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The purpose of this work was to use a single-component, R-12, two-phase flow test loop to produce and collect
pressure-drop data from the corrugated tubes and quick-disconnect components and develop correlations and
prediction methods for two-phase pressure drops in normal and reduced gravity. Results show it is possible to
predict the zero-gravity pressure drops through the corrugated tubes using the homogeneous equilibrium model
and single-phase, ground-based pressure-drop measurements. It was also found that prediction of pressure drop
through the quick-disconnect attachment could be obtained using the homogeneous equilibrium model (with
single-phase ground-based measurements) coupled with an orifice pressure drop model. The use of single-phase,
ground-based experiments to predict two-phase, reduced gravity component performance could yield significant
cost savings and increased reliability of reduced gravity fluid systems.

Introduction and Background

NCREASED knowledge of zero-gravity two-phase flow phe-

nomenology would be beneficial for future space exploration.
Two-phase flows are inherent in proposed space systems such
as advanced life support, high-performance thermal management
systems and power conversion systems. The latter is of interest
to NASA in regard to Project Prometheus, the development of
nuclear-powered exploration spacecraft. Rankine cycles currently
are currently being investigated by NASA and Oak Ridge National
Laboratory for use in nuclear power systems.! Rankine cycles are
particularly attractive above 50 kW(e) but are limited by two-phase
flow issues.’

Two-phase flow system performance is better than single-phase
systems in that two-phase flow can provide enhanced system perfor-
mance through significant reductions in volume, mass, and power
requirements.® Further, higher power per unit mass can be trans-
ported using smaller heat exchange components. Design of a two-
phase system for reduced gravity requires determination of the op-
timum thermodynamic state points as well as various specialized
component information (i.e., flow regime pressure drop). A grow-
ing body of research regarding two-phase flow under reduced gravity
conditions is becoming available; however, most research deals with
idealized conditions such as straight pipes rather than components
that are typically used to fabricate actual fluid systems such as tees,
valves, quick disconnects, etc. The following paper investigates ex-
perimental pressure drop results for components originally intended
for use in a two-phase thermal management system on Space Sta-
tion Alpha. Although the United States no longer plans to include a
two-phase system on its portion of the International Space Station,
these components can be utilized in proposed space nuclear-power
systems.
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Early reduced-gravity experimenters*~? studied two-phase liquid/
vapor mercury flow for use in a Rankine power cycle as part of
the Space Nuclear Auxilary Power (SNAP) program. They found
the Lockhart—Martinelli correlation predicted pressure drops in the
high-quality region within 70% and the low quality within 200%.
Overall, they noticed little difference between 1-g and reduced-
gravity pressure drops. However, testing was conducted primarily in
the mist-flow regime. The high-quality regime is friction dominated,
for which gravity would have a minor effect as demonstrated by the
quality dependence on the accuracy of the pressure-drop prediction.
Differences between 0 and 1-g pressure drop were published in 1975
by Heppner et al.'” Pressure-drop data for air/water in plastic tubes
indicated higher pressure drops in reduced gravity for the same flow
conditions compared with ground tests. A quantitative study of the
pressure-drop data was not included, but the authors concluded that
gravity influences pressure drop because it influences flow regime. In
1987, other researchers' 12 reported pressure-drop and flow-regime
data for an R114 two-phase loop flown on the NASA/JSC KC-135.
Flow regimes included slug and annular flows for reduced gravity
and stratified and annular flows on the ground. Observed pressure
drops were found to be generally 20% higher in reduced gravity
than 1 g. However, the low sensitivity of the differential pressure
transducer led to large uncertainties at low pressure drops.

Lambert'? studied pressure-drop data from a previous version of
the experiment package used in this paper. She suggested modeling
approaches for the annular (separated), slug, and bubbly (homo-
geneous) regimes as well as developing a methodology to correct
the experimental data for residual aircraft acceleration and instru-
mentation effects. She found that these corrections could be sig-
nificant, which is important because almost all two-phase reduced-
gravity testing has been conducted on aircraft flying parabolic tra-
jectories where the duration of low gravity is on the order of 20 s
and residual accelerations on the order of 0.01 g (Ref. 14). Fur-
ther research using the same experiment package as Lambert found
most reduced-gravity flows to be reasonably predicted by the sep-
arated flow model, and they found the homogeneous equilibrium
model (HEM) adequate for bubbly/slug flow conditions.!> In 1992,
Wheeler'® developed a model describing smooth annular flows for
smooth tubing obtained with the same package used to collect
the data used in this paper. He used the universal velocity pro-
file to estimate film thickness, and his interfacial shear correlation
predicted most of the data well. Although Wheeler’s method for
smooth annular flows shows good agreement with smooth tubing,
it is highly improbable that it would accurately model corrugated
flexible hose. A flow-regime model derived from a database of all
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reduced-gravity flow-regime data in the open literature including re-
sults from the tests described in this paper up to 1993 was completed
by Reinarts.!” A flow-regime transition model using a force-balance
approach was presented. In 1993, Miller et al.'® published an anal-
ysis of reduced-gravity pressure drops in the two sizes of smooth
glass tubing used in this package and found that the Troniewski
and Ulbrich prediction and the Lockhart—Martinelli/Chisholm pre-
diction both correlate well with the experimental pressure drops.
They found that the HEM and smooth annular prediction gen-
erally underpredicted their data. Data reported by Lambert, Hill
and Best, Wheeler, and Reinarts (Refs. 13, 15-17) revealed
higher pressure drops for reduced-gravity than 1-g horizontal flow
conditions.

Nishikawa et al.'” published a paper on vertical, air-water annular
flow in transverse square-grooved tubes under 1 g. Tubes had diam-
eters near 25 mm with groove depths of 0.5 and 1.0 mm and a pitch
of 4 mm. Corrugated flexible hoses in this paper have diameters
between 8 and 15 mm with rounded groove depths and pitches near
3 mm. The authors found the single-phase friction factor of the wall
to be significantly less than that predicted by the macroscopic rough-
ness €/D. A review of the results indicates that flowing fluid does
not penetrate into the groove depth, which is important because the
present work has components with large corrugation depths. They
also observed an increase in entrainment with increasing roughness.
This should increase the friction pressure drop and make the flow
more homogeneous.

Previous components studied under 1-g two-phase flow condi-
tions included a quick-disconnect prototype similar to but larger in
size to that evaluated herein.?” The maximum pressure drop across
the quick-disconnect prototype at 13 g/s liquid flow and 16 g/s va-
por flow was approximately 200 Pa. Unfortunately, this was near the
accuracy of the transducer; in addition, the authors did not provide
form loss predictions or provide specific dimensions of the quick-
disconnect prototype used. Although their results are interesting,
they are not directly applicable to this work because of the lack of
specific details regarding the device.

One of the better known methods for determining the pressure
drop through orifices and venturis similar to the internals of the
quick-disconnect presented here assumes that slip equals one and
that the fluid behaves as an incompressible fluid through the orifice.?!
The method simplifies to

APrp/APL =1+ C(APy/AP)™ + APy /AP, ey

where C =Z + (1/Z), with Z = (p;/p,)"/*>. AP, and AP, are the
pressure drops for the liquid and vapor phase traveling alone through
the orifice and A Prp is the two-phase pressure drop.

Three devices are analyzed in this paper; two are different sizes
of corrugated flexible hose, and the third is a quick-disconnect de-
vice. Complex two-phase thermal management systems for a space-
craft could require the capability to be assembled on orbit or to
facilitate removal and replacement of critical components. For this
purpose, it is envisioned that short lengths of flexible hose and a
quick-disconnect fitting would be placed at the end of each section
of tubing. It is then simple for astronauts to snap together appropri-
ate lines. The quick-disconnect fitting is designed to be nonleaking,
constant volume, and relatively simple to connect or disconnect.
The nonleaking criterion is important to prevent the escape of po-
tentially hazardous fluids that might be carried into a living space
on the astronaut’s suit.

The project that collected the component experimental data in
this paper was primarily intended to produce a reduced-gravity
database of flow-regime and pressure-drop information through
smooth tubes for use in designing two-phase thermal management
systems for reduced gravity (i.e., Ref. 16). Because the experi-
ment package had two test sections, modifications were made to
the second test section, and the opportunity was taken to fly two
sizes of corrugated hose and the quick-disconnect model.?” The in-
tent of this paper is to provide an analysis and modeling of the
pressure drop through the aforementioned components for potential
design use.

Experimental Methods

Experimental Environment

The data collected for this paper were obtained using a two-phase
flow test package flown on the NASA Johnson Space Center KC-
135A aircraft stationed at Ellington Field in Houston, Texas. This
aircraft produces alternating periods of low and high gravity by
flying a parabolic path. During these experiments, three parabolas
were flown in series, with 1-2 min of level flight between sets of the
three parabolas. Although the low acceleration conditions produced
on the KC-135 are commonly described as microgravity, they are
actually characterized by vertical accelerations in the hundredths
of g range. For this paper, the period of low acceleration is termed
reduced gravity.

The accelerations are measured in a triaxial coordinate system.
For this coordinate system, the x axis is parallel to the transverse
axis of the plane with the positive direction pointing to the left when
facing forward toward cockpit, the y axis is parallel to the longitudi-
nal axis of the plane with the positive direction pointing towards the
rear of the aircraft, and the z axis is perpendicular to the deck with
the positive direction pointing toward the ceiling. The test-section
axial direction is mounted parallel to the x axis. An overall analysis
was done of the acceleration conditions during most of the 19 flights
(approximately 800 parabolas) with the flow loop on the KC-135.
The reduced gravity produced by the aircraftis typically 18.6 £1.9s
in duration followed by a high-g pullout of 43 & 6 s in length. The
transition time from the high g into an acceleration less than 0.05 g
requires 5.6 &= 1.3 s. The reduced-gravity periods were found to have
an average vertical acceleration of +0.008 +0.021 g, and the pull-
outs had an acceleration of 1.6 £ 0.2 g. The rapid transitions in ver-
tical acceleration are coupled with smaller acceleration transients in
Gy. Figure 1 shows triaxial acceleration for three typical parabolas.
A 0.1t00.2 g peak can be seen in Gy preceding the reduced-gravity
period. This acceleration is from the maneuvering of the aircraft. Al-
though Gy during the reduced-gravity period is slightly smoother
than Gx, the experiment package had its test sections aligned in
the x direction, perpendicular to the aircraft fuselage. This is be-
cause of concerns about sloshing and nonequilibrium introduced
from the Gy peaks preceding the reduced gravity. Figure 2 shows
the acceleration values in a typical reduced gravity period.'*

Experiment Test Facility

Figure 3 shows the Foster-Miller/Air Force—Phillips Laboratory
two-phase flow experiment package that flew aboard the KC-135
and produced the data in this paper. An important feature of this
package is its two-phase pump. The two-phase pump separates a
mixture into single-phase constituents and independently increases
the pressure of each phase. The vapor and liquid flow rates are inde-
pendently set by metering valves at the pump outlets. This enables
accurate mass flow measurement of the separated liquid and vapor
streams.

Sequentially, in the two-phase flow loop, the flow stream be-
gins with the two-phase pump, where the gas/liquid Freon R12 is
separated and the pressure head of each phase increased. For each
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Fig. 1 Typical acceleration environment on the KC-135.
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phase, two parallel measurement sections are used to monitor flow
rates. The vapor flow stream utilizes Fox venturis in combination
with Validyne pressure transducers. The liquid stream employs a
bearingless-type flowmeter for flow conditions above 5 g/s and a
paddle-wheel type flowmeter for liquid flows below 5 g/s. To allow
for the change in liquid volume in the flow loop, a liquid accumulator
is located at the pump liquid outlet.

The gas and liquid are mixed, and the fluid mixture then travels
through a smooth 90-deg bend, through a variable length developing
section, and into the first of two test sections. The first test section
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Fig. 2 Reduced-gravity acceleration environment on the KC-135.
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is made up of a glass tube of similar diameter to the development
length. The clear adiabatic test section allows the flow regime to be
recorded via a high-speed digital imaging system. The second test
section had special fittings allowing corrugated flexible hose, quick-
disconnect components, or glass tubing to be inserted. Differential
pressure measurements for both test sections are made with a pair
of Foxboro 823 electronic A P cell transmitters. The adiabatic test
sections are each 1.25 m long. More detailed system descriptions
can be found in Marsden?? and Wheeler.'®

Experiment Components

Three components in the second test section of the experiment
package are the subject of this paper. Two components are corru-
gated flexible hose sections. These corrugated hose test sections
were preceded by an approximately 45 cm developing length (of
identical corrugated hose) and have characteristics as described in
Table 1. Figure 4 is a schematic of the large and small corrugated
hoses. This developing length provides for approximately 33 and
58 lengths over diameters (LDs) for the large and small corrugated
hose, respectively.

The quick-disconnect (QD) component was preceded by approx-
imately 60 cm of stainless-steel smooth tube developing length.
This is approximately 55 L/Ds. After the first pressure tap, a 7.6-cm
smooth tube led into the 16.5-cm-long QD prototype. Following the
prototype is a 32.0 cm length of corrugated hose and then 56.4 cm of
smooth glass tube before the second pressure tap. The dimensions
of the pieces are shown in Table 2, and the schematic of the whole
component is shown in Fig. 5 and a picture in Fig. 6.

Table 1 Corrugated hose dimensions

Dimensions of corrugated hose

Length, Min. internal Corrugation Corrugation

Component cm diameter, cm  depth, cm pitch, cm

Large corrugated  124.5 1.38 0.45 0.36
hose

Small corrugated  124.5 0.77 0.30 0.31
hose

Table 2 Quick disconnect dimensions

Dimensions of quick-disconnect components

Length, Min. internal Corrugation Corrugation

Component cm diameter, cm  depth, cm pitch, cm
Stainless-steel 60 1.09 N/A N/A
tubing
Medium corrugated 32 12.95 0.35 0.36
hose
Smooth glass 56.4 1.05 N/A N/A
Small Corrugated Hose
031 cm

g
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SV U UL

077 cm

\NANARANAR A
VAV IRV IRV IRV

Fig. 4 Corrugated flexible hose dimensions.
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Fig. 6 Quick-disconnect picture.

The behaviors of the vapor flow transducers were tested in a scop-
ing experiment on a previous flight in the aircraft to determine their
acceleration sensitivity.?* The KC-135 environment has a negligible
effect on the differential pressure sensor when the diaphragm is ori-
ented normal to the x axis of the aircraft; this is the orientation used
for the experiment package. Accuracy for the flow measurement is
as follows?*

1) Low-vapor-flow transducer: £5% for the range 1.0 to 3.0 g/s.

2) Low-vapor-flow transducer: £0.1 g/s for the range 1.0 to
0.1 g/s.

3) High-vapor-flow transducer: +5% for the range 2.0 to 11.0 g/s.

4) Low- and high-liquid-flow transducers: £5% for the full range.

A paddle-type differential pressure transducer was utilized for the
A P measurement. The transducer utilized large sensing diaphragms
that displaced silicone oil connected to the remote displacement sen-
sor. The fluid interface diaphragm region is shown in Fig. 7. This
schematic shows the region as it was for the glass sections in test sec-
tion one. Flow travels through the glass test section into the stainless-
steel tube. The fluid cavity next to the pressure paddle diaphragm
communicates with the flow path via the pressure-sensing path and
four small wall taps. The silicone-filled pressure line travels from
the pressure paddle diaphragm to the transducer. The transmitters
were calibrated over the range 0 to 20 kPa with an accuracy of 50 Pa
differential. For the quick-disconnect component, the connection
was smooth so form pressure drops should be minimal. The large
corrugated hose had a small amount of mismatch in the connection.
Estimates of the magnitude of induced error indicate it should not
have more than 5%. The standard error for these pressure drops is
large enough so that this uncertainty was neglected. The small cor-
rugated hose had a one-step flow-path area decrease at the outlet
where the 7.7-mm glass met a 5.0-mm steel tube. This flow-path
diameter change and the resulting flow acceleration could have in-
creased measured pressure-drop by as much as 50%. For this reason,
the small corrugated hose measured pressure-drop data should be
considered an upper limit to the true pressure drop.

All uncertainties listed in this paper are computed using standard
error. The calculation for standard error is

0=+ Jstd + UDA +o mst (2)

o-ring seals flexible boot

glass test section

1/16 in. wall taps (4)
stainless steel tube

aluminum boot
fitting

1 in. PVC tube pressure sensing path

o-ring seal

pressure paddle

tie rods to opposite
PP diaphragm

end fitting

R12 fill line

pressure transmitter
back plate paddle

Fig. 7 Pressure paddle/test-fluid Interface region.

where oy is the standard deviation of the measurement, op, is the
error from the digital acquisition system, and oy, is the instrument
€error.

Data Rejection Criteria

An original test condition was defined as follows. A limit of
10.05|g was applied to the acceleration in each direction, and each
reduced gravity period had to have a minimum of nine consecutive
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Fig. 9 Pressure drop for parabolas with large fluctuations (8/19/91 ITP 5).

readings a 1 Hz within |0.05|g or it would be excluded. Data ex-
ceeding the acceleration limit and failing to meet the time interval
were excluded. To be conservative, one cycle of acceleration data
collected before and after readings in excess of the specified limit
was removed.

Because the pressure drop is dependent upon the flow regime,
equilibrium effects associated with the transition from high g to
low g were analyzed. This effect is especially pronounced in the
corrugated hose as the flow regime changes from stratified flow un-
der 2 g to annular flow in reduced gravity. Stratified liquid is wicked
into the previously empty corrugations (grooves) as the flow regime
changes to annular under reduced gravity. Some parabolas indicate
a time-varying pressure drop. However, many parabolas show an
initial dip in pressure drop followed by a recovery to a relatively flat
‘plateau’ as the flow reached an equilibrium condition. Therefore,
the first 7-10 s of data of the reduced gravity period are excluded
when computing the average pressure drop. If an equilibrium plateau
is reached after this point, the averaging begins at the start of the
plateau. Quantitatively, a least-squares method was used to deter-
mine the slope of the pressure drop over the chosen time period of
the plateau and then multiplied by the length of the line and divided
by the average A P. The result shows the percentage increase or
decrease in A P over the averaging period. If the change in magni-
tude was less than 10% over the length of the plateau (5-7 s), the
parabola was accepted. For some test points, large fluctuations in
the measured pressure drop make the slope measurement sensitive
to beginning and ending points. The addition or exclusion of a par-
ticular data point significantly alters the slope. For these parabolas
the slope criterion was ignored, and they were accepted.

Figure 8 shows pressure drop vs time for two typical parabolas.
The initial decrease in pressure drop followed by a plateau is clearly
visible. The slope of the plateau is also shown. Figure 9 shows a
series of three parabolas where the standard deviation of the pressure
drop during reduced gravity was very high. For these parabolas, the
slope criterion was ignored. Each parabola must have an average
pressure drop greater than 125 Pa. This is the practical lower limit
of the pressure-drop measurement.

Mass flow rates for all of the data points were judged to be in
equilibrium. Parabolas showing a vapor or liquid flow rate increasing
or decreasing more than 20% during the reduced gravity period
were eliminated. Care must be taken when evaluating the effect
of measured flow rates on the system. Hysteresis effects on the
system from rapid changes between 2 g and reduced gravity were
observed infrequently. These effects on the flow rate were ignored
because they most likely do not affect flow conditions in the second
test section until after the reduced-gravity period. Minimum liquid
flow rates that would allow the corrugated hoses to fill the empty
corrugated grooves and come to an equilibrium during a parabola
were determined. This calculation assumed that the tube contained
stratified liquid up to the center of the tube. The minimum flow rate
determined was 6.5 g/s for the large diameter corrugated hose and
5 g/s for the small diameter corrugated hose.

Data Analysis and Results

Single-Phase, Ground-Based Data

The resulting corrected pressure drops and flow conditions for
flight testing are presented for each component along with corre-
sponding results of the single-phase ground experiments. Figure 10
is a plot of the friction factor vs Reynolds number, which includes
the experimental friction factor for single-phase liquid in the large
corrugated hose and the quick-disconnect section.

The single-phase friction factors were computed using the well-
known formula for head loss:

AP = f(L/D)(pV?/2) 3)

These friction factors were computed using the known flow
rates, tube dimensions, and measured pressure drops. The
Colebrook—White formula®

1/\/f =2-log[(e/D)/3.71 — 2.51 /Re\/ f]

is shown for the /D calculated for the large corrugated hose and
quick-disconnect component. For the work presented herein, this
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Fig. 10 Single-phase liquid tube friction factor vs Reynolds number.

equation applies when the laminar boundary layer § is less than
1.7¢. The laminar boundary layer is calculated with the equation

§=14120/V\/f 5)

where v is the kinematic viscosity of the liquid and V is the bulk
velocity.

With the corrugation depth as ¢, the laminar boundary layer for
all of the flows in this paper is significantly smaller than 1.7¢. The
literature contains no description of the magnitude of roughness
for which these equations apply, but most likely they were not in-
tended for application to large, regular corrugations. The ¢/D was
computed using the corrugation depth and is 0.214 for the large cor-
rugated hose and 0.3 for the quick-disconnect corrugated hose. Re-
ferring to the Moody diagram, for large values of ¢/ D the prediction
of the friction factor asymptotically approach a constant value. The
values of /D shown on the right side of Fig. 10 are the equilibrium
values for the particular friction factor indicated on the left. It can be
seen that the friction factors for both the large corrugated hose and
the quick-disconnect component are a strong function of Reynolds
number, whereas the Colebrook equation is not. The Colebrook
equation is a function of Reynolds numbers where the nature of the
flow interaction with the roughness is changing. At lower Reynolds
numbers, the ratio ¢ /8 approaches unity, and the roughness actually
protrudes into the turbulent core. Once this transition has occurred,
the friction factor is relatively constant. For the components in this
paper, phenomena different from this determine the effective friction
factor. /D is obtained experimentally from single-phase testing in
1 g. These friction factors are presented because they are used in
the prediction methods developed in the subsequent section.

Figure 11 is the Moody chart with the single-phase friction factors
for the vapor flow plotted for the large corrugated hose and quick-
disconnect component.

Two-Phase Reduced-Gravity Data

In addition to the single-phase, 1-g pressure-drop data, a sig-
nificant quantity of two-phase, reduced-gravity pressure-drop data
was collected. All of the flight data for these components are two

phase. Data for all parabolas flown with the three components can
be found by Marsden.?? Table 3 shows the 24 acceptable, corrected
pressure-drop data points for the large corrugated hose. The system
temperature for all of these parabolas is between 290 and 301 K.
Parabolas with A P fluctuation in the comments section had signifi-
cant fluctuations in pressure drop that made the equilibrium calcula-
tion extremely sensitive to beginning and ending points as explained
earlier. Table 4 shows the eight acceptable data points for the small
corrugated hose, and Table 5 lists the 13 acceptable data points for
the quick-disconnect component.

Pressure-Drop Modeling

The pressure-drop modeling of the large and small corrugated
flexible hoses consists of utilizing the HEM and loss coefficient de-
veloped from single-phase ground testing. This method can be used
to predict two-phase pressure drop under reduced-gravity condi-
tions through the corrugated hoses. A different modeling approach
is utilized to model the pressure drop through the quick disconnect.
Two methods were evaluated: 1) an orifice model based on the work
done by Chisholm that is applied to the entire device and 2) a split-
component model that breaks the quick disconnect into sections.
Modeling the quick disconnect as split sections and using the HEM
prediction for the corrugated flexible hoses provides good predic-
tions of 0-g two-phase pressure drop using single-phase, 1-g data.
These methods are very valuable in cost savings and increased reli-
ability of two-phase space systems using only inexpensive ground
testing.

Homogeneous Equilibrium Model

The foundation of the pressure-drop prediction method used is
the HEM. This model assumes well-mixed vapor and liquid mov-
ing at identical average velocities. Because of its assumptions, this
prediction method works best for well-mixed and homogeneous-
type flows and is well suited for the geometry of the system under
evaluation. The standard form of the equation is

AP = (frp/D)(G’ [2pm) (6)
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Table 3 Two-phase, reduced-gravity data listing Table 4 Two-phase, reduced-gravity data listing
for large corrugated tube for small corrugated tube
Data Vapor flow, Liquid flow, Vapor flow, Liquid flow,
point gls g/s AP, Pa Comments Date gls gls AP,Pa Comments
1 1.5+04 193+1.6 280497 OK 25 14402 9.5+£0.8 2232+120 OK
2 6.5+04 23.0+£2.3 1087 £ 108 OK 26 1.5+0.1 9.7+0.6 2201 £ 105 OK
3 1.9+03 11.6+£0.8 197 +£95 OK 27 1.5+0.2 9.7+£0.7 2256+£117 OK
4 11.7£0.6 11.24+0.7 2163 £ 1247 OK, AP 28 1.5+0.2 93+£0.7 2248491 OK
fluctuations 29 1.5+0.2 9.6+0.8 2282494 OK
5 11.8+£0.7 10.8+£0.7 2201+ 1300 OK, AP 30 23+02 72+£0.6 2505+72 OK
fluctuations 31 2.3+£0.1 7.1£0.7 2500112 OK
6 11.7+£0.7 10.8+£0.6 2174 + 1131 OK, AP 32 1.6+0.2 59+05 1311+75 OK
fluctuations
7 9.8+£0.6 200+ 1.6 2430+982 OK
8 45403 73405 244 +97 OK
?0 22 i 8; gg i 82 g ;2 i ;g 82 Table 5 Two-phase, reduced-gravity data listingfor quick disconnect
11 89+0.5 7.8+0.5 1017 +88 OK Vapor flow, Liquid flow,
12 8.9+0.5 7.8+£0.6 994 + 112 OK Date /s /s AP.Pa Comments
13 90405 78405 983482 OK & & : i
14 1.8+0.1 183+1.2 378 +£57 OK 33 1.84+0.3 18.7+1.0 705+ 101 OK, AP
15 1.8+0.1 184+£1.1 309 + 64 OK fluctuations
16 1.8£0.1 185+ 1.1 336+ 68 OK 34 1.2+0.1 10.2£0.7 205+ 71 OK
17 1.8+0.1 429422 960 + 81 OK 35 1.2+0.2 10.3+0.6 206+ 78 OK, AP
18 1.1+0.1 207+1.4 177 £ 85 OK, AP fluctuations
fluctuations 36 1.1£0.2 9.9+£0.6 201 £71 OK
19 2.7+£0.2 45.0+2.9 1655+78 OK 37 4.1+£03 7.0+£0.5 719+ 64 OK
20 2.6+0.2 454+24 1628 £ 101 OK 38 41403 6.9+04 692 + 82 OK
21 2.64+0.2 454424 1611 +72 OK 39 42403 6.9+04 667 £ 67 OK
22 9.0£0.6 10.7+£0.8 1516 + 348 OK, AP 40 9.6+£0.5 63+0.5 2376 1+ 82 OK
fluctuations 41 95+0.5 6.5+04 2360 £93 OK
23 8.9+0.6 10.9+0.8 1497 +£403 OK, AP 42 6.1+0.3 6.3+04 1153 +68 OK
fluctuations 43 1.94+0.2 29.6+1.9 1184 +91 OK
24 8.94+0.7 10.6 £0.7 1478 £481 OK, AP 44 1.8+0.3 29.5+£2.0 1085 + 147 OK

fluctuations 45 1.8+£0.2 29615 1079 £ 104 OK




MARSDEN, KURWITZ, AND BEST 493

3500
3250
3000
2750
2500
2250
2000
1750
1500

1250 e
1000
750
oy
500
250

0 T
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

HEM Predicted Pressure Drop (Pa)

=

Experimental Pressure Drop (Pa)

Fig. 12 Large corrugated hose HEM pressure drop vs experimental
pressure drop.

where frp is the two-phase friction factor, G is mass flux, and p,, is
mixture density. Mixture density is calculated with

1 mpvy + myvy
— = )
Pm mp +my
where n1 is the liquid mass flow rate, m1y is the vapor mass flow rate,
and v, and vy are the liquid and vapor specific volumes, respectively.
The two-phase friction factor is typically obtained from the equation

fre = fro(ure/pr)"? ®)

where fi ¢ is friction factor for all liquid flow, 1, is liquid dynamic
viscosity, and wrp is the two-phase mixture viscosity. This two-
phase mixture viscosity must also be estimated. A commonly used
equation by McAdams is

Lprp =x/py + (1 —x)/ 1L )

where 1, and py are liquid and vapor dynamic viscosities and x is
the flow quality.

Figure 12 shows the predicted and experimental two-phase pres-
sure drop through the large corrugated flexible tube. The horizontal
error bars are the combined error shown in the tables. The vertical
error bars are computed using the HEM with the mass flow rate error
added or subtracted from the mass flow rates. The points with the
large horizontal error bars have a very large standard deviation in the
pressure-drop measurement. The experimentally measured, single-
phase liquid friction factor from the large corrugated hose ground
tests was used in the HEM prediction. This method yields surpris-
ingly good results for zero-gravity two-phase flow. The method
slightly overpredicts the pressure drop at low pressure drops and
slightly underpredicts at higher pressure drops. The average error
between the predicted and measured values is 35%. Figure 13 shows
the predicted and experimental two-phase pressure drop through the
small corrugated flexible tube. Because no single-phase testing is
available for the small corrugated hose, a friction factor computed
for the large corrugated hose is used in the HEM. In Fig. 11, the
plot of single-phase liquid friction factor vs mass flow rate, the large
corrugated hose seems to come to equilibrium at a friction factor of
0.11. Because the small corrugated hose has high Reynolds num-
bers relative to the large flexible tube, the value of 0.11 was chosen
as the best approximation. Again, the prediction method yields re-
sults quite close to those measured. It is seen that the high pressure
drops are again under predicted by the method; however, the average
differential error is 11%.

Quick-Disconnect Orifice Model

Figure 14 shows the pressure drop plot for the quick-disconnect
apparatus and indicates that modeling the pressure drop through
this section as a simple friction factor effect does not work well.
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Fig. 13 Small corrugated hose HEM predicted pressure drop vs
experimental pressure drop.
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Fig. 14 Quick-disconnect HEM predicted pressure drop vs experi-
mental pressure drop.

The HEM method, Egs. (6-9), significantly underpredicts the mea-

sured pressure drop by a larger and larger amount as pressure drop

increases. The average error is 59%. Figure 15 shows the predicted

pressure drop for the quick-disconnect when the whole section is

modeled as a single, extended orifice using the Chisholm method.
Chisholm’s method is

APwp/AP, =1+ C\/AP, /AP, + AP,/JAP,  (10)

where C =Z + (1/Z), with z= /(oL /pv)-
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Fig. 15 Quick-disconnect orifice predicted pressure drop vs experi-
mental pressure drop.
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Fig. 16 Quick-disconnect split HEM vs experimental pressure drop.

For this plot, the single-phase ground tests with the quick-
disconnect section were interpolated to obtain APy and AP, in
the Chisholm method. It is seen that this method also underpredicts
the measured pressure drop as well and has an average differential
error of 113%. Further, the error increases significantly as pressure
drop increases.

Quick-Disconnect Split-Component Method

Figure 16 is a plot of predicted pressure drop for the quick-
disconnect section where the components have been modeled as
separate entities, each with its own friction factor. The medium cor-
rugated hose section uses the large corrugated hose friction factor,
the smooth glass tube is modeled with the Blasius equation, and the
quick disconnect is modeled as an orifice using Chisholm’s method.
In the preceding section, the single-phase pressure drop through the
whole component was used. Now, we are interested in the pres-
sure drops through the quick-disconnect prototype alone. These are
unknown and must be estimated.
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Fig. 17 Contribution from split pieces of quick-disconnect component.

The typical pressure drop equation is of the form
AP =K. (pV?/2) an

where AP is the pressure drop with single-phase liquid or vapor
and K is the loss coefficient.

Because the loss coefficient for the prototype is unknown, K; was
changed until the overall pressure-drop prediction best matched the
experimental results. The loss coefficient was found to be optimum
at K; =3. Figure 16 shows that this method yields good results.
The average error is 21%.

Figure 17 shows the contribution to overall predicted pressure
drop from each of the split components. It is seen that the orifice
is the largest pressure drop, followed in importance by the medium
corrugated hose. The relative contribution of each is relatively con-
stant for the three parabolas shown. These three parabolas were
chosen to span the pressure drop and mass flow rate range.

Corrugated Hose Friction Factors

Because the two-phase pressure drops through the corrugated
hoses can be predicted using the single-phase friction factors, it
would be fortuitous if the single-phase friction factors could also
be predicted. Because the corrugations are deep and narrow, it is
expected that only a fraction of the corrugation depth actually affects
the flow. Two approaches were examined to determine if a simple
friction factor prediction method existed. The Prandtl boundary-
layer thickness § was calculated for the large flexible tube. This was
done to develop a rough estimate of the size of eddies that might be
interacting with the corrugations. The equation for § is

§=5L/VRe (12)

where L is the horizontal distance. In this case, the pitch of the
large corrugated hose, 3.6 mm, was used.?® For this distance, the
boundary-layer thickness is 0.33 mm and 0.18 mm for liquid flows
with Reynolds numbers of 3 x 10° and 10° respectively. For the
large corrugated hose, if eddies were capable of penetrating ap-
proximately 0.33 mm into the corrugation, this would provide an
&/ D ratio near 0.002. This is approximately an order of magnitude
below the single-phase pressure drops measured from the large cor-
rugated hose. An alternative method is to make the assumption that
the largest eddy penetrating into a corrugation will have a diam-
eter equal to the width of the corrugation. Although the pitch is
3.6 mm, because of the shape of the corrugations, the corrugation
channel is really only about half of that thickness. An ¢/D ratio
is then calculated from these numbers and used in the Colebrook
equation. The friction factors calculated by this method and the
boundary-layer thickness method are well below those experimen-
tally determined. The next level of modeling refinement would be
to use a computational-fluid-dynamics code to learn how the flow
interacts with the narrow, deep corrugations. Then the extent of the
flow interaction could be better understood and predicted.
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Summary

Conclusions

A series of experiments was conducted using an R12 two-phase
flow package under normal reduced-gravity conditions. Single-
phase and two-phase data were recorded. The data consisted of
liquid and vapor mass flow, triaxial acceleration, and component
pressure drop for both ground and flight testing. Three components
were tested: two corrugated flexible hose sections 125 cm in length
and a quick disconnect. The large and small corrugated hoses had
minimum inner diameters of 1.37 and 0.77 cm, respectively. The
third component was a combination of smooth stainless-steel tube,
a quick-disconnect prototype, medium diameter corrugated flexi-
ble hose, and a smooth glass tube. The two-phase flow package was
flown on the NASA Johnson Space Center KC-135, which produces
approximately 20 s of reduced gravity characterized by accelerations
on the order of hundredths of g.

Results from the study include the following: 1) validated and ver-
ified single-phase pressure drop data for corrugated hose and quick-
disconnect components; 2) validated and verified 0-g two-phase
flow pressure-drop data for corrugated hose and quick-disconnect
components; 3) single-phase friction factors for corrugated hose and
quick disconnect; and 4) a predictive model for 0-g two-phase flow
pressure drop using single-phase pressure drop measurements from
lg.

Experimental data from reduced-gravity aircraft testing must be
corrected to account for the aircraft environment effects on the in-
struments including residual accelerations during the low-gravity
period. The pressure data are corrected for instrument effects and
test fluid hydrostatic head from small accelerations in the tube axis
direction. After corrections are made to measured data, criteria to
determine if data were in equilibrium were developed. Data not
reaching equilibrium were eliminated from consideration.

Single-phase ground data were used to determine friction factors
for the large corrugated hose and quick-disconnect components.
These single-phase friction factors were then used in the homoge-
neous equilibrium model (HEM) to determine the two-phase pres-
sure drops. Because no single-phase data for the small corrugated
hose exist, data from the large corrugated hose were used to develop
two-phase friction factor and shown to have good agreement. The
values of ¢/D are quite large because of the disturbance produced
in the boundary layer by the components. It is not expected that the
procedure could be applied to smaller values of ¢ / D. For the range of
quality tested (0.07 to 0.54 for the large corrugated tubing and 0.12
to 0.25 for the small corrugated tubing), a slight underprediction of
AP was observed at increasing quality.

The quick-disconnect component experimental data did not
match well with the HEM predicted pressure drop. Predictions were
made with the Chisholm orifice method where the entire component
was modeled as an extended orifice; however, this method, like the
HEM, under predicted the data. A more exact method that modeled
the quick disconnect as three separate pieces was implemented: a
length of smooth tube, a section of corrugated hose, and an orifice.
The Blasius equation was used for the single-phase friction fac-
tors in the smooth section, and the single-phase ground data from
the large corrugated hose used for the corrugated hose. An opti-
mum loss coefficient was determined for the orifice. This method
was found to predict the experimental data very well. Modeling
the quick disconnect as split sections and using the HEM predic-
tion for the corrugated flexible hoses provides good predictions of
0-g two-phase pressure drop using single-phase, 1-g data. R-12 and
other refrigerants are typical of life-support systems; however, this
approach could readily be utilized for other fluids including liquid
metals. This is an attractive approach because of the difficulty in
testing liquid metals in a low-gravity environment. This could be
very valuable in cost savings and increased reliability of two-phase
space systems using only inexpensive ground testing.

Recommendations
The present study showed that relatively simple methods effec-
tively modeled the pressure drops through the components. How-

ever the pressure-drop behavior through the components would be
better understood with more ground-testing data. Also, a thorough
evaluation of the pressure paddle region where test section two is
connected to the package would be very helpful for the analysis
conducted in this thesis, as well as several others conducted with
data from this experiment package.
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