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Visualization of Flow Boiling in an Annular Heat
Exchanger Under Microgravity Conditions
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An experiment consisting of a glass annular heat exchanger was flown on NASA’s KC-135 reduced gravity
aircraft to study the effects of gravity on flow boiling. Visual data were taken to determine flow boiling regimes,
which were then analyzed using five different flow regime maps. The flow regime maps enabled predictions of
the quality, two-phase heat-transfer coefficients and wall temperatures in the axial direction during periods of
reduced gravity. Results from this work illustrated the following trends: 1) less heat addition was needed to cause
flow regime transitions in reduced gravity environments; 2) Earth-based flow regime maps did not correlate well
with visual data or zero-g flow regime maps; 3) all of the zero-g flow regime maps produced similar results for
calculations of quality, heat-transfer coefficient, and heat-exchanger temperature, indicating that all of them were
acceptable for this application; and 4) that maximum heat transfer occurred at locations in the heat exchanger

near the transition from bubble to slug flow.

Nomenclature
A = cross-sectional area, m?
D = tube diameter, m
m = mass flow rate, kg/s
S = slip coefficient, Ug /U,
U = velocity, m/s; void fraction, Ag/AtoraL
Ugs = superficial vapor velocity, xmrorar /(¢ AtotaL), m/s
Uys = superficial liquid velocity, (1 —x)myorar/(z Atotar), m/s
X = thermodynamic quality, m g /mrorar; density, kg/m?;
surface tension, N/m; viscosity, N s/m?
Subscripts
L = liquid phase
G = gas or vapor phase

Introduction

WO-PHASE thermal systems have excellentpotentialin space

applicationsbecause the heat-transfercapacity associated with
phase change is typically large. Increased heat-transfer capabili-
ties could mean decreased size and weight of a thermal system.
These characteristics make two-phase systems extremely desirable
for space applications. Because gravity greatly affects the fluid dy-
namics of the boiling process, possibly leading to unpredictableper-
formance of a two-phase thermal system, it is necessary to conduct
experiments and create new analytical models for reduced gravity
conditions.

To explore the effects of gravity on two-phase thermal systems, a
vertically oriented, annular heat exchanger was constructed of glass
and flown on NASA’s KC-135 reduced gravity aircraft. Refrigerant-
113 was selected as the test fluid and was boiled while flowing
through the center tube of the heat exchanger. As the airplane flew
parabolictrajectories, the effective gravitationalacceleration varied
from 1.8 g during nose-up and nose-down maneuvers to approx-
imately 0 g at the top of each parabola. Each period of reduced
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gravity lasted about 25 s, and over 200 parabolas were flown during
the one-week test period. Visual observations during these flights
confirmed that changing gravitationalaccelerationstrongly affected
the fluid dynamics of the boiling liquid.

In addition to their qualitative value, a quantitative assessment
was made using the visual observations in combination with flow
regime maps. Special reduced gravity models were used to analyze
the experimental data, and the results were compared with a model
based on Earth’s normal gravity. This data reduction also enabled
predictionsof local heat-transfercoefficients and wall temperatures
axially along the heat exchanger. Finally the uncertainties in these
heat-transfercoefficients and wall temperatures caused by the flow
regime map used were examined.

Experimental Apparatus and Analysis
Experimental Apparatus

The focal point of the experiment was a glass annular heat ex-
changer shown in Fig. 1. Borosilicate glass tubes allowed visual
observations of the R-113 boiling in the center tube. The heat ex-
changer was 58.4 cm long, and the inner and outer diameters of the
tubes were 10, 12, 65, and 70 mm, respectively. Water flowed down-
ward with respect to gravity through the outer annulus and heated
the R-113, which was flowing upwards in the center tube.

Volumetric flow rates and inlet and exit temperatures were mea-
sured for both fluids. Inlet and exit pressures of the R-113 were
also measured to determine saturation conditions. Uncertainties for
these measurements are shown in Table 1.

Data were recorded at a frequency of 2 Hz using a laptop com-
puter. Visual data were recorded using a Hi8 video camera and a
linearscale attached to the test apparatusto determine axial position.

The test facility consisted of two separate fluid systems that de-
livered water and R-113 to the annular heat exchangerat prescribed
conditions. Figure 2 shows a schematic of these systems. Major
componentsinclude gear pumps, piston-cylinderaccumulators,and
electric cartridge heaters in both loops. In addition, the R-113 loop
also contained a condenserto prevent vapor from entering the pump
and a needle valve to reduce the system pressure directly before the
test section. The test matrix consisted of the five combinations of
heater input voltages shown in Table 2.

System pressures were maintained at a value near atmospheric
pressure, and fluid flow rates for all data points were approximately
100 mL/min and 24 mL/s for R-113 and water, respectively.The data
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taken during the week of flying on the KC-135 were then reduced
using the following procedures.

Data Selection

The ever-changing environment on the KC-135 led to fluctua-
tions in the performance of the experimental system. Westheimer'
discussed fluctuations in system parameters, their periodic nature,
and how they related to the parabolic flight of the aircraft. Because
system conditions were often transient, careful data evaluation was
essential to meaningful analysis. The following procedure was used
to reduce fluctuations in the data and define the steady-state test
conditions.

First, all measured values were averaged for periods where the
accelerationas a result of gravity was 0.0 g = 0.1. Next, data points
were removed from the beginning and end of the reduced grav-
ity period until the standard deviation of the R-113 volumetric
flow rate was either less than 2.00 mL/min, or decreased by less
than 10% when three consecutive data points were removed. Any

Table1 Experimental uncertainties

Percent of

Parameter

Uncertainty ~ measured value

Flow rate, water
Flow rate, R-113
Temperatures
Pressures

+2.2 mL/s 9

+2 mL/min 2
+0.5°C e

+4.89 kPa 4
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parabolas that did not meet the following criteria were then dis-
carded: 1) standard deviation of the R-113 volumetric flow rate was
less than 10% of the averaged value; 2) standard deviation of the
inlet R-113 temperature was less than 1% of the averaged value in
°C; 3) standard deviation of the inlet R-113 pressure was less than
4.89 kPa; and 4) standard deviation of the inlet water temperature
was less than 0.2°C

These data selectioncriteria were based on those used by Reinarts
et al.? for a similar experiment. In addition to the quantitative data
taken, visual observations of the flow regime transitions and the
axial location were made during each parabola. All of these data
were then averaged for each test condition producing five data sets.
The following analysis was performed on these five data sets.

Heat-Transfer Model

Figure 3 illustrates the simple resistance model used to predict
heat-transfer characteristics of the system as a function of axial
position z. The heat exchanger was divided into 23 (2.54-cm) 1-in.
segments. Fluid temperatures (7., and Tg.;3) and thermodynamic
quality were determined at every inch along the test section. Heat
addition Q was calculated for each segmentusing the changein fluid
temperature or quality across the segment. Thermal resistance and
heat-transfercoefficients were calculated for each segmentbased on
Q. The segment heat-transfercoefficients were then used to predict
wall temperatures on the center tube of the heat exchanger. Values
of Rynnuius came from a numerical model created by Lundy? for this
test facility. R,,,; was simply the conductionthrough the center tube
wall, and Ry, was the two-phase heat-transfer coefficient calculated
using this model.
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For all of the test data, the water temperature changed less than
2.5°C across the test section. Because this change was small, water

Table 2 Test matrix

Test fluid  Test fluid Heating Heating
heater heater fluid heater ~ fluid heater
Name voltage power, W voltage power, W
T4H64 4 2 64 266
T9H64 9 11 64 266
TOH74 0 0 74 356
T5H74 5 5 74 356
T11H74 11 11 74 356
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Fig. 3 Resistance heat-transfer model.
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Fig. 2 Experimental apparatus.
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Table 3 Flow regime maps
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Model Equations Major assumptions
Bousman and Dukler’ 1 — Cou Co=1.06
Us =\ o JVos aps =0.45
as/a =0.76
Balakotaiah et al.* oG 1 Sut Su=praD/u>
Us = —— x Uas Experimentally determined:
pL e B K1 =464.16
Uds = K3Su? g K3=2x10"°
peD
Barnea’ 02 08 ﬁ as/a=0.76
14+75(1 — @) 2 MG G Use Bousman and Dukler
Uis = [T} d-a (Z) (pT) Uas B/S transition
Baroczygs 1 -1 ag/s =0.45
Earth normal gravity (1/a—=1) 0-74 as/a =0.76
relationship between x= (6 /P05 (1 J 1) 13 +1
void fraction and quality
Slip': _ Sp)s =1.70
using experimental r= (o/pc) (1 — @) Ja] + S Ss/a =2.05
data from Reinarts ag/s =0.45
et al.> and this work as/a=0.76
O 0 Pynow-d gravity environments Reinarts et al.> observed this frothy annular
q gravity flow in which vaporbubbles were presentin the liquid film of annular
; OO 5 2 flow.

T = OOO% g g = g 5= l In the following analysis flow regimes were identified to create a
mass i) OOO st - > _IQ— linear profile of the R-113 quality axially along the heat exchanger.
flow c 0D Because defining flow regimes was not the primary focus of this

0% 0 65550 work, they were simplified to only include bubble, slug, and annu-
Bubble Slue Annular lar ﬂow. Lur}dy3 performe.d an ex.tf.:nsive literature review on flow
e regime classification and his definitions were adopted for this work:

Flow Flow Flow

Fig. 4 Typical flow boiling regimes.

temperatures were interpolated linearly between the measured inlet
and exit values. The axial temperature profile of the boiling R-113
consisted of two parts. At the entrance of the heat exchanger, the
fluid experienced subcooled nucleate boiling. In this portion of the
testsection,the R-113 temperature was assumedto increaselinearly.
Once the fluid reached the saturation pressure, the temperature was
assumed to be constant as it flowed through the rest of the heat
exchanger. The assumption of constant temperature was based on
the negligible pressure drop associated with flow boilingin a smooth
glass tube and the relationship between pressure and temperaturein
a two-phase fluid.

The quality was assumed to equal zero while the fluid was sub-
cooled and then increased linearly after the fluid reached a saturated
state. The two points required to determine this linear relationship
were the qualities at the bubble-to-slug and slug-to-annular flow
regime transitions, determined using each of the flow regime maps
investigated. Westheimer' has performed a more detailed analysis
of these assumptions and the heat-transfermodel.

Flow Regime Maps

Flow boiling is commonly classified through use of flow boiling
regimes. These regimes provide ways to characterize the flow dy-
namics of the vapor and liquid phases through visual observations.
Typical flow regimes for a boiling fluid flowing upward in a verti-
cal tube are shown in Fig. 4. According to Lundy,’ defining flow
regimes is still the topic of debate, even for terrestrialenvironments.
In addition to the bubble, slug, and annular flow regimes shown in
Fig. 4, a churn flow regime is often included. Churn flow is usually
thought of as a transition from slug to annular flow. Balakotaiah
etal. stated that churn flow does not occur in reduced gravity envi-
ronments. As a result, it was not considered for this work. Another
flow regime that should be noted is frothy annular flow. In reduced

1) bubble, small dispersed vapor bubbles in a continuous liquid
phase; 2) slug, bubble diameter approaches the diameter of the tube
and the bubbles take on the characteristic Taylor bubble or bullet
shape; and 3) annular, liquid no longer spans the diameter of the
tube.

Five flow regime maps were used to relate the transitionsbetween
these flow regimes to the quality of the fluid. Most of these mod-
els related the superficial velocities of the liquid and vapor phases.
These relationships were modified to create equationsrelating qual-
ity and mass flow rate using the definitionslisted in the nomenclature
section of this paper. Table 3 presents the equations used to predict
the transitions from bubble to slug flow and from slug to annular
flow used in this work.

Westheimer' has provided a more comprehensive explanation of
the theories and the assumptions required for each of these mod-
els. The assumption of critical void fractions, B/S of 0.45 and S/A
of 0.76, at the flow regime transitions was necessary to determine
qualities from most of these models. These valuesare frequentlydis-
cussedin flow regime literature,including Reinarts et al.,> Bousman
and Dukler,” Chen et al.,® and Crowley.” These five methods of pre-
dicting the quality at flow regime transitions, along with the visual
observation at each location were used to create the linear quality
profiles in the axial direction of the heat exchanger that enabled
this analysis. Figure 5 summarizes the process used to reduce and
analyze the data from this experiment.

Results and Discussion

The initialresultof this experimentwas the collectionof extensive
visual flow boiling data. The parabolic flights provided an excellent
opportunity to see the effect of gravity on the flow boiling process.
Figure 6 shows video frames of the experiment during a 1.8-g ma-
neuver, and Fig. 7 shows the same portion of the test section a few
seconds later while in reduced gravity. These figures show that in a
1.8-g environment primarily small bubbles and a chaotic churn flow
were found in the test section. Slug flow was almost nonexistent,
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probably because of a combination of fluid properties and heating
conditions. It also appears that not enough heat was added to the
R-113 to achieve annular flow during the 1.8-g periods shown here.

Figures 6 and 7 clearly show that by decreasing the gravitational
acceleration and maintaining the other test conditions nearly con-
stant the bubbles grew larger and bubble, slug, and annular flow
regimes were clearly present. Another observation that these pic-
tures cannot illustrate was that the bubble speed drastically de-
creasedas the test conditionsapproachedreduced gravity. Decreased
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Fig. 5 Analysis flowchart.
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bubble speed in reduced gravity illustrated the effect of buoyancy
on the dynamics of the vapor bubbles. This effect was maximized
becauseof the low R-113 flow rates used in the experiment. Figure 7
illustrates that frothy annular flow was seen in reduced gravity envi-
ronments. It appears that the frothy annular flow was very similar to
churn flow, especially when the trend of larger bubbles in reduced
gravity is considered.

Locations along the test section of the flow regime transitions are
givenin Table 4. These data were used in approximatingthe quality
profile along the test section.

The valuesin Table 4 are the distances from the bottom of the heat
exchanger z = 0, where the flow regime transitions were observed
to take place. These values represent the average locations for each
test condition.

After identifying how changes in gravitational acceleration af-
fected the flow boiling process, the next step was to apply the avail-
able analytical tools. The experimental data taken were reduced
using the flow regime model of Barnea as presented by Crowley.’
Figure 8 shows these dataon a flow regime map plotted using super-
ficial velocities. The flow regime transitions of Barnea are shown as
the solid lines, while the dotted lines in Fig. 8 are a terrestrial flow
regime map by McQuillen and Whalley.® Lundy' previously used
the McQuillen and Whalley flow regime map to analyze data from
this experimental facility at Earth normal gravity with reasonable
success.

Table4 Flow regime transition locations

Bubble/slug, Slug/annular
Name mm (in.) mm (in.)
T4H64 237(9.33) 457 (18)
T9H64 218(8.6) 432 (17)
TOH74 140 (5.5) 280(11)
T5H74 135(5.33) 280(11)
T11H74 140 (5.5) 280(11)

Fig. 7 Visual data, 0 g.
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Fig. 8 Superficial velocity flow regime map, Barnea 0-g correlation.

Not surprisingly,the reducedgravity data correspondedquite well
with the reduced gravity map of Barnea. This was because the flow
regime transitions were used to reduce the data. However, the 1-g
correlations did not agree well with the reduced gravity data. These
flow regime maps predict that reduced gravity flow regime transi-
tions occurredat lower superficial vapor velocitiesthan their normal
gravity counterparts.This shiftin flow regime transitionswas clearly
seen in the visual data. For example, bubble flow in 1.8-g changed
to slug flow as the acceleration decreased, because gravity was
reduced.

The slug to annular transition was harder to compare because of
the presence of churn and frothy annular flow. To simplify, annular
flow was observed during 0-g periods of the visual data, but was
not observed during 1.8-g periods at the same test settings. This ob-
servation, in combination with Fig. 8, suggested that the superficial
vapor velocities were not high enough to create annular flow in the
1.8-g environment.

Figure 9 shows the microgravity map of Barnea and the 1-g flow
regime map of McQuillen and Whalley® with quality given as a
function of mass flow rate. This graph exhibits the same shift as
Fig. 8, exceptinstead of the superficial vapor velocity the quality at
the flow regime transitions decreased with decreasing gravitational
acceleration. The transition from slug to annular flow predicted us-
ing the 1-g flow regime map correspondedto a quality approaching
unity and was not shown on Fig. 9.

Comparing qualities at the flow regime transitions provided an
easy thermodynamic comparison between flow boiling in reduced
and normal gravity environments. Because the quality was lower in
reduced gravity, less heat addition was needed to reach these flow
regime transitions.

By applyingthese flow regime maps, it was possible to make pre-
dictions of the heat-transfer coefficient and tube wall temperatures
as a function of axial position along the heat exchanger. Figures 10
and 11 illustrate these profiles for the T4H64 test point. Figure 10
shows the quality profile x created using visual observationsof the
locations of flow regime transitions and the Barnea model, as well
as the heat-transfer coefficient in the annulus Uypuys 0of the heat
exchanger and the calculation of the two-phase heat-transfer co-
efficient of the R-113. Each of the test points produced a similar
graph where the two-phase heat-transfer coefficient increased from
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Fig. 9 Quality vs mass flow rate flow regime map, Barnea 0-g corre-
lation.

the entrance of the heat exchanger, peaked near the point where the
fluid reached the saturated state, and then decreased to the exit. Peak
heat-transfercoefficients and the initial point of saturation also cor-
responded to the bubble to slug flow regime transition. All of the
curvesin Figs. 10 and 11 shifted to the left for test points with larger
applied heat loads.

Large uncertainties were associated with the actual value of the
peak, or maximum heat-transfer coefficient, because of numerical
uncertainties of the resistance model. These uncertainties accumu-
lated from the conduction coefficient of the glass tube, the heat-
transfer coefficient in the annulus of the heat exchanger, and the
assumptions of the R-113 temperature and quality profiles. Two-
phase heat-transfer coefficients and tube wall temperatures were
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Fig. 10 Heat-transfer coefficient profile, T4H64.
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Fig. 11 Wall temperature profile, T4H64.

approximated near the peak locations because of this error. Regions
where these values are approximated were shown on the figures as
dotted lines. Westheimer' gives a more detailed explanation of how
these approximations were developed.

These heat-transfer coefficient profiles agree with the previous
work of Carey,” who explained that the maximum heat transfer co-
efficient for flow boiling in a tube corresponds with the maximum
nucleate boiling. Nucleate boiling is dominant in bubble and at the
beginning of slug flow. Carey also explained that as annular flow
is approached the nucleate boiling is suppressed and the two-phase
heat-transfercoefficient decreases. Although this model was not ac-
tually based on these heat-transfer mechanisms, the fact that the
heat-transfer coefficient prediction and visual flow regime observa-
tions agree with Carey’s assessment indicates that the assumptions
made in the model are reasonable.

Figure 11 shows the temperatureprofile calculatedusing the resis-
tance model. Tyaer, TR-113> Lwallout» @0d Tyanin represent the temper-
atures of the water R-113, outside of the center tube wall and inside
of the center tube wall, respectively. The temperature on the inner
wall of the tube approaches the temperature of the R-113 at the ax-
ial location correspondingto the maximum two-phase heat-transfer
coefficient.

Finally the effectsof the differentflow regime models on the qual-
ity and two-phase heat-transfer coefficient profiles were examined.
Figure 12 illustrates quality profiles producedby all five flow regime
models for the T4H64 test condition. The two key characteristics
noted were the location where the fluid becomes saturated and the
slope of the linear profile.

The initial saturation point varied about 2 in. (50 mm). The
slip model predicted the location nearest to the inlet, whereas the
Balakotaiah et al. model* predicted the point farthest from the inlet
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Fig. 12 Axial quality profile, flow regime model comparison.
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Fig. 13 Axial heat-transfer coefficient profiles, flow regime model
comparison.

of the heat exchanger. Exit qualities ranged from 0.035 to 0.139.
The Bousman and Dukler model predicted the lowest value, and the
Baroczy equation predicted the highest one.

Figure 13 shows the two-phase heat-transfer coefficient profiles
calculated using the different flow regime models. The major obser-
vation taken from this graph was that the maximum heat-transferco-
efficientshifted accordingto the location where the fluid became sat-
urated. Similar to Fig. 12, the peak using the slipmodel was closestto
the inlet of the heat exchanger, whereas the Balakotaiahet al. model
predicted the location farthest away. The axial positions of these
peaksranged from 5.5 to 9.5 in. (140 to 241 mm) along the test sec-
tion. Itis againnoted thatthe actual value of the maximumtwo-phase
heat transfer coefficient was greatly affected by inaccuraciesin the
resistance model. The slip model and the Bousman and Dukler flow
regime map predicted peak values of the two-phase heat-transfer
coefficient that were too large to effectively show on this graph.'

Conclusions

As expected, the results of this investigation indicated that the
fluid dynamics of flow boiling are strongly gravity dependent. This
was clearly apparent in the visual data and in the shift of the flow
regime maps. Less heat addition was necessary in reduced gravity
for the flow regime transitions to occur. This gravity dependence
requires that engineers use caution when designing two-phase sys-
tems for use in environmentsof different gravitationalaccelerations.
Crowley and Izenson'® make a similar statement in their Design
Manual for Microgravity Two-Phase Flow and Heat Transfer.
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Comparing results from the test conditionsillustrated two trends.
Increasing the heater setting resulted in the flow regime transitions
taking place closer to the inlet of the heat exchanger. This also
moved the peak of the heat-transfer coefficient profile closer to the
inlet.

Crowley and Izenson'® suggest that gravity affects the bubble
and slug flow regimes most greatly and recommend that two-phase
systems intended for use in different gravitational environments be
designed to avoid these flow regimes. In contradiction, the results
from this study indicate that the highest heat-transfer coefficients
occur in these flow regimes because of maximized nucleate boiling.
This suggests that more work should be performed in order to op-
timize the design of two-phase heat-transfer equipment in reduced
gravity.

Large differences in visual data and analysis demonstrated that
Earth-based flow regime maps poorly representreduced gravity be-
havior. However, all of the reduced gravity flow regime maps pro-
duced similar results for heat-transfercoefficient and wall tempera-
ture calculations. Therefore any of the 0-g flow regime maps would
have been acceptable for the analysis presented in this work.

In summary, this investigation succeeded in adding new and
unique data to the two-phase flow reduced gravity database. It also
demonstrated both the potential for excellent heat-transferenhance-
ment during nucleate boiling and for the use of two-phase thermal
systems in space applications.'?
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