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SUMMARY

A conceptual design for a two-phase flow experiment for Spacelab was prepared. The
NASA-mission applications were.defined and a scientific justification for the study was
established. An experimental test apparatus is described; the prime coinpoiignt being
a tubular fused quartz test section selected for visual observation. The definition of
flow-regimes and pressure drop will be achieved withan air-water fluid system while
the heat transfer data will be taken in the samne test configuration using only Freon-11.
The apparatus with pump, separator, storage tunk and controls is mounted in a double
Spacelab rack. Other study achievements included a definition of supporting hardware,
procedures, measured variables and program costs.

The proposed experiment is to be performed in the early 1980's. A search of the
literature revealed many NASA missions in the remainder of this century which can
benefil fvom improved design data for two-phase flow in reduced-gravity. The
applications include propulsion, automated spacecraft, power generation, experiment
support and life support systems. The propulsion applications constitute the major
volume ser. Cryogenic storage in space and advanced cryogenic vehicles are major
applications in this area. Space power stations which use the Rankine cycle have a
large potential application. For the remaining applications, a variety of cryogenic
liquids will be able to be more effectively used with improved knowledge of the heat-
{ransfer eorrelations.

The experiment is justified scientifically when we examine the existing empirical
correlations for flow regime, pressure drop, and heat transfer. A correlation which
contains the Froude number has been used in one investigation to indicate a shift in
the flow regimes with a change in gravity level to 10~2 g's.  Although a shift in the
flow regime boundaries was observed, the magnitude of the shift did not agree with
predictions. For pressure drop, no valid reduced-gravity correlations exist. lere
the approach is to identify the flow regime and use cxisting one-g pressure drop
correlations. Prelimina-y data at 1072 g's indicales a 507 increase in pressure
drop occurs at reduced-gravity., The heat transfer correlations are even more
complex; a super-position of forced convection and boiling data has been used to
correlate data on earth. It is accepted that boiling data is sensitive to gravity-level
thus a sensitivity in these correlations is anticipated. However, no reduced-gravity
two-phase flow data has heen obtained.

Two-phase flow correlations are typically regime sensitive, An - ir-water test is
planned so that the regimes can be clearly identified at the low gravity levels. This
will also provide the most reliable pressure drop data since steady-state conditions
will persist in the tube. Conversely, heat transfer data with Freen will cover a
range of conditions depending on mass veloeity and wall heat flux as controlled

xi



by heater power. The experimental plan covers a range of mass velocities from 10
to 610 kg/sec-m2 (7400 to 172,000 Ib/hr—ftz) and the quality range from 0.01 to 0. G4.

A test section 1.5 cm in diameter by 90 em long is recommended to provide L/D > 60.
The circular test section is a fused quartz tube enclosed in a square Lucite bloeK with
an axial! cylindrical hole. Visual observations with photographic coverage provides a - -
prime data source. As indicated above, air-water and Freon-11 were selected as
test fluids., Freon-11 boils at ambient temperature :nd lower as the outlet pressure

is decreased below 100 kN/m?Z (1 atm). The te<t section is heated by a copper-nickel
resistance wire providing 679 watts. A total of 80 data points are planned for the
air-water system while 40 data points are planned for the Freon lests, these points .
requiring one and two minutes for data collection, respectively. Total test time is

six hours allowing for c¢nanges in hardware settings. Totul heater energy usage is

933 watt-hours. Total experiment energy usage is 2929 watt-hours in the - *x hours.

Expervimental concepts considered test fluids of water, air, nitrogen, :und Freon with
the fluid loops or paths of overboard dump, total recycle, batch cgllection, and liguid-
only recycle. Only three of ten concepts appeared promising. The water-cabin air
system with water recycle was a clear choice for a flow regime-pressure drop test
since it had been proven satisfactory on a KC-135 test program. Freon-11 with
overhoard dump or with liquid-recyele were selected altermtives for the heat transfer
test. The former is preferred for simplicity, however the latter avoids dumping
excess Freon, only 14 Kg (30 1bs) versus 111 kg (245 lbs) and is more volume efficient.
The liquid is pumped through the test loop from a storage tank or for recycle from a
rotating separator which removes the liquid from the mixed-phase outlet flowstreéam
of the test section.

As indicated earlier, the two experiments use common hardware and test section.
Water is the first test fluid and is dumped overboard; the system is dried by a vacuum
blowdown and next the Freon test is conducted. The test section is instrumented

with thermocouples to measure wall and fluid temperatures. Quality is determined
from flowmeters and energy input. Capacitance-type quality meters will also be

used ai the inlet and outlet. The Freon is stored in a tank with fluid control by
bladders or capillary devices. The latter may be desirable if a transparent test

tank is to be used for other integrated heat transfer/fluid dvnamics tests.

A scientific layout design has been prepared for both experimental concepts in a
double Spacelab rack. The experimental controls are very accessible and space

still exists for integrating additional small fluid experiments in this rack. Several
elemrents of the test hardware such as cameras, lights, electronics/signal condition-
ing and controls can be shared. The Freon-11 hardware, cxcept for the test seclion,
is contained within a Lexan enclosure for safety. The crew task performance and
experimental procedures have been outlined. The data acquisition and reduction
approach is briefly covered.

xii



The experimental costs were defined through Level 1V integration. Several high

cost items including the test section, blower/motor, Freon tank, sensors/signul
conditioning, quality meters, film magazines, and secondary structure were identified
ton < development costs of 147K and total costs of 276K dollars. For the program
costs through Level IV integration, the development costs were 601K with production
and operational costs of 314K for a program cost of 318K dollars.

In view of the results of this study, it is highly recommended that a design study be
initiated at this time to integrate these two-phase flow experiments with additional heat
transfer and fluids experimants being considered. The proposed configuration will
support the integrated experiment concept.

ORIGINAL PAGE IS
OF POOR QUALITY
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TECHNOLOGICAL JUSTIFICATION

As the Space Transportation System becomes operational in the early 1380's, the
number of payloads placed in orbit annually will increase as will the complexity of
these systems. DBy the mid 1980's we anticipute several new systems will be flowing
numevrous fluids in the low-gravity environment. The design and performuance of
these systems can be improved with proven corvelations ui two- phase fluid behavior
in reduced-gravity. Cryogenics are unique in “hat initial line transients involve
chilldown und the occurrence of two-phase twow. A second major application is space
power gystems or radiators in space where boilers or condensors involve the flow of
two-»hase fluids.

The literature for space systems bhas been reviewed and the specific applications which
are discussed have been tabulated in this section. The importance of two-phase {low
to these processes has been examined. Finally, the availability of data from a
Spacelab experiment to support the design requirements of future systems has been

assessed.
1.1 MISSIONS AND APPLICATIONS

A survey of NASA-missious has been completed and the results are presented in the
following paragraphs and tables. 7The results support the conclusion that two-phase
flow phenemena will be an increasingly significant element in space opérations in the
last two decades of this century. The NASA migsions and vehicles for which two-
phase flow may be important are listed under five functional categories as follows:

Propulsion

Automated Spacecraft

Power Generation

Experimental Support (Spacelab and Space Station)
Environmental Control/Life Suppo.t Systems (EC/L.SS)

These functional categorics are presented in Tables 1-1 through 1-5, respectively.
Each program/vehicle listed includes the identification of the flaid, fluid function,
quantity used, and the-source of the data which is presented. Additionally, the
number of men that the EC/L.SS is to supr.rvt is listed. There are many other
potential applications for two-phase flow thet have been proposed for automated
spacecraft and spacelab experiments but were not included herein hecause of
duplication of fluid application and quantity.
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Program/Cencept

Propeilant Depot
(Orbital Fluid Transfer)

ortital Transfer Vehicle

vy

Logisties Tank

Lupar Transier Vehicle

Yolar Feectrfe Propulston

i)

e

Propeliant Depot/
Ligu-faction

SPNUReaction Control
Systwem

Cargn OTV (Coneepta)
-Chemieal Propulsion

=Revistopet (Rleets Cuncept)
-Aredel (Bieet, Concept)

Nuclear Shuttle
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{General)
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LO
Li
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L
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Ll
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Prop.
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Prop.
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Manage-

. ment
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Table 1-2. Automated Spacecraft Applications

. Line Size biguidd Plow- \':xp-:l' Flow- 1,,“11.‘ Tempcratures
, Fluid Qu.f.nury Dia < L Rate, ’(’;; Rate, Gy Quallty  Pressare Liquid Gag wall
Progr>m/Concept Fluid  Function los cm hgim=-see womlesec X AN/m? R K _K Data Source
T.arge High Energy Observatory LHe Cooling of 950 0.55 % 4500 0.5 - 0~1 24 3 - - Ref. 6,pg. 36
B (HE-094A) Superconducting Ref. -
Magnetic Colls
Large X-Kay Telescope LHy  Detector - - - - - 20-78 - - Ref. 8, HE-01A
{HE-ulA) Cooling
Gravity Cearse Monltoring LHe  Precision Gyro- 298/hr ~ - - - 3 1.G-2 - - Ref, 8, AP-0ia
Pavioad scope Covling
Cryogenic Dewar
Flare Coarse Monitoring LN2 Detector Cooling 300 W Refrig. - - 0-1 - 78 - - Ref, 6, p. 6%
Payload Refrigeraior M3 :
Ocean Resources & Dynamics LY, Detector Cooling - - - - - - - - Ref. 9, v . I
System (CO-4) (1988 Refrigerator p. 13
Table 1-3. Power Generation Applications
l.ine Size Liquid Flow- Vupor Flow- Inlet Temperatures
Fiad Quantity Dia x L Rate, (i) Hate, Gg Quality Pressure Liquid Gas Wall
Program ‘Concent Flui Fur.crion 1bs cm w3 sec hI mf-sec X AN/l K _K Dita Soures
sPS/Rackine Cycle  Under Evaluation  Power TRD IBD TBD TBD 0-1 - - - - Ref, 4
(Tope A: Water, Generation in p. V-B-1-C-6
Ammonia, Liquid Bollers,

Mietalsy (Type B:
Freons, Diphenzl,
eic.)

SP/Superconduct-  LHe
ing Generators and
Cables

Condensers

Power Generation TED
Cryogenic Cooling

Ref, 4
p. IV-B-1-C-37
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Experirzental Support (Spacelab and Space Station) Applications

\CN-05-8)

Table 1-4,
Line Size  Llqud }:T'T‘d".‘““h;;n;;.:x' Flow -
Fluid Quantlty Dia> L Rate, Gy Rate, Gg
program/ Concept Fluid Function _dbs cm hp/mP-see hg/mS-sec
foprocessing (Urokinase LN,  Refrigeration 44 0.12 m3 - _ -
¥ ~oducti
¥ "oduction) Waste Waste Reeycele
Med.
Cryogenic Storage
Li{quid Xenon Compton LXe ~-Ray Detecticn - - - -
Telescope
LAr  Cool 1.Ne - - - -
Atmospheric, Magneto- LHe Radiometer IR 4 TBD TBD -
spheric, & Plasma {n Detecior Cooling
Space (AMPS) (AP-06-S) LHe Spectrometer R 44 TRD TBD -
Detector 7 woling
LNz  Spretiometer SWIR 18 T#D TBD -
Detector Cooltng
Autemated Furnace/ LOy  Fuel Cell Reactaots 877 TBD TBD -
Levitation LHy  Fuel Cell Reactants 111 TBD TBD -
shuitle it Telescope LHe Detector Cooling 132 TRD TBD -
Tacillty (AS-n1-%)
Deep Sky TV Survey LHe  Detector Cooling 23 TBD TBD -
Telescope (AN-03-5)
AMametic Spretrometer LHe Magnet Cooling 40 TBD TiD -
-15-¥)
Biaprovessing 18P -01-8) LO,;  Fuel Cell Reactants 291 TBD TBD TBD
LHy  Fuel Cell Reactants 36 TBD TBD TBD
Rivprocssstng (SP-31-5) LNy Cryogenic 13 TBD TBD TBD
_{First spacelrb Miasion) Refrigeration
U, Laser Data Relay Link LNy  Cooling 22 -TBD TBD TBD

Inlet
Quality Pressure piquid
2 k/m? o K
0-1 - -
G-1 - 4
0-1 - 4
01 - 77
0-1 - 30
0~1 - 20
0~1 - 4
0-1 - 4
0~1 - 4
01 - 90
0~1 - 20
D~1 - 7
0-1 77

Tempueratures
Gas Wall
K 3
- -

Data Source.

Ref. 10, p. 3-35
p. 5-85

Ref. 11

Ref. 12, AP-03-3

Ref. 12

SP-14-8,8P-13-8
Ref. 12, AS-01-5
Ref, 12, AS-03-§
Ref, 12, HE-15-8
Ref. 12, SP-01-§

Ref. 12, $P-31-§

Ref. 12, CN-05-S
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Table 1-5. Environmental Control/Life Support System Applications

Line Size | Liguld Flow- Vupor Flaw- Inlet Temperatures
Fluid Quantity Diax L Rate, Gy Rate, Gg Quallty Pressure Liquid “as Wall
Program Concept Men Fluld  Function lbs em ¥g/mZ-sec kg/ml-gzec  x_ kN/m?2 K K K Data Source
shutle 4+6  Wasle Reject Heat With 455 1.2 x - 250 250 0-1 ~ - - - Ref. 13
Water Ammonia Boflers
OV Crew Module 4 LNg, Eovironmeatal (7 days) Typ/man Typ/man  Typ/man 0 -1 - - - - Rel. 10, V1-E-7
LOg. Control
HyO
Passenger Moduie 68 LNg. Ezvironmental (7.days) Typ/man Typ/man  Typ/man 01 - - - - Ref. 10, VI-E~10 &
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1.2 TWO-PHASE FLOW PERFORMANCE PARAMETERS

In the teehnoligical applizations presented in the previous section, the applications
can b divided inte crycgenic and non-eryogenic. The non-cryogenic applications
primarily invoive a heat exchange fluid loop. Cryogenics involve the flow for fluid
transfer as well as lower flows for heat exchanger/cooling applications,  The fluids
include helium, hydrogen, argon, nitrogen, oxvgen, xenon, Freons, water, ammonia
and liquid metals.

Most flow passages will be of circular-cross section und made of aluminum or stainless
steel. Line lengths will be in excess of 100 meters for some of the future applications

such as propellant depots.

A lis. of the parameters for the applications cited in Section 1.1 are presenied in
Tuble 1-6. ‘

1.3 ROLE OF TWO-PHASE FLOW IN THESE APPLICATIONS
Propulsion applications constitute the major volume application of two~phase flow.
The Dow of propellunts through warm lines during initial flow conditions requires

the analysis of two-phase flow heat transfer.  The resupply of propellants in space

Table 1-4.  Application Ranges of Two-Phase Flow Correlation Parameters

Line Size, D 0.3 - 15 cm (0.11 - 6 in)

Mass Veloeity, G 1 = 12000 ky/m2-sec (737-8.85+1001 /1% -hr)
Aspeet Ratio, L/D 20 - 10000

Pressure, P 1 - 100kN/m? (0. 14 - 60 psia)

Gravity Level, g/g, 5 to 108

Reynolds No., Reg 1000 - 3.6 ~ 106

Nusselt No., Nuy 1~ 5000

Prandt] No., Pry 0.5 -2,15

Froude f\'o. , Fry 1% 100 - 4 « 10g

Heal Flux, q 103 - 1~ 10° watts/m? (315 - 1.3 x 105 Btu/hr ft2)
Viscosity, p, 0.029. 107 -1. 35107 N-s/m2  (6<1078-2841078 Ibf-see/1t2)
Viscosity, p 0.012<10"-0. 0(3\10""1\’-5/1112 2,5:1078-12:10-8 Ihf-sec/1t?)
Density, oy 0.067 ~ .36 gm/cm3 (4.2 - 85 lbm/ft3)

Density, o, 0.0018=0, 012 gm/cm? (0.30 - 0.75 Iby,/ftd)

1-6



similarily involves initially warm lines for cryogenic transfer applications. Recent
concepts to process fluids in space to produce crrogenic Hg and Oz involves broad
applicatior of heat exchange design. Storage techniques for cryogens in space involve
vent systems with heat exchangers vperating in low-g; vapor-cooled shields are another
thermal protection system where two-phase flow cccurs. Both pressure drop and heat
transfer data are of importance in these applications. Providing the thermal control
for a eryogenic environment for instruments aboard spacecraft involves the design of
heat exchangers where two phase flow is occurring. A major application will arise in
Rankine power generation systems in the high volume heat exchange systems involved.

The experimental support requirements for Spacelab and Space Station operations may
well lead to application of a larger system in space than may be apparent from the data
presented, The fucl cell uscd to supply power for the automated furnace, automated
levitation, and some bio-processing may be more extensively used since output require-
ments will grow as these space processing/manufacturing facilities become commercially
utilized. The cryogenics used for detectors cooling may also be more extensively used
as longer duration viewing times are desired, further reduction in internal noise is
purused, or the sensing of longer wavelength or far infrared is attempted.

1.4 TIMELINESS OF PROPOSED RESEARCH

The timing of when the identified programs, vehicles, and experiments will take place
cannol be stated with certainly; however, some insight as to occurrence of these activities
may be gained from Figure 1-1 which reflects NASA thinking (References 16, 17 and
18) and from Figure 1-2 which shows NASA near-term planning (Reference 19), Sortie
flichts (experiments) and automated spacecraft flights will oceur in the near-term, and
4 low earth orbit (LEQO) space station during this near-term is alsoc envisioned. OTV
usage, electrie propulsion, orbital propellant transfer, initial space manufacturing,
and solar power satellite (SPS) development is anticipated for the mid-term (Phase O).
The far-term is envisioned to provide commercial solar power, space industrialization,
and lunar operations. Thus, it is essential that the two-phase fiow ekperiment be
given high priority in the Spacelab experimentzl program to obtain the results in the
early 1980's in order {o support the applications in the remainder of that decade.
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SCIENTIFIC JUSTIFICATION

This study has determined that a scientific justification for experimentation in space
exists in three specific areas of iwo-phase flow phenomena: flow regime definition,
pressure drop, and flow boiling heat transfer. ir each specific area, the status of
existing correlations wereAexamined and any indication of gravity-sensitivity was noted.

The physical process of two-phase flow is dominated by the grvity field; moreover
specific regimes such as stratified flow or sedimentation exist solely because of the
gravity field. It will be very interesting to approach the definition of this flow
phenomena in the absence of a major variabie such as gravity. The opportunity exists
to achieve a better understanding of the mechanisms which influence the process.
Preliminary work hus shown regimes to be sensitive (o gravity, however additional
data is required to complete the assessment.

2.1 LOW GRAVITY ETFECTS ON TWO-PHASE FLOW REGIME BOUNDARIES

2.1.1 EXPERIMENTAL BACKGROUND IN REDUCED-GRAVITY. Farlier investiga-
tions by General Dyvnamics Convair (Ref. 20) showed analytically that for flow regime
boundaries based on Froude aumher, a boundary shift could be caleuiated for any
gravity level other than g ~ g, (normal carth gravity). The predicted shifts were
expressed on coordinates of total mass velocity versus quality for gravity levels
changing from g = g, lo g = 10-2 g5, and for boundaries corresponding to the Quandt
classification zones I: pressure-gradient dominated (includes bubble and dispersed
flows); II: gravity dominated with significant frictional drag, Fr > 2/f (includes annular
and wave flows); Ill: gravity dominated with minimal friction, Fr < 2/f (includes plug,
sldg and stratified flows), where f is the friction factor for the liquid phase. Verification
of the predicted shifts was pursued through two-phase flow experiments which were
performed in a ground-based laboratory and then repeated aboard a KC~135 which was
flown in "zero-g'" trajectories. Experiment results showed that flow regime boundary
shifts with reduced gravity were in the direction predicted but not to the extent expected.
Figures 2-1a shows the location of g = g, boundaries and the predicted location of g -
1072 g, boundaries. Figure 2-1b shows these sume boundaries together with experi-
mental results for g - g,, and Figure 2-1c shows the data taken at a gravity level of
approximately g - 10-2 7, The g g, data points are scen to generally conform with

g go boundaries, but the low gravity data points do not fall within the predicted g = 10-2
g, boundaries, i.e., the observed shift in the data was less than the predicted boundary
shift. Limitations of the experiment such as {ime in reduced-gravity and test section
length precluded precise resolution of this discrepaney.

2-1
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Figure 2-1a. Flow Regime Predicted Boundary Shift

2.1.2 EXISTING CORRELATIONS IN ONE-G. A literature review on the subject of flow
regime definition has been pursued. The results, which are summarized in Table 2-1,
revealed three approaches other than Quandt's in which the Froude number was a
parameter, namely those of Kozlov, Haberstroh and Griffith, and Moissis. The same
analytical method referred to in the General Dynamies Convair work was applied to

each of the three aoproaches to derive boundary shifts with change from g - g, to

g 102 g,. Data ‘rom the General Dynamics Convair laboratory experiments was

then plotted against the g -~ g, boundaries and data from the aircraft fligh! experiments
was plotted against the g - 10-2 g boundaries,
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Table 2-1. Flow Regime Definition Summary

work Ctted & Approach

Fluids, I'rucesses

Results

Iscustton of Gravity Fifoots

N
Iluhlmr(l’l)\.\)dvr.( )

power spectral density
distribution for wall
pressure fluctuattons
w.is caleulated and
yertfted with all regimes
except froth,

@n
Baker, flow pattern
map. Tuokes Into sccount
the flutd properties.
FEmplrical graphical
correlation from
experimental data.

{2n
ficrgles and Suo, flow
pattern mep.  Combined
transition criteria of
other investigators.

Kozlov. Later Griffith
& Wallis 22D Eroude no.
criterta for flow reyime
boundarles. sraptrical
nd experimental.

(£
Quandt, dimensional
analysis, Flows classi-
tied as press, gradieat
controlled, gravity
controlled, and surface
tension controlled,

(1)
Radoveich and Motssts 7

transition from bubbly to
s ~ ftow is function of
! . Up. and a. Expert-
. gt Aand empirical
etlort.

(33
Haberstroh & Griffith,
transition hetween slug
and annular regimes.
txpert~- ul effort with
cmpirical correlations.

@n

wallls, transition
between annular and
dispersed annular.
Fenerimentsl and
cemprcicnl,
.\‘[olssls.(m)tmnqmm.
hetween st and homo-
geneous fo, and froth,

Poaperimental with theow
retical developnient,

ftali-Taviarv £ Hewity,
auwl ong of anpular
flow pattern.

(22)

Horizontad, air/
water In 1-1/2
1.D.

Alr/water,
adtabaide.
Gas/ofl.
Horizontal,

Steam /water,
500-1000 psta,
saturated.

Afr/water, 1 atm
Adtabatic. Pipe

dia.: 0.5 in. to

2.34 in.

Air/water, others.
1 aum, adiabatic.

Np/water. Bubble
colilsion “coales-
cence transition
mechanics.

! Alr/water, steam/

water, air’‘water &
rlcohol, air/watzw
& glycerine, COy/
water, Adiabatic

Not reported

Atr/water, 1" D
tube, 1 atm. press.
vertical pipes,

Afr/water, 1-1/4"
D vertical tube,
15 puta

0 to 5 is handwidth containing 687 of total
energy:
& <1t
0.3 Mz<g <15 Hz
1.5 Hz <Y
Also, for a bundwidth of ¢ ¢ around a mean
frequency, contalning 68% of energy; and with
ﬂ‘ S Qe/tQg v ), then :

scparated flow
Fransttion
Dispersed flow

e¢/By <11 Intermittent flow
11 <378 < 100 Transttion
100 < 3 /B1 tspersed flow

Ordinite Gg/l. abscissa (g A /Gy
;P -3 1/2
[
L0, 075/\n2. 3

) e )

7

Ordinate Gg, abactasa X.

(o, Qa3
- 1oy . N - S 2
B = Qg/i-Qg) Fr oD
Boundaries: P
Bubble-plug g- 0.05 (rri0- %

Plug-dispersed plug B - 0.12 (Fry% 18
Dispersed plug-cmulsion 8§ - 0.5 (P‘r)o' !

Emulcton-ilm emulston g = 0.65 (¥ 09
Film ¢muision-drop B = 0.85 {Fr)0- 02

Boundaries: 2 [
Dispersed-annular Fr> - :£ -cos @
frpls
. u2 2
Shag-annular Fres=—— <=
gbe

Time for collision/coalescence to form cap

bubble {s:
1
l:: .78 1
g, -1
SR

Tests showed 0.8 <o 0.9 at transition. By
force balance:

5

D 2D 13
Lo 9:208 b (1) [_2]

Peg 5  f by

2.5 o
. r.2.5 fo 1/2
et o2 (1), s u¢2
g 4] 2y figdra)= £
. U . u
ul =~k s u L

3 N
& g /e JunY ¥ [(ol/r:g)gl)j‘

u
ut e s . = [Frpg (pg/ol]é
. “1/";;‘ gD?

Ordinate 5 entrainment, ahscissa {4

2 ¢ a‘

at onset of entrainment.

u g rp ¢
" _Lﬂ{.ﬂ} where ,zzz.-msm'*
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absctssa 15 Tr. Boundaries are o funcifon of
L}, criteal buhble length.
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rubdivistins of apnular flow,

The ayproach does not nlow any
friqu-ncy ¢ bift (hences regime
buundary ah'fty related to
changes in gras ity tevel,

Fmpirical. All Results for
normal carth gravity. No term
for gravity sensitivity.

Empirical. Results are for
normal earth gravity.

Empirical. Assumes that all
regime transitions are dictated
Ly the sam2 pair of flow
parameters.  Froude no. changes
, with change ip g will cause
houndary shift. ¥Flow patlerns

du not readily relate to Baker
regimes.

Froude no change wita c)‘fn‘xx'ge in
£ will cause boundary shift. This
was background for GDC experi-
mems flown aboard KC-135.

Transition thine Is sensitive to
vold fraction, Long times {mply
incomplete transition tn shai{g
tubes. No gravity sensitvity.

‘

Dimensionless velocities u*
contaln gravity term. Therefore
boundary will s*ift with change
In g Crdinate o, absclasa uj.
Empirical eorrelation between

u _and u. Correlation approach
].‘l‘cks gravity discrimtnation.

Empirical correlation of data.
Results are for normal earth
pravitv., Neo gravity sensaitivity.

Fatr agreement with Griffith &
Wallts erpirical results. Froude
no. chanie with change n g will

j cause boundary shift,

Paramelors
chosen are nadegaate for
By definft{on,

1 No o effects.
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a. Kozlov Criteria (Ref, 21). The boundaries given are:

Quandt Classification Zones

Film emulsion~drop B = 0.85 Fr0- 02 -1
Emulsion-film emulsion B =0.8656 Fro' 05 I-1
Dispersed plug-emulsion B =0.50 Fr0-1 n-1
Plug-dispersed plug g =0.12 Fro' 15 oI - IH
Bubble-plug B =0.05 Frl-2 I- 10
where
g —e_
QI’: T Qg
(Q, +Q)/A_1°
4 g P
Fr= D
& p

The above boundaries are plotted in Figure 2-2a for g = go and in Figure 2-2b for
g = 1072 go- Also plotted in the respective figures are some of the experimental
results by General Dynamics Convair as referred to in Section 2.1.1 above. The
above criteria are related to the Quandt classification zones with the provision
that the dispersed plug flow is a transition phase to slug flow and remains in. zone
II. The emulsion flow resembles bubble flow of zone I while the film emulsion
resembles the annular flow of zone II,

There does not appear to be any correlation between the Kozlov patterns and the
experimental data as referenced to Quandt classification zones. However, a boundary
shift is qualitatively confirmed by positions of the experimental data points. The fore-
going suggests that the Kozlov coordinate parameters are useful for depicting flow
regime boundary shifts, but the validity of the boundary definitions does not appear

to be correct.

b. Haberstroh and Griffith Criteria (Ref. 21). A published boundary between annular
and slug flow regimes was replotted in Figure 2-3a and 2-3b, along with the shifted
bountdary at g - 1072 go- The coordinates are void fraction, o, versus dimension-
less liquid veloeity uj, where

u
+ £s

- 1
[(pz/pg) gD]

1/2
u /2 = [FI’}‘S (pg/pz)]

and Frgg is a Froude number based on superficial liquid velocity. Superficial liquid
velocity is obtained by dividing the liquid volumetric flow rate, Q,, by the total
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cross-sectional area of the channel. The near zero slope of the boundary
suggested by Haberstroh and Griffith causes the boundary shift due to gravity
field to be almost indistinguishable. The data points piotted are annular and
slug at one-g and reduced-gravity from Reference 20. Local void fraction, o,
was not available from experimental data, so the points are plotted at a test
section average & which is equal to 8, the gas volumetric fluw rate fraction.
Thellaberstroh-Griffith boundaries approximute a separation of experimentally-
determined annular and slug flow patterns, but arc not effective in prediction
of the g=gytog = 1072 £ shift.

Aoissis Criteria (Ref. 21). A plot of 8 versus Fr based on the criteria developed
by Moissis results in ten curves which in effect represent a rather wide zone for the
transition from slug to frown flow regimes. Only the cenferline of this zone was
replotted in Figure 2-4a and 2-4b, The shift of this boundary at g = 10-2 go s also
shown. The data points plotted are for bubble tlow, which may be interpreted

as equivalen{ to froth, and for slug flow. Tt is apparent from the plots that the
Aloissis correlation approach reflects the gravity sensitivity of the data; however,
his regime boundaries do not clearly distinguish between the observed slug and
bubble flow data.

Summary. Asay attempt to correlate the {luid and flow parameters with boundaries
hetween regimes is subject ‘o a number of limitations, including the following:

1. A two-dimensional map may represent only two parameters, whereas a
transition mayv be influenced by several more.

™

The same pair of parameters does not dictate all of the transitions heiween
the several regimes.

3. Transitions occur over a zone, rather than a line boundary, and the zones
of two kinds of transition may overlap.

4. Experiments have had limitations on scale and time and in the number of
fluids employed.

5. Experimentally-produced flow patterns often appear to contain elements of
two or more regimes, which necessitates subjective identification of the
dominant regime.

Allowing for the limitations named, the work to date confirms the existence of a

gravity-level shift of flow regime boundaries which are based on Froude number.

However, the magnitude and nature of the changes caused by gravity have not been

determined and require the long term test environment that a space experiment can

provide.
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2.2 LOW GRAVI-TY EFTFECTS ON PRESSURE DROP IN TWO-PHASE FLOW

In a literature survey addressed to the pressure drop in a flowing liquid/gas mixture,
particular attention was given to approaches which included gravity effects. Reference
20 reports AP measurements in low-g (approximately 162 g) which were compared
directly with measurement in g = go for water/air mixtures flowing in a straight,
horizonial, circular channel. For the same fluid and flow parameters, the low-g £ P
was higher than in g = g, by a factor of about 1.5 (Figure 2-5). Since it has been
demonstrated that low-g had induced c..anges in flow regime, the higher 4P was
attributed to such change in flow regime,

An application of two-phase flow occurred in the Skylab shower waste water plumbing.
It consisted of a water/air pickup head and a flexible hose which was connected from the
pickup to a mechanical liquid/gas separator. TFlight evaluation of the shower system
(Reference 23) reported that pickup efficiency was poor, shower stall cleanup was very
time consuming, and higher air flows would be required to improve performance.
Reference 23 does not indicate whather this portion of the flight hardwire had any
instrumentation for A P measurements, however, the observations are ~onsisteut with
the experiments conducted to date.
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A summary of the literature survey is shown in Table 2-2. Analytical development of
pressure drop equations is typically based on energy, continuity, and momentum
equations, and leads to dp/dz expressed as the sum of gravitational, accelerational,
and frictional terms. The gravitational term is significant only for vertieal or inclined
piping in g = g,, as it becomes zero for horizontal piping in g = g, or any piping in
zero g. Thus the low-g case has a superficial similarity to horizontal flow in g = Bo®
but equal pressure drops cannot be assumed. As stated previously differences in

flow regime have an effect on pressure drop as well,so that changes in flow regime in
low gravity should change the pressure drop.

-

2.3 LOW GRAVITY EFFECTS ON FLOW BOILING HEAT TRANSFER

Boiling is affected by the acceleration field as indicated in Reference 21. One effeet
is on the erlterion for the incipient threshold of nucleate boiling. It is dependent on
the thermal layer thickness which is proportional to (a/g)“l/3 to (a/g)~1 *. The

_ thinner thermal layer requires a higher delta temperature for activating the nuzleation
site, IIsu and Graham (Ref. 21) report, although not with the concurrence of all
investigators, that the mechaniems for nucleate boiling are considered to be inertia
dominated including bubble evolution, thus i,nplying that nucleate hoiling phenomena

is not-stgnificantly influenced by reduced-gravity. For the critical heat flux, invesii-
gators report it proportional to (a/g)‘1/3 and experimental data by Merte and Clark
(Ref. 25) have verificd the decrease in this value for LNg. Lienhard (Ref. 26) suggests
that the nucleate boiling region may vanisb and can be replaced by a monotenic line in
reduced-gravity fields. Merte (Ref. 27) confirms the gravity dependence of the heat
flux in reduced-gravity in the film boiling regime. 1tis obvious that agréement on the
effect of gravity on boiling does not exist today. '

In flow boiling, reduced-gravity has been demonstrated (Ref. 21) to influence the flow
regime through a reduction in buoyancy forces, which in turn modifies the heat transfer
performance. Efforts in flow-boiling at reduced-gravity have been primarily qualita-
tive in nature.

In an effort to determine existing correlation forms for the several conditions of heat
transfer regions which sequentially occur in the flow-boiling process, the literature
summarized by Collier (Ref. 28) was reviewed. In Figure 2-6 from Collier, the heat
transfer regions are depicted with the two-phase regimes. The following paragraphs
and Table 2-3 present the correlation forms for the various heat transfer conditions.

A partial subcooled boiling region exists, region B in Figure 2-6, where the hea’ flux

is commonly expressed as the sum of the contributions of forced convection single-phase
liquid heat transfer and subcooled pool-boiling heat transfer, z = ¢gpy, + ogcp The
Dittus-Boelter equation is widely accepted for the former contribution and unique pool-
boiling correlations are offered for the latter from the pool-boiling literature. Bowring's
work is considered the most detailed for design.

2-14 J



! Exper. and empirical.

Table 2-2. Pressure Drop Definition Summary

Work Cited and Approach

Flulds, Processes

Correlations and Results

i
I Discusston of Gravity Effects

Owens.(gl) Assumes,
uniform homogeneous
mixture (bubbly flow and
dry-wall mist flow).
Emplrical.

Govier, Radford and
Dunnt=1) Fxperiméntal ..
and empirical, effects ol
regimes on dP,’dx.

9
Uanl(off.(“l ) Radial dist-

ributfon in void is
modelled.  Mixture
treated as single phase
flow using syrthetic p and
M. Applicable to disper—’
sed flow patterns.

IULC:2 ) I
Levy. Aixing length
AModel. Experimental.

Martinelli, et al. S
Faqual static pressure
drops of liquid and gas
phas2s,  (dp/dzypp i
found by relationship with
pressure drop of either
phise as if it flowed alone.

. (21)
Martinellr & Nelson.
Above methud extended by
interpolating between low
pressure and eritieal pt.
Exper. and empirical.

n .

Levy. Simplifted
approximation of pres-
sure drop ratio. Empirical
21
Chien and Ihele. Mod-
{fication of Martinellf
correlation for other flow
domains. Empirical
correlations.

@1,
Baroczy. lodifications
of Marth.elli correlation
for flow rates, qualities,

and fluid properties.
.Experimental and

empirical.

Adiabatic. Friction
loss only. Air-
wiier and boiling
water,

Adizbatie, air/
water.

Adiabatic. "Alr/
water and steam/
water K parameter
correlations.

B

Adiabatic. Homo~
geneous, steam Avatey

Adfabatic, Various
two-component
mixtures. Parallel
coexistence of
liquid flow and
vapor flow. Low
pressures. Oil/air,

“horizontal pipes.

High pressure,
water-steam
mixtures, other
single component
mix,

| Not restricted to

any one fluid.

Annular and
annular mist
regimes.

Water-alr, water-
stream, Hg-Nog,
liquid metals, -
organic ofls.

Two-phase AP related to AP for all Uquid flow.
For {f1p™{y
. ‘ 2
) G
2‘5 ‘ TP.g = , E_I;Lgc' ' Wh?LE}',,:" specific vol.

Plot shows 4 P is irregular function of flow
pattern and Yquid/gas volume fraction.

Based on Blasius equatfon.

ARURS G

v
where

£y "L K -1
X«t[(l—*—)é _}
4 P o
v v '
and several empirical correlations of K are
available.

Tabrlar presentation of parameters including
friction factors, shear stress, densities, Re,

For both phases turbulent {TT), (dp/dzypp/
(dp/dzz = & e g Where i g is correlated
. ,

as a function of

0.111

Xpp T8 ) (cg/ol)o' %

5
w,/w

I,
Parameters, Qz’TTand Vapyass function of
pressure.

(dp/dz),rp )
(dp/dz) ¢

1

a-of

0.71

. . 0.
Annular: t2<3.885x 10-6 Re Re 2728
4 &

ip

Annular 2

s 34 e!O. 517
Mist:

~0.
=3.425Re R
g gp Lp

Correlations of % with parameters depending
on G, x, and a “'properties index."” Extensive
verification of Martinelll approach.

Low g favors uniform mixing.
Fmpirical basis for frp = f,.
No gravity effects.

Empirical. Data does not enable
display solely of flow pattern
effects. Since flow patlern 18
g-sensitive, therefore 4P is
g-sensitive.

Good match with experimental
data is reported. There 18 no
modelling of gravity effects.

No modelling of gravity effects.

Similar correlations were given
for TL, LT, and both phases
laminar LL, and for ratio of two-
phase pressure drop to liquid-
phase pressure drop. No
maodelling of gravity effects.

Independest of gravity.

Pressure drop can bo Integrated
if o is kpown as a function of Z.
No gravity sensitivity.

No modelling of gravity effects,

but boundaries between regimes
are g-sensitive,

No _gravity parameter involved.
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Table 2-2. Pressure Drop Definition Summary (Continued)

Work Cited and Approach'

Fluids, Processes

Results

Discussion of Gravity Effects

Brown and Govie [_.(21)

Slug flow pressure drop
attributed to liquid only,
neglecting gas phase ¢ P.
Empirical.

Hughmark

Empirical correlation.
Extensive data correlation

Continuity, energy and
momentum equations.
One-dimen<innal homo-
geneous equilibrium
flow.(22) Theoretical.
22
McAda.ms.( )homo—
geneous viscosity. Empir
) Clcchittt,('
geneous vi

)homo—
:08ity. Empir

mler,(zz)bomogcneous
viscosity. Empirical.
“Rule of Thumb, " {?%)
Empirical.

McAdams. et al; also

Owens.(2?) Cg caleulated
from an equivalent single
phase flow. Experimental
and empirical.

22
Blasius equation( )
Experimental correlation

Continuity, energy, and
momentum equations
with time-dependent “2)
terms (unsteady flow).
Baslc theoretical
developments.

4 P measurements,
horizontal pipe with 90°
bends, tees, valves,
expansions, contract-
tons. (2%) Experimental
with empirical

correlations.

Slug flewv.
Vertical flow.

Slug flow,
+Horizontal flow,

Steady flow, any
two-phase mixture.

Laminar flow,
gas/Hquid.

Laminar flow,
gas/liguid.

Laminar flow,
gas/liquid.

Turbulent flow.

Turbulent flow.
Water/steam 0. 118
in I. D. and 30-in
long. Horizontal.

Turbulent flow,
smooth pipe.

Evaporator,
negligible pressure
changes and viscous
dissipation.

Water/steam, X -
0 to 217, p - 800 to
1600 psta. G =

{1 to %) = 106 1b/hr-
12,

(AP/LZ)pp = (AP/LZ)y m (1 - C4 ), where
Cp ranges from 1. 1 for low-viscosity fluids
to 1.4 for highly viscous fluids.

-2
AP _2fu£ _ W!'
2z Te b’ YT Ap (1-a
P B ) )

where { I3 friction factor at Re =Du p, /i, .
Expression for dp/dz in wi.ich the only

empirical factor {8 Cyg, the homogeneous
friction factor.

(an averaging
model)

Vp=@lug + [(1-x)/pg]
M= xpg + (1-x) Be (an averaging model}

g = (Jg/J) T (Jg/J) B (an averaging moden
Cy = 0. oosr

~(dp/ dz)F
-{dp/dz) Ffo

p
=1+X[—;f- 1]
g .

where subscript fo denotes case that liquid
flow in same pipe with same mass velocity
as the combined flows.

Cg = 0.079 Re~0-25

X{titg) = vi/veg PRLICaL LN

where
4v, @
P A
- Bhy

and ¢ = wall heat flux

Straight pipe: Falr correlation with Levy
momentum exchange model. Bends: Ratio
of two-phase to single-phase & P was different
for varfous bend radii. Diamecter changes:
two-phase to single-phase 4 P ratlos same
for expansion and contractions and same as
stralght-pipe ratios.

test configuration.

Regquires knowledge that regime
will be slug flow. Regime {8
subject to gravity effects,

Requires knowledge of regime,
which is g-sensitive.

Gravity term, g cos 6/(vy +
Va), will vary with variable g.

# used in Re which is related
to Cp. Gravity insensitive.

u used in Re which is related
to C¢. Gravity insensitive.

¢ used in Re which is related
to C¢. Gravity insensitive,

Accuracy within factor of 2,
relative to measurements.
Gravity Insensitive.
Accuracy about +10%/-30%.
relative to measurements
Gravity insensitive.

Expression for equivalent g
used to determine Re. Gravity
insensitive,

Applicable to horizontal tube.
Requires identification of tg,
the time when a liquid particle
starts to evaporate. Gravity
ingensitive.

Negligible gravity forces in
Fxperiment
hardware design provided L/D
ratios of 3 to 82 to promote
recovery from upstream
disturbances.
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Table 2-3. Heat Transfer Definition Gummary

Work Clted and Approach

Fluids, Processes

Correlations and Results

Discussion of Gravity Effects

(29)
Dittus' --DBoelter.

Standard for forced
convective heat transfer
* {n a tube,used for
conveclive portion of
superposition. Empirical.
. (28)
Bowring Superposit-
ton of convective and
nucleate boiling. Experi-
mental plus empirical
correlation.

Rohsenow!2%) Superposits
fon ¢f convective and
nucleate boiling. Experi-
mental with empirical
correlation.

Bergles and Roschow(zs.)
Superposition of convect~
ive and nucleate boiling.
Experimental with
emplrical correlation,

28
Th«)m( .) Modification

to the work of Jennes
and l.ottes.

Dengler and Addoms(zs.)
Vertical tube saturated
boiting. Exper.and emp.

28
Macbeth( .) Empirical
correlation.

(28}
Thompson and Macbeth .
Emplirical correlation.

)
chnson( Empirical

correlation. Exp. eval.
of wall temperature
profiles In saturated
nucleate bollin;,.

|
4
|

Water, forced
convective boiling
single phase. Heat
ing tn vertical up-
flow, Re > 10000.

Steam 0 to 140 atm
q.0 to 200 W/cra2
u,0 to 260 cm/sec
Subcooled boiling

Water ,
subcooled boiling

Water, 15-2000
psia.
sSubcooled bajling.

Water only. Fully
developed subcooled
bolling.

Water, annular
flow, saturated
nucleate boiling.
Water, low mass

velocity region.

Water, high mass
velocily region

High pressure steanm

Pwater, lquid

deficient region

0.0 [22) T[22 ]

{ U

th

k

1/3

f

q=4qspL * 4sCB
aspL < hgo [Tsat-Te2) ]
for TsaT < Ty = Trpp
for Ty, > Trpp» Ggpg, = 0
g 1/n
ascB = W TiTy)sen - Tsar)
n< 0.25t0 0.5, ¢ = f (prop.)
Q= 4gpy, * dsCB
aspL = byo Ty - Ty (2)]

Y g(a}og _!

where Cgg = 0.006 — 0.020

(s

T
Cpfsat

l{g

[Yscp
ST bigg

As above except

qzqspL[ y

[Yscp [, 8
Qe defined from q

c”

)

qscnl)

1
\ Yspy,

. 156
8Tsarlonn

.5 -
e p/87

LT °C, g MW/m?, p in bars

_ -8 -5
hpp = by 3-8 Fp, (1K (x)

D
] A + DG (MSL‘B)
qcrit CcC+2

where A and C fcn (G, D, p)

hc[)
— =0.0
" 23

fenpr, 2 17
A
k')
B

V;_I}A[l-

wherele-.l[

ONB on curve qSCB

(2.30/p }

BCIJ*!.S
g

¥orced convection effects
dominate gravity. Turbulent
GD/u > 10,000, L./D> 50

Gravity effects not constdered.

Gravity effects not considered.

Fa‘ifj”
K, j

Cravity effects not considered.
2 ]1/2

. 0234

Gravity effects not considered.
Gravity effects not considered.
Gravity effects not considered.

Gravity effects not considere.l.

Gravity effects not consldered.

| .

e
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OPR—.

Merte and Clark

Table 2-3. Hest Transfer Definition Summary (Continued)

w .k Cited and Approach

Fluids, Processes

Correlations and Results

Discussion of Gravity Effects

21 _
Hughmark. Experi-

mental cerrelation for
horizontal tube - slug
flow,

oS

<

McNelly" and Lavin
and Yormg(gl)correlaied
early-phase annular flow
(Nucleate Boiling).

21)
Bennett  correlution
for aneular flow, uses
Martinelli parameter
and hsf Experimental.

Collfer and Pulling(zl)
introduce a boiling
number for two-phase
anoular flow.

(21}
Chen’  'used super-
pesition principle for
bolling and forced
convaction effects in
annular flow. Experi-
mental effort with
empirical correlations.

{21)
Bennett for film boil-
ing regime with drrwall
mist fiow. Experimental
with empirical correla-
tion.

@1

confirm Noyes(21)
correlation for (q/A)
from 10-2t01 g for

X

Alr-water, air-oil,
gas-oll; turbulent
and laminar,
Horizontal slug flow.

Anpular flow.
Part. nue. boil.

Steam-water,
Anpular flow.
Saturated nuc. boil.

Steam-water.
Annular flow.
Raturated nuc. bofl.

Water, benzene,
pentane, heptane,
Annular flow,
Saturated nuc. boil.

team-water,
Film boiling.
Mist flow.

LNg botling from
sphere.
Pool boiling.

nucleate boiling.

(26,000 <Re, < 4,500, 000)

e 4 e
(Cowy 29 Lopy A1)
(8Ppp/BLY g1
1T T - iy 0, 1)
2u,p
272

1600 < Re, < 4600

L. D /1 o [""zcz ]{f_].u

=1.75 -

kL (1) kL L
.31
.69 .67rp,1.31pDe
§A k p <
v
- . .11 .14
hT" = hsl. 0. 64 q )

q in BTG/hr ft2

h=h - 3
st 6'70()[h G

fg
pucl, boiling

number

+ 0.00035 (xu)' 66}

forced conv.
evaporation

b = byot conv. * Bflow conv.
.79 .45 .48 .25
¢ Spp Py B 7 L2a 15
‘%5 .29 .24 .24}"*T ¢P s
By fg pV
k

_ .8 4K
hfc_'023 (Rey) ™ (Pry) b ¥

k
hbcz .90122[

where F = F(1/) = (Re/Rey)’ 8 ana

S = (Roy - F+29)

.9 pg].5
where - [1—_)%( ] [ J—]
g L Py

hD DU, .84 -. 04
1/3 L
ECTPO ' 7 QT D) PR PP
k b 1 D D
) 7
kD Du 9'84
—2_ onaa| =¥ pel/3 Lsgo
kg B, £ D

ya[oroy® v
@n) = 1dhge, [ T— g8, C]

~.24
x Pr 2

5 /gy 25

Althorgh derived for two-
component systems, applicable
to single component system
where mean void fraction
obtained from quality.
Independent of gravity except
for slug regime identificaticn.

No gravity etiects. Restricted
to apply to early annflar flow
regime.

Bubbles dc not burst film.
Mechantsm convection and
eddy diffusivity in liguid.
No gravity effects.

No gravity effects; error
derv. = 30%.

Combines nucleate boiling and
forced conv. evaporation.

Range of data to qualities of
71% gre correlated within + 107,
No counsideration is given to
gravity effects.

Impinging droplet evaporation
neglected. Gravity effects
not considered.

Avthors add gravity effect to &
1-g correlation of Zuber

{Noyes modif. ),verify vver two-
fold change a/¢.
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It issgenerally accepted that the correlation for the fully-developed forced-convection

nucieate pool-boiling regions,C and D,can be established as an extrapolation of the

pool-boiling curve. This suggests that the form of the equation from fully-developed

pool boiling will be valid for fow-beiling in a modified form. The pool-boiling curve
" thus is extended to higher delta temperatures and higher heat fluxes.

The transition to the forced convection pool boiling region is smooth and the form of
the correlatlions for subcooling boiling are retained where Ty is now replaced by Tgap
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Correlations in this region are independent of mass quality and mass veloeity.  The
condition of constant £Tgy leads to a constart heat transfer coefficient.

The forced convection nucleate hoiling region evolves to a two-phase forced convective
region, E and I*,as boiling continues and quality increascs. Dengler and Addoms,
Bennett and others offer correlations for the two-phase heat transfer cocfficient hpp as
a function of the 'iquid phase heat transfer cocificient hy and Martinelli’s ¢ turbulent
factor.

Continuing the superposition principle clearly into :he two-phase foreed convective
region (predominantly annular flow), the heat transfer cocificient is defined hpp
hxep - he by Chen (Table 2-3).

As heat flux increascs i the nucleate hoiling regions, B, C and D,and the generation of
vapor increases, a critical heat flux regime may be reached.  The nueleate boiling
phenomena is inadequate to satisfy the existing wall heat flux, {n the two-phase forced
convective regions, F and 17, the attainment of the critical heat flux coineides with
"dry out" or the start of the liquid deficient region, G. Both ewpirvical, Mucbeth,

and phenomenological approaches have been taken to correlate data in these regions.
Separate correlations are offered for the low mass velocity region (G <5~ 158 Ib ‘hr
ft2) and the high muss velocity vegion.

One of the merits of the proposed experiment lies in the opportunity to identify {low
regimes in the reduced-gravitly environment and confirm the applicability or non-
applicability of the heat transter correlations for each region.

2.1 PAST EXPERDMENTAL LIMITATIONS

Prior evaluation of gravity-effects on two-phase fluid flow has been limited by the
inability to achieve adequate duration in reduced-gravity. The heat transfer process
does not stabilize in a flowing system in the time period available in aireraft or drop
tower tests. In one-g, rotation of the tube axis through 90° has lead to different flow
regime and heat transfer performance but has done littie to explain the anticipated
performance in reduced gravity. Aircraft tests have been the most productive in
verifring a sensitivity to gravity level; however time limitations and the level of the
acceleration field were both unsatisfactory for heat transfer analysis. Drop tower
tests, although providing the true low-gravity field, are limited in both time duration
and size. Thus, the Spacelab environment will afford the first opportunity to examine
the two-phase heat transfer process at two controlled gravity ievels.



SPACELAB EXPERIMENT CONCEPTUAL DESIGN

Having established technological and scientific needs for an orbital experiment to
collect engineering data for two-phase fluid behavior, this section defines a conceptual
experiment for Spacelab fo achieve this end. The objectives for combined regime
definition, pressure drop and heat transfer experiments are outlined. An experimentdl
apparatus is described which uses the fluids water and Freon. The data to be collected
is described and the experimental procedures are discussed. Finally, the costs to
develop this experiment for Spacelab were determined.

3.1 OBJECTIVES

3.1.1 FLOW REGIME/PRESSURE DROP EXPERIMENT. The predicted shift of two-
phase adiabatic flow regime houndaries with change from 1-g to a low-g environment
was discussed in Section 2. Previous measurements of this shift were handicapped by
brief duration of low-g available aboard an aircraft. An objective of this experiment
is to determine flow regime boundaries for an environment of sustained near zero-g,
as is characteristic of space flight. The sustained environment will provide steady-
state data. Further, the range of flow parameters should encompass the complete
range of flow regimes at both 1-g and near zero-g. Then the boundaries at 1-g and
near zero-g can be compared so as to provide a reliable definition of the boundary
shift.

Another objective is to velate two-phase frictional pressure drop to the influence of
gravity. There is limited experimental evidence that frictional pressure drop
increases with reduced-gravity due to changes in flow regime. A sustained low-g
environment will enable a more reliable definition of this pressure drop increase.

3.1.2 FLOW BOILING EXPERIMENT. The objective of the heat transfer experiment

is two-fold: to establish modified one-g correlations applicable to the reduced gravity
environment and to develop insight into the mechanfsms of heat transfer in the absencé
of gravity. Current correlations depend on contributions of nucleate boiling and forced
flow to define the heat transfer process. The magnitude of these individual contributions
in reduced gravity must be determined. The heat transfer process for fluid flow takes

a long period to reach steady-state so that no suitable test environments have been
available to date. The heat transfer is regime dependent therefore it is significant to
both define the regimes and collect the heat transfer data in a reduced-gravity environ-
ment.

ORIGINAL PAGE I3
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3.2 EXPERIMENT HARDWARE CONCEPTS ANALYSIS

The eandidate concepts in subsequent discussion are premised on providing hardware
for two experiments, namely (a) a "Flow Regime/Pressure Drop Experiment” similar
to that reported in Reference 20, and (by a "Flow Boiling Experiment” in which a single
component fluid enlers a heated test section eithe: subcooled or at low vapor quality

and exits at higher quality. The two experiments, and perhaps others, may share some
hardware components where economical and feasible withouwt compromising experiment
objectives.

3.2.1 TEST SECTION SIZE. A small diameter tube has obvious advantages in terms
of corresponding low flow rates and low mass, volume, and power rcquirements for the
hardware. A limitation on size reduction is inherent in the requirement to visually
identify flow patterns. Such identification may be by direct observation or by viewing
still or motion pictures. General Dynamics Convair experience (Ref, 20) was that a
2.5%1 c¢m (1 inch) diameter flow channel was adequate in size for both direct ohservation
and 16 mm motion pi- tures. Still photos were not made. It is estimated that the lower
limit for direct flow pattern identification without optical aids is about 1 cin diameter.
This does not praclude using a masmifier to view flow in a local area, but the value of
an optical ajd.ip thesc circumstances is minimal. Not only would the apparent speed
of motion be magnified, hut flow pattern identification would be further inhibited by

the limited field of view.

Photographic recording is less subject to the restrictions noted above.. Still photos
can be enlerged several times without significant loss of resolution. Motion pictures
can be projected in slow motion andon a screen sized according to viewing distance.

Considering geometric accuracy, larger size has advantages because there will be
proportionally less effect from diaineter mneasurement error, roughness measurement
error, presence of contaminating particles, or the intrusion of sensors.

A test section L/D of 20 was used for the experiments reported in Reference 20,
Observations were that the entrance disturbances could be seen to persist for various
distances downstream of the entrance. At the higher flow rates, it appeared that the
flow pattern changes were occurring up to the test section exit. It was concluded that
an L/D of 20 was Loo low.

Fitzsimmons (Ref. 24 ) reported the effect of an upstream flow disturbance on pressure
drop through a bend which was located 56 diameters straight downstream of the
disturbance source. The measured AP was about 1.6 times higher when the flow
disturbance was created than when it was not. This result contrasts with single-phase
practice in which 15 to 20 diameters is recommended for the "recovery length.”
Recovery length is the length of straight pipe downstream of a disturbance (tee, bend,
valve, orifice, contraction, expansion) for re-establishment of a fully-developed
straight pipe flow,
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Considering the foregoing, the test section size selected for further conceptual analysis
is 1.3 om (0.6 in) ID by 90 cm (36 in) long, thereby providing an L/D of 60. Although
there is the option of different test sections of different sizes for the two experiments,
the advantages of less space and more simplicity indicate that a single test section
should serve both experiments if feasible.

3.2.2 TEST FLUIDS. The flow regime/pressure drop experiments reported in
Reference 20 emploved water and air. The more important criteria which supported
this selection were safety; the ubiquitous use of hoth fluids in _engineering practice;

and the extensive background of ground-based analytical and e\'permxental efforts with
this fluid mixture, against which low-g flight results could be compared. Further, the
gas being air was readily compatible with an open loop using the aireraft cabin air.
These same criteria apply to an experiment aboard Spacelab and lead to the same
recorimendation.

If there is reason to abandon the concept of using cabin air in an open loop, then Ny is
essentially equivalent in meeting all other criteria and has a further advantage of
being relatively inert.

Selecting a fluid for the flow boiling experiment also requires consideration of safety
and of properties similarity to fluids expected to be used in space applications.
Further, because it may be difficult to accurately measure heat exchange with the
environment, 1t is desirable to approach zero heat exchange by operating at near room
temperature. This also eliminates time delays for the fluid and apparatus to change
from room temperature to operating temperature, A vapor pressure of about one
atmosphere at room temperature is desirable to minimize problems of leakage and
stress in the test section. A low freezing point may be desirable so that solid does
not form in overboard discharge ports if there is overboard discharge.

Water is excellent in many respects, hut has a high'freezing point and a vapor pressure
of only 2. 43 kN/m?2 (0.35 psi) at room temperature. At such a low pressure and low
vapor densm , the void fraction, @, and the vapor volunretric flow fraction, B8, are very
high for a given quality, x. Pressures so low, and void fractions so high, are not
typical of expected applications. There is the possibility of operating with water at
femperatures near 373K (212F) and a pressure near one atmosphere.

The various halogen compound refrigerant fluids offer a wide range ¢f vap>r pressure
versus temperature characteristics. Considering safety, theyv are less desirable than
water. Their toxicities range from low to moderate, and their flammabilities range
from nonflammable to “capable of forming weakly combustible mixtures with air."
Table 3-1 shows some properties of a selected few refrigerants in the range of mterest.
All have low freezing points, Of those shown, Freon-11 is nearest the desired

. characteristics discussed ahove,
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Table 3-1., Home Carndidate ¥Fluids for Flow Boiling Experiment
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Consideration was given ‘o alcohels, hvdrocarbons, and other materials of vapor
pressure/temperature characteristies simiiar to the Freons ot Table 3-1. The
hydroearbonz and alechols were rejected for reasons of safety, especially flammability
and tosicitv. A brief survev of glveols, light olls, various dielectric fluids, expend-
able coolants, and other refiigerants revealed properties generally less satisfactory
than Freen~11. Cryogenics were rejected because of increased experimental
complexity in departing from room lemperature [fluids.
3.2.3 EXDPERIMENT OPERATING PARAMETERS.
3.2.3.1 Flow Regime/Pressure Drop Sxperimant. Figures 3-1 and 3-2 show a
proposed vange of operating parameters, nameiy total mass velocity, G, from 10 to
G40 kg:/sec:«_mz {7400 to 472,000 Ib/hr-ft“), and gas quality, x, from 0.01 to 0. 64.
It is desirable that the range of parameters encompass the distributed, segregated,
and intermitient flow regimes for both 1-g and low-g operation. However, increasing
the range increases the time and resources required to acquire enough data. Also, a
preliminary calculation indicates that test section pressure drop will be excessive at
combined nmaximum G and maximum x, and that pressure drop will be accepiable if
the operating region vmits the shaded area of Figures 3-1 and 3-2. The corresponding
limits are then x - 0. 16 at G = 640 kg/sec-m2 (172,000 Ib/hr-ft2), x  0.32 at G = 320
kg/sec-m?2 (236,000 1b/hr-ft%), and x  0.64 at G - 160 kg/sec-m2 (118, 000 Ib/hr ft2).
The 16 grid intersections of the operating region represent 16 data points and would
require about 16 minules of eperation. In the near zeru-g environment of Spacelab
the flow regime boundaries are expected to shift more than shown in Figure 3-2 for
a 10" % g-environment (Kef. 203, I the experiment operater (Pavlead Specialist)
observes ths! such o shift oceurs, he muy extend ihe range by reducing G to a set of
values halos the malrig of Fimure 3-2. To provide for this contingency, the time and
resourcus sh.io nlow for ahout 80 data points,
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3.2.3.2 Flow Boiling Experimeni. The operitlng var ge for the flow boiling experi-
ment was based on generally the smne eriterin eupeessed for the flow regimes/
pressure drop experiment; Loe,, the range of mass veloeities and qualities should
encompass the distributed, segregated, and intersittent regimes for both 1-g and

near zero-g, The oporsting regiom oo in igures 3-3 and 2-1 is based on liquid
Freon-11 initially stored at Spacclah modale embieat temperatura and pressure (= 294K,
101 kN/n12; 70¥, 14,7 psiad, then exponced iseatbalpically upstream of the test section
to a selected lower pressure and temueratise. Mrer eatering at low vapor quality, the
fluid flowing within the te-t scetion bobiz a0 80 cedaumiformiy and isothermally,
Discharge from the test section is it o mglio g by
directly proportional to heating rute and fnyors

» o at entry by an amount
voprosertivoad 1o mass flow rate.

Parameters corresponding 1o paths ol the houadies of the operating region are
maximum (/A ~ 155 wit!s ‘Cre - or tent cect i cr Sk fsee, maximum Q = 679 watts,
maximum mass velocity & G ke soo-mt 109 00e 10 by i), maximum flow w o= 0. 12
kg/see (925.2 Ih/hry, minimun. Loilin feoo
section presgure p o 54,5 NN (Gopoo

specasee 270K (261, and minimum test

The operating region shoewnin . e oLtusiured on 23 Vscl points. ' It is
estimated that the operating cang reqlires v il e f two minuies per set point, or
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Figure 3-4. Baker Operating Regions, Flow Boiling Experiment

56 minutes total. As stated earlier, the experiment operator may observe reason to
extend the operating region in the direction of lower flows. The option exists for
extending the experimental range intc.the subcooled region. With Freon-11 stored at

the pressure and temperature conditions stated above, the degree of initial subccoling
available is 2, 6K (4.7F). Time and resources for at least 40 set points should be
provided. The proposed experimental data plan is limited to the single Spacelab environ-~
ment of 10~4 g, however opportunities for data at a second level of 10-2 g should be
considered as further experiment definition continues.

Examination of the operating region in Figure 3-3 also raises the question of data at
qualities near one and in the superheated vapor region.” Because of heater limitations
(Section 3. 2. 4), dryout may not be achieved at the high mass velocities, however, this
regime can be examined at the lower mass velocities, Figure 2-6 shows dryout
occurring at qualities below one as the transition from the annular into the dispersed
regime takes place (see also Figure 3-4).

Data from the literature (Kirby, Ref. 29)was found which indicates the quality at dryout
under normal gravity conditions. = At this condition, a large and discontinuous decrease 1n
the heat transfercoefficient has been ohserved at the indicated axial location whichcorres-
ponds todryout of the annuylar film, This quality condition at dryout is shown in Figure 3-8
for Freon 12 tests (Ref. 29). The 16.1mm curvewith GOHE) 3 gm/sec-cm? is close to

our conditions, 15.2 mm tube with G of 4 gm/sec~ ~cm? al the highest ﬂow rate. The
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Figure 3-5. Freon 12 Dryout Data Indicates Dependence on Mass
Velocity (Kirby, Ref. 29)

maximum design heat flux is 1. 55 watts/cm? for G1 with lower fluxes decreasing by
factors of 2 to maintain (/G constant (Figure 3-3 refers) except in the 5 psia range
where Q is held constant for the highest five mass fluxes. With the selected heater
size of 679 watts, Q/A = 1. 55 watts/em?, required dryout qualities will typically exceed
0.85 for the flow rates under consideration. Table 3-2 indicates the burnout heat flux
for our experimental configuration based on design flow rates and the extrapolation in
Figure 3-5. It can be seen that the qualities reyuired for dryout to occur are in excess
of those expected for the experiment design proposed, therefore, to achieve burnout,
the heater power would have to be increased over the design value for mass velocities
3-8




Table 3-2. Burnout Qualities and Heélér Power

G kg/sec-m?2 640 320 160 80 1C 20 10
Planned Q/A watts/ 1.55 1.55  1.55  1.55 1.55  0.775 0.388
watts/cm?2

Outlet Quality at ~0.85 ~0.91 ~0.94 ~0.96 ~0.97 ~0.98 ~0.99

Burnout Xp

Gy through Gg. The proposed experiment does not include test points for these conditions
due to the excessive heater power required, however this matter should be examined
further in the detailed design phase. It should also be noted that in low g avity flow
regime changes may initiate dry out conditions at lower flow rates and gualities than in
normal gravity,

3.2.4 TEST SECTION DBEATING. Criteria for the test section heating concept

include the following:

1. A upiform /A is required so that measurement of total Q and total A will
yield an accurate Q/A for any position on the test section.

2. Since visibility and photographic recording of fluid hehavior are important,
the heating technique musi not significantly degrade this capability.

3. The technique must be compatible with the maximum rate desired and with
Spacelab- utilities capabilities.

The concept of a forced-convection kot water jacket surrounding the test section was
analyzed but rejected because it did not provide a uniform source temperature or
uniform (/A. The concept ¢f an electrically conductive, transparent coating on or
inside a 1.5 em (0.6 in) ID hy 90 cm (36 in) long tube was pursued with a manufacturer
of electrically heated aircraft windshield materials. The performance parameters
representative of current technology were a power input of up to 0.78 watts/cm?2

(5 watts/in2), visible light transmittance of 70t¢ 80%, and recommended film
resistivity in the range of 6 to 25 ohms/square. While this performance weculd have
been minimally acceptable (less than 10 watts/in2), the manuficturer rejected the
concept of film deposition in or on the tube as technically too difficult. An earlier
investigator used a thin transparent metal film deposited on the inside of a glass tube
with Freon 22 as the test fluid at heat fluxes up to 6 watts/em?2, (Ref. 30). This
approach should he pursued further during the detailed design phase to evaluate light
transmittance in their work. Also, his data indicates an alarming difference in
surface finishes for glass versus stainless which must be considered further,

The third concept analyzed was a spiral wrapping of electrical resistance wire around
a transparont tube.  With fine wire and some spaeing of turns, the view of the interior
would rot be sigmificantly ohscured. T'he material of the tube should have high thermal
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conductivity to promote heat transfer in the intended direction. Representative
conductivities are K = 0. 20 watts/m-K (1.4 Btu-in/hr-ft2-F) for clear acrvlic
(Lucite), K = 1. 25 watts/m-K (8.7 Btu-in/hr-ft2F) for glass, and K = 1.9 watts/m-K
(13. 2 Btu-in/hr-ft2-F) for fused silica (quartz).

Resistance wire calculations were based on compatibility with the flow boiling experi-
ment operating region described in Section 3.2.3.2 and shown in Figure 3-3. The
maximum power stated is 679 watts, and minimuwn power, corresponding to Gnpin =
1/64 Gpyays is 10.6 watts. This implies a controllable voltage supply from an ac
source. At 115 VAC maximum, the minimum would he 1. 8 volts. The resistance
corresponding to 115 volts and €79 watts is 19.5 ohms. Table 3-3 shows some
candidate wire materials and sizes, and the lengths having 19.5 ohms resistance.
Figure 3-6 shows the relationship of wire length, axial pitch, and number of helical
turns at 1.78 em (0.7 inch) pitch diameter round a tube of 90 em (36 in) length. The
alloy-55% Cu 45%, Ni (commercial names Copel, Constant{m)* shown in Tgble 3-3

has the favorable characteristic of an unusually low temperature coefficient of
resistance, this being + 0.2 x 10-4 ohms/ohm/C (Ref. 31). From Table 3-3, the
Cop:»l AWG 24 size has a length of 8.2 m (26.9 ft) for 19.5 ohms, and from Figure
3-6, 8.2 m (26.9 fi) length would make 145 turns at an axial pitch of 6.4 mm (0.25
in). The wire diameter being 0.51 mm (0. 020 in), there weuld be a view obstruction
of 0.51 mm (0. 020 in) per 6.4 mm (0. 25 in) tube length, or 8%. One could choose
another size, such as AWG 30, having a diameter of 0.251 mm (0.010 in). The
corresponding parameters are a length of 2. 01 m (6. 69 ft), 32.5 turns, an axial

pitch of 27.9 mm (1.1 in), and a view obstruction of 177. The AWG 24 size at 0.64 mm

Table 3-3. Reslstance Wire Characteristics

l [ vngth of Wire ihving Vesttanee 10 1,3 oy
Chromel-I} Chromel-p Copel i Alloy 467 Copper
Ry w00 | R, - 420 "R, o243 | Ry - 130 I, - 10,37
ohins ~ uhins ohins - ulims - vhms -
Slze, Aren, iam, cmfer cmf emf emf cmf
AWG [Chreular Longth, ianpth, Tarnpth, Tength, 1ength,
mils milse | ft [ ft ft ft | ft
24 f01.0 20, 10 9,45 M, 5 26,9 60,06
26 254, 1 15,91 6,19 1.7 16,9 .1
24 150, 8 12,61 3,90 7.33 10,6 24,0
30 100, 5 10. 03 1,61 G, 6Y 15,1 149
32 63,21 7,950 : 1,21 9. 4n 1y
KE 39,75 6, 300 P 5,490 71,8
a6 25, ():! 5,000 3. 7H 7.0
KL 15,72 1,965 20,6
o Y. N9 18,6

3,115

0.6254 mm
veemf - elrealar mil /oot

*Pmil G uol dnch
. 19.5 A ohms - efreulpr miils

fLenpgth === ~r -
Lt 0.301% m ”., chius - cireuliT mils, ' ft
Eaperimental corditions aee:
E T valts W Ty watts R 1,0 vhmg
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(0. 25 in} axial pitch is preferable for uniformity of heating and the resulting 8% view
" obstruction is considered acceptable,

Another part of the tube heating concept is that a transparent, insulating jacket may be
used to reduce heat loss from the resistance wire to ambient. Tigure 3-7 is a
transverse section view showing a jacket of clear acrylic (Lucite). The square section
provides flat surfaces which are preferable optically to a curved surface. The space
between the quartz tube OD and the jacket ID will contain the helical tube wrapping of
resistance wire, and may additionally be filled with a clear, inert dielectric liquid of
low vapor pressure. The purpose of the liquid is to improve uniformity of heat
conduction from the resistance wire to the tube wall. A candidate fluid for thic
applicaticn is FC-43, which is reported by the manufacturer to be nonflammable,
highly irert to chemical reactions, and "egsentially non-toxic under normal industrial
3-11
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conditions." Some of the properties of
L““ S———— 0 A WP 1)) e FrC-43 at room temperature are g ~apor
pressure of 0.3 mm Hg, a dielectric
strength of 56 kV per 0.254 cm (0. 1 in), a

FUSED QUARTZ TUBE thermal conduetivity of 0.085 watts/m-K

. 1D 552 CM (0.6 IN) (0. 049 Btu~ft/hr-ft2-F), and visible light

\‘_ . OD 1.78 CM (0.7 IN) transmittance of about 99% through 1 cm
thickness,

Calculations indicate that with a jacket of
the cenfigurativn described, heat loss to
ambient will not exceed 27 when power is

CLEAR ——r . BOHE 1.90 CM applied at the maximum rate of 679 watts.
DIFLECTRIC (0.75 IN)
LIQUID The jrcket described may also be designed
CLEAR ACRYLIC JACKET so that it constitutes a secondary contain-
ment barrier providing added assurancethat
test fluid will not escape into the Spacelab
module atmosphere. The jacket of clear .~
Figure 3-7. Transverse Section, Tube acrylic is also a protective covering for the™ -
and Jacket quartz tube against damage in handling.

3.2.5 FLUID MANAGEMENT CANDIDATE CONCEPTS. The term "fluid management"
is used to mean the basic flow configuration involving the fluld source(s), the test
section, and the hardware for disposition of the mixed phase fluid after exit from the
test section. The approach taken was to assess fundamental practicality of several
candidate configurations in order that the least practical could be dropped from further
consideration. The remaining candidates were subjected to a more detailed study.
Initially, the two experiments were considered separately for evaluation of the candidates.
Later the amenability of candidates for integration was one of the evaluation criteria.
Also, evaluation was within the context that the experiment hardware shall be contained
within a double rack of the Spacelab module. Each candidate concept was given a title
reflecting fluid management characteristics and has been illustrated by a flow schematic
of only sufficient detail to enable this initial screening.

3.2.5.1 Single Pass, Overboard Dump (Figure 3-8).

a. Flow Regime/Pressure Drop Experiment (1a). The volume of stored gaseous Ng
corresponding to the 46 data points of Figure 3-1 at one minute per data point is
about 0. 113 m3 (4 ft3) at 6895 kN/m2 (1000 psfa). While this volume is not
excessive relative to the volume in a Spacelab double rack, the concept does not
comply with the safety constraint in Reference 32 that "pressure vessels shall H
normally be installed exterior to the Spacelab cabin;’ and it does not conform )
with the principle of "design for minimurmn hazard" (Ret. 32 ). Therefore, this
concept was dropped from further consideration.
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11 Flow Regime/Pressure Drop Experiment

HEATED
TEST SECTION

GAS LIQUID
MIXTURE
OVERBOARD

LIQUID
rRECN
11

1b) Flow Builirg Experiment

Figure 3-8. Single Pass, Overboard Dump Concept

b. Flow Boiling Experiment (1b).
The quantity of stored Freon-
11 corresponding to the 28 set
points of Figure 3-3 at 2 minutes
per set points is 111 Kg (245 1b)
with a volume of 0.075 m3 (2. 63
ft3). It appears that the safety
requirements relating to
pressure vessels can be et
by operating at pressures of
ambient and lower. The safetly
requirements relating to toxic
materials (Ref. 32 ) can be met
by double containment. Some
question remains as to whether
overboard discharge of Freon-
11, or any fluid, will be
permissible at the rates for

this experiment. It is assumed that timing of the experiment and direction of the
discharge from the vehicle can be such that this approach will be approved.

3.2.5.2 Single Pass,~@shection Concept (Figure 3-9).

a. Flow Regime/Pressure Drop Experiment (2a). This configuration does not resolve
the pressure vessel safety problem described for the preceding concept. Also, the
low pressure receiver would have a volume of 7.5 m3 (265 £t3). This configuration

LIQUID
ot

GAS/LIQUID
MIXTURE

RECEIVER

"1 TEST SECTION
14.7 psia

2y Flow Regime- Presgsure Drop Experiment

GAS/LIGUID
MIXNTURE
HEATED
TEST SECTION

RECEVER

a Dsta

H 1

2y Flow Boiling Experiment

Figure 3-9. Single Pass, Collection Concept
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was drepped from further considera-
tion.

b. Flow Boiling Experiment (2b).
The low pressure receiver .
volume would have to be over
5.4 m3 (190 ft3) for the series
of set points of Figure 3-3.
This configuration was dropped
from further consideration
because the volume is excessive
for a location within the Space-
lab module.

3.2.5.3 Fluid Collection, Batch
Recycle (Figure 3-10j.

a. TFlow Regime/Pressure Drop
Experiment (3a). The operating
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R scheme ie that test section
discharge for a few minutes of

! PUMP LIQUID RECEIVER operation undergoes phase
g m separation and eollection, the
' TSRO Rt : test section flow is interrupted,
1 i and the collected fluids are
1 -\ T pumped back into the supply
: ¢ GAS ;'m:cuvm vessels, The recvele rates are
COMPRESSOR @ n:uch lower than and essentially
independent of test section flow
rates,  Supply and eollection
3a) Flow Regime/Pressure Drop Experiment vessel: are small relative to

those in previous corfigurations,
~ and Reference 32 allows that

proagp ) _ “sinall pressure vesscls may be
! / i permitted inside the cubin

. . provided tiey do not have a
@ 1:{::2?‘“\ N rerertr *_( fn\_; ceredible explosive fuilure mode
o ' \_/ and theiv failure will not expose
the erew of vehicle to hazard,”

ALTEREATE e Minimum gas vessel volumes are
) determined by the data point of
maxirum mass veiocity wnd
Figure 3-10. Flhuid Collection, Batch ){ecycle maximum quality shown in Figure

3by Flow Rolltng Experiment

$-1, and by a criterion of one
minute of flow per data point. Tiese volumes are 0.5 £t3 at 1060 psin for the gas
supply vessel and 34,1 ft3 at 14.7 psia for the gas receiver. Since the latter
volume is excessive, and the fluid management configuration is undesirably
complex, this concopt was dropped from further consideration.

b. Flow Boiling Experiment (3b). In thls concept there are no large volumes because
the test fluid vapor is condensed. The alternate configuration shown in Figure
3-10b has an advantage of some levelling of the condenser flow rate. lowever,
design and development of any zero-g condenser would be 2 much more extensive
and uncertain undertaking than for the other components being evaluated. This was
judged to be sufficient reason to drop the concept from further consideration,

3.2.5.4 Continuous Liguid and Gas Reeyele (Figure 3-11)
a. Flow Regime/Pressure Drop Experiment (#a). In this concept the yas is cabin air

and the entire cabin serves as a collection and source vessel. Control of flow
rates is by variable specd controls on the hlower avd pump.  This approach was

]
H

successful in recent aireraft flight experiments on fwo- phase fluids behavior
(Ref. 20). The combined electrical power demand 4 Lae pumping components is
fairlv high, '

3-11




PEra

/Q b. Tlow Boiling Experiment (4b).
Continuous recycle involves condens-
ing. For reasons stated earlier, a

LIQUID HoC

(o,
. LIQUID/GAS condenser requirement is sufficient
. TEST SECTIIN —_—d .
- SEPARATOR reason to drop this concept from

further consideration.

———————m CABIN AIR 3.2.5.5 Continuous Liquid Recycle, Gas

QOverboard (Figure 3-12)

4a) Flow Remme/Pressure Drop

Txperimens a. Flow Regime/Pregsure Drop
Experiment (5a). This concept
/\ includes a high pressure gas
{ s - storage vessel and is dropped for
\/ LIQUID reasons stated earlier.
@r EE Trs‘i"‘sgm ___: LOPUQ/C;;{ | b. Flow Boiling Experiment (5b).
\m{/ - l SEPARE ' Coripared with total overhoard

discharge this concept can reduce
. . the quantity of stored Freon-11
I ONDENSEF = COMPRESSOR [+ from 111.1 kg (245 1bs) to 13. 6 kg
(30 Ibs). The quantity expended
overboard is likewise about 13.6
Figure 3-11. Continuous Liquid and Gas - kg

Recyele

GAS

4by Flow Beouding Zxperiment

3.2.5.6 Concepts Sereening Summary. All of the concepts having high pressure gas
storage were dropped because of the safety constraint. The objection to high pressure
gas storage would be diminished if the pressure vessel were located on a pallet, but
even then, the concept would violate the principle of design for minimum hazard, If
use of a pallet were acceptable, then cryogenic storage could be considered.

Also, all of the concepts having collection vessels for test section effluent were
-dropped because of excessive volumes for the collected gaseous phase. The volume
requirements are directly related to parameters of test section flow area, maximum
mass velocities, and flow durations per set point which were established earlier. If
the collection volume could be reduced by about an order of magnitude through an equal
reduction in the product of the parameters named, then the concepts ‘with batch recvele
could remain in consideration. However, the batch recycle would be uhdesirably

complex and time consuming.

Table 3-4 summarizes the concepts screening results. Preferred concepts are 1b,
4a, and 5h. In the event overboard discharge is not acceptable, the alternate flow
boiling concept preference is 4b.

w
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Figure 3-12.
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N
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TEST SECTION

|
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LIQUID/GAS
SEPARATOR

5by Flow Boiling Experiment

Overboard

H

GAs

OVERBOARD

Continuous Liquid Recycle, Gas

3.2.6 EXPANNED CONCEPTS
DEFINIT' °N. The concepts
which passed the screening are
here defined in greater detail
for the purpose of further evalu-
ation. The two experiments are
first dealt with separately, and
subsequently the integration of
experiments is addregsed,

3.2.6.1 Flow Regime/Pressure
Drop Experiment. Figure 3-13

is a detailed flow schematic based
on the concept 4a shown in Figure
3-11. The test section has been
previously described in Secttons
3.2,1and 3.2.4., The controls
include valves V-1, V-2, and

V-3 for isolating the test section
from fluid management components.

From Figure 3-1, a requirement is calculated for a 176 to 1 range in water flow and
for a 1024 to 1 range in air flow. Experiment operation may reveal that even greater

ranges are desirable.

Figure 3-13 shows variable speed controls (also known as

Table 3-4. Concepts Screening Summary.
. Onbdard Fluids Fluids Concept Rejection
Concept Fxperiment Weight, Volume Overboard | Rejected Criteria
kg (1bs) m3 (f13) kg (ib) v
Ia Single Pass, Flow Regimes/ 289 0.48 289 Yes Safety
Overboird Dump Pressure Drop (637) _(24) (637)
ib Single Pass, Flow Boiling 111 0.076 ni No -
Overboiard Dump (245) 2.7 {245)
2a Single Pass, - Flow Regimes/ 289 95.1 None Yes Excessive Volume
Collection Pressure Drop (637) {3500)
2b Single Pass, Flow Boiling 111 6.38 " None Yes Excessive Volume
Colledtinn (245) (190}
3ua Collection, Flow Regimes/ 9 4.0 None Yes Excessive Volume
Batch Recycle Pressure Drop {20) (140)
3b Collection, Flow Doiling 36 0.51 None Yes Zero-g Condenser
Bateh Recycle {39) {18) Development
4a Continuous Reeyele, Flow Regimes/ 5 0.006 None No - -
Atr/Hy O Pressure Drop (10) (0. 2) ‘
4b Continuous Recycle Flow Bolling 5 0.004 None Yes Zero~-g Condenser
(10) (0.2) Development
5a Continuous Recycle,  Flow Regimes/ 116 0.051 1
Liguid Only Pressure Drop (255) (1.8) 215) Yes Safoty
5b Continuous Reeyele,  Flow Boiling 14 0.008 H No -
Liquid Only {30) {n.3) {30)
3-16
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Figure 3-13. Flow Regime/Pressure Drop Experiment Flow Schematic

adjustable speed controls) for the pump and blower motors. The performance available
from such controls is precision, stepless speed adjustment over ranges up to about 1000
to 1. It may be necessary to limit the speed range due to performance characteristics
of the pump and blower. The valves V-4 and V-5 shown in Figure 3-13 provide a
variable bypass capability for control of low flows to the test section. Valves V-6 and
V-7 are like V-4 and V-5 except that they are much smaller and a. > for vernjer coiirol
of bypass. The combination of variable speed and variable bypass has at least three
objectives: (a) to achieve the extreme flow ranges desired, (b) to enable precise flow

~ settings, and (c) to avoid extreme power inefficiencies.

The liquid/gas separator operating range is the same as the test section range (Figure
3-1) and is extreme in both flow and quality. Figure 3-14 is the specification control
drawing for the motor-driven, centrifugal liquid/gas separator which is mentioned in
Reference 20. This unit operated satisfactorily over wide flow and quality ranges, and
during aircraft flights, with a g-level exposure range {rom near zero to slightly more
than +2. It also operated in sustained 1-g during ground tests. A unit of this type is
proposed for the concept of Figure 3-13. A two-speed motor control is adequate to
enable the higher speed for sustained 1-g ground operation and the lower speed for-
sustained near O-g operation in Spacelab. The liquid capacity of the separator is
sufficient to serve as an accumulator, thereby accepting variations in test section
liquid hold-up.

Tentative locations of flow, pressure, and temperature transducers are shown in
. Figure 3-13, but further definition of the measurements :ind data concept is in a
subsequent section.
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PAUCT (DONTIFICATION \ND NOMINAL DIMENSIONGS
A«Mixture inlet 3,0 diametes J«Pick-up tube support -
B-Inlet baffle rotating with drum K-Unit height 16,0 maximum
C-natating Jrum L-Unit width 12,0 maximum
D-Outlet uir baffle rolating M-Unit depth 16.0 maximum
with drum N-Drive mo%or
E-Air cutlet 3.0 diameter P~brum bearing supports
F-Liquid pick-up tube Q~Drum rotuting part liquid scal
G-Liquid outlet 0,50 diameter tubing
fl«’1ck-up tube splash baffle
REGUIREMENTS: (Separator)
Jesign rotational specd of drum 530 rpm maximunm.
Numinal stutic liquid volume approximately 300 in”{storage volume}.
Oita 2RE N IN7mEs  JORUNOR D %] CONVAIR DIVISION OF GENERAL DYNAMICS
DESCHIPTIVE PATT DEGoN = v < : SAN DIEGO, CALIFORNIA
[O. FROM FEDERAL LA, L4 - -
CAT HNDEK HE-T 0RA$N:Q1-°’ g -\ CUNTRUL DRAVWING
B “ . o
: 1
L JCONTRACT NO 3 U 5 SK AN CUID STOKAGE 4
¢ G 7ss [ LICLID/GES :‘LE;-':‘\TO” AND L1oUID STGRAGEH 1

Figure 3-14. Liquid/Gas Separator Concept

The principal performance parameters are shown in Table 3-5 and are based on the
operating reglon shown in Figures 3-1 and 3-2. The maximum test section pressure
drop estimate is an extrapolation from measurements in a similar system (Ref. 20)
and is reasonably consistent with calculation by a method applicable to two-phase,
homogeneous, turbulent flow (Ref. 22). Maximum input power to the pump and blower
was calculated from the maximimm pressure drop and the estimated efficiencies of
components as shown in Table 3-6. The estimated power requirement for a liquid/gas
separator of the type described in Reference 20 is 75 watts. The estimated total
maximum power to flow components only (i.e., excluding lights, camera, and other
data acguisition components) is 857 watts.
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Table 3-5.

Hardware Performance

Estimate, Flow Regime/Pressure
Drop Experiment

Total Mass Velocity,
Jontrotlable

Pump Liquid Flow,
Controllable

Blower Gas Flow,
* Controllable

Quality, Controllable
Separator 'p

Test Sectfon Lp,
Maximum

DBlower -p, Max.

Pump ‘p, Max.

0-to 640 k/see-m*
(0 to 54. 6 Ib/min-in)

0to 0. 116 kg/sec
10 to 15.3 Ib/mim

N to 0.019 kyz/sec
(0 to 2. 15 Ih/mim

0 to 0,64
TBD*

20,7 kN/m?
(3 1b/in%)

TBD=*
TBD**

*Assuming a motor-driven, rotary separator,
the separator will deliver liquid at a p thut
is positive but low compared with pump

maximum p.

=*Byv sizing the plumbinyg other than the test
sectien for low pressure drop, the pump and
Hlower 5p's will be nearly equal and only
<lightly higher than test section _p.

Table 3-7.

Hardware Performance

Estimate, Flow Boiling Experiment

Total Mass Velocity,
Controllable

Total Flow,
Controllable

t{eating Rate,
Controllable

Quality

Liquid Flow,
Mavimum

Vapor Flow,
Maximum

Test Section (p,
Maximum

Test Fluid Storage
Capacity

0 1o 610 Kg/sec-m™
(0 to 54. 6 Ib/min-in?)

0 to 0. 117 Kg/sec
(0 to 15. 42 ib/min)

0 to 680 watts

0to 0.6
0,116 Kg/sec
(15. 34 1b/min)
0,016 Kg/sec
(2. :4 Ibymim
26 KN/m*<
(2.9 Ib/in?)

111 K¢
(215 1y

ATIGDNAL PAG i

~
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Table 3-6. Flow Components Power
Estimate, Flow Regimes/Pressure
Drop Experiment

Water  Alr
Pump- Blower
Maximum Flow 2.4 320
Power, watts
Pumnp/Blewer 0.5 0.7
Etficiency
Motor Efiictency 0.5 0,7
Speed Control 0.7 0.98
Efficiency
Maximum Ioput, 13.6 768
watts

3.2.6.2 Flow Boiling Fxperiment, Overboard
Dump Concept. Figure 3-15 is a detailed flow
schematic based on concept 1b shown in Figure
3-%, The test section and heater have been
described in Sections 3.2. 1 and 3. 2.4, respect-
ively. The supply tank for liquid Freon 11 will
contain a zero-g acquisition device as described
in Section 3.2.9.4. Isolation valves V-1, V-2
and V-3 are open only during experiment
operation. R-1 and R-2 are adjustable static
pressure reguiators. Forward pressure
regulator R-1 is sel and reset to deliver each
of the several lower test section pressures
shown in Figure 3-3. Back pressure regulator
R-2 is adjusted to obtain the desired flow rate
at each selected test section pressure. The
R-1 to R-2 pressure difference will be the
pressure drop of the test section. An alternate
procedure is to set R~2 first and adjust R-1 to
obtain the desired flow rate. Tentative
locations of transducers are shown in Figure
3-15, but further definition of the measure-
ments and data coneept 18 in a subsequent
section.

Table 3-7 summarizes muajor performance
characteristics of the experiment flow

compounents. Maximum electrical power
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Figure 3-15. Schematic , Flow Boiling Experiment, Overboard Dump Concept
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Figure 3-16. Schematic, Flow Boiling Experiment, Liquid Recycle Concapt

consumption for these components only (excluding lights, camera,

and other data

acguisition elements) is estimated to be 700 watts and is due to the electrical heating

clemoent on the test section.

3.2 4.3 Flow Boiling Experiment, Liquid Recycle Concept. Figu
P \

re 3-16 is a detailed

flow schematic based on concept 5b shown in Figure 3-12. The test section and heater

have been Jdeseribed in Sections 3.2, 1 and 3.2, 1, respectively. T

liguid Froon-11 will contain a zero-g acquisition device as described in Section 3.2. 9. 1.

3-20
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Isolation valves V-1, V-2, V-3 and V-4 are normally open only during experiment
operation. The liquid loop can be scavenged in a manner to return liquid to the supply
tank by operating the pump while V-1 and V-2 are open and V -3 and V-4 are closed.
The loop can also be scavenged to vacuum by opening V-4 with V-2 closed.

Adjustable scatic pressure regulator R-1 is set to deliver each of the several lower
test sectior pressures shown in Figure 3-3. Back pressure regulator R-2 is thon
adjusted to obtain the desired flow rate. The R-1 to R-2 pressure difference w.11 be
the pressure drop of the test section. '

There is a 1780 to 1 range in vapor flow and 159 to 1 runge in liquid flow from the test
section, as calculated from the operating range shown in Figure 3-3. Flow control is
based on a liquid/gas separator of the type shown in Figure 3-14. The bypass line
with regulator R-3 (Figure 3-16} is for maintaining a nearly constant liquid level in the
liquid/zas separator so that (a) the separator will not overflow und allow liquid
w.scharize overboard, and (b) the separator will not be pumped dry and allow vapor
ingestion into the pump. '

With the separator rotating at coratant speed, the liquid discharge pressure responds to
liquid volume (radial height} in the separator. This discharge pressure is sensed as the
signal pressure to regulator R-3 (Figure 3-16) which responds by varying the Lypass
flow. The manually set variable speed control on the pump motor (Figure 3-16) is for
reducing the extreme range in bypass flow. A 20 to 1 range in pump delivery tggether
with a 10 to 1 regulator range will provide up to a 200 to 1 bypass flow range.

Tentative locations are shown in Figure 3-16, but further definition of the measurements
and data concept is in a subsequent section.

Estimates of performance parameters are the same as shown in Table 3-7 except that
the test fluid storage capacity requirement is about 14 Kg (31 1b) expended plus 4 Kg
(9 1b) inventory in the recycle loop for a total of 18 Kg (10 1b). The estimated
electrical power (excluding lights, camera, and other data acquisition elements) is
700 watts to the electrical heating element plus 37 watts to the pump motor for a total
of 812 watts including 75 watts for separator.

3.2.7 PRELIMINARY CONCEPTS COMPARATIVE EVALUATIOY. The screening of
Sections 3. 2.5. 6 reduced the candidates to one for the Flow Regime/Pressure Drop
Experiment and two for the Flow Boiling Experiment. Comparing Figure 3-15 with
3-16, together with the text of Seetions 3.2.6.2 and 3.2,6.3, it is evident that the
overboard dump concept is much less complex than the liquid recycle concept. Weight,
volume, input electrical power, and heat rejection are estimated to be close enough

in the two concepts that a selection would not be significantly influenced by these
properties. An important consideration is whether fluids may be dumped overboard
from Spacelab In the quantities shown in Table 3-1. In terms of quantity overboard,
the liquid recycle concept is about eight times better than total overboard dump. Both
concepls are reiudned for further consideration.
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3.2.8 EXPERIMENT INTEGRATION CONCEPTS. Some degree of integration of the
Flow Boiling Experiment with the Flow Regime/Pressure Drop Experiment is attain-
able by sharing componenis. Figure 3-17 shows the Flow Boiling with overboard
dump concept of Figure 3-15 added to the Flow Regime/Pressure Drop experiment that
was shown in Figure 3-13. Additional valves make it possible to isolate euch experi-
ment from the other. The shared components are the test section and the attached
transducers.

Figure 3-18 shows the Flow Regime/Pressure Dxop concept of Figure 3~12 added to the
Tlow Boiling with liquid recycle concept of Figure 3-14. llere the shared components
are the test section with transducers, the liquid/gas separator and the liquid pump.

In Figures 3-13, 3-17 and 3-18 there is no water storage vessel shown, the concept
being that the liquid loop contains enough water for continuous recycle in the Flow
Regime/Pressure Drop experiment. This requires that the Flow Regime/Pressure
Drop experiment be performed first. Upon completion, the water may be evacuated
overboard from the liquid loop by appropriate opening and closiag of valves. In Figure
3-17, the evacuation of water would be achieved by clésing valves v-1, V-5, V-7, V-9,
and V'-11, followed by opening all other valves of the Ibiquid loop. TFor the configuration
of Figure 3-18, the valves to be closed for the same purpose are V-2, V-5, V-7, and
Vv-9. Following evacuation of the water, the valves may be re-set to perform the Flow
Boiling experiment.
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Fizure 3-18. Integrated Experiments, Liquid Recycle

3.2.9 EXPERIMENT HARDWARE COMPONENTS

3.2.9.1 Controls. Table 3-8 is a list of the controls corresponding to the concepts of
Figure 3-18. The two-speed control for the liquid/gas separator cun be pre-set at
high speed for the 1-g environment of ground operation and again at low speed for the
near 0-g of Spacelab operation, so thar during experiment operation the switch position
will not be changed. All other controis will be used during experiments and must be
readily accessible and operable.

3.2.9.2 Instrumentation. Table 3-9 is a list of transducers corresponding to Figure
3-18. The ranges given reflect requirements of the experiment operating regions
shown in Figures 3-1, 3-2, 3-3 and 3-4. The voltage measurement shown is for
determining heater power input and suffices because heater impedance is‘constant.
The two temperature measurements at each of five stations along the test section are
fluid bulk temperature and tube inner surface temperature, respectively.

Table 3-10 lists four digital displays and 18 indicator lights. The digital displays are
of parameters the experiment operator must ohserve as he positions controls to
establish each of the flows and qualities previously discussed. The lights are
indicators that clectrical power is applied to cach component listed.
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Table 3-8. Controls List (Reference Table 3-9. Transducers List (Reference

Figure 3-18) Figure 3-18)
tem Function Description Type Flud Range
1. C-! vdjust blower spewd 0 Vardable {req- " F-1 Flow Alr IO-.OZ kg sec
) and ourput, manual , uency input to i Fe2 Flow Water or F IO .12 %, R
| set. . #90 Hz motor. | - Vater or Freon-11 0-0.12 kg’sec :
v - - . N ! 0.0 "
a2 Adsust prmp speed * Varable freq- ! X-1 Quality Freon-1} ;0 9.2 kg sec
and output, maaual © uency input to : XN-2 0 Qualiry | Freon-1} +0-9.3 kg sec
. set, . 400 Hz motor, © oy . H ) -
. i . N Volts : - 0-125 V ac !
3. R-1 T Adjust test section ' Forward press. ! . Y . L Y ;
; inler pressure, . requlator ' P-. Pressure : Wuter or Freon-11 ‘96.3-110‘3 kN/m= aba.
manval set. i -5/-10 pst. ' i ;(14-16 psta) .
M . N + " - ’
[P © Adjust flow of Freon | Back presyurn ! o B2 Mr ,H-35 KN m~ 19-5 pstg)
. 1, manuaal set. : requlator, P-3 Freon-11 or Mixed -103 to -35 kN'm? !
.0 R-d CMaintam liqud level } Preumatic relav. | - AlrWater (=15 te -5 psig)
. An separator, v Pop-d - “ . - !
automalic. ! . i ,
. , b-3 ’ )
aoooU-d fleater power control,  Variable trans- i f . i
manaal sot. ¢ Sormer, 400§z B i "’ " "
T.U-LASIA-3, 0 Flow on-ott select. Sulenvid vatve, . P-T - N ' N
Al ; normally closed, T-i Temperature * Water or Freon-11 2%3-305K 150-20F)
Vel switen operated, | . .
T-2 ” Alr 293-305K 150-3
L O Flow mo lulating, “fanual set flow K 5C-30F)
VTN sontrol valve. . T-3 . Freon-11 or Mixed I47-305K :20-30F,
X Air-Water
3. Swirch Selert separator Two-speed !
specd. selector switeh. T-4 |
|
19, Swatehes . Flectreal power on- Aals. power to ' REE '
off s {ret * wxperiment; ! - - . " “ }
Hlower, pump, :
separator; heater; T-7
t . . »
! . ine camera, wmh' r-3 . T est Secrion Wall "
| . photo Hht: each . ‘
solenofd valve, o . U9 " " v
A |

S T-10 . " "

, T-11 ‘ : ’ h
3.2.9.3 Tesl Section. Some character- 1 T-12 : :
istics of the test section were discussed | T | Jacket Cuter Wall - '

. izes T ' - g
in Sections 3.2.1 and 3.2.4. Line sizes ‘
T-15 " Alr, Ambtent

for air flow to and from the test section
are 5 ecm (2 in). There are conical adapters at each end which taper to the 1.5 em
{0. 6 in) hore of the test section.

3.2.9.1 Tank and Capillary Acquisition Device. The Freon-11 storage tank ic shown
schematically in Figure 3-17 and 3-18 for the liquid overboard and liquid recycle
syvstems.  For the liquid overboard system, the 111 kg of Freon-11 requires a storage
volume of 0,078+ m3 (2,77 ft3). ‘I'his is achieved with two tanks (for convenience in
installation) each 12.2 em (16.6 in) in diameter. For liquid recyele the 34 kg of Freon-
11 requires a tank volume of only 0.0125 m3 (0.91 ft3), thervefore a single tank of
diameter 28.5 cm (11.24 in) is adequate, ) -

A choice of two fluid expulsion systems were selected dependent on a requirement to
conduct experiments in this tank. This requirement would necessitate a rigld,
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Table 3-10. Displays List transparent tank with no moving parts. For
this option, a surface tension capillary

Measurement !.mm ' Range ! znspxnv" screen acquisition system has been chosen
Flow s Atlr | 0-0.02 ku/sec i igitat similar to that reported in detail in
Flow 1Liquid 0-0.12 kg see 1 Disital Reference 33.
Femperature, Inlet I, Freon ! 265-300K } Digital ; ] .
i Heater Power { ; 0-125 Volts ‘ vl 3 The surface tension device {s shown. in. Figure
D Main power -on ¢ - Dhsermte ;: Lixht 3-19 in a spherical storage tank in conceptual
E Pump - On ‘ - o detail. I could be medified to a cylindrical
| ower -0 P : ;o configurution if packaging in our Spacelab
| separatorcn - Low - ; ’f rack so requires. The channels would be
Sepafator om - filgh ! - ; 2.5 cm by 0.7 cm in width comprising two
‘ Heater On '! i ! great circles intersecting at the outlet. A
| ameracn P | ;200 > 600 mesh screen {s recommended for
bophoto tagts om0 - ! " retention of the Freon-11.
| Toiopen N ; E ,
'; BaRemes : ; . " An alternative bladder concept for the
[ vevepen o T i 7 1 Freon-11 storage tank may be less expens-
s omen : T T ' ive since such systems are now in use in
Lo epen ' o . the space program. This bladder concept
[ e wen . . " may be chosen if the transparent surface
‘ V-1 pen f ) | tension concept is notl suitable or desirable
i V-1t fpen !

for heat transfer experiments and the non-
trangparent tank option cuan be selected.
This concept utilives a metal tank with a
Teflon bladder which is collupsed by umblent pressure since system operating
pressure is less than one atmosphere.

This configuration is also shown in Figure 3-19. The center tube can be either
aluminum or Teflon. A similar 53.3 cm (21 in) diameter tank is now in use with the
Centaur hydrogen peroxide system and has been flight qualified; that assembly uses
100 psi helium gas for expulsion and a Dow Corning 9711 silicon rubber bladder.

3.2.9.5 Quality Meter. General Dynamics Convair has had experience in the use of
the Quantum Dynamics quality meter to measure the quality of hydrogen in 2 cne-g
laboratory experiment. An inquiry to the manufacturer revealed that their meter
would perform very satisfactorily and had been used with Freon in the LEM program
with success. Ie reports an accuracy of + 0.5 for the density measurement which
translates to a higher accuracy for quality above qualities of one per ceiit. The
accuracy of the instrument is sufficient over the range of interest. Instrument drift
for eryvogenic hydrogen service {s reported to be a prolilem, hut this is possibly a
temperature problem which should be absent with Freon. Williamson (Ref. 31 )
discusses devices to measure quality of two-phase flow and reports a high degree of
accuracy for void fraction and quality appears feasible with the capacitance meter
technique. ORIGINAL PAGE Ib
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Figure 3-19. Two Fluld Acquisition Systems Meet Experiment Optioné

3.2.10 INSTALLATION IN SPACELADB DOUBLE RACK. The installation shcwn in
Figure 3-20 corresponds to the flow schematic of Figure 3-18 and is for the Flow
Regime/ Pressure Drop experiment integrated with the liquid recycle option of the
Flow Boiling experiment. In the discussion of test fluids (Section 3. 2.2) it was
proposec* that safety requirements relating to toxicity of Freon-11 could be met by
double containment. The transparent Lexan panels shown provide for a secondary
enclosure. The need for this enclosure applies only to components containing Freon-
11. Thus the cameras, lights, and some other components are positioned outside the
enclosure so as to be readily accessible for operation and maintenance.

The test section was placed outside the enclosure with the objective of minimizing

"degradation of photographic images.
double containment of test {luids.

The test section jacket inherently provides
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The installation scheme showe provides for flexibility in angle and location of eameras
and lights. The camerasx can be (ravev<ed in a direction parallel to the test section,
and thev can be pivoted about an avis normual to the floor.

The enclosure for the Freon-contwining components is not required to be transparent

on all sides. Light metal sheets can be used to complete side sections and the back of
the enclosure; it should net have gress leaks to cabin ambicnt.  Safety will be enhanced
if the enclosure is operated at a pressure slightly Lojow cabin ambient. This can be
done by providing a line from the enclosure to the smull experiment venting assembly
(Reference 32), with the line conlaining a shutoft valve and calibrated orifice that
allows overboard tleed of a few em3/sce.  This bleed nould be in operation only during
the Tlow Boiling experiment and inhoard leakage of cobin air would maintain the
pressure balance in the enclosure.

Ficure 3-21 corresponds (o the flow schematic of Figure 3-17 wnd is for the Flow
Regime/Pressure Drop experiment integrated with the overboard dump option of the
Flow Boeiling experiment.  The two sphervieal tanks for Freon-11 were selected
hecause theyv have the stated capueity (Table 5-7) and they represent existing hardware
from another program. Other number of tnis, sizes, and shapes could have been
selected.

3.3 SUPPORTING REQUIRFMENTS

3.3.1 VOLUME. The arrangement of Figures 3-20 and 3-21 show that the volume of
a Spacelab double rack is adequate for the coneept of infegrated experiments,  Storage
tank volumes were presented in Section 3,2,9. 1,

3.3.2 WEIGHT. Table 3-11 is an estimuafe of weights for fixed hardware and consum-
ables for the lquid reevele concop: of Figure 3-18. It is assumed that all test fluids
are jettisoned during preparations for Orbiter re-entry, so that photographic {ilm is
the only consumuble returned to the earth.  The quantity of cine film is based on 120
data points, 7 seconds of film per data point, 100 {rames/second, and packaging in
1200 ft magazines with one spare loaded magazine. The estimated delta weights for a
total overboard dump in the flow boiling experiment (Reference Figure 3-7) are 25 kg
(55 1b) of hardware for a larger Freon storage tank and 111 kg (245 1b) of additional
consumables not returned to earth. The total weight in either case is within allowables
for a Spacelab double rack (Reference 32,

3.3.3 ELECTRICAL POWER. Ao e:timate of electrical power and energy requirement
is shown in Table 3-12. The wati-hours column for the flow regime/pressure drop
experiment is for 80 data points at one minute per data point, except that the cine
camera and liehts are on 7 seconds per data point.  The watt-hours column for the flow
boiling experiment is for 10 data points at two minutes per data point, except that the
cine camera and lights are on 7 sceonds per data point. The concepts deseribed

earlier indicate ac inputs in the blower and pump motors in order that variable frequency-
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Table 3-11. Weights Estimate for Liguid Table 3-12, Electrical Power

Recvele Concept (Ref. Figurd 5-13) Estimate ’

Floaw itenme

Hardeare, Fixed, Dwv i3
Sl xed. 21 14 > Pressure Dropy  Flow Boiling
Test Jection 5.3 1300 i ifxpenment | Experiment
Zlewer 1nd Mctor BRI BT N Watts, . ‘Watt- [‘.\'aus. Cvan- :
Pamp and Motor Coodd Ly max. |, hours | max. ' hours
Separator an¢ Motor P 0 O S O .
Treon Suppiv Tank .2tz : wer ea : - .
Tarzera, loiice Plenre T ' R T [T 3 '
Zamera, St 3 B : -5 e ey can
Ligkes, Fhetouraprao, Froreal 2 LT 3.3 R T g o4
:n., Phetcgraphie, Back L 3 2n a2 b oann :1
Talves, deiencld V-1, V-2, VD w3 . .. A L 7
ety 33 o rrs i Neteps L 23 3
AT TS K331 i3 ! - - T o
-l 3 2. Camt Srenal oo (SR n peuiL)
Taves, Flow Control V-3, Ved, Vel V-3 33 B Tneimng e
wal Pinei Mleters 41 PR . o . vas it
1iches. Pazel Lignis h : ) o o
Liotor fpeed Tontrois 2 EI LA [ . Sy
ssure Regdiators Zi R P o — e e o
“eater Tontrol, 3-Phase HE P S
B
L. Turbine Tipe Pl B
Transcucers T A speed controls can be used and to the test
A (1 JoL .l . . .
e e inia o . scetion heater in order that a variable trans-
s. flemal Jonditioniag 3. Ll .
nv s former can be used {o control heater power
4. LN e
i L. .y Uinput.  The blower and heater components
Iirusture. Pacels, Fasteners e TR
memea 'ss.ihae . a] are not used at the same tinre. The maximum
Sustataly PEEA W CH T TN B
p 1 : I de load is about 1100 watts and the maximum
T msumabins : :
Serarmet o Tarta: 1; ac load is about 800 watts. The latter is
Film. 1% mm. 1200 & Magzizes .31 i3 f 2o within the eapacity of a single Spacelab
Fim. 35 om . M3 j . - .
vat Retarmen <0 Farh: ‘ ‘ " inverter (Reference 39).
‘Nater Lty oInLa
Freon-il SRCCTEE LR B, ey v s e .
; , 3.3, 4 IEAT REJECTION,  The maximum heat
Iubtotals TR BTN i
load corrvesponds to the 1552 watt-hours of
Tatal, Hardware ind Consumables R IR T . o .
STET T i > 701 electrical energy (Table 3-12) expended over

20 miautes duration of the flow regime/pressure
drop experiment. This is an average rate of 1161 watts, all of which is released within
the double rack. The major part of this heat load is rejected to the cabin environment
outside the Lexan enclosure. The flow boiling experiment heat load is lower than the
case above. Conceptls for accommodating this load are bevond the scope of the present
effort. This heat load for the cabin is consistent with Spacelab power to cooling
capability relation.

3.3.5 CREW. The concepls presented are compatible with experiment operation hy n !
crew of one.  The maximum crew size for effective access to controls is Himited by
rack width to no more than two persons.  Aaoanalvsis to determine optimum cerew size
is bevond the scope of the present etfort, The experiment operating time totals 160
minutes, Lo which must be added the thme inerements for <et-up, check-out, change
from the first experiment to the second, shut-down, and experiment sceuring for
aenn



landing. The total time, including experiment operation, is estimated to be four hours
for a crew of two and six hours for a crew of one.

3.3.6

DATA ACQUISITION.

It is assumed that the Command and Data Management

Subsvstem (CDMS) of Spacelab will be utilized to the extent that i{s capabilities mect
experiment needs for data quality, and that it may he supplemented by experiment-
specific signal-conditioning equipment where justified by nced for higher response or

accuracy.

Acquisition Unit (RAU).

Experiment to CD)S data signals will be via a standard CDMS Remote

No high frequency response requirements have been identitied. In previous flow regime/
pressure drop experiments (Ref. 20 ) the maximum recorded frequency of pressure
fluctuarions was only 30 liz.

Table

3-13.

Measurement Accuracies

Measirement

ALCUracy

- ororew Azaloy Shoads

-3 Test Sectiun catrance Pressure
-7 Teat Nertnon EXL Preasure
,oore Fiurd Temperature, Test sectlon
: =
T “emperature, Test Section
F-t i Tlow
o2 s Flow
X-1 Test section Entrance teuality
N-2 sfon Fxit Qualtty
W ter Voltage lnput
! Segenz Srority Asawg Shmels
P-t Liquwd Sapple Pressure
.o p-2 “Ias <upply Pressure
ioP-t Test Sectton 1s4-Point Pressure
i P=5  Test Section Mid-Point Preswure
P-n Test <ection 3/ 1-Point Pressure
T-1 Ciquid supply Temperature
T-2 113 <upply Temperature
Tt ;
“ -3 » Flud Temperatures, Test Section
r-n
T-
r-3
T-1% » Test ~ection W%l Vemperatures
-1
r-12
L T-id T Jacket Txternul sartace Temp.
;o T-13
! T-13 ambiert Vi Jempeerature
Lo e
R E] (R

s e e £ e

s

Table 3-13 lists in two groups the 27 ¢
shown in Table 3-9.
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mnalog signals corrvesponding to the 27 transducers
Ihe first group contains the nine measurements in which high

accuracy is most critical to experimental
results.  The accuracies listed are
representative of pood transfer capabilities
and imposc a requirement for experiment-
specific signal processing to presexve high
accuracy. The operational amplifiers, A/C
converters, shift registers, and/or other
electronic components are estimated to have
a volume of 0,028 m3 (1 ft3) and a weight of
5 kg (11 1b).

The second group in Tuable 3-13 has 19
measurements that are of interest but may
be of lower accuracy. These analog signals
may be input directly to the RAU. Tt is also
desirable to record on-off cycles of all
electrical components, including cameras,
lights, blower, pump, separator, and all
valves. This gives rise to the 19 discrete
gignals stated in Table 3-13.

Visual records will constitute an important
part of the data. High speed color motion
plctures have already been discussed  The
estimate of experiment welght further ‘
includes allowance for a standard 35 mm
amera and film {for one exposure per data
point.
phenomena his been productive.

Prior evaluation of flowing boiling
The

ORIGINAL PAGE IS
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changes in the fluid behavior in the reduced-gravity environment should be enlightening.
sarly photographic evaluation of Freon boiling by General Electric (Reference 30)
indicates the clarity of the observation for changes in vapor quality with distance along
the tube. The change of quality with heated surface area is shown in Figure 3-22.

Figure 3-22. TPhotographic Fvaluation of Flow Behavior With Freonat Low
. aray uz
Vapor Quality, Nucleate Doiling Above and Slug Flow Below
(Generul Electric Co., Scheneciady, New York, Ref. 35)

3.4 OPERATING PROCEDURES

The procedures outlined helow are consistent with the assumption of integrated experi-
ments as represented by Figure 3-18. In scope, the procedures defined are limited to
pre-experiment preparation and once-through performance of cach experiment at a
scheduled time during 2 Spacelab mission. It is assumed that the experiments will be
performed several times in a ground facility prior to flight. While there may be minor
differences between ground and in-flight proecdures, the objective should be to keep
them as nearly identical as possible. It is ulso assumed that the two-phase flow regime/
pressure drop and the flow boiling experiments will be performed consecutively without
iuterrdplions.

3.1 PRE-EXPERIMENT PREPARATION

a.  Remove and stow any equipment covers and/or restraints that may be required as
- Taunch environment protection.

b, Confirm all switehes are indthe OF)F position,
. Assure all requbitors are set at o zero Mow position,

d. 0 Assure that all manual valves are elosed.




¢. Confirm that all motor variable speed controls are set at minimum speed.

f. Checek that camera position, aim, and focus are correct, and that a loaded {ilm
magarzine is in place.

g, Swilch experiment main power ON.

h. Switch photographic lights and camera ON, observe for correct function, then
switeh OFF, Time on should be just long enough to verify function.

i. Switch power ON to transducers, signal conditioning electronics, and displays.

j.  Operate Command and Data Managcmeut Subsystem (CDMS) as required for input
of data signals.

It the foregoing reveals any defects or deficiencies that would prevent corrcect and safe
experiment operation, including dara acguisition, correetion should be accomplished for
each deiect at the time observed and before proceeding to the next step.

3.4.2 FLOW REGIME/PRESSURFE DROP EXPERIMENT PROCEDURE. (Refer to
" Figures 3-18 and 3-23. . :

w0 a. Switch separator ON.
= QUANDT CLASSIFICATION ZDONES.
u {  DISTRIBUTED - N
il SEGIEJATID b. 8witch V-9 OPEN.
! W SESRECATED  INTERMITTENT

c. Switch V-10 OPEN.

d. Switch blower ON.

a
w

e. Advance blower speed
control C-1 to approxi-
mately half speed.

f. Switch V-3 OPEN.

S
R

TOTAL MASS VELOCITY, Gikg/sec mi}

g. ‘Turn regulator R-}
fully OPEN.

h., - Switch pump ON.

| ' i ”2 ‘,\‘\ , “%,:]\,,_ | i.  Adjust pump speed

wl i
i o Y g control C-2 and/or
GAS QUALTY. CTIMENSIONLIIS) bypass valves V-6 and l
Figure 3-23. Data Point Sequence, Flow Rr:gimq/ V-8 to obtain the Hagnid
Pressure Drop FExperiment flow data point 1.
3-33
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3.4.

9

i.

Adjnst blower spee control C-~1 and/or bypass valves V-5 and V-7 to-obtain the
gas flow for data point 1.

Trigger lights/camera operation (automatically timed).

Repeat i., j., and k. sequentially for data points 2 through 46. Interrupt as
necessary to change film magazines.

Repeat i., j., and k. for any unscheduled data points suggested by observations of
flow patterns and data.

3 EXPERIMENT CHA™GEOVER PROCEDURE (Refer to Figure 3-18). ~~
Switch pump OFF.

Switch blower OTF.

Switch V-9 CLOSED.

SwiteH ¥219-CLOSED.

Turn V-5 CLOSED.

Turn V-7 CLOSED.

Turn V-6 OPEN.

Turn V-8 OPEN.

Turn R-2 OPEN.

Slowly turn V-4 OPEN icv discharge water overboard. Walt long enough to dry
all interior surfaces of the apparatus.

Turn R-2 CLOSED,

Slowly turn V-2 OPEN to partially re-pressurize recycle loop.
Slowly turn V-1 OPEN to fully re-pressurize recycle loop.
Adjust pump speed control C-é to approximaﬁely half speéd.
Switeh V-12 OPEN.

Switch V-11 OPEN. |
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TOTAL NASS VELOCITY, Gikg/sec mé)

(. Switch pump ON.

r. Tum V-6 CLOSED.
s. Turn V-8 CLOSED.
t.  Adjust heater power control to ZERQ,

u. Switch heater power ON.

3.4.4 FLOW BOILING EXPERIMENT PROCEDURE (Refer to Figures 3-18 and 3-24).
The following is consistent with the data point sequence shown in Figure 3-24.

a. Adjust R-1 to the approximate test section inlet properties (pressure, temperature,

quality) for data point 1.

FLUID: FRECON-11

EACH ARROW trmm—te REPRESFNTS QUALITY CHANGE FROM TEST SFOTION
ENTRANCE TO EXIT WHELE THE TEST SECTION 15 HEATED AT \ UNIFORM Q/A.

b.

QOO R CONSTANT EXCEDPT & THE REGION LABELLED ¢ CONSTANT
s c.
10
- QUANDT CLAZLIFICATION ZORES. ]
™ I DISTRIBUTED
. I SEGREGATED :
\ W SEGAEGATEQ «ITERMITYENT 4
i — 235.3K (84F); 66,2 kN/mY (3.4 psia)
: 277,548 140F):
233K {68F); N\ 18,3 kN/m? {7 psia)
; it 38, T4RN/m< N N, wm—= 270K (26F);
103 |— : > an5 wNsm? (5 pata)
. LS
e.
f.
102
g.
190 1
0.001 1.0 3, 4.
GAS QUALITY, XD ERSIBNLESSY
a.
Figure 3-24. Data Point Sequence, Flow Boiling
Experiment b.
3-35
’

Adjust R-2 and pump speed
control C-2 to the approxi-
mate flow for data point 1.

' Adjust heater power control

to the heat input for data
point 1.

Re-adjust R-1 and R-2 to the
set point conditions for data
point 1. '

Trigger lights/camera
operation,

Repeat a., b., c., d., and
e. sequentially for data points
2 through 28.

Repeat a., b., r¢., d., and
e. for any unscheduled data
points suggested by obser-
vations of flow patterns and
data.

5 SHUTDOWN PROCEDURES
Switch heater power OFF.

Turn V-1 CLOSED.

pAGE 18
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¢. ‘Turp KK-2 OPEN.

d.  Turn R-1 OPEN.

e. Switch pump OFF.

f. Switch separator OFF.

g. After discharge of Freon overboard. turn V-1 CLOSED.
h. Turn R-2 CLOSED.

i. Switch experiment main power OFF,

j.  Stow film.

k. Replace any equipment covers and/or restraints that may be required for re-entry/
landing environment protection. '

3.5 VARIABLES

In the discussion following, the term "primary variable' is used to mean one which is
directly set or adjusted by the experiment operator as he manipulates controls of the
experiment apparatus. Thus the adjective "primary"” is specific to the hardware and
is not intended to imply priority in any other context.

3.5.1 TLOW REGIME/PRESSURE DROPR EXPERIMENT. The primary variables are
liquid mass velocity, Gy, and gas mass velocity, G from: which are derived the
parameters discussed in Section 3.2. 3. 1, namely total mass velocity, G, and gas
quality, x. A secondary variable, deperdent on Gg and Gg, is the test section pressure
drop, AP, which will be measured by transducers at 5 stations along the test section.
Considering that flow regimes may change along the test section, it should be possible
to select the AP related to an observed regime. The flow regimes may be considered
as variables induced by others, and a purpose of the experiment is to produce the flow
regimes shown in Figure 3-23. '

3.5.2 FLOW BOILING EXPERIMENT. The primary variables are the test section .
entrance pressure, P, the test section exit pressure, Py, and the test zection R
electrical heat input, q,. The mass flow rate, W, is dependent on Py and Py. The
temperature of the stored Freon-11, T,, together with Py, determines the fluid
entrance temperature, Ty, and quality, Xq. Net heat, ¢, to the test fluid will be do
minus losses to surroundings. W and q jointly determinc guality at exit, xo. Using
dimensions of the test section, the heat flux, g/, can be calculated. Also, using
local temperature measurements of the fluid and the test section inner surface, a heat
transfer coefficient, ¢/A: T, can.be calculated. This heat (ransfer coefficient can then
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be related to the ohserved flow boiling pattern of that location.
3.6 DATA

The measurements capabilities of the proposed hirdware configuration have been
presented in Figure 3-18, Table 3-9, and Section 3.3.6. It is expected that data from
magnetic tapes may be reproduced as a digital print-out or computer input. The
following discussion relates specific mecasurements to experiment objectives.

3.6.1 FTLOW REGIME/PRESSURE DROP EXPERIMFENT

3.6.1.1 Quality. Liquid mass flow, Wy, from flowmeter T-1 (Reference Figure 3-18),
and gas mass flow, W, from flowmeter F-2, will be used to calculate quality: _
X = \\'g/(\\’g - W) - :

3.6.1.2 Mass Velocities. Liguid mass velocity is Gy = Wg/A, where A is the
measured test section flow area; and gas mass veloelty is Gg = \\'g/A. Total mass
velocity is G = Gz * Gg.

3.6.1.3 TFlow Regime Boundaries. By viewing motion pictures, an observed flow
regime may be identified with each data point. By plotting data points on G vs X
coordinates, boundary maps similar to Figure 2-1c may be produced. The boundarfes
for low~g runs may then be compared with boundaries for 1-g runs. The results will
be applied to fulfill the objective of a relioble definition of flow regime boundary shift
with the change in g-level. : '

3.6.1.1 Other Flow Parameters. The local densities Py and P g may e deterrined
from the pressure and temperature measurements at the transducer stations along the
test section. Also, the liquid volumetric flow rate, Qg and the gas volumetric flow
rate, Qg, are available from flowmeters F-1 and F-2. Trom these, calculations can

be made of.gas volumetric flow fraction, B,,, Froude number, Fr, and dimensionless
liquid velocity u E These parameters may be used as coordinates for flow regime
boundary maps as shown in Section 2, and the bound: ry shifts may be identified. It

may be found that each boundary shift is best defined by a unique coordinate combination.

3.6.1.5 Pressure Drop. The purpose of pressure measurements at several stations
along the test section is to identify a pressure drop with that portion of the test section
where a particular flow regime is observed. Pressure drop characteristics of like
flow regimes can then be compared at 1-g and nearzero-g. Also, pressure drops
without regard to flow regime may be compaved in the manner shown in Figure 2-5.
The results should fulfill the obiective of reliably defining frictional pressure drop
change with change in g-level,
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3.6.2 FLOW BOILING EXPERIMENT

3.6.2.1 Quality. The quality can be calculated from the primary variables which
define the state and from the energy added in the test section. An isenthalpic

expansion from Tg, Pg to Ty, Py defines inlet quality. Outlet quality is X, ~ (q rf!T/hfg).
This method will be utilized but it will be backed-up by quality meters which define

inlet and outlet quality for the test section. Ground testing will confirm the agreement
between these measurements., o

3.6.2.2 T.ocal HHeat Transfer Coefficients. With the heat flux to the tube from the value
of g/A, the local heat transfer coefficient will be evaluated for the measured tempera-
ture differences based on lecal measured values of T, the fluid temperature and Ty, the
wall temperature. These resuits will be used to evaluate the Nusselt number, hD/kf,
for verification of existing correlations or determining required modifications.

3.6.2.3 Pressure Drop. Several correlations relate the heat transfer coefficient to

the friction coefficient. PPressure drop data must be taken during the heat transfer
experiments if these correlations are to be confirmed. From mass velocities, qualities,
and property data, the existing correlations can be examined.

3.6,2.1 Heat Transfer Regimes. Visual observations will be used in conjunction with
the measured variables to define the flow regimes occurring in conjunction with the
heat transfer tests. The heat transfer data is known to be sensitive to the regime,
therefore correlations are frequently developed for a particular regime. These
regiond were indicated in Figure 2-6 showing the transition from subcooled boiling
with hubbly flow to the liquid deficient region with droplet flow,

3.7 EXPERIMENT COSTS

Experimental costs were determined to proceed with the two-phase flow experiment
through Level IV integration for SPACELARB. Cost estimating relationships (CER's)
developed during past cost analysis activities performed by Convair on space
experimeht systems and during the Space Transportation Systems Payloads and Data
Analysis (SFDA} study (Contract NAS8-29462) were used. The cost categories in this
model are based on a hardware-oriented work breakdown structure. The CER's in this
model relate cost to material, subsystem type, and weight. Program parameters
calculate non-recurring costs (development) and recurring costs (procurement and
operations). Where applicable, externally generated point estimates were used,
Severul specific high cost hardware items were based on vendor quotes and on similar
existing nardware costs.

A teial of seven high cost hardware items were identified and are specified in Table
3~14. Tilm magazines are used which are reloadable; in-flight.loading can reduce
the cests of 27, IK in the table by a factor of 4,




Table 3-14. THigh Cost Hardware Items

Cost in 77 K Dollars

Quantity Development Unit Total

Test Section 1 22.9 11.1 34.0
Blower/Motor 1 15,0 10.0 25.0
Freon Tank 1 24.5 7.9 32.4
Sensor Electronics/Signal 1 32.4 1.0 46.4

Conditioning .

Quality Meters 2 - 25.0 25.0
Film Alagazines 8 - 27.1 27.1
Secondary Structure 1 52,9 33.7 8e. 0
Totals 147.7 128.8 276.5

In addition to high ccst hardware which are covered under experiment hardware in
Table 3-15, the remaining costs for the experiment were determined. A total cost
summary is presented in Table 3-15.

In arriving at these costs, a series of groundrules were required and certain assump-
tions were made. These areas are outlined in the remainder of this paragraph.

Table 3-15. Cost Summary, Two Phase Flow Experiment

Cost in 77K llollars
Development Production  Operational

Experiment Hardware ' 389.8 238.3 -
Systems Engineering and Integration 69.0 - -
System Testl) 77.5 23.8 -
Ground Support Equipment 10.0 - ) -
Support Operations - - TBD
Initial Spares 29.7 - -
Ground Operation ‘ - - 36. 0(2)
Mission Operations - - TBD
Facilities ) - -
Program Management/Administration 28,8 13.1 1.8
Total 604, 8 275.2 37.8
Grand Tota’ 917.8

(1) No svstem test hardware - test performed on flight articles.
(2) Level 1V Integration only. Level III/0, I, Post Mission, and Maintenance
Refurbishment 'TBD.

H
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The costs are ostimated in current/constant 1'Y '77 dollars. The costs are estimated
for nonrecurring (development), recurring production (unit flight hardware)j, and
certain portions ol the recurring operation phases. Prime contractor fee is not
included in these estimates. It is assumed that only one article (the flight article)

is produced and all engincering development tests, qualification tests as necessary
are carried out using the one unit which is refurbished prior to flight. All purchased
components are assumed qualified aerospace type off-the-shelf hardware and little

or no development or testing effort is required. Fuabricated components require
normal design, analysis and testing.

No facilitics are required chargeable to the experiment, It was assumed that eight
1200 ft film magazines were required. If these magazines can be reloaded in flight
only one or two are required.

A multipurpose high fidelity Spacelab rack mockup will Le required as a dimensional
tooling aid, integration mockup, test stand, and experiment shipping structure. It is
assumed that no flight rack will be provided prior to Level IV integration.

Lt was assumed that only standard and available test equipment and servicing equip-
ment (wiater and Freon) was required and the only experiment chargeahie GSE may

be some special tools and shipping related items.

No heat exchanger interface with Spacelaissbe sssired. Pinally, this cost datfa is
provided for planning purposes only. )
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CONCLUSIONS AND RECOMMENDATIONS

The review of future NASA applications indicates there are several areas where designs
of hardware are not fixed which can benefit from improved correlations for reduced-
gravitvtwo-phase flow. Major applications are spuace storage of cryogenic propellants
and space power systems as well as new cryogenic vehicles. Experiments in the early
1280's will be timely for these applications.

The correlations to date for flow regime, pressure drop, and heat transfer are all
émpirical indicating the need for further investigation into the meechanism of the process.
nore important, these empirical equations do not adequately predict the shift in flow
regime with changes in gravity-level. Meanwhile, controversy continues over the
nucleate boiling contribution in reduced-gravity. The test environment of Spacelab with
sufficiently low-g and sufficient duration is required.

The conceptual design study confirms the feasibility of the reduced-gravity two-phase
flow expériment in Spacelab and it is recommended that the detailed design proceed.

A combined experiment is outlined in which the test seetion was selected to be a 1,52
em fused guartz tube 90 cmi in length. Water-cabin air are the test [luids.-for a
combined flow-regime pressure drop study because of the experimental case of an open-
locp air closed-loop water system. Freon-11 is the recommended test fluid for the heat
transfer study. The {e:mer experiment provides steady-state operation at a specific
guality affording improved reginie definition in low-g. The heat transfer study involves
a change in quality with distance along the tube with the result that two or more regimes
may result for a given test in some regions of the flow map. '

One consideration in system operation is the overboard dumping of fluids, particularly
Freon. Both liquid-reéycle and overboard-dump systems are presented as options.

The liquid-recycle with 11 kg (30 1bs) of Freon is more complex; howéver, it is volume
efficient. The overboard dump with 111 kg (245 1bs) of Freon dumped is the preferred
svstem for reasons of simplicity and it also provides two 42 em (17 in) diameter trans-
parent tanks for other experiments. In either case the experimental design proposed
has sufficient space for integration of additicual fluid/heat transfer experiments in the
double rack. This experiment integration can make use of common cameras, lights,
electronics/signal conditioning and controls. :

A wire-resistance heating element of 679 watlts will provide the design heat fluxes for
the experiment. This does not provide dryvout at the higher flow rates, but only at the
lower two flow rates. Additional heater power could be considered. The flow regimes
cover the saturated boiling regime but can be extended with ease to subcooled boiling
' 5-1
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and to a study of the transition into the dispersed (droplet) flow regime. A metal-

filim resistuance heater remains as an alternate concept but it is even more severely
limited in maximum power. The maximum power to the total experiment is 1897 watts
with a tetal usage of 2929 watt hours in approximately six hours,

The test duration is six hours total,comprising 80 data points in the flow regime-
pressure drop sequence in 80 minutes and 40 points in the heat transfer tests in 80
minutes,with additional time for changecver and set-up. et oy

Program cests are 605K dollars for development and 312K dollars for production of

a single unit for test and flight. This total program cost of 917K dollars is reasonable
and justified in view of the increased design data which can be achieved as well as the
general increase in our knowledge of this complex phenomena of two-phase flow which
is so widely used in our earth-bound operations.
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