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Vehicles for future manned space missions will demand unprecedented increases in power requirements
and heat dissipation. Achieving these goals while maintaining acceptable size and weight limits will
require replacing present single-phase thermal management components with far more efficient two-
phase counterparts. This study discusses the development of an experimental facility for the study of
annular condensation of FC-72 in microgravity, which was tested in parabolic flight as a prelude to the
development of NASA’s Flow Boiling and Condensation Experiment (FBCE) for the International Space

f\(/lei{ ‘;‘;mf:\"lit Station (ISS). The flow behavior of the condensate film is shown to be sensitive mostly to the mass veloc-
Condegnsatign ity of FC-72, with low mass velocities yielding laminar flow with a smooth interface, and high mass veloc-

ities turbulent flow with appreciable interfacial waviness. A select number of tests repeated in
microgravity, Lunar gravity and Martian gravity prove that the influence of gravity is very pronounced
at low mass velocities, manifest by circumferential uniformity for microgravity versus appreciable thick-
ening along one side of the condensation tube for Lunar and Martian conditions. However, the thickening
is nonexistent for Lunar and Martian conditions at high mass velocities due to increased vapor shear on
the film interface, proving high mass velocity is an effective means to negating the influence of gravity in
space missions. For microgravity, the condensation heat transfer coefficient is highest near the inlet,
where the film is both thin and laminar, and decreases along the condensation length, but increases again
downstream for high mass velocities due to turbulence and increased waviness. A model is proposed to
predict the condensation heat transfer which accounts for dampening of turbulent fluctuations near the
film interface. The model shows good agreement with the heat transfer coefficient data in both trend and
magnitude.

Annular flow

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Importance of two-phase thermal management to future space
missions

Future space missions to Mars and beyond are challenging all
present practices in the design of space vehicles. These missions
are expected to greatly increase in scope, size, complexity and
duration. They will also bring about unprecedented increases in
both power requirements and heat dissipation demands. However,
it is highly unlikely that these increases can be accomplished with
a commensurate increase in the size and weight of vehicle sub-sys-
tems, given the enormous impact of these two parameters on vehi-
cle cost. Space vehicle developers are therefore exploring more
efficient designs with greater power-to-weight ratio, including
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the use of fission power and replacing present single-phase ther-
mal management systems with two-phase counterparts [1-6].

The effectiveness of two-phase thermal management systems is
derived mostly from the orders-of-magnitude enhancement in
evaporation and condensation heat transfer coefficients compared
to single-phase counterparts. Thermal management is achieved via
a Thermal Control System (TCS) that is tasked with heat acquisi-
tion, transport and rejection in the space vehicle. In a two-phase
TCS, heat acquisition from a variety of heat-dissipating sources is
achieved by evaporation or flow boiling of a working fluid. The heat
is ultimately rejected to deep space to condense the working fluid
back to liquid state. The heat acquisition can be achieved in a vari-
ety of boiling schemes including pool boiling [7,8], channel flow
boiling [9-11], jet [12-14], and spray [15,16], especially when
implemented with surface enhancement [17-19]. However, the
configuration most suitable to a space vehicle’s TCS is flow boiling
in tubes. Similarly, the most suitable condensation configuration is
flow condensation in tubes.


http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.02.010
mailto:mudawar@ecn.purdue.edu
https://engineering.purdue.edu/BTPFL
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.02.010
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt

294 H. Lee et al./International Journal of Heat and Mass Transfer 61 (2013) 293-309

Nomenclature

A area

As. cross-section area of liquid control volume
A" parameter in eddy diffusivity model
(o specific heat at constant pressure

D; inner diameter of condensation tube
D, outer diameter of condensation tube
fi interfacial friction factor

G mass velocity of FC-72

Le Earth’s gravitational acceleration

Gw mass velocity of water

h local condensation heat transfer coefficient
hg latent heat of vaporization

K Von-Karman constant

k thermal conductivity

m mass flow rate

My mass flow rate for water

P pressure

Py perimeter

Pr Prandtl number

Prr turbulent Prandtl number

q heat transfer rate

q" heat flux

Re Reynolds number

T temperature

t time

u axial velocity

u* dimensionless axial velocity

u* friction velocity

w outer channel width of condensation module CM-FV
Xe thermodynamic equilibrium quality

y distance perpendicular to wall
y* dimensionless distance perpendicular to wall
z stream-wise coordinate

Greek symbols

I'g condensation mass transfer rate per unit axial distance
1) liquid film thickness

o dimensionless liquid film thickness
&m eddy momentum diffusivity

u dynamic viscosity

y kinematic viscosity

p density

T shear stress

Subscripts

exp experimental

f saturated liquid

FC FC-72

film liquid film

g saturated vapor

i interfacial; inner surface of condensation tube
in inlet of condensation length

0 outer surface of condensation tube
pred predicted

sat saturation

ss stainless steel

w water

wall wall

A major challenge to designing a fission power system or phase-
change TCS for a space vehicle is poor understanding of flow boil-
ing and condensation in reduced gravity. Two-phase transport
behavior can be highly susceptible to the influence of buoyancy,
which is proportional to the product of gravity and density differ-
ence between liquid and vapor. Unfortunately, existing flow boil-
ing and condensation pressure drop and heat transfer
correlations and models are derived almost entirely from experi-
ments that have been conducted in Earth’s gravity. Therefore, it
is impossible to ascertain the validity of these predictive tools for
reduced gravity operation, especially microgravity, without con-
ducting validation experiments over the appropriate gravity range.
This fact is evident in a 2011 report by the National Research Coun-
cil (NRC) [20] that was submitted to the U.S. Congress, which in-
cludes a detailed agenda for critical research needs in both life
and physical sciences for future space exploration. The NRC places
heavy emphasis on reduced-gravity two-phase flow and heat
transfer, including the need for databases, correlations, theoretical
models, and computational tools.

1.2. Microgravity testing platforms

Microgravity can be simulated in a number of platforms. An
above ground drop tower or below ground drop shaft consist of a
long, vertical conduit within which an experiment package is
dropped to achieve microgravity during free fall. They provide very
high quality residual gravity (<1 x 10~*g,) for relatively short
durations between 2.2 and 10s (2.2 s for NASA Glenn Research
Center’s 24-m drop tower, 5.2 s for NASA Glenn Research Center’s
132-m drop shaft, 4.6 s for NASA Marshall Space Flight Center’s
105 m drop tower, 4.72s for Germany Drop Tower Bremen’s
(ZARM’s) 110-m drop tower, and 10s for Japan Microgravity

Center’s (JAMIC’s) 700-m drop shaft) [21]. Because of their rela-
tively short microgravity duration, drop towers and drop shafts
are typically used for initial validation of experiments before more
comprehensive experiments are carried out in long-duration
microgravity onboard the International Space Station (ISS). Key
drawbacks of drop towers and drop shafts are (i) limited time
available to achieve steady two-phase flow or to collect sufficient
data for statistical analysis without a significant number of repet-
itive drops (since only one set of operating conditions can tested in
a single drop), and (ii) inability of experimenter to manually inter-
act with the experimental package.

Sounding rockets are another option for microgravity tests. They
are sub-orbital carriers (they do not go into orbit around the Earth)
and provide 3 to 13 min of low gravity with good residual gravity
control (<1 x 107* g.) [21]. Like drop tower and drop shaft experi-
ments, they preclude manual access to the experimental package
and are intended for initial validation.

The ISS provides the ultimate testing environment for micro-
gravity two-phase flow and heat transfer, providing long duration,
quasi-steady environment below 1 x 10~* g, [22], operator access
to the experimental package, as well as automatic and remote con-
trol capabilities. However, ISS experiments are very expensive and
require many years of development and safety certification, which
causes great delays in the performance of much-needed micro-
gravity experiments.

Parabolic flight aircraft provide a cost effective means to achiev-
ing microgravity with durations of 15-30 s. Preceded and followed
by durations of high gravity, the microgravity period is achieved
several tens of times as the aircraft undergoes a series of parabolic
maneuvers. Despite relatively lower quality of residual gravity (+/
—0.01 g.), which is influenced both by pilot skill and weather re-
lated turbulence, parabolic flight experiments offer significant
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advantages over drop tower and drop shafts, not only in terms of
longer test duration, but also the ability to accommodate larger
experiment packages, use of additional intrusive instrumentation,
and ability of experimenter to interact with the test. Larger exper-
imental packages mean larger and more realistic diameters and
lengths may be used to better simulate actual TCS components.
Also, while it is difficult to run multiple experiments at different
operating conditions in sounding rockets, this can be easily accom-
plished in aircraft experiments during a series of parabolas. Clearly,
parabolic flight aircraft provide an effective and affordable plat-
form for obtaining relatively large two-phase flow and heat trans-
fer databases in microgravity, including the ability to incorporate
extensive flow visualization techniques. These are key reasons be-
hind the reliance of the present study on parabolic flight
experiments.

1.3. Predictive methods for condensation heat transfer

Condensation is encountered in numerous power generation,
chemical, food, and pharmaceutical industries. Condensation in
tubes takes the form of a number of flow regimes, depending on
the tube length. With superheated conditions at the inlet, conden-
sation is initiated with an upstream pure vapor flow regime. Tran-
sition to annular flow occurs once the condensate film begins to
form along the inner walls of the tube surrounding a central vapor
core. The film is driven mostly by the vapor shear and is influenced
by gravity for low flow rates. Heat transfer in the upstream, thin
portion of the film is dominated by conduction. Both the flow rate
and thickness of the condensate film increase along the tube, and
the film flow may turn turbulent and very wavy downstream. Fur-
ther thickening of the film causes wave peaks from opposite sides
of the tube to merge, causing a transition to slug flow. With a fur-
ther axial increase in the liquid flow rate, bubbly flow is estab-
lished when the length of the slug flow bubbles falls below the
tube diameter. Eventually, all remaining vapor is converted into li-
quid, resulting in a pure liquid flow regime.

Modeling of condensation in tubes has been focused mostly on
the annular flow regime because of the ability of this regime to de-
liver the highest heat transfer coefficients and its prevalence over
the largest fraction of the tube length. Three different approaches
have been adopted to predict the condensation heat transfer coef-
ficient: (i) empirical and semi-empirical correlations that are lim-
ited to specific fluids, operating conditions and tube geometries
[23-33], (ii) ‘universal’ correlations that are derived from large dat-
abases that are amassed for a large number of working fluids and
broad ranges of tube diameter, mass velocity, quality and pressure
[34-36], and (iii) theoretical models [37,38].

Theoretical modeling of annular flow is achieved via the con-
trol-volume method by applying mass, momentum and energy
conservation to the liquid film and vapor core separately and to
the combined flow, and by matching velocity, temperature, shear,
heat flux and mass flux at the film interface. However, theoretical
modeling is complicated by (i) a lack of understanding of the tran-
sition from laminar to turbulent film flow, (ii) interfacial waves
(ripples, large waves, solitary waves), (iii) dampening of turbulence
at the film interface due to surface tension, and (iv) droplet and
entrainment effects.

1.4. Objectives of study

The present study constitutes the first phase of NASA's Flow
Boiling and Condensation Experiment (FBCE), which is projected
for deployment in the International Space Station (ISS) in 2017.
This initiative is aimed at amassing comprehensive flow boiling
and condensation databases in microgravity, which will serve as
foundation for development of mechanistic models for both. The

present study concerns the condensation portion of this long-term
initiative. Discussed in this paper are findings from an experimen-
tal study of condensation in microgravity that was conducted in
parabolic flight using FC-72 as working fluid. Presented is a sys-
tematic assessment of the axial variations of the condensation heat
transfer coefficient relative to variations in mass velocities of FC-72
and cooling fluid (water). This paper also summarizes findings
from a flow visualization study of the film interface for different
operating conditions. Finally, a theoretical control-volume model
is constructed for condensation in microgravity, and its predictions
compared to the experimental data.

2. Experimental methods
2.1. Condensation facility

The experimental apparatus used in this study is configured to
provide detailed heat transfer measurements as well as facilitate
high-speed video analysis of the condensing film. Two separate
condensation modules are used for this purpose. The first, conden-
sation module CM-HT, is used for acquisition of detailed heat
transfer measurements for FC-72 along a circular metallic tube that
is cooled by a counterflow of water through an annulus between
the tube and an external channel. This flow configuration serves
as an ideal geometry for comparison with theoretical condensation
models. However, a key disadvantage of CM-HT is the lack of opti-
cal access to the condensation film. Therefore, a second, condensa-
tion module CM-FV, is configured to facilitate direct viewing of the
film by flowing FC-72 through the annulus in a transparent outer
channel, with the water flowing in the opposite direction through
the inner metallic tube.

Fig. 1(a) shows the condensation facility consists of two sepa-
rate sub-loops, one for FC-72 and the other for water. The FC-72
is circulated with the aid of a magnetically driven Micropump GB
gear pump, followed by a flow control valve, filter, and flow meter.
Before reaching the desired condensation module (CM-HT or CM-
FV), the FC-72 liquid is brought to the desired quality using two
Hotwatt inline electrical pre-heaters that are connected in series.
The FC-72 is routed to the desired condensation module with the
aid of two three-way valves. The two-phase FC-72 mixture exiting
the test module is passed through a Lytron liquid-to-air heat ex-
changer to return the mixture to liquid state. The FC-72 sub-loop
is fitted with a Flexicraft accumulator to set operating pressure.
The accumulator contains metallic bellows to help accommodate
any FC-72 contraction or expansion, with the chamber surrounding
the bellows charged with nitrogen gas to a preset pressure.

The primary purpose of the water sub-loop is to reject the heat
from the FC-72 vapor in the desired test module. The water is sup-
plied to CM-HT or CM-FV with the aid of a Lytron modular cooling
system containing a pump and fan-cooled heat exchanger. The Ly-
tron system is modified by replacing its plastic reservoir with a
stainless steel reservoir, and fitted with a Flexicraft accumulator.
The water flow rate is regulated with a control valve and measured
by a turbine flow meter. The water exiting CM-HT or CM-FV is re-
turned to the Lytron system to be cooled to near-ambient
temperature.

As shown in Fig. 1(a), the condensation facility includes a
detachable FC-72 deaeration system consisting of a FC-72 reservoir
fitted with four immersion heaters and a condensation coil that is
cooled by a Lytron water-cooling system. The deaeration proce-
dure consists of simultaneously boiling the FC-72 liquid and con-
densing the FC-72 vapor for 30 min, while allowing any non-
condensable gases to escape to the ambient. The deaeration system
is detached before the condensation facility is transported to the
aircraft for testing.
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With the deaeration system removed, the facility consists of
two parts, the main condensation rig and a water conditioning
rig. Shown in Fig. 1(b), the condensation rig contains all compo-
nents of the FC-72 sub-loop, the two condensation modules, and
all controls, video cameras, lighting and data acquisition equip-
ment. Components of the condensation rig are assembled into a
rectangular aluminum rack that is fastened directly to the aircraft
floor. The layout of components is optimized to facilitate conve-
nient frontal access of the lead operator to a data acquisition lap-
top, pre-heater power controls, FC-72 control valve, pump
controller, and all pressure and flow rate display panels. A second
laptop is used by the lead operator to view operating conditions
from the data acquisition laptop. Up to three cameras, each
employing a dedicated laptop, are used to view the inlet, middle

(©)

Fig. 1. (a) Schematic of flow loop. (b) CAD diagram of condensation rig. (c) CAD diagram of water conditioning rig.

and outlet regions of CM-FV. The cameras are triggered simulta-
neously by the data acquisition laptop during the ug, periods.

Fig. 1(c) shows the water conditioning rig, which contains the
water pump, heat exchanger, filter, stainless steel reservoir and
water accumulator. This rig is connected to the condensation rig
with flexible hoses fitted with quick disconnect couplers.

2.2. Heat transfer module CM-HT

Condensation module CM-HT features FC-72 vapor flow
through a central 304 stainless steel tube, and water flow in the
opposite direction through an annulus as shown in Fig. 2(a). The
stainless steel tube has a 7.12-mm i.d. and 0.41-mm wall thickness,
and the diameter of the annulus is 12.70 mm. As shown in Fig. 2(b),
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Fig. 2. Construction of condensation module CM-HT for heat transfer measurements: (a) cross-sectional diagram, (b) longitudinal sectional diagram, (c) CAD model of module

parts, and (d) CAD model of module assembly with instrumentation.

the FC-72 is introduced from the left inlet and the water from the
right. The left FC-72 header is fitted with an aluminum honeycomb
flow straightener to ensure uniform vapor flow. A similar honey-
comb flow straightener is inserted into the right water header.
The central stainless steel tube is fitted on both ends with 11.1-
mm o.d. low conductivity fiberglass plastic (G-10) sleeves to min-
imize heat transfer between the FC-72 and water upstream and
downstream of the condensation length. The left sleeve defines
the upstream edge for the condensing portion of the stainless steel
tube, as well as ensures hydrodynamically fully developed flow at
the same location. The sleeves possess a mild 6.8-degree taper at
both ends of the condensing length to minimize any wake effects.
The condensing length between the G-10 sleeves is 791.72 mm and
the total tube length 909.83 mm.

The materials used in the construction of CM-HT are carefully
selected to enhance the accuracy of the heat transfer measure-
ments. The low thermal conductivity of the inner stainless steel
tube helps minimize axial conduction in favor of radial heat
transfer between the two fluids. Axial conduction is also mini-
mized by the tube’s small wall thickness. Small wall thickness
also serves the purpose of expediting thermal response during
ug. periods. The outer channel of CM-HT is constructed from
thermally insulating polycarbonate plastic (Lexan) to minimize
heat loss to the ambient.

CM-HT is instrumented with an array of temperature and pres-
sure sensors as illustrated in Fig. 2(a) and (b). The temperatures are
measured by 36-gauge type-T thermocouples that are distributed
both circumferentially and axially. There are 15 axial thermocou-
ple stations for measurement of both stainless tube wall tempera-

ture and water temperature. Limited access reduced the number of
thermocouples actually installed at these axial stations. Up to four
thermocouples are installed at each of the 15 thermocouple sta-
tions to measure the stainless steel tube’s wall temperature; a total
of 39 thermocouples are actually used. These thermocouples as
spaced 90° apart to check for circumferential symmetry of the wall
temperature. There are 22 additional pairs of thermocouples in-
stalled at the same 15 axial thermocouple stations to measure
the axial temperature distribution for water. These thermocouples
are installed at 90- and 270-degree orientations to check for cir-
cumferential symmetry in the water temperature. Fig. 2(b) shows
the axial pitch of the thermocouple stations is smaller towards
the left FC-72 inlet, which is intended to capture the relatively
sharp variation in the condensation heat transfer coefficient near
the FC-72 inlet where the annular condensing film is thinnest.
The thermocouple wires at each of the 15 axial stations are routed
through a single hole in the outer channel’s top Lexan plate. Be-
cause of incompatibility of the thermocouple wire insulation with
sealants, the insulation is removed along the length of the hole to
seal the metal wires in epoxy.

Pressures in CM-HT are measured using Honeywell STJE abso-
lute pressure transducers at four axial locations for FC-72 and
two locations for water.

Fig. 2(c) shows CM-HT consists of the inner stainless steel tube,
two G-10 sleeves, two flow straighteners, and polycarbonate plas-
tic (Lexan) parts. There are six polycarbonate parts: outer channel
top and bottom plates, two blocks comprising the FC-72 inlet head-
er, and two blocks the water inlet header. The top and bottom
plates are sandwiched between two thick aluminum plates to help



298 H. Lee et al./International Journal of Heat and Mass Transfer 61 (2013) 293-309

prevent fluid leaks and minimize warping of the assembly. Fig. 2(d)
shows CM-HT fully assembled and instrumented.

2.3. Flow visualization module CM-FV

As mentioned earlier, the major difference in the construction of
CM-HT versus CM-FV is passing the FC-72 through the annulus and
water the inner stainless steel tube for the latter. As shown in
Fig. 3(a), the inner tube in CM-FV has a 5.99-mm o.d. and wall
thickness of 0.254 mm, and the square annular region is 12.2-
mm wide. Using flat rather than circular walls for the outer trans-
parent channel provides undistorted optical access to the FC-72
film. CM-FV features both an inlet honeycomb flow straightener
and inlet G-10 sleeve. Fig. 3(b) shows the temperatures and pres-
sures are measured at the inlet and outlet for each fluid stream.
Also shown is a G-10 sleeve at the FC-72 inlet, leaving a condensa-
tion length of 777.24 mm.

As shown in Fig. 3(c), CM-FV is comprised of the inner stainless
steel tube, upper and lower outer channel polycarbonate plastic
plates, two end header blocks, and two stainless steel support
plates. Fig. 3(d) shows CM-FV fully assembled and instrumented.

2.4. Photographic methods

Three different cameras are used to capture images of the FC-72
condensate film in the inlet, middle and outlet of the condensation
length in CM-FV. The inlet and middle are captured with high-
speed Phantom 5 and Photron cameras, respectively, at 4000
frames per second (fps). During each parabola, the Phantom 5 cam-
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era captures a 1-s video record with 512 x 256-pixel resolution,
and the Photron camera a 0.75-s record with 1024 x 128-pixel res-
olution. Lighting for the two cameras is provided by four green LED
light sources. The outlet is captured during the entire flight period
by a Pulnix CCD camera at 29.97 fps with 640 x 480-pixel
resolution.

2.5. Operating conditions and measurement uncertainties

The reduced gravity environment is achieved onboard Zero-G
Corporation’s modified Boeing 727 jet. A ug. period lasting approx-
imately 17 s is achieved repeatedly during a series of parabolic
maneuvers. The operating conditions for the ug, period are set dur-
ing the preceding aircraft pull-up. Five operators are required dur-
ing the flight experiments.

The operating conditions for the study are as follows: FC-72
mass velocity of G=129.0 — 340.5 kg/m?s, FC-72 inlet pressure
of Prcin=113.7 — 126.3 kPa (16.5-18.3 psia), FC-72 saturation
temperature of T4 =60.0 — 63.4°C, FC-72 inlet thermodynamic
equilibrium quality of x.; up to 0.98, water mass velocity of
G, =86.7 — 321.4 kg/m? s, water inlet pressure of P, ;,=120.0 -
—127.0kPa (17.4-18.4 psia), and water inlet temperature of
Tw,in=24.4 — 27.4°C. The highest FC-72 film Reynolds number
achieved is Regy, = 3096.3. Table 1 provides a summary of the ther-
mophysical properties of FC-72 at Ty, = 62 °C. Notice that the inlet
quality is maintained close to but below unity to prevent overheat-
ing in the second pre-heater.

Pressures throughout the condensation facility are measured by
Honeywell STJE absolute pressure transducers with an accuracy of

11 1 1
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(b)

(d)

Fig. 3. Construction of condensation module CM-FV for flow visualization: (a) cross-sectional diagram, (b) longitudinal sectional diagram, (c) CAD model of module parts, and

(d) CAD model of module assembly with instrumentation.
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+0.05%. The temperatures are measured with type-T thermocou-
ples having an uncertainty of +0.4 °C. The Flow Technology Omni-
flo turbine flow meters used to measure the flow rates of FC-72 and
water possess accuracies of +0.25%. The accuracies of the Yokoga-
wa WT200 and WT210 power meters used to measure the electri-
cal power input to the first and second pre-heaters, respectively,
are +0.2% and +0.1%. The overall uncertainty in determining the
condensation heat transfer coefficient is +8.88%.

3. Flow visualization results

Fig. 4(a) shows sequential images of the FC-72 condensation
film along the outer surface of the stainless steel tube inside CM-
FV for FC-72 mass velocities of G=38.0, 63.8 and 128.8 kg/m? s
at water mass velocities in a narrow range of G, =248.5-
272.8 kg/m?s. Each image is 40-mm long and centered at
z=5.8 cm from the inlet of the condensation length. These images

Table 1
Thermophysical properties of saturated FC-72 at 62 °C (P =1.21 bar).
ke [W/mK] 4y [kg/m s] Cpr [J/kg K] o [mN/m] hy [K]/kg] hy [K]/kg] oy [kg/m®] pg [kg/m®]
0.0532 409 x 107 1110 7.8 101.93 93.03 1578 15.86
(a) Microgravity

G = 38.0 kg/m2s
Xein = 0.74
G,= 248.7 kg/m?s

G = 63.8 kg/m2s
Xein = 0.59
G,= 248.5 kg/m?s

G =128.8 kg/m?3s
Xen = 0.41
G,, = 272.8 kg/m?s

Microgravity

(b) G, =111.0 kg/m3s
G = 66.6 kg/m?s
=0.53

Xe,in

FC-12C)

G,, = 248.5 kg/m?s
G = 63.8 kg/m?s
=0.59 Xen = 0.54

G,, = 472.3 kg/m?s
G = 65.5 kg/m?s

Fig. 4. Sequential images of condensation film along outer surface of central stainless steel tube of CM-FV in microgravity for (a) three FC-72 mass velocity and nearly
constant water mass velocity, and (b) three water velocities and nearly constant FC-72 mass velocity, with individual images in each sequence separated by 0.03 s. The images
are centered at z=5.8 cm from inlet of condensation length.
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were captured by the high-speed Phantom 5 video camera at
4000 fps. At G =38.0 kg/m? s, the FC-72 film appears laminar and
the interface fairly smooth between widely separated wave peaks
region. At G=63.8 kg/m?s, the film appears laminar but quite
wavy. The flow turns turbulent at G=128.8 kg/m? s, marred by
both small ripples and fast moving large waves.

Fig. 4(b) shows sequential images of the condensation film for
water mass velocities of G,, = 111.0, 248.5 and 472.3 kg/m? s, and
FC-72 mass velocities in a narrow range of G = 63.8-66.6 kg/m?s.
Despite the large variations in G,, all images in Fig. 4(b) depict a
wavy-laminar interface similar to that in Fig. 4(a) for G=63.8
kg/m? s. This shows that the film flow is far more sensitive to G
than to G,,.

Fig. 5 compares video images of the condensation film in micro-
gravity, Lunar gravity (0.17 g.) and Martian gravity (0.377 g.) for
two sets of operating conditions. At the lower FC-72 mass velocity,
the film in microgravity is predominantly smooth-laminar and in-
creases in thickness in the flow direction due to condensation, with
waves appearing towards the downstream edge of the image. For a
similar FC-72 mass velocity, Lunar gravity causes the film to thicken
beneath the tube while maintaining a predominantly wavy-laminar
character. The underside thickening is more severe in Martian grav-
ity, which also causes appreciable thinning on the top portion of the
tube. The circumferential variations of film thickness under Lunar
gravity and Martian gravity cause appreciable circumferential vari-
ations in the film’s flow rate and therefore heat transfer rate.

At the higher FC-72 mass velocity, Fig. 5 shows the film is turbu-
lent and very wavy for all three gravity levels, with the film showing
no underside thickening in either Lunar gravity or Martian gravity.
This behavior may be explained by the appreciable increase in vapor
shear stress on the film for the high FC-72 mass velocity.

These trends point to an important practical conclusion con-
cerning the implementation of condensation in space missions
involving multiple gravity fields: it is possible to negate the influ-
ence of gravity altogether by increasing the flow rate of the work-
ing fluid.

4. Heat transfer results
4.1. Data reduction method
A differential resistance network is adopted to determine the lo-

cal condensation heat transfer coefficient, h(z), for condensation
module CM-HT. Since the water temperature, T,, (z), and outer wall

FC-12C)
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temperature of the stainless steel tube, Tyauo (2), in CM-HT are
measured at specific axial stations, continuous distributions for
these temperatures are first determined from curve fits to the mea-
sured values. These curve fits are then used to determine T,, and
Twaio at the midpoints between axial measurement stations.
Fig. 6(a) shows how these calculations are carried out between
measurement stations n and n + 1. The differential heat transfer
rate, Aq, from the FC-72 to the water over axial distance Az be-
tween the two thermocouple stations is equal to the increase in
sensible heat of water over Az, which is proportional to the water
temperature rise AT,, measured between the two stations. Notice
that the stainless steel tube’s inner wall temperature, Tyq;, iS not
measured but calculated by accounting for the temperature drop
due to thermal resistance across the tube wall. The FC-72 conden-
sation heat transfer coefficient, h(z), at the midpoint between sta-
tions n and n + 1 is determined from the relation

. Twa i Twa 0
Aq = MyCpw, ATy = W
27mkssAz
= h(Z)(TEDiAZ) [Tsat(z) - Twulli(z)] (1)

which amounts to two equations with two unknowns, Ty,q; (z) and
h(z). The quality of FC-72 at the inlet to the condensation module,
Xe,in, 1 calculated from an energy balance to the two pre-heaters up-
stream of CM-HT based the mass flow rate of FC-72, measured FC-
72 temperature at the inlet to the first pre-heater, and electrical
power input to the two pre-heaters. The thermodynamic equilib-
rium quality, x. (z), at the midpoint between stations n and n+1
is obtained by accounting for all the heat transferred from the FC-
72 to the water between 0 and z.

n

> _Ag;+ 5

j=1

Xe(2) = Xojn — ——F——— h (2)
fz

The FC-72 properties in Egs. (1) and (2) are nearly constant because

pressure drop along the condensation length is quite small

(<2.93 kPa). These properties are calculated at saturation tempera-

ture, T,q;, of FC-72 based on the average of measured inlet and outlet

pressures.

4.2. Steady-state conditions

Fig. 6(b) shows temporal records of the heat transfer coefficient
at four axial locations along the condensation tube corresponding

ﬁ 5.99 mm
ﬂ
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G,, = 347.7 kg/m?s

Micro- ; -
gravity _
e —— - N
G =47.1 kg/m?s, X,;, = 0.52 T
G,, = 250.9 kg/m?s
0.17 g,
—— e
Lunar
Gravity -
G =46.3 kg/m?s, x,;, = 0.54
G, = 166.4 kg/m?s
0.377 g,
Martian
Gravity

G, = 167.8 kg/m?s

E [] i . e Wi .k.ﬁ

G =48.2 kg/m?s, X,;, = 0.53

G = 88.0 kg/m?s, X,;, = 0.62
G,, = 364.5 kg/m?s

Fig. 5. Comparison of images of condensation film in microgravity, Lunar gravity and Martian gravity for two sets of operating conditions. The images are centered at

z=5.8 cm from inlet of condensation length.
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Fig. 6. (a) Thermal model used to determine the axial variations of water temperature, outer wall temperature, and FC-72 quality, x.. (b) Variation of condensation heat
transfer at four axial locations during gravity changes corresponding to two microgravity parabolas for G = 264.1 kg/m? s, G,, = 186.9 kg/m? s, and x.;, = 0.73.

to two consecutive parabolas. Also shown is the corresponding and terminated with a 1.8-g. (hyper-g.) ‘pullout’ before initiating
temporal record of gravity. Each parabola is initiated with a 60-s, a pull-up for the next parabola. The pullout plus pull-up duration
1.8-g. (hyper-g.) ‘pull-up’, followed by approximately 17 s of ug., between consecutive ug, periods is about 40s. A typical day of
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testing consists of a two-hour flight comprised of 40 parabolic
maneuvers, with each parabola lasting about 17 s, and every 10
parabolas separated by a 5-min aircraft turnaround break.

The data presented in the present study are for condensation
during the microgravity periods. Notice in Fig. 6(b) how the heat
transfer coefficient decreases during mg. and increases during
the pull-up and the pull-out. Because of the short duration of
microgravity (~17 s) during a parabola, there is obvious concern
over the ability to reach steady state and yield meaningful micro-
gravity data. Therefore, several measures were adopted to reduce
the thermal response time of the condensation facility. The re-
sponse time is a complicated function of thermal mass of the test
module and flow loop, fluid inventory, and operating conditions.
In fact, initial flight experiments did show that data for certain
operating conditions were susceptible to appreciable oscillation
and could not reach steady state. Further ground tests showed that,
when changing operating conditions, the response time could be
significantly reduced if conditions in the FC-72 sub-loop, especially
the FC-72 mass velocity, are maintained constant, while the water
flow rate is increased. One reason for the small response time asso-
ciated with increasing the water flow rate is the small water inven-
tory used.

Fig. 7(a)-(c) show temporal records of the variations of outer
condensation tube wall temperature, T, Water temperature, T,
and condensation heat transfer coefficient, h, along the condensa-
tion length during the microgravity period of a single parabola.
The wall temperature, Fig. 7(a), and water temperature, Fig. 7(b),
show little temporal change because operating conditions are set
at the beginning of the pull-up. However, Fig. 7(c) shows an appre-
ciable temporal drop in h at t = 0, especially near z = 0, and steady-
state conditions are achieved in the last 3-4 s of the microgravity
period.

Careful assessment of the microgravity data showed that about
a third of the tests could not reach steady state; data for these test
were therefore discarded. In the following, only tests that yielded
steady state conditions are used for analysis of the condensation
heat transfer coefficient. For these tests, the condensation heat
transfer coefficient is based on steady state data measured during
the last 1-2 s of the microgravity period.

4.3. Assessment of circumferential symmetry of heat transfer
coefficient

As shown in Fig. 2(a), the outer wall temperature of the stain-
less steel tube in CM-HT is measured at 15 axial stations along
the condensation length, with up to 4 thermocouples per station
positioned circumferentially in 90-degree angle increments.
Fig. 8(a) and (b) show, for two sets of operating conditions, the var-
iation of the condensation heat transfer coefficient along the con-
densation length calculated from measurements by the four
individual thermocouples, along with the heat transfer coefficient
based on the average of the four temperatures. Good agreement
between results based on the individual thermocouples proves
the film condensation is symmetrically very uniform. This is con-
sistent with the video records depicted in Figs. 4(a), (b) and 5
which show symmetrical film thickness around the condensation
tube in CM-FV for all microgravity conditions. It should be men-
tioned that all subsequent heat transfer coefficient results dis-
cussed in this paper are based on the average of the four
thermocouple measurements.

4.4, Parametric trends of condensation heat transfer coefficient
Using CM-HT, the experimental data are used to determine the

local condensation heat transfer coefficient, h(z), for different com-
binations of FC-72 and water mass velocities within a very narrow

Fig. 7. Variations of (a) outside tube wall temperature, (b) water temperature, and
(c) condensation heat transfer coefficient with axial distance and time during
microgravity period for G = 264.1 kg/m? s, ., = 0.73 and G,, = 186.9 kg/m? s.

range of FC-72 inlet qualities. Fig. 9(a)-(c) show the axial varia-
tions of h for three narrow ranges of water mass velocity. Each fig-
ure captures the influence of FC-72 mass velocity, G, on h(z) for a
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fairly constant water mass velocity, G,. Fig. 9(a) shows h(z) for four
FC-72 mass velocities of G = 144.6, 268.3, 270.1 and 329.3 kg/m? s
at water mass velocities in a narrow range of G, =161.8
—174.4 kg/m?s. For each FC-72 mass velocity, h is highest near
the inlet and decreases along the condensation length. This trend
is attributed to the condensation film being thinnest near the inlet
and increasing in thickness along the condensation length. Further-
more, heat transfer within the thin upstream laminar region of the
film is dominated by conduction resistance across the film, which
increases with z. This trend is monotonic for the three lowest G val-
ues. However, the highest FC-72 mass velocity of G = 329.3 kg/m? s
produces a minimum followed by a downstream increase in h(z).
This behavior can be explained by a downstream enhancement
in heat transfer due to the film turning turbulent and to increased
interfacial waviness. Fig. 9(a) also shows h generally increases with
increasing G, which is the result of the film thinning achieved by
higher vapor shear. Fig. 9(b) and (c) show similar trends of decreas-
ing h with z and better heat transfer with increasing G.

Fig. 10(a)-(f) show variations of h(z) for six narrow ranges of G.
These figures show h mostly decreasing monotonically along the
condensation length. However, the influence of G, in Fig. 10(a)-
(f) is significantly weaker than that of G in Fig. 9(a)-(c). These
trends demonstrate a far stronger dependence of h on G than on
Gw-
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Fig. 8. Variations of experimentally-determined condensation heat transfer coef-
ficient with axial distance as measured by four circumferential thermocouples for
(a) G=129.0 kg/m? s, G,, = 220.9 kg/m? s and x,,, = 0.89, and (c) G = 262.8 kg/m? s,
Gw=288.3 kg/m?s and X, = 0.72.

5. Microgravity condensation model
5.1. Model assumptions and formulation

The model presented here is based on the control volume meth-
od, which has been proven very successful at predicting heat trans-
fer in a variety of separated two-phase flows [39-42]. Recently,
Kim and Mudawar [37] adopted the control volume method to de-
velop a model for annular flow condensation in small channels.
They also provided experimental evidence that entrainment and
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Fig. 9. Variations of experimentally-determined condensation heat transfer coef-
ficient with axial distance for different FC-72 mass velocities and water mass
velocities of (a) G, =161.8 - 174.4 kg/m? s, (b) G,, = 281.3 - 287.5 kg/m? s and (c)
Gy =320.6 - 321.2 kg/m?s.
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deposition effects that are prevalent in annular flow boiling are
nonexistent in annular condensing flows.

The microgravity model employed here is based on the formu-
lations of Kim and Mudawar [37] and Park et al. [38]. The model
assumes that the flow is annular and steady, and pressure is uni-
form across the flow area. As verified experimentally, both the film
thickness and heat transfer coefficient are assumed circumferen-
tially uniform. Furthermore, the condensing fluid is assumed to en-
ter the condensing tube as a two-phase mixture with a quality x. ,
smaller than but close to unity, such that a liquid film with finite
thickness is available at the inlet. All thermodynamic properties
of liquid and vapor are based on local saturation pressure, which

H. Lee et al./International Journal of Heat and Mass Transfer 61 (2013) 293-309

is allowed to vary along the tube. Table 2 summarizes the model’s
key relations.

5.2. Mass conservation

The model development is initiated by discretizing the conden-
sation length into small axial elements of length Az, and applying
mass, momentum and energy conservation to control volumes
encompassing the annular film and vapor core. The total FC-72
mass flow rate, ri1, is the sum of flow rates of the liquid film, i,
and vapor core, 1i,. Relations for iy, g, and the interfacial mass
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Fig. 10. Variations of experimentally-determined condensation heat transfer coefficient with axial distance for different water mass velocities and FC-72 mass velocities of
(a) G=129.0-136.9 kg/m?s, (b) G=144.6 - 149.0 kg/m?s, (c) G=177.8 - 179.9 kg/m? s, (d) G =194.5 - 200.5 kg/m? s, (e) G =262.8 - 282.1 kg/m?s, and (f) G=329.3 -
340.5 kg/m?s.
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Table 2

Summary of mass and momentum conservation relations of condensation model.

Mass conservation

Inlet mass flow rates of liquid film and vapor core:

mf,in = (1 *Xe,in)mamgjn = xe.inm

Mass flow rates of liquid film and vapor core:

1 = 1y + g
1y = pffo urm(D; — 2y)dy = (1 — xe)m
g = pglignt(D; — 2(3) /4 = Xem

Mass transfer rate between liquid film and vapor core:

diy
=" = 1e
where l"fg = qW"D

Momentum conservation

(a) Momentum conservation for liquid film, Fig. 11(a):

Liquid film shear stress:

_dp\ A T:wa+rfg”ﬂ _ zm)dﬂ
o= () = (1

where A;, =% (D; — 2y) —2(D; - 20) ,Pry = m(D; — 2y), Py s = m(D; — 29)

Liquid film velocity profile:

5 (VA i) !
= ()55 (115) a0+
Liquid film’s interfacial velocity:

u; =

o \-1
(TP + Tggu) 371 (1+52) 7 d ()

(B3 (1v) g [ (o) )

1Wr/,, jo H(l\,]) d(%)

Pressure gradient:

dp _ rf?

"‘/"Z,(I,P,,;Al"/gu)ju [P/yju A+ d(y>J )

Tdz

B oo s () d(ﬂ o

(b) Momentum conservation for vapor core, Fig. 11(b):

Interfacial shear stress:
Ti=p; [Ag( B - & (pguzAg) - rfgui]
where A, = 7(D; — 26)% /4

Interfacial shear stress relation (Wallis [43]):

1 o 2 | ()l
Ti = 3fipg (llg — )" + =5p =k

Interfacial friction factor (Shah and London [44]):

fi = 16/Regfor Reg < 2000

f; = 0.079Re,** for 2000 < Re; < 20,000

f; = 0.046Re;, %2 for Reg > 20,000,
g g
where Re, = £z()0i-20)
Hg

transfer rate, I'g, between the vapor core and liquid film are pro-
vide in Table 2.

5.3. Momentum conservation

Neglecting axial momentum changes of the liquid film, momen-
tum conservation for the liquid film’s control volume in Fig. 11(a)
yields a relation for the shear stress in the film, 7, which is provided
in Table 2. Substituting this relation with the relation for the film’s
mass transfer rate yields an expression for the velocity profile
across the liquid film, uy (y), which is used to determine the film’s
interfacial velocity, u;, by substituting y = 6.

Next, the relations for uf(y) and u; are used to derive the relation
for pressure gradient across the film given in Table 2. Determining
the pressure drop requires an expression for the interfacial shear
stress, T;, which is derived by applying momentum conservation to
the vapor core as shown in Fig. 11(b). The interfacial shear stress must
account for both interfacial friction between the vapor core and liquid
film, and interfacial mass transfer, as proposed by Wallis [43]. The
present model uses the friction relations of Shah and London [44].

5.4. Determination of condensation heat transfer coefficient

The local heat flux across the liquid film is given by

P ea] oI

Pl'f_T Vr dy (3)

q' = —ks {1 + &

where Pryris the turbulent Prandtl number. The local condensation
heat transfer coefficient is determined by integrating Eq. (3) be-
tween the interface, where T = Ty, and the wall, where T = T4,

" S
he 9 0/ks . )

Tsar — Twall |:f0 ( PPrf ‘Lm) - d(),;):|
rr vy 0

5.5. Determination of liquid film’s turbulence parameters

Two key unknowns in the condensation model’s relations are
the liquid film’s eddy momentum diffusivity, &, and turbulent Pra-
ndtl number, Pryr.

Using the turbulent mixing length relation originally proposed
by Van Driest [45] and later modified by Kays [46], Kays and Craw-
ford [47], Kim and Mudawar [37] proposed the following eddy dif-
fusivity relation that is both gravity independent and accounts for
interfacial dampening of turbulent fluctuations due to surface
tension,

TR o (=) MRS
om e [ 1+4K%y [1—exp( - 2l 1-2
Vr 2+2\/ + y P TwallAJr Twall 0"

(3)

where  y* =yu/v;, 6" = sut /v, ut = | /Tyar/pp, AT = 26[1 +30.18
ufpfos‘fw}“f(dP/dz)}’l7 and the Von-Karman constant is given by
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Fig. 12. Comparison of experimentally-determined axial variations of condensation heat transfer coefficient with model predictions for (a) G = 129.0 kg/m? s, X,;, = 0.89 and
Gw=220.9 kg/m? s, (b) G = 177.8 kg/m? s, X, = 0.89 and G,, = 278.6 kg/m? s, (c) G = 200.5 kg/m? s, X,,;, = 0.80 and G,, = 286.9 kg/m? s, and (d) G = 320.1 kg/m? s, X,,;, = 0.78 and
Gy =283.6 kg/m?s.
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Fig. 13. Variations of predicted (a) liquid film Reynolds number, (b) vapor core Reynolds number, (c) interfacial shear stress and (d) liquid film thickness for different FC-72

and water mass velocities.
K =0.4. The turbulent Prandtl number is obtained from a liquid film
relation derived by Mudawar and El-Masri [48],

.
Pryr = 14exp (45%) +0.66. (6)

6. Model Predictions

Fig. 12(a)-(d) compares the axial variations of the experimen-
tally-determined condensation heat transfer coefficient with the
model predictions for four operating conditions. The model pre-
dicts the axially decreasing heat transfer coefficient with mean
absolute errors (MAEs) ranging from 10.3% to 26.1%, where

MAEfNZ

Overall, the MAE for the entire database is 25.7%, with 60.5%
and 97.4% of the data falling within £30% and +50%, respectively,
from the model predictions. Most of the model error is associated
with the upstream region, especially for high FC-72 mass velocity
and relatively low inlet quality. This error may be attributed to
the influence of liquid at the inlet that may be shattered away from
the condensation tube and therefore not accounted for in the mod-
el. The shattered liquid decreases the inlet flow rate of the liquid
film, resulting in a thinner film and the measured larger condensa-
tion heat transfer coefficient in the inlet region. Nonetheless, with
an overall MAE of 25.7%, the present model constitutes an effective
tool for predicting annular condensation in microgravity.

Aside from this influence, further enhancement of the model
accuracy is possible by incorporating the influence of waves and

pred hexp

(7)

h exp

a more accurate assessment of turbulence dampening near the
film’'s interface. The influence of waves has been demonstrated
for adiabatic [49,50], sensibly heated [51-53] and evaporating
[54] falling liquid films. Ignoring the interfacial dampening of tur-
bulent fluctuations due to surface tension can lead to substantial
errors in predicting the condensation heat transfer coefficient [37].

Fig. 13(a)-(d) show the model predictions of the film’s Reynolds
number, Rey, vapor core’s Reynolds number, Re,, interfacial shear
stress, 1;, and film thickness, J, respectively, with thermodynamic
equilibrium quality for four operating conditions. Res increases
monotonically with decreasing x. (increasing z), with the highest
increase associated with the largest FC-72 mass velocity, which
yields the highest interfacial shear and highest heat transfer coef-
ficient. Because of mass conservation, Fig. 13(b) shows Re; de-
creases monotonically with decreasing x.. Fig. 13(c) shows Tt;
decreases along the tube, with the highest FC-72 mass velocity
yielding both the highest 7; and fastest decrease in t;. Fig. 13(d)
shows § increases along the tube, with the smallest thickness
achieved with the highest FC-72 mass velocity.

7. Conclusions

This study explored the development of an experimental facility
for the study of annular flow condensation in microgravity in par-
abolic flight experiments as a prelude for development of NASA’s
Flow Boiling and Condensation Experiment (FBCE) for the Interna-
tional Space Station (ISS). Two separate condensation modules
were tested using FC-72 as working fluid. The first, CM-HT, was
dedicated to obtaining detailed heat transfer measurements, and
the second, CM-FV, for video capture of the film’s interface. The
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measured condensation heat transfer coefficient was compared to
predictions of a control-volume-based model. Key finding from the
study are as follows:

(1) The interfacial character of the FC-72 condensation film is
highly sensitive to the mass velocity of FC-72 and, to a far
lesser degree, the mass velocity of the cooling water. At
low FC-72 mass velocities, the film is laminar and the inter-
face fairly smooth. Increasing the mass velocity causes the
laminar film to turn quite wavy. At high mass velocities,
the film turns turbulent, with the interface marred by both
small ripples and fact moving large waves.

(2) The influence of gravity is very significant for low FC-72
mass velocities, where the film in microgravity is smooth-
laminar and circumferentially uniform in thickness. For the
same low mass velocity, Lunar gravity causes the film to
thicken beneath the tube. The film thickening is even more
severe in Martian gravity. However, the underside thicken-
ing is nonexistent in Lunar gravity and Martian gravity at
high mass velocities because of the increased vapor shear
stress on the film interface. An important practical conclu-
sion concerning the implementation of condensation in
space missions involving multiple gravity fields is that it is
possible to negate the influence of gravity altogether by
increasing the mass velocity of the working fluid.

(3) Heat transfer measurements show the condensation heat
transfer coefficient is a strong function of the mass velocity
of FC-72 and, to far lesser extent, the mass velocity of the
cooling water. The condensation heat transfer coefficient is
highest near the inlet, where the film is both thin and lami-
nar, and decreases along the condensation length. This
decrease is monotonic for low FC-72 mass velocities. How-
ever, high FC-72 mass velocities produce downstream
enhancement that is attributed to both turbulence and
increased waviness.

(4) A control-volume-based model of the condensation film,
which accounts for dampening of turbulent fluctuations
near the film interface, shows good agreement with the heat
transfer coefficient data in both trend and magnitude, evi-
denced by an overall mean absolute error of 25.7%, with
60.5% and 97.4% of the data falling within +30% and +50%,
respectively, of the model predictions. Suggestions are pro-
posed for future enhancement of the model’s accuracy.
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