) 201 157 358
Weight of Liquid In Trap After gl
Pest (Grems)
Weight of Solids Collected 201 63 26L
(Grams )
Weight of Solids Expected (Grams) 255

(1.9%* x 13.h Kg = 255g)

Bioastronautics Deta Book
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FIGURE D-4
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T +00:18:30 4.53 LBS EVAPORANT SPRAYED




oL-a

SPECKLING
CONTINUES

ICE CONE SLIPPED DOWN [

FIGUREDS5 T

e FEEE
LIQUID SPLATTER
{ON TOP AND SIDES

LIQUID

v

+00:30:00 7.48 LBS. EVAPORANT SPRAYED




00d J0
TVNIOINO

81 3ovq

XIrmvod y

LL-a

BACKCONE SPLATTER
PATTERN

LIQUID RUN
PATTERNS

LIQuUID

A

FIGURE D-6 T +01:00:00 14.73 LBS. EVAPORANT SPRAYED




DILUTED LIQUID
FROZE

FIGURE D-7 T+ 01:30:45 22.03 LBS. EVAPORANT SPRAYED




XLrTvad ¥004 10
8T I9vd TVYNY

D180

gL-a

LIQUID REESTABLISHED

o —




o 1

BACKCONE

SPLATTER

PATTERN
¥
X 8
> B

VOUGH T

Lpa BT

x N

29.53 LBS. EVAPORANT SPRAYED

? i

FIGURE D-9 POST-TEST EXAMINATION




-

SL-a

FIGURE D-10 POST-TEST EXAMINATION

Foid e —

RESIDUE ON
H/T SURFACES




RESIDUE ON

H/T SURFACES

1
i
|

D-16

FIGURE D-11 POST TEST EXAMINATION

R ]




LL-a

¥ood I0
NIDIY¥O0

RLITVOD
g1 @9vd TV

v

RESIDUE ON MOUNTING PLATE

NO RESIDUE ON NOZZLE

¢

0l a
v

FIGURE D-12 POST-TEST EXAMINATION




N e

APPENDIX E

PRELIMINARY STRUCTURAL ANALYSES OF
THE PROTOTYPE 2 AND 3 FLASH EVAPORATORS

The analyses of the prototype 2 and 3 flash evaporators were performed
_ to determine the maximum safe operating pressure, analyze the mounting system, and

analyse the thermal effects. The prototype evaporators will not be subjected to

the vibroacoustics, acceleration or shock loading that will be seen on production

= —— R, ]

hardware, and therefore, analyses of these loads were not performed. The results
of the analyses are summarized below. '

o The maximum allowable operating pressure for the hollow cone prototype

=

is 203 psi, the maximum allowable proof pressure is 305 psi or
1.5 times the operating pressure, and the burst pressure is 1015 psi.

The thermal gradients and therefore stresses are so low that the
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analysis is not presented in this report. The inlet temperature is
120° and the exit temperature is 40°. The maXimum temperature drop
across the core is 20°.

o The prototypes will be supported by a set of straps acting as a
cradel. The straps will support the weight of the evaporator plus
approximately 25 pounds of equipment. Total estimated weight is

50 pounds, which presents no problem for two straps.

o The maximum allowable operating pressure for the solid cone prototype
is 237 psi, the maximum allowable proof pressure is 356 psi or 1.5
times the operating pressure, and the burst pressure is 1000 psi.

o The thermal gradients and support methods Yor the solid cone

prototype are the same as those for the hollow cone prototype.
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DISCUSSION:

B [rewd ]

" Factors of Safety - The following factors of safety are apphcabie to

the flash evaporator prototypes to be-used for thermal test1ng at LTV

et

Aerospace. The factors of safety specified are minimum and shall be .used

]

v

in addition to any applicable vibration amplification factors, weld factors,

constructed of 3003-0 face sheets, core, and tubing. The braze filler material
1s 4343 and the weld Tiller material is 4043. The filler material properties

are assumed to be higher than those of 3003;0. A1l welds and brazed joints are

etc.

_ FACTORS' 4

N Element Type.. .. . {.Proof* ~ =~ . .. { Burst o
Pressurized ]1nes ) ‘2.0 times max. 4 times max. ?
and fittings operating pressure | operating pressure T
A1l other pressurized | 1.5 times max. 2 times max. = E
components | operating pressure | operating pressure . ﬁ? ;
*No yielding at proof'pressure_ 7 f
Al1 external applied loads shali produce no yielding at Timit and no fa11ure ' — f
at 1.5 t1mes Timit. _ é’ %
Design ‘Materials and AlTowables - The: prototype f1 ash ‘evaporators are 7

assumed to have 75% of the parent wmaterial nroperties along the interface.

End ..

Fiy Fiy ELone [ Fey Fsy Foy "L‘,-’;;‘-“;"E s

. . iho

KST Ks1 % KS1 KS1 KST KST

. 1o

3003-0 14 5 14-23 5 10 3| 7 Ao

Ref: "Structural Aluminum Design", Reynolds Metals Company, 1967, Pg. 108. i)
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STRUCTURAL ANALYSIS: The structural analyses are shown on péges 5-11. .

Two Toading cqndi?ions have Eeen considéred, (a) an dvgra]T evaporator burst
pressdre of .078 #/in2, and (b) a maximum cperat%n@ bréssure: ‘The maximum

safe operating pressure is dete}mined for each prototype design by first deter-
mining the maximum.allowable proof pressure based on no yield, then taking 2/3
of the proof.pressure as the maximum operating‘pressure; The burst presSqre_is '
calculated based on the ultimate allowables for the materials. ‘
CONCLUSIONS : The brototype evaporators are adequéte fo% the currently

planned te§ting to be done at LTV, but changes in material and design will be
required for a reliable minimum weight broduction type evaporataor.

The shuttie environment as understood at this time is: an operating pressure of
385 psi, an accejeration loading of + 5 g's along all axes, a temperature
envelope of -100°F to +300°F, and a high shock and vibration loading. To meet
these requirements, an increase in the core sheet thickness of 30% or a hidher
strenéfh core material is required. The exit and intake manifolds should have
more coﬁtinuous Toad paths, such as a formed tube, shown in Figure 7, or a .
Tocal thicker core gage under the weld area. Also some provisions for an inte-

gral mounting system should be incorporated in the design concept.
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APPENDIX F

PROTOTYPE 2 WOUND TUBE DESIGN SUMMARY

The Prototype 2 unit design was initially planned to be a refinement
of the Prototype I helically wound tube device shown in Figure F-1 with improve-
ments in nozzle performence, fabricetion techniques, valve/nozzle integration,
and reduction in volume. The design requirements, identical to the Prototype I
unit, were 1.6 kv (50,000 BTU/hr) heat rejection capability with a 277.5°K
(40°F) controlled outlet temperature device which incorporated redundant transport
passeges and water spray nozzles (see Reference 2). Additionally, the same
Prototype I approach to heat load control and exhaust duct design was to be used.

A short summary of the design effort conducted is described in this Appendix.

The results of initial nozzle testing (reported in Section 3.0 of
Appendix A) indicated that the wound tube Prototype 2 evaporator could be reduced
in volume by 25% primarily by positioning the spray nozzle 30 em (12 inches) from
the device floor. The sidewalls could be reduced in height by 50 mm (2 in.), and
a rather flat backcone with a 50 mm (2 in.)} depth could be fabricated to which a
vaelve nozzle mounting plate could be mounted. ’

After careful consideration, the sidewall height of the Prototype I
device was retained, and e flat backcone was designed which incorporated the valve/
nozzle mounting plate was selected for simplicity of design, end cost of fabrication.
The valve/nozzle was mounted to this back plate with provisions for removal for
servicing. .

The valve/nozzle design used a similar approach ss used in the Prototype
T unit. The holdup volvme was reduced, however, from 0.5 cc of the Prototype I
to 0.15 ce by redesign of the valve/nozzle method of attachment arnd method of nozzle
distributor holding technique, (the design gosl was 0.10 cc). This reduction in
holdup volume resulted in approximately 1/3 less volume of holdup "ice chip" during
eyelic operation.

Menufaeturing end fabrication design improvements were the major dif-
ferences between the wound tube Prototype 2 end 1 device designs. Seamless drawn
tubing of rectangular cross section were to replace the structurally unreliable

port hole die extruded tubes used on the Prototype I device. Assembly techniques

F-1
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(including draw forming, tube performing, ete.) were investigated with the
hand formed tube procedure selected, as in the previous fabrication, with little
additional tooling idemtified due to cost esnd technical risks invelved. Six
struetural supports were designed to be tack welded end subseguen.ly brazed to
the assembly to provide a structurally sound method of mounting the device.

An experimental progrem was conducted to determine the most promising
approach of brazing the wound tube assembly to meet the current (1972) Shuttle

materials specification. The progrem included investigation of pre-assembly

cleaning, pre-braze cleaning, brazing and post braze cleaning procedures. The
feasibility of brazing the wound tube evaporator using standerd veacuum fluxless
braze and vacuum brazing employing & volatile cleaner were experimentally in-
vestigated. Although successful brazes were obtained using both techniques, the
salt pot brazing process employed in the Prototype I febrication was selected

because the state~of-the-art status of brazing the complicated wound tube asnsembly

was not developed and a high degree of technicel risk would have been involved.

A structural enalysis of the wound tube Prototype 2 design indicated

the proposed design was adeguate for Shuttle application of the device. The launch

vibroacoustic environment loads could be met providing a 90% braze between the

wound tubes could be obtained. The sesmless drawn tubing hed adeguste strength
to withstand the Shuttle fluid internal pressures expected. B5Six mounting lugs/

structural support members were identified to cerry the expected pressure and
vibration loadings.

The design of the wound tube Prototype 2 unit was completed during

March 1973. During a thorough design review with WASA-JSC, however, it was de-
cided to forego fabrication of the device since the heat load requirements of the
Space Shuttle had become better defined as much higher values, and the need for
a top-off evaporator for supplementing radiator heet rejection end for water
management became Ffirmly {lentified. It was also desired to optimize the device

weight (beceuse of Shuttle weight problems) and cost by fabricating the unit from

]

l compact heat exchanger core, The results of this aspproach are reported in Section
4.0 of this report.




