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The present study aims to better analyze the influence of body force on flow condensation heat transfer
by conducting tests at multiple orientations in Earth’s gravity. Dielectric FC-72 is condensed in a smooth
stainless-steel tube with 7.12 mm diameter and 574.55 mm condensing length by counterflow of
cooling water across the outer surface of the tube. Test conditions span FC-72 mass velocities of
50.3–360.3 kg/m2 s, test section inlet pressures of 127.0–132.1 kPa, and test section inlet thermodynamic
equilibrium qualities of 0.13–1.15. A subset of data gathered corresponding to axisymmetric, annular
condensation heat transfer is identified and a detailed methodology for data reduction to calculate heat
transfer coefficient presented. Uncertainty analysis is also presented and indicates channel average heat
transfer coefficients are calculated within ±3.6% to ±26.7% (depending on operating conditions). Analysis
of parametric trends for condensation heat transfer reveals the dominant influence of mass velocity (flow
inertia), secondary influence of vapor mass fraction (thermodynamic equilibrium quality), and strong
dependence on orientation (body force) at low mass velocities. At higher mass velocities results for all
orientations investigated begin to converge, indicating body force independent annular condensation
heat transfer is achieved. Separated Flow Model predictions of vertical downflow condensation heat
transfer provide reasonable agreement with experimental results, evidence by a Mean Absolute Error
(MAE) of 31.2%. Evaluation of condensation heat transfer correlations for horizontal flow reveal most cor-
relations struggle for cases with high liquid content. Specific correlations are identified for superior accu-
racy in predicting the measured data.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction condensation process is also present within phase change thermal
1.1. Role of flow condensation in phase change thermal management
systems

Due to their advantageous coupling of high heat transfer coeffi-
cient with high transport capacity, phase change heat transfer pro-
cesses play important roles in diverse applications including
nuclear power generation, HVAC&R, and high flux thermal manage-
ment [1]. Most work in this field has focused on boiling and evapo-
ration, as precise understanding of heat transfermechanismsduring
these processes are required to design cooling systems conforming
to specific dimensions of the device(s) being cooled. Although the
management systems, it has received less attention.
Due to their ability to enhance performance and reduce system

footprint, space agencies worldwide are considering implementa-
tion of phase change thermal management and energy transport
systems. Key targets identified for implementation of these tech-
nologies in space include Thermal Control Systems (TCSs), which
control temperature and humidity of the operating environment,
heat receiver and rejection systems for power generating units,
and Fission Power Systems (FPSs), which are projected to provide
high power as well as low mass to power ratio [2–4]. Across all
prospective applications, a thorough understanding of the influ-
ence of body force on both flow boiling and flow condensation heat
transfer will be necessary prior to implementation of phase change
driven technologies in a microgravity environment.

Many prior studies by researchers at the Purdue University
Boiling and Two-Phase Flow Laboratory (PU-BTPFL) and other
organizations have investigated both flow condensation and flow
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Nomenclature

A area
Bo Bond number
cp specific heat at constant pressure
D diameter
E measurement error
f friction factor
Fr Froude number
G mass velocity
g Earth’s gravitational constant
hcond condensation heat transfer coefficient
hfg latent heat of vaporization
j superficial velocity
k conductivity
K constant used in calculating eddy momentum diffusiv-

ity
Lcond condensation length
m_ mass flowrate
MAE Mean absolute error
N number of samples
P pressure; perimeter
P0 amplitude of pressure fluctuations
PR reduced pressure
Pr Prandtl number
Pwr power input
Dqcond local incremental condensation energy transfer
q00 condensation heat flux
Qcond total condensation energy transfer in test section
Re Reynolds number
Su Suratman number
T temperature
T’ amplitude of temperature fluctuations
t time
U uncertainty
u velocity
v specific volume
We Weber number
Xtt Lockhart-Martinelli parameter
xe thermodynamic equilibrium quality
y wall-normal coordinate
z streamwise position

Greek symbol
d condensate film thickness

Cfg mass transfer rate per unit length
u two-phase multiplier
l dynamic viscosity
q density
s shear stress
r surface tension; standard deviation
h test section orientation; percent of predictions within

±30% of experimental value
f percent of predictions within ±50% of experimental

value

Subscripts
0-n indicates a time span (t = 0 to t = n) over which an aver-

age or max is found
ave average
BH bulk heater
c referring to vapor core
f saturated liquid
F referring to condensate liquid film
FC FC-72, condensate
fg liquid-vapor (commonly for mass transfer due to phase

change)
fo liquid only
g saturated vapor
go vapor only
h hydraulic (diameter)
H2O water, cooling fluid
i inner (refers to diameter); interfacial
in inlet to condensation length (refers to condensate)
max max value over the range evaluated
mean mean value over the range evaluated
n axial measurement station (n = 0–11)
o outer (refers to diameter)
out outlet to condensation length (refers to condensate)
sat saturation
SS stainless-steel (inner condensation tube)
T turbulent
Tp two-phase

Acronyms
CM-HT condensation module for heat transfer
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boiling (commonly employed together) in a variety of configura-
tions. For boiling, these include pool boiling [5,6], flow boiling in
macro- [7–12] and micro-channels [13–19], jet impingement
[20,21], spray cooling [22–26], and hybrid schemes involving mul-
tiple approaches [27]. Condensation configurations include falling
film [28–30], flow through single mini-channels [31–38], flow
through parallel micro-channel arrays [39–44], and dropwise con-
densation [45–47]. Although each configuration has unique pros
and cons, the present work will focus on flow condensation in
smooth, circular tubes, as that is a commonly employed configura-
tion. Most studies in this field share a common deficiency, how-
ever, related to understanding of the impact of body force effects
on condensation heat transfer.

1.2. Impact of body force effects on flow condensation

Due to the orders of magnitude difference in liquid and vapor
phase densities, body force plays a significant role in phase change
heat transfer processes. It may act to stabilize or destabilize liquid
film motion in vertical flow condensation, drive stratification in
horizontal flows, or even act as the driving force in systems oper-
ating by natural circulation. Prior studies focusing on the influence
of body force on flow condensation have either compared micro-
gravity results to those obtained in 1-g [48] or investigated multi-
ple orientations in 1-g [49].

Some of the earliest works on flow condensation in micrograv-
ity were performed by Albers and Macosko [50–52], who investi-
gated nonwetting condensation of mercury during parabolic
flights. Results were compared to those obtained from ground test-
ing in horizontal orientation, and show differences depending on
operating conditions (i.e., flow quality and mass velocity)
investigated.

Similar conclusions were drawn by Keshock [53] who devel-
oped an analytic model for flow condensation of R-12 (validated
using 1-g data) to investigate potential development of refrigera-
tion systems for application in microgravity. Due to difficulty
obtaining microgravity data, however, it was not possible to com-
pare analytic results to corresponding 0-g experiments.
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Recently, experimental microgravity data were collected by Lee
et al. [54,55] during parabolic flights corresponding to flow con-
densation of FC-72 in a smooth, 791.12 mm long, 7.12 mm inner
diameter tube. An interesting facet of their work is the transition
from hyper-gravity through 1-g to microgravity, highlighting the
continuously changing flow characteristics dependent on body
force intensity.

In 1-g, Wang and Du [56] developed an analytic model and
compared results with experimental values obtained for laminar
film condensation of steam in inclined tubes. Their model provided
reasonable predictive accuracy and validated the key experimental
trend of gravity effects decreasing as tube diameter decreases
(commonly referred to as confinement effects).

Particularly relevant to the present study are the works of Lips
and Meyer, who investigated flow condensation of R-134a in a
smooth, 1488-mm long, 8.38-mm inner diameter tube at multiple
orientations between �90� (vertical downflow) and +90� (vertical
upflow) orientations [57,58]. They provided discussion on influ-
ence of body force on parameters including flow regime, heat
transfer coefficient, pressure drop, and void fraction, all key design
parameters for condensers. In particular, their work noted the
strong influence of orientation on condensation pressure drop for
cases with low quality (high liquid content), which diminished as
quality was increased in the channel.

A concept of gravity-independent flows is seen in the works of
Narain and collaborators, who investigated flow condensation of
FC-72 experimentally using a smooth, 700-mm long, 6.6-mm inner
diameter tube in vertical downflow orientation. They also
performed numerical simulations using a 1-D approach, and later
2-D computational (CFD) simulations [59,60]. Although not com-
paring results from multiple orientations, this work is important
as it indicates flow behavior in a single orientation may be domi-
nated by body-force (gravity driven) or interfacial shear effects
depending on key operating conditions including mass velocity
and flow quality.

O’Neill et al. recently investigated flow condensation of FC-72 in
a smooth, 1259.8-mm long, 11.89-mm inner diameter tube in ver-
tical upflow, vertical downflow, and horizontal flow orientations
[61,62]. Their work focused on experimental investigation of dif-
ferences between heat transfer coefficient and liquid film interfa-
cial waves across the three orientations. Conclusions drawn from
analysis of experimental results were used to formulate a set of
mechanistic criteria, expressed in terms of relevant dimensionless
groups, which could be used to determine whether operating con-
ditions could be considered ‘gravity-independent’ (meaning heat
transfer performance would be near-identical for any orientation)
or not. Similar to the work of Narain et al. [59,60], flows dominated
by body force effects were distinguished from those driven primar-
ily by interfacial shear.

Recent advances in computational capabilities have allowed for
full 3-D, unsteady, turbulent flow condensation simulations to be
run in multiple orientations. Noori Rahim Abadi et al. recently
investigated flow condensation of R134a inside inclined smooth
tubes using ANSYS Fluent [63], which complemented earlier exper-
imental work by Lips and Meyer [57,58]. Their conclusion that ori-
entation effects become negligible at high mass velocities (leading
to shear-dominated flows) matches well with conclusions from
experimental work and helps validate the physicality of computa-
tional simulations for flow condensation.

Although the continuing emergence of computational capabili-
ties is expected to eliminate the need for costly experimental pay-
loads in some cases, computational methods for multiphase flows
with phase change are not yet at the point where purely predictive
results (with no comparison to experimental results under similar
operating conditions) may be accepted with high confidence.
Because of this, continued experimentation is critical to gain
further understanding of how body force affects flow condensa-
tion, particularly in the micro-gravity environment. It is here
NASA’s Flow Boiling and Condensation Experiment (FBCE) aims
to obtain unique long-duration microgravity flow condensation
data collected onboard the International Space Station (ISS).
1.3. Objectives of study

The present study is part of NASA’s Flow Boiling and Condensa-
tion Experiment (FBCE), an ongoing collaboration between NASA
Glenn Research Center and the Purdue University Boiling and
Two-Phase Flow Laboratory (PU-BTPFL) with the goal of develop-
ing an experimental facility for the International Space Station
(ISS) capable of gathering long term flow boiling and flow conden-
sation data in a microgravity environment. A summary of scientific
developments realized as a part of the project can be found in a
recent review article by Mudawar [64] (which includes micrograv-
ity boiling results [65–67] in addition to condensation).

This work deals with the condensation portion of FBCE and aug-
ments prior work dealing with computational prediction of flow
condensation [68–70], experimental investigation of flow conden-
sation dynamic behavior [71], and correlation of pressure drop and
heat transfer coefficient for condensing flows using a large data-
base from available literature [72,73] with presentation of new
heat transfer results.

Key goals for the present work are:

(1) Presentation of a data reduction method for determining
flow condensation heat transfer data. This method includes
uncertainty analysis and will also be used to process data
gathered during the ISS experiments.

(2) Interpretation of key physical trends observable for changes
in values of heat transfer coefficient, with special attention
paid to the influence of body force.

(3) Evaluation of the Separated Flow Model and commonly used
condensation heat transfer coefficient correlations using the
new dataset.

In addition, the present work is the companion to another study
presenting a new methodology for determination of condensation
flow regime in different orientations using only temperature and
pressure measurements [74]. Conclusions from the companion
work are referenced throughout the current study to provide inter-
pretation of heat transfer trends.
2. Experimental methods

2.1. Condensation module for heat transfer measurements (CM-HT)

Part of NASA’s FBCE, the condensation module for heat transfer
measurements (CM-HT, shown in Fig. 1(a) and (b)) is a tube-in-
tube, counterflow heat exchanger. Condensate (dielectric FC-72)
flows through the inner stainless-steel tube possessing inner diam-
eter of 7.12 mm and is condensed along the 574.6-mm condensa-
tion length by cooling water flowing through the annulus in the
opposite direction. Inlet and exit temperatures and pressures are
measured in upstream and downstream (respectively) adiabatic
lengths by type-E thermocouples and STS absolute pressure trans-
ducers exposed to each respective fluid.

Eleven axial measurement locations are present along the con-
densation length, with each containing three type-E thermocou-
ples brazed directly to the outer wall of the stainless-steel tube
and spaced 120� apart, and two type-E thermocouples inserted
into water flowing through the annulus and spaced 180� degrees
apart. These axial measurement stations are concentrated near



Fig. 1. Condensation Module for Heat Transfer measurements (CM-HT) (a) axial schematic, (b) cross section schematic, and (c) 3-D model, along with (d) schematic and (e)
photo of the full experimental facility.
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Table 1
Target operating conditions for current study.

GFC [kg/m2 s] GH2O [kg/m2 s] PFC,in [kPa] xe,in

50 130, 260, 390 130 1.0
100 130, 260, 390 130 1.0
100 390 130 0.4, 0.6, 0.8
150 130, 260, 390 130 1.0
200 130, 260, 390 130 1.0
200 390 130 0.4, 0.6, 0.8
250 130, 260, 390 130 1.0
300 130, 260, 390 130 1.0
300 390 130 0.4, 0.6, 0.8
350 390 130 0.4, 0.6, 0.8
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the FC-72 inlet to provide detailed measurements of condensation
heat transfer in the upstream region where local behavior changes
quickly (with position), with measurement stations near the chan-
nel exit spaced further apart as condensate behavior is less
dynamic.

Fig. 1(c) provides a 3-D image of the module as it is being
designed for the ISS experiment. Key features identified include
both water and FC-72 pressure transducers, thermocouple inser-
tion locations, structural elements for mounting within the overall
FBCE architecture, and fluid connection points for FC-72 and water.
The module used in current experiments was constructed without
many of the additional structural elements necessary for the flight
payload but maintains the same condensation length characteris-
tics and measurement locations.
2.2. Fluid system

Fig. 1(d) and (e) provide a schematic and photo, respectively, of
the fluid system used in the current experiments. Condensate
FC-72 is circulated through the primary loop through use of a mag-
netically coupled Micropump gear pump and passes first through a
5-mm filter to remove any particulates present in the flow. Flow
then enters a Coriolis flow meter used to measure flowrate before
passing into the bulk heater, used to set thermodynamic conditions
at the inlet to the test section.

The bulk heater is configured to reflect the manner it will be uti-
lized in final ISS experiments. Two modes of operation are possible,
one with PID control of bulk heater metal temperature and one
with constant power provided to the bulk heater. Cases with
superheated vapor inlet conditions at the test section inlet are
run in temperature-control mode (allowing a constant superheat
value to be set at the test section inlet across cases), and those call-
ing for saturated mixture inlet conditions are run in constant-
power mode.

Exiting the bulk heater, fluid passes through a short, insulated
length prior to reaching the inlet of the test section. Flow through
the test section is condensed by cooling water in counter flow con-
figuration, supplied by a secondary water conditioning loop. This
loop consists of a Merlin M33 chiller, pump, filter, and Coriolis flow
meters along with digital flow controllers for setting and maintain-
ing water flowrate.

After leaving the test section, FC-72 passes through a secondary
condenser used to ensure flow is returned to a subcooled liquid
state prior to passing the accumulator and returning to the pump.
Cooling water for the secondary condenser is also provided by the
secondary water conditioning loop. Generally, it may be beneficial
to operate these on separate loops (for better control of subcooling
on return to the pump), but in an effort to mimic ISS test conditions
(where water will be provided to both condensers at identical tem-
perature and pressure) the present setup was used.
2.3. Operating procedure, operating conditions, and measurement
uncertainty

Operating conditions for the current tests are a subset of those
to be run during the final ISS experiment. Table 1 presents target
operating conditions for the current experiments, with every com-
bination of FC-72 mass velocity, operating pressure, inlet quality,
and water mass velocity shown in each row tested in vertical
upflow, vertical downflow, and horizontal flow orientations.
Table 1 indicates a total of 30 tests were run in each orientation,
but during the course of experiments this changed slightly based
on achievability using the current hardware. Exact operating con-
ditions are provided accompanying results plots throughout the
study.
Overall, tests conducted in each orientation amount to 29 cases
in vertical upflow and downflow orientations, and 34 cases in hor-
izontal flow orientation, spanning FC-72 mass velocities of
GFC = 50.3–360.3 kg/m2 s, test section water cooling mass velocities
of GH2O = 129.2–388.4 kg/m2 s, FC-72 test section inlet pressure of
Pin = 127.0–132.1 kPa, bulk heater power of PwrBH = 304.2–
1578.1 W, test section inlet thermodynamic equilibrium qualities
of xe,in = 0.13–1.15, and test section exit qualities of xe,out = �0.50
to 0.47.

It should be noted here that inlet and exit thermodynamic equi-
librium qualities greater than 1.0 and less than 0 refer to super-
heated and subcooled conditions, respectively. They are
calculated according to

xe;in ¼ PwrBH � _mFCcp;f ;FC TFC;sat � TBH;in
� �

_mFChfg;FC
; ð1Þ

and

xe;out ¼
PwrBH � _mFCcp;f ;FC TFC;sat �TBH;in

� �� _mH2Ocp;f ;H2O TH2O;out �TH2O;in
� �

_mFChfg;FC
;

ð2Þ

where PwrBH, m_, cp,f, and hfg are, respectively, the power supplied to
FC-72 by the bulk heater, fluid mass flow rate, liquid specific heat,
and enthalpy of vaporization. All fluid properties for each phase
are evaluated at local pressures using values provided by NIST.
Cases with superheated inlet conditions have inlet quality evalu-
ated directly from measured temperature and pressure. Eq. (1) is
only used for cases with saturated mixture inlet conditions and is
evaluated after adjusting PwrBH to account for heat loss.

Test cases were run by first setting FC-72 flow rate, water flow
rate, and bulk heater power to levels necessary to achieve the
desired inlet conditions. As the system approached steady state
tweaks were made to each of these parameters as well as to accu-
mulator gas-side pressure (used to adjust module inlet pressure to
the desired value) until the all flow parameters match those
desired for the test point. The system was then allowed to sit for
3–5 min to ensure no appreciable deviations from the steady-
state operating conditions occurred.

After achieving the desired steady-state operating conditions
for the test point, steady-state data was acquired for 2 min at a
sampling rate of 200 Hz, then for three minutes at a sampling rate
of 5 Hz. Sampling rate was controlled through LabView, with high
sampling rate used to facilitate capture of dynamic phenomenon
(as was done in a series of recent articles by the present authors
[71,74–78]), while also capturing data at a lower sampling rate
(5 Hz) matching that to be used on the final ISS experiment. All
data presented within the current study was captured at 5 Hz.

Data collection for all temperature, pressure, flow rate, and
power measurements is handled by a cDaQ-9178 data acquisition
system with one NI-9205 analog input module and four NI-9214
thermocouple modules, all controlled by LabView. Temperature
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measurements made with type-E thermocouples have uncertainty
of ±0.4 �C, pressure measurements made with STS absolute pres-
sure transducers have uncertainty of ±0.1% of their readings, flow
rate measurements (and thus mass velocities) made with Coriolis
flow meters have uncertainty of ±0.2% of their readings, and bulk
heater power input calculated from voltage and current data has
uncertainty of ±0.2 W. After data reduction, this leads to uncertain-
ties for channel average heat transfer coefficient in the range ±3.6%
to ±26.7% (depending on operating conditions). Local values of heat
transfer coefficient may have higher uncertainties, however, due to
the small temperature differences used in their calculation.

Calculation of uncertainty for reported values of condensation
heat transfer coefficient is a critical task, and as such is deserving
of more thorough presentation. The following section will outline
the portion of the dataset used for analysis, methodology
employed for calculation of condensation heat transfer coefficient,
and will conclude with a detailed presentation of uncertainty prop-
agation for values of condensation heat transfer coefficient.
3. Data selection and heat transfer reduction

Many researchers develop condensation heat transfer models
which treat heat transfer mechanisms differently depending on
condensation flow regime [80–82]. The necessity of accurately pre-
dicting flow regime and understanding its impact on condensation
heat transfer behavior is discussed at length in the companion
study [74], but key highlights will be discussed here as some con-
text is needed for the decision to choose only a subset of the full
database on which to investigate heat transfer behavior.
3.1. Condensation flow regime

Fig. 2 presents schematics of key differences in flow behavior
for operating conditions investigated as part of the present study.
Two key distinguishing factors are seen for flow condensation
depending on orientation and mass flowrate: (1) whether flow is
co-current or counter-current (referring to liquid and vapor
phases), and (2) whether flow is stratified or annular (referring
to liquid film distribution around the channel circumference).
The first two rows in Fig. 2, corresponding to vertical upflow con-
densation with low and high mass flow, respectively, show the key
difference in vertical upflow is evident in liquid film motion along
the channel. For low mass flow cases, liquid motion can be counter
to vapor motion, leading to falling film, flooding, and oscillating film
flow regimes, while high mass flow cases yield co-current annular
flow. Liquid film distribution around the channel circumference is
seen to be symmetric for both low and high flowrate cases in ver-
tical upflow orientation.

Fig. 2 shows how vertical downflow condensation is always
expected to exhibit axymmetric, co-current annular flow for all
operating conditions. Interfacial waviness is expected to vary
depending on relative magnitudes of flow inertia and body force,
but the presence of body force acting parallel to flow direction
has a stabilizing effect on liquid film motion relative to other
orientations.

Finally, the last two rows of Fig. 2 illustrate the key difference
for horizontal flow cases is between axisymmetric and stratified
liquid film distribution around the channel circumference. Now
acting perpendicular to flow direction, body force no longer
impacts liquid filmmotion along the channel as was seen in upflow
and downflow orientations but does drive liquid to accumulate
near the bottom of the channel for cases with low flow inertia. This
leads to manifestation of stratified, wavy stratified, and plug flow
regimes. In high flowrate cases flow inertia is sufficient to support
formation of liquid film near the top of the channel, leading to
establishment of axisymmetric annular, wavy annular, and slug
flow regimes.

As mentioned previously, liquid film distribution and motion
within the channel plays a dominant role on heat transfer.
Counter-current flow regimes in vertical upflow lead to strong
periodicity and increase effects such as liquid film breakup and
droplet impingement compared to that seen for co-current flow.
In horizontal flow, the presence of stratified flow can significantly
decrease heat transfer coefficient due to the greatly increased liq-
uid film thickness near the bottom of the channel and reduced
interfacial perimeter (compared to annular flow).

Due to these effects it is important to know what flow regime is
expected for a given set of operating conditions and so results can
be analyzed with that in mind. The companion study [74] provided
a new method for determining condensation flow regime based on
temperature and pressure measurements. Key outcomes from that
work are presented in Fig. 3.

Fig. 3(a)–(c) deal with distinguishing counter-current and co-
current vertical upflow cases. This was done using scaled temper-
ature and pressure fluctuations, defined as

scaled temperature fluctuation ¼ T 0

Tave
� 100%

¼ 0:5 max T0�nð Þ �min T0�nð Þð Þ
mean To�nð Þ � 100%; ð3Þ

and

scaled pressure fluctuation ¼ P0

Pave
� 100%

¼ 0:5 max P0�nð Þ �min P0�nð Þð Þ
mean Po�nð Þ � 100%; ð4Þ

respectively. In general terms, these parameters are equal to the
maximum amplitude of fluctuation observed over some time period
t0 – tn, divided by the average value of the parameter (temperature
or pressure) over the same period (in �C and kPa, respectively). The
end value is then expressed as a percentage, hence the multiplica-
tion by 100. These values are calculated locally then averaged along
the channel length to provide a single value for each set of operating
conditions shown in Fig. 3. This method of dynamic analysis is
based on work by the current authors on characterizing flow boiling
oscillatory behavior [75–78], and full details on these calculations
are available in the companion study [74].

Fig. 3(a) shows values of scaled temperature fluctuations for
vertical upflow with superheated vapor inlet conditions. Values
are seen to converge to a near-constant level between FC-72 mass
velocities of GFC = 100–150 kg/m2 s, and remain largely constant
thereafter. This indicates the transition from regimes with
noticeable periodicity (counter-current flow regimes such as falling
film, flooding, and oscillating film) to a regime without these effects
(annular co-current flow).

Fig. 3(b) illustrates a similar convergence in value for vertical
upflow cases with saturated mixture inlet conditions, although this
time occurring at a higher mass velocity than for cases with super-
heated inlet conditions. This is liquid due to increased liquid con-
tent within the channel delaying the transition from gravity-
dependent to gravity-independent flow regimes.

Fig. 3(c) reinforces the trends observed for scaled temperature
fluctuations by presenting results for scaled pressure fluctuations
corresponding to both inlet (top) and exit (bottom) pressure mea-
surements. Corresponding results for vertical downflow cases are
also present on plots in Fig. 3(c) to show how vertical upflow
scaled pressure fluctuations are significantly higher for low flow-
rate cases, with the difference decreasing as mass velocity is
increased until near-identical results are seen for high FC-72 mass
velocities. Vertical downflow condensation is known to be annular



Fig. 2. Key features of condensate liquid film distribution across vertical upflow, vertical downflow, and horizontal flow orientations, along with the impact of each on heat
transfer performance.
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and co-current for all operating conditions due to the stabilizing
influence of gravity, so the convergence of vertical upflow behavior
to match that of vertical downflow is a strong indicator annular, co-
current flow is achieved for high mass velocity vertical upflow
cases.

Fig. 3(d) provides similar analysis for distinguishing between
stratified and axisymmetric flow cases in horizontal flow, this time
using standard deviation of circumferentially spaced stainless-
steel temperature measurements. Fig. 1 showed all eleven axial
measurement locations along the module’s condensation length
possess three wall temperature measurements separated by
120�, and by calculating the standard deviation between these
and averaging along the channel length it becomes possible to pro-
vide a single representative value of circumferential temperature
variation for each set of operating conditions. As mentioned for
fluctuating temperatures and pressures, full details on calculation
of these parameters may be found in the companion study [74],
as well as additional information on local temperature
measurements.

Fig. 3(d) shows values of channel averaged stainless-steel tem-
perature standard deviations for vertical upflow, vertical down-
flow, and horizontal flow cases, plotted versus FC-72 mass
velocity. At low FC-72 mass velocities horizontal flow exhibits
standard deviations 3–4 times larger than those for vertical orien-
tations, indicating the presence of strong temperature gradients
along the tube circumference. These temperature gradients are
due to the presence of stratified flow leading to significantly lower
temperatures along the bottom of the tube (with thick liquid layer
separating the tube wall from hot FC-72 vapor) and high tempera-
ture along the top wall (exposed to hot FC-72 vapor). As mass
velocity increases these differences become less noticeable, with
results for GFC � 200 kg/m2 s and greater exhibiting nearly identi-



Fig. 3. Results from the companion study to the present work [–] illustrating experimentally observed boundaries between counter-current and co-current flow (referring to
liquid and vapor phases in vertical upflow) determined using temperature fluctuations for (a) superheated inlet conditions and (b) saturated mixture inlet conditions, and (c)
the same using pressure fluctuations. Stratified and axisymmetric flows in horizontal orientation are distinguished in (d) using standard deviation between circumferentially
spaced temperature measurements.
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cal results for all three orientations indicating horizontal flow has
transitioned to a more axisymmetric flow regime (annular or wavy
annular). Based on this, horizontal flow tests cases presented here
are limited to those with GFC > 200 kg/m2 s.

These differences in condensation flow regime will become
important in later subsections, as they will be used to limit the
scope of heat transfer analysis to focus only on axisymmetric cases,
as well as discuss impact of counter-current flow conditions on
heat transfer in vertical upflow. Should investigators become inter-
ested in detailed study of stratified or other asymmetric condensa-
tion regimes, design of condensation test sections to utilize
additional circumferentially spaced thermocouples [61,62,79] is
recommended.

Prior to discussing heat transfer results, it is necessary to pro-
vide a detailed description of the methodology used to calculate
condensation heat transfer coefficient for the present set of exper-
imental results.

3.2. Condensation heat transfer coefficient calculation

As mentioned when describing the test section (CM-HT) in Sec-
tion 2, thermocouples are included at 11 axial locations along the
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condensation length for measuring heat transfer. Each measure-
ment location contains three thermocouples brazed to the outer
surface of the stainless-steel tube (spaced 120� apart) and two
thermocouples inserted into the water flow (spaced 180� apart).
The first step in heat transfer data reduction is to average the
two water temperatures and three stainless-steel temperatures
at each axial location to provide a single representative tempera-
ture for water and stainless-steel at all 11 measurement points.
As shown in Fig. 4(a), this allows a 1-D, radial energy balance to
be performed to calculate condensation heat transfer coefficient
Fig. 4. (a) Schematics for heat transfer coefficient data reduction methodology used
temperature variations present along the condensation length.
(with the assumption of axisymmetric behavior at all axial
locations).

It should be noted that significant effort was spent analyzing
standard deviation between local measurements conducted at
each axial location in the companion study [74], as these values
were used to identify the transition from stratified to annular flow
for cases in horizontal orientation. Stratified horizontal flow con-
densation lead to significant differences between stainless-steel
temperature measurements at the same axial location (as
discussed in the preceding subsection), meaning that taking an
here, along with (b) schematic illustrating the importance of capturing radial
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average of the three values is an oversimplification of heat transfer
behavior. Because of this horizontal flow cases with mass velocities
GFC � 50 kg/m2 s and GFC � 100 kg/m2 s have been omitted from
the current analysis.

The next step in data reduction is to curve fit all 13 water tem-
perature measurements (inlet temperature, exit temperature, and
11 averaged temperatures along the condensation length). This
was done using a third order polynomial. Second, third, fourth,
and fifth order polynomials were investigated, with second order
seen to over-constrain heat flux to a linear variation along the
channel length (as condensation heat flux is manifest in the rate
of change of water temperatures), while fourth and fifth order
polynomials provided similar results to third order but were seen
to introduce nonphysical trends in select cases due to overfitting
of experimental data. Third order polynomials have also been used
in several prior works with great success [35–37,54,55].

Having curve fit water temperatures, it is possible to calculate
local incremental energy transfer dqcond. This is equal to the rate
of change of water temperature at the measurement location (eval-
uated by taking the derivative of the water temperature curve fit),
and in the present work is evaluated over a 1 mm distance Dz.
Formally,

Dqcond;n ¼ _mH2Ocp;f ;H2O
dTH2O;fit

dz

� �
n
Dz; ð5Þ

where _mH2O is water mass flowrate, cp,f,H2O is water specific heat,
and n indicates the streamwise location where calculations are tak-
ing place (n ranges from 1 to 11). It should be noted here that all
fluid properties are evaluated at local pressures assuming a linear
variation between inlet and exit values for both water and FC-72
streams.

This local condensation energy transfer may be applied to the
broader area surrounding measurement points in order to calcu-
late total energy transferred from condensate (FC-72) to coolant
(water). This may be used to update local FC-72 flow quality along
the channel length according to the relationship

xe;nþ1 ¼ xe;n � Dxe ¼ xe;n � Qcond;n

_mFChfg;FC

¼ xe;n �
_mH2Ocp;f ;H2O TH2O;n � TH2O;nþ1ð Þ

_mFChfg;FC
; ð6Þ

where Qcond,n refers to the total condensation energy transferred
between locations n and n + 1. Local flow quality is not used in cal-
culation of condensation heat transfer coefficient but becomes
important when interpreting local heat transfer trends as well as
when calculating channel-average heat transfer coefficient in later
analysis.

Once local incremental energy transfer has been calculated
based on water temperature change, it is possible to calculate
stainless-steel inner surface temperature through a basic conduc-
tion network diagram as shown in Fig. 4(a) (making the assump-
tion of steady, radial conduction). This leads to an expression for
inner stainless-steel temperature of

Tss;i;n ¼ Tss;o;n þ Dqcond;nRconduction;n

¼ Tss;o;n þ _mH2Ocp;f ;H2O DTH2O;nð Þ� � ln Do=Dið Þ
2pkssDz

� �
; ð7Þ

where Rconduction,n is the conduction thermal resistance at location n,
DTH2O,n is the water temperature derivative as evaluated in Eq. (5),
Do and Di are outer and inner stainless-steel tube diameters, and kss
is the thermal conductivity of stainless-steel. Values for each of the
parameters used in calculating Rconduction,n are provided in Fig. 4(a).

Once inner stainless-steel wall temperature has been calcu-
lated, condensation heat transfer coefficient is defined as
hcond;n ¼ Dqcond;n

pDiDz TFC;sat;n � Tss;i;n
� � ; ð8Þ

where saturation temperature TFC,sat,n is evaluated at the local con-
densate pressure (again using an assumed linear variation between
measured inlet and exit pressures).

It is worth discussing here the use of TFC,sat to calculate conden-
sation heat transfer coefficient in the portion of the channel where
bulk flow is expected to be superheated (i.e., mixed mean temper-
ature is above saturation temperature at the local pressure). In
many cases present in the current dataset (corresponding to
slightly superheated inlet conditions) this is the case for the first
1–3 measurement locations along the channel length.

Fig. 4(b) provides a schematic of local temperature variation in
the radial direction, moving from the adiabatic condition where
water meets the polycarbonate wall, across the water and up to
the stainless-steel wall, through the stainless-steel wall, across
the condensate liquid film, and into the condensate vapor core. It
is a fact of the condensation process that, regardless of the amount
of superheat present in the vapor core, the interface between liquid
and vapor phases will always be maintained at saturation temper-
ature for the local pressure. Because of this the present study uses
TFC,sat to calculate condensation heat transfer coefficient at all loca-
tions within the condensation length regardless of local superheat
(and after the flow has fully condensed heat transfer coefficient is
no longer calculated). There are arguments to be made in favor of
using local temperature within the superheated region, but regard-
less of which temperature is chosen, it is imperative that it be
clearly stated so values of local heat transfer coefficient may be
compared across works.

Fig. 5 presents sample plots showing calculation of condensation
heat transfer coefficient for a single test case corresponding to ver-
tical downflow with GFC = 301.9 kg/m2 s, GH2O = 388.2 kg/m2 s,
Pin = 128.7 kPa, PwrBH = 1552.7 W, xe,in = 1.03, and xe,out = 0.13.
Fig. 5(a) shows plots of experimental inlet and exit pressures for
both FC-72 (condensate) and water (coolant), along with linear fits
used to approximate pressure at intermediate locations.

Fig. 5(b) provides local temperature measurements for FC-72
(with saturation temperature evaluated at local pressure),
stainless-steel, and water, with stainless-steel and water tempera-
tures corresponding to averages of circumferentially spaced local
measurements as discussed previously. Water temperature curve
fit is also shown along with its associated R2 value. R2 values for
the set of cases used here are always above 0.9, and commonly
in the range R2 = 0.97–0.99, indicating water temperatures are well
fit by the third order polynomials used.

Calculated inner stainless-steel wall temperature is also shown
here, differing by 2–3 �C in the inlet region and near-identical to
outer wall temperatures in the exit region (due to a decrease in
heat transfer as liquid film thickens in the exit region).

Local FC-72 temperature is plotted along with saturation tem-
perature at the local pressure along the condensation length (with
local temperature calculated based on sensible heat change in the
upstream, superheated region). It is clear a small difference in val-
ues is visible near the first measurement point, after which the
bulk flow becomes saturated (1.00 < xe,n < 0).

Fig. 5(c) provides values of local condensation heat transfer
coefficient, calculated using temperature values shown in
Fig. 5(b) and Eq. (8). Values calculated using local FC-72 tempera-
ture in the superheated region are plotted separately from those
calculated using TFC,sat at all locations. This is done to highlight
the small difference in values incurred in the inlet region of the
channel (where bulk flow is expected to be superheated) and zero
difference along the remainder of the channel length.

Overall, condensation heat transfer coefficient is seen to be high
in the inlet region (where liquid film is thinnest), decline along the



Fig. 5. Values of (a) local pressure and (b) local temperature used to calculate local
heat transfer coefficient values shown in (c). Includes comparison between use of
local superheated vapor temperature and interface (saturation) temperature to
calculate heat transfer coefficient values.
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channel length as liquid content increases, and approach a lowvalue
in the exit region as flow transitions to single-phase liquid. Investi-
gation of condensation heat transfer parametric trends will be per-
formed in the following section, but first it is necessary to provide
additional detail on uncertainty analysis for the present data.
3.3. Condensation heat transfer coefficient uncertainty analysis

To calculate uncertainty associated with condensation heat
transfer coefficients it is necessary to recall that Eqs. (8) and (5)
combine to define heat transfer coefficient as

hcond;n ¼ Dqcond;n

pDiDz TFC;sat;n � Tss;i;n
� � ¼ _mH2Ocp;f ;H2O

dTH2O;fit
dz

h i
n
Dz;

pDiDz TFC;sat;n � Tss;i;n
� � : ð9Þ

While performing heat transfer data reduction the water tem-
perature curve fit derivative is evaluated locally about each mea-
surement point, but to approximate uncertainty associated with
this derivative it is more appropriate to treat this derivative as a
change in water temperature across a larger Dz centered on each
measurement location (meaning values of Dz are small in the
upstream region and large in the downstream region). This leads
to a relationship of the form

hcond;n ¼ _mH2Ocp;f ;H2O TH2O;nþ1 � TH2O;nð Þ
pDiDzn TFC;sat;n � Tss;i;n

� � ; ð10Þ

which has uncertainty values associated with measurement of
water mass flowrate _mH2O, water temperatures TH2O,n+1 and TH2O,n,
FC-72 saturation temperature evaluated at local pressure TFC,sat,n,
and stainless-steel wall temperature Tss,i,n. Tube inner diameter Di

and thermocouple spacing Dzn are assumed to be exact quantities
(as they were measured precisely after fabrication), as is specific
heat of cooling water cp,f,H2O. Uncertainty for local condensation
heat transfer coefficient may then be calculated as

Uh

hcond;n

� �2
¼ U _m

_mH2O

� �2
þ 2

UT;H2O

TH2O;n þ 1 � TH2O;n

� �2

þ UT;FC;sat

TFC;sat;n � Tss;i;n

� �2
þ UT;ss

TFC;sat;n � Tss;i;n

� �2
; ð11Þ

where Uh, Um_, UT,H2O, UT,FC,sat, and UT,ss are the uncertainties of local
condensation heat transfer coefficient, water mass flowrate, water
temperature measurements, calculated FC-72 saturation tempera-
ture at the local pressure, and stainless-steel wall temperature mea-
surements, respectively. Uh is the parameter being solved for, but all
other uncertainties are defined as Um_ = 0.002 _mH2O, UT,H2O = 0.1 �C,
UT,FC,sat = 0.2 �C, and UT,ss = 0.3 �C. Water and stainless-steel wall
temperatures are measured using type-E thermocouples with man-
ufacturer stated uncertainties of ±0.4 �C (as mentioned in Section 2),
but these sensors went through extensive calibration in NASA
Glenn Research Center’s calibration lab prior to use, and post-
calibration uncertainties are reflected in the values provided above.

Eq. (11) was evaluated for every set of operating conditions
tested, and Fig. 6(a) provides local uncertainty results for a subset
of data corresponding to all cases with superheated (or near-
superheated) inlet conditions. Local values calculated for each set
of operating conditions were averaged (over all operating condi-
tions) at each axial measurement location, providing representa-
tive values of uncertainty as a function of position along the
channel length.

It is clear uncertainty is low in the upstream region, with values
for each of the three orientations falling near 25%. This gradually
increases for successive measurement points until the sixth mea-
surement station, where spacing between successive temperature
measurements becomes larger and uncertainty drops. Near the exit
of the channel, however, uncertainty increases significantly,
approaching values of 100% for the final three measurement
locations.

All variation in local uncertainty values may be explained by the
dominant contribution of water temperature measurement on
overall uncertainty value. The denominator of the second term
on the right-hand side of Eq. (11), TH2O,n+1 - TH2O,n, is often on the



Fig. 6. Uncertainty of (a) local heat transfer coefficient calculations averaged over
all cases with superheated vapor inlet conditions (inset in Fig. 6(b)) versus
measurement position, and (b) uncertainty of channel length average heat transfer
coefficient values versus FC-72 mass velocity.
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same order of magnitude as measurement uncertainty for each
thermocouple (�0.1–1 �C), meaning that term is the primary
source of uncertainty in condensation heat transfer coefficient cal-
culation. Recalling the plot of water temperatures versus position
in Fig. 5(b), water temperatures change relatively rapidly in the
upstream region, meaning the difference in successive values is
high and their contribution is low. Temperatures change more
slowly near the FC-72 exit, but spacing between points is
increased, resulting in the drop in uncertainty near the sixth mea-
surement station. Near the FC-72 exit (and water inlet), however,
there are near-zero changes in water temperature, resulting in
the high uncertainty values shown in Fig. 6(a).

These trends regarding uncertainty of local measurements
should be kept in mind when analyzing local heat transfer trends
in the following section but are not the only calculated uncertain-
ties to keep in mind. The parameter most frequently of interest
when analyzing condensing systems is channel average heat trans-
fer coefficient hcond,ave, defined analytically as

hcond;ave ¼ 1
Lcond

Z Lcond

0
h zð Þdz; ð12Þ

where the condensation length Lcond is defined as the portion of the
channel with quality 1.00 < xe,loc < 0. In the present scheme, average
condensation heat transfer coefficient is calculated numerically
according to the relationship

hcond;ave ¼ 1
Lcond

Xncond
i¼1

hcond;nDzn; ð13Þ

where Dzn is the local distance centered between consecutive mea-
surement points along the condensation length and ncond is
the number of measurement locations with local qualities
1.00 < xe,loc < 0 for each test case. It should be noted that ncond as well
as the physical locations of ncond shift depending on whether inlet
conditions are slightly superheated or saturated mix.

Propagating uncertainty associated with local condensation
heat transfer coefficients hcond,n through Eq. (13) is done by evalu-
ating the expression

Uh;ave

hcond;ave
¼ 1

Lcond

Xncond
i¼1

E2
cond;iDz

2
i

 !1=2

; ð14Þ

where Econd,i is the absolute error associated with each local heat
transfer coefficient measurement (relative value as shown in
Fig. 6(a) multiplied by local heat transfer coefficient value).

For the same cases as plotted in Fig. 6(a), (b) displays uncer-
tainty of average heat transfer coefficient plotted versus FC-72
mass velocity for all three orientations tested. Uncertainty reaches
its maximum value of�25% for lowmass velocity cases, decreasing
to �5% for higher mass velocity cases. This is again due to the role
of water temperature measurement dominating heat transfer coef-
ficient uncertainty: Cases with high GFC have larger associated con-
densation heat transfer, leading to larger temperature gradients on
the water side which reduce uncertainty.

At each FC-72 mass velocity results for three different water
mass velocities are shown. In each case the highest measurement
uncertainty is associated with the highest water mass velocity, as
these cases have the smallest water temperature change along
the heated length. This would indicate low water flowrate cases
as desirable, but as will be seen when analyzing heat transfer
results, low uncertainty must be balanced with the need for
water-independent heat transfer measurement (requiring high
water heat transfer coefficients and thus high water flowrates).

Moving forward, heat transfer results will be presented without
error-bars, as these unnecessarily crowd figures and make inter-
pretation difficult. Thus, it is important to use the information pre-
sented in this subsection when analyzing heat transfer results
presented hereafter. Low-uncertainty results (channel-averaged
results, local results at the channel inlet) may be interpreted with
confidence, while high-uncertainty results (local results at the
channel exit) should only be interpreted with care.
4. Heat transfer results

Having provided details on condensation heat transfer coeffi-
cient data reduction and uncertainty analysis, it is now time to
investigate condensation heat transfer coefficient trends.
4.1. Local results

Fig. 7 provides plots of local heat transfer coefficient versus
axial position along the condensation length for each orientation.
Fig. 7(a) shows plots corresponding to all mass velocity cases with
superheated vapor inlet conditions, Fig. 7(b) provides plots of high
mass velocity (GFC � 300 kg/m2 s) with multiple inlet qualities, and
Fig. 7(c) low mass velocity (GFC � 100 kg/m2 s) with multiple inlet
qualities. There is no horizontal data in Fig. 7(c) due to the omis-
sion of low flowrate horizontal cases (as discussed in the preceding



Fig. 7. Evaluation of heat transfer coefficient versus axial location for all three orientations with (a) multiple flowrates and xe,in � 1.05, (b) multiple inlet qualities and
GFC � 300 kg/m2 s, and (c) multiple inlet qualities and GFC � 100 kg/m2 s.
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section). It should also be noted that all cases presented in Fig. 7
correspond to the highest water mass velocity.

Fig. 7(a) shows that, for all orientations and flowrates, conden-
sation heat transfer is at its maximum value in the upstream region
of the channel. The liquid film here is at its thinnest which leads to
highly efficient condensation heat transfer. Towards the channel
exit significant liquid film thickening has occurred which leads to
decreased condensation heat transfer. For some of the lower flow-
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rate cases full condensation is achieved prior to the channel exit,
and heat transfer coefficient for locations past this point are not
calculated.

Fig. 7(b) provides similar results, now for a single mass velocity
GFC � 300 kg/m2 s with different curves on the same plots repre-
senting changes in channel inlet quality (corresponding to target
values of xe,in � 1.00, 0.80, 0.60, and 0.40). Local heat transfer coef-
ficient values in each orientation are seen to be highest for the
highest quality cases and decrease as inlet quality decreases. This
result makes sense intuitively as lower inlet quality cases possess
thicker liquid films which reduce local condensation heat transfer
coefficient.

Fig. 7(c) shows results for low mass velocity (GFC � 100 kg/m2 s)
with multiple inlet qualities. Differences between inlet qualities is
significantly reduced compared to that seen in Fig. 7(b) for high
mass velocity cases. This indicates inlet quality has a secondary
effect on condensation heat transfer coefficient, with mass velocity
playing a dominant role.

Across Fig. 7(a)–(c), the influence of orientation is most
noticeable at low mass velocities. For cases with GFC � 50 and
100 kg/m2 s, vertical upflow is seen to exhibit higher local heat
transfer coefficient values than vertical downflow. This can be
attributed to the presence of a counter-current flow regime in
upflow condensation for these operating conditions (as discussed
in Fig. 3) leading to significant liquid film breakup and periodic
transport of liquid through the condensation length. Vertical
downflow cases for these operating conditions are expected to
exhibit a smooth liquid film along the entire condensation length
with liquid transport primarily due to body force. Although a more
stable operating condition (in terms of mass velocity and pressure
fluctuations), this configuration is seen to yield lower overall heat
transfer coefficient values.

For higher mass velocity cases, results across the three orienta-
tions become similar. The only exceptions are heat transfer coeffi-
cient values calculated at the first (upstream) measurement
location for horizontal flow, which is noticeably higher than its
vertical upflow and downflow counterparts. In the downstream
region behavior becomes near identical to that for upflow and
downflow orientations, however, meaning this upstream enhance-
ment is a localized phenomenon. It should also be noted that this
difference for horizontal flow falls within the uncertainty band
outlined in Fig. 6(a), meaning it should not be interpreted as a
physical phenomenon.

Fig. 8 again provides plots of local condensation heat transfer
coefficient, this time plotted versus local quality (as calculated by
Eq. (6), corresponding to quality at each of the 11 measurement
locations). Only locations with qualities in the range 1.00 < xe,
n < 0 are shown in the present plots. Fig. 8(a), (b), and (c) corre-
spond to vertical upflow, vertical downflow, and horizontal flow
orientations, respectively. Each subplot within the subfigures
shows results for multiple mass velocities with inlet qualities of
xe,in � 1.00, xe,in � 0.80, and xe,in � 0.50, moving from left to right.

Fig. 8(a) clearly shows values of heat transfer coefficient
decreasing as local quality decreases, similar to the conclusion
drawn when analyzing Fig. 7. Additionally, the trend of decreased
heat transfer coefficient for decreasing mass velocity is again pre-
sent, although only noticeable at high local qualities. As local qual-
ity decreases differences between mass velocities are reduced,
with heat transfer coefficient values corresponding to near-zero
qualities exhibiting almost no differences across the full mass
velocity range.

As discussed when comparing Fig. 7(b) and (c), differences in
heat transfer coefficient for different mass velocities are most pro-
nounced for high local qualities. This is likely due to the dominant
role of interfacial shear (provided by the fast-moving vapor core)
for these regions where the liquid film is thinnest. As liquid film
thickness increases liquid inertia becomes more appreciable and
interfacial shear stress plays a less influential role in advecting
the liquid film, leading to smaller differences in heat transfer coef-
ficient for different mass velocities.

It is also important to recall when analyzing differences in heat
transfer coefficient for the low quality region that these measure-
ments often correspond to the exit region of the channel, which
Fig. 6(a) showed possessing significant uncertainty. Thus, these
results should be interpreted with caution in the present study.

Across all three orientations shown in Fig. 8, differences in orien-
tation are again most visible for low mass velocity cases, with ver-
tical upflow cases exhibiting higher heat transfer coefficient values
compared to vertical downflow counterparts. For higher mass
velocity cases all three orientations yield similar values for local
condensation heat transfer coefficient as a function of local quality.

It should be noted that comparison of heat transfer coefficient
values for fixed orientation, mass velocity, and local quality, but
with differing inlet quality (moving horizontally across Fig. 7(a),
(b), or (c)), indicates differences in value. Practically, this indicates
a dependence of heat transfer coefficient on the axial location
where the measurement was made: In a purely theoretical case
this should not be true, but practical considerations (i.e. change
in local pressure with position, change in wall temperature due
to changes in cooling water temperature, differences in uncertainty
with position as discussed in Fig. 6) mean values may exhibit slight
differences.

4.2. Channel-average results

Prior to discussing parametric trends for channel-averaged con-
densation heat transfer coefficient, it is first necessary to comment
on the impact of water mass velocity on overall condensation
within the test section. Fig. 9 provides plots of channel averaged
heat transfer coefficient (left, calculated using Eq. (13)) and total
condensation heat transfer (right) versus cooling water mass
velocity GH2O. All results prior to this point have corresponded to
maximum cooling water mass velocity of GH2O � 388 kg/m2 s, but
three different water flowrates were tested (as outlined in Table 1)
to determine ability of the current test section to offer condensa-
tion heat transfer results independent of cooling water flowrate.
If water flowrate is high enough heat transfer coefficient on the
condensate side will become the limiting thermal resistance and
heat transfer results will not change for increase in water flowrate.

Fig. 9(a) shows that, for vertical upflow condensation, cases
with low condensate (FC-72) mass velocity exhibit little-to-no
changes in condensation heat transfer for changes in cooling water
mass velocity. As condensate mass velocity increases, however,
channel average heat transfer coefficient and total condensation
heat transfer are seen to decrease and increase, respectively, for
increases in cooling water mass velocity. Moderate values of GFC

appear to plateau between GH2O � 260–390 kg/m2 s, but high val-
ues of GFC exhibit changes in heat transfer all the way through peak
values of GH2O. This decrease in heat transfer coefficient is likely
attributable to a lowering of the stainless-steel wall temperature
by faster water flow.

Similar conclusionsmaybedrawnwhenanalyzing results for ver-
tical downflow and horizontal flow orientations in Fig. 9(b) and (c),
respectively. Based on this, data presented for the remainder of this
section will correspond only to cases with (i) GH2O � 390 kg/m2 s,
(ii) GH2O � 260 kg/m2 s with GFC � 150 kg/m2 s, and (iii)
GH2O � 130 kg/m2 s with GFC � 100 kg/m2 s, done to ensure heat
transfer results are water-side independent (or as close as possible
using the current dataset). It is expected the final ISS experiment
test matrix will include cases with higher water mass velocity
(GH2O � 520 kg/m2 s), done to help further ensure water-side inde-
pendence of condensation results.



Fig. 8. Evaluation of heat transfer coefficient versus local quality for multiple mass velocities with (from left to right) xe,in > 1.00, xe,in � 0.80, and xe,in � 0.60, in (a) vertical
upflow, (b) vertical downflow, and (c) horizontal flow orientations.
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Fig. 9. Plots of channel-average condensation heat transfer coefficient and total condensation energy transfer versus cooling water mass velocity for (a) vertical upflow, (b)
vertical downflow, and (c) horizontal flow orientations.
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Fig. 10 provides plots of average heat transfer coefficient (using
the water-independent subset of data) versus FC-72 mass velocity
for each orientation tested. Separate curves on each plot corre-
spond to different water mass velocities tested, and the fact these
curves collapse well verifies the subset outlined in the preceding
paragraph is composed of water-independent condensation
results.

Comparison between Fig. 10(a) and (b), corresponding to verti-
cal upflow and downflow orientations, reinforces the trend first
discussed alongside Fig. 7, that at low FC-72 mass velocities upflow
heat transfer is higher than downflow. As mass velocity increases,
however, values of channel-length average heat transfer coefficient
become similar for all three orientations (including horizontal flow
in Fig. 10(c)).
Fig. 10. Evaluation of condensation length average heat transfer coefficient versus FC-72
orientations.
Fig. 11 provides similar plots for each orientation, this time of
channel average heat transfer coefficient versus FC-72 inlet quality
for each case. Curves on each plot represent similar values of FC-72
mass velocity, and only the highest water mass velocity of
GH2O � 390 kg/m2 s is represented in this figure.

Trends related to changes in inlet quality are not as straightfor-
ward to interpret as those for FC-72 mass velocity. In the majority
of cases, increasing inlet quality from a low value towards xe,
in = 1.00 results in increased heat transfer coefficient (seen for most
FC-72 mass velocities in Fig. 11(a) and (b) corresponding to vertical
upflow and downflow). Above xe,in = 1.00, however, average heat
transfer coefficient is seen to decrease for increasing xe,in. This is
likely due to using only points with 1.00 < xe,loc < 0 when calculat-
ing channel-average heat transfer coefficient, which results in
mass velocity for (a) vertical upflow, (b) vertical downflow, and (c) horizontal flow



Fig. 11. Evaluation of condensation length average heat transfer coefficient versus FC-72 inlet quality for (a) vertical upflow, (b) vertical downflow, and (c) horizontal flow
orientations.
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some upstream measurement locations being neglected when cal-
culating channel average heat transfer coefficient for cases with
superheated vapor inlet conditions.

Across Figs. 7–11 (presenting both local and channel averaged
values for condensation heat transfer coefficient), mass velocity
(flow inertia) is seen to be the dominant parameter affecting values
of condensation heat transfer coefficient. Higher flow inertia is
seen to lead to higher condensation rate in all cases. Flow quality
is also seen to influence condensation heat transfer coefficient,
with lower quality cases/locations (meaning more liquid is pre-
sent) exhibiting lower heat transfer rate due to reduced interfacial
area and lower temperature gradient between vapor condensate
and tube surface (due to the presence of thick liquid film).
When comparing heat transfer results across the three orienta-
tions investigated heat transfer behavior is seen to be near-
identical for high mass velocity cases, while at low mass velocities
heat transfer behavior differs significantly between orientations.
These orientation effects are investigated in more detail in the fol-
lowing subsection.

4.3. Influence of body force

As discussed in the introduction, conducting flow condensation
tests at multiple orientations in Earth’s gravity is one method for
investigating the influence of body force on flow condensation heat
transfer. This 1-g data will be analyzed alongside microgravity data
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to be collected on the ISS by the Flow Boiling and Condensation
Experiment (FBCE) to provide a more complete analysis of body
force effects, but for now important conclusions may still be drawn
from analysis of 1-g data.

Fig. 12(a) provides a plot of channel average heat transfer coef-
ficient versus mass velocity for all three orientations. At low mass
velocities (for which horizontal cases are omitted due to their non-
axisymmetric nature) clear differences are seen between vertical
upflow and downflow orientations, with upflow exhibiting higher
heat transfer coefficient values. In a recent study by O’Neill et al.
[62] a similar plot was provided for condensation of FC-72 in a lar-
ger tube (Di = 11.89 mm, Lcond = 807.7 mm). Differences in conden-
sation heat transfer across orientations was again most
pronounced at low mass velocities, but in their work vertical
downflow was seen to exhibit peak condensation heat transfer
coefficient while the present study clearly shows vertical upflow
exhibiting the highest values of heat transfer coefficient.

Additionally, values of heat transfer coefficient for the three ori-
entations are seen to converge at a lower mass velocity
(GFC � 200 kg/m2 s) in the present study as opposed to the value
of GFC � 400 kg/m2 s seen in the prior work [62]. These differences
are likely due to the heightened influence of surface tension in the
present test section, which possesses a hydraulic diameter of
Di = 7.12 mm.
Fig. 12. (a) Average condensation heat transfer coefficient versus mass velocity for
three water flowrates in all three orientations, and (b) ratio of Vertical Upflow and
Horizontal Flow (respectively) to Vertical Downflow average heat transfer coeffi-
cient, showing the effect of increases in mass velocity on converging values.
Fig. 12(b) plots ratios of vertical upflow to downflow and hori-
zontal to downflowheat transfer coefficients for eachmass velocity.
For the present test section vertical upflow is seen to exhibit heat
transfer coefficient nearly double that of vertical downflow, with
values converging near GFC � 200 kg/m2 s (as mentionedwhen ana-
lyzing Fig. 12(a)). Horizontal flow values, only included for cases
with GFC � 150 kg/m2 s, are seen to be near identical to vertical
downflow values at the outset. It is expected results for lower mass
velocities (where stratified flow is present) would diverge.

It should be noted here that the mass velocity for which vertical
upflow and downflow results begin to converge, GFC � 200 kg/m2 s,
is very close to the transition to co-current annular vertical upflow
established in the companion study [74] and presented in Fig. 3
here. Similarly, horizontal flow condensation heat transfer is seen
to converge with vertical downflow at GFC � 150 kg/m2 s, which
is near the transition point between stratified and axisymmetric
flow outlined in the companion study [74] and Fig. 3 here.

Physically, this means cases with annular, co-current flow exhi-
bit body force independent heat transfer. The prior study by O’Neill
et al. [62] developed a set of mechanistic criteria for determining
mass velocity required for body force independent heat transfer
as a function of relevant dimensionless groups. Two are used,
one assessing the influence of body force parallel (or opposite) to
flow direction, and the other determining the impact of body force
perpendicular to flow direction (i.e., leading to stratification at low
mass velocities in horizontal flow). The first, dealing with the influ-
ence of body force parallel to flow, is of the form

Frj j ¼ 0:235
aRenc

; ð15Þ

where Fr is Froude number, Rec is vapor core Reynolds number, and
a and n are constants. These are defined as (respectively)

Fr ¼ qg

qf

u
�
g � ui

� 	2
gsin hð ÞDF

; ð16Þ

Rec ¼
qg u

�
g � ui

� 	
Dh � 2dð Þ

lg
; ð17Þ

a ¼ 16; n ¼ �1 for 0 6 Rec < 2000
a ¼ 0:079; n ¼ �0:25 for 2000 6 Rec < 20;000
a ¼ 0:046; n ¼ �0:20 for 20;000 6 Rec

ð18Þ

where u
�
g is mean vapor velocity, ui is interfacial velocity, g is Earth’s

gravitational constant, DF is film diameter, h is test section orienta-
tion, d is film thickness, and constants defined by Eq. (18) are
according to Shah and London [83].

The second criterion, dealing with the influence of body force
perpendicular to flow direction, is defined as

Boj j
We2

¼ 5:12� 10�5; ð19Þ

where Bo is Bond number and We is Weber number, defined as

Bo ¼
qf � qg

� 	
gcos hð ÞL2char
r

; ð20Þ

And

We ¼
q00

f q
00
g

� 	
u
�
g � u

�
f

� 	2
Lchar

q00
f þ q00

g

� 	
r

: ð21Þ

In these equations u
�
f is mean liquid velocity, q00

f and q00
g are modified

liquid and vapor densities, and Lchar is a characteristic length scale
which cancels in Eq. (19).
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Values on the right hand side of Eq.’s (15) and (19) are transi-
tion points (with criteria values less than the RHS indicating grav-
ity independent heat transfer) determined using the original
dataset. For full details on the development of these criteria and
how they may be evaluated the original reference should be con-
sulted [62].

Fig. 13(a) and (b) provide plots of these dimensionless criteria
(for Eq.’s (15) and (19), respectively) plotted versus mass velocity
using operating conditions for the present study. The bold param-
eters in each inset are those actually used by the criteria (mass
velocity, pressure for properties calculation, and exit quality lim-
ited to values xe,out � 0.15 due to formulation of the criteria [62]).

Fig. 13(a) shows that, for vertical upflow and downflow data,
gravity independence is predicted by GFC � 125 kg/m2 s. This is
slightly less than the GFC � 200 kg/m2 s observed in the present
experiments. For horizontal flow, Fig. 13 (b) does not predict grav-
ity independence until GFC � 300 kg/m2 s, which is higher than the
GFC � 150 kg/m2 s observed experimentally.

In both cases predictions are slightly off from experimentally
observed convergence points in Fig. 12. Despite this Fig. 13(a)
and (b) do a good job of capturing experimental trends of conver-
gence towards gravity independence and provide a good qualita-
tive measure of gravity independence for the present dataset. It
is expected that future work re-evaluating these gravity indepen-
dence criteria on a more generalized dataset (including data for
different working fluids and test sections) may provide more
robust predictions of gravity independence.
Fig. 13. Evaluation of gravity independence criteria developed by O’Neill et al. [62]
using the current data. Subfigures correspond to the influence of body force acting
(a) parallel or opposite to flow direction and (b) perpendicular to flow direction.
5. Evaluation of predictive models

Having presented experimental results for flow condensation
heat transfer coefficient in vertical upflow, vertical downflow,
and horizontal flow orientations, it is now possible to use the data
to evaluate common predictive models present in literature. Before
beginning evaluation, it should be noted that only experimental
cases using the highest water mass velocity (GH2O � 390 kg/m2 s)
are presented here to ensure water-independent (or as close as
possible) heat transfer results are used.

Analysis in this section will be segmented based on channel ori-
entation, as different tools are recommended for different flow
orientations.

5.1. Separated Flow Model (SFM) predictions for vertical downflow

Originally developed by Kim and Mudawar [84] for prediction
of flow condensation in parallel micro-channel heat sinks, the
Separated Flow Model (SFM) for annular condensation has since
been adapted and used in several studies investigating flow con-
densation in single circular tubes similar to the current test geom-
etry [35,54,62]. Table 2 provides a full list of model equations as
formulated for flow in mini-channels at variable orientation, and
details on solution procedure may be found in the original work
[84].

Although capable of providing predictions for flow at any orien-
tation, as currently constructed the model provides best predic-
tions for vertical downflow condensation. Fig. 14 provides six
plots comparing local condensation heat transfer coefficient to pre-
dictions ((a)–(f)), as well as a plot (Fig. 14(g)) providing ratio of
predicted to experimental channel-average heat transfer coeffi-
cient values for all 17 test cases used.

Fig. 14(a) shows that, for high GFC and slightly superheated inlet
conditions, the SFM under-predicts heat transfer coefficient in the
upstream portion of the channel, although downstream results
show closer agreement. Successive decreases in GFC in Fig. 14(b)
and (c) lead to closer agreement in both upstream and downstream
portions of the channel.

Fig. 14(d) provides results for high GFC with two-phase mixture
inlet conditions. Heat transfer coefficient is again underpredicted
in the upstream portion of the channel, but to a lesser degree than
that seen in Fig. 14(a) corresponding to superheated vapor at the
channel inlet. Similar to the trend seen for Fig. 14(b) and (c),
decreases in GFC for Fig. 14(e) and (f) lead to closer agreement
between predicted and experimental heat transfer coefficient
values.

Ratios of predicted to experimental channel-average heat trans-
fer coefficient values in Fig. 14(g) are plotted versus liquid only
Reynolds number, Refo, and turbulent-turbulent Martinelli param-
eter, Xtt, defined as

Refo ¼ GFCDi

lf
; ð22Þ

and

Xtt ¼ 1� x
x


 �0:9 qg

qf

 !0:5
lf

lg

 !0:1

; ð23Þ

respectively. These two dimensionless groups were selected as they
both commonly appear in correlations for condensation heat trans-
fer coefficient and allow assessment of predictive ability for differ-
ences in flow inertia (Reynolds) and liquid content within the
channel (Martinelli parameter).

Accuracy statistics used for evaluating each correlation are
Mean Absolute Error, defined as



Table 2
Annular flow model relations [35].

Mass conservation
d _mf

d z � Cfg ¼ 0 ; d _mg

d z þ Cfg ¼ 0 ; _mf ¼ qf

R d
0 uf p D� 2yð Þ dy; _mg ¼ qg u

�
g p D� 2 dð Þ2=4 ; Cfg ¼ q00w pD=hfg

Momentum conservation for liquid film

s ¼ lf 1þ em
mf

� 	
d uf
d y ¼ � d p

d z

� 	
Af ;�
Pf ; y

þ si Pf ; dþCfg ui
Pf ; y

ðHorizontal FlowÞ
¼ � d p

d z þ qf g
� 	

Af ;�
Pf ; y

þ si Pf ; dþCfg ui
Pf ; y

ðVertical DownflowÞ
¼ � d p

d z � qf g
� 	

Af ;�
Pf ; y

þ si Pf ; dþCfg ui
Pf ; y

ðVertical UpflowÞ
Af ; � ¼ p

4 D� 2 yð Þ2 � p
4 D� 2 dð Þ2 ; Pf ; y ¼ p D� 2yð Þ ; Pf ; d ¼ p D� 2 dð Þ

Velocity profile across film

uf yð Þ ¼ d
lf

� dP
dz

� � R y=d
0

Af ; �
Pf ; y

1þ em
mf

� 	�1
d y

d

� �þ d
lf

si Pf ; d þ Cfg ui
� � R y=d

0
1

Pf ; y
1þ em

mf

� 	�1
d y

d

� � ðHorizontal FlowÞ
¼ d

lf
� dP

dz þ qf g
� 	 R y=d

0
Af ; �
Pf ; y

1þ em
mf

� 	�1
d y

d

� �þ d
lf

si Pf ; d þ Cfg ui
� � R y=d

0
1

Pf ; y
1þ em

mf

� 	�1
d y

d

� � ðVertical DownflowÞ
¼ d

lf
� dP

dz � qf g
� 	 R y=d

0
Af ; �
Pf ; y

1þ em
mf

� 	�1
d y

d

� �þ d
lf

si Pf ; d þ Cfg ui
� � R y=d

0
1

Pf ; y
1þ em

mf

� 	�1
d y

d

� � ðVertical UpflowÞ
ui ¼ uf dð Þ
Pressure gradient

� dP
dz ¼

lf _mf

qf d2
� si Pf ; dþCfg uið Þ R 1

0
Pf ; y

R y=d

0
1

Pf ; y
1þem

mf

� 	�1

d y
dð Þ

� �
d y

dð Þ
R 1

0
Pf ; y

R y=d

0

Af ; �
Pf ; y

1þem
mf

� 	�1

d y
dð Þ

� �
d y

dð Þ
ðHorizontal FlowÞ

¼ � qf g þ
lf _mf

qf d2
� si Pf ; dþCfg uið Þ R 1

0
Pf ; y

R y=d

0
1

Pf ; y
1þem

mf

� 	�1

d y
dð Þ

� �
d y

dð Þ
R 1

0
Pf ; y

R y=d

0

Af ; �
Pf ; y

1þem
mf

� 	�1

d y
dð Þ

� �
d y

dð Þ
ðVertical DownflowÞ

¼ qf g þ
lf _mf

qf d2
� si Pf ; dþCfg uið Þ R 1

0
Pf ; y

R y=d

0
1

Pf ; y
1þem

mf

� 	�1

d y
dð Þ

� �
d y

dð Þ
R 1

0
Pf ; y

R y=d

0

Af ; �
Pf ; y

1þem
mf

� 	�1

d y
dð Þ

� �
d y

dð Þ
ðVertical UpflowÞ

Momentum conservation for vapor core

si ¼ 1
Pf ; d

Ag � dP
dz

� �� d qg u
�2
g Ag

� �
dz � Cfg ui

� �
ðHorizontal FlowÞ

¼ 1
Pf ; d

Ag � dP
dz þ qf g

� 	
� d qg u

�2
g Ag

� �
dz � Cfg ui

� �
ðVertical DownflowÞ

¼ 1
Pf ; d

Ag � dP
dz � qf g

� 	
� d qg u

�2
g Ag

� �
dz � Cfg ui

� �
ðVertical UpflowÞ

Ag ¼ p D� 2 dð Þ2=4
Interfacial shear stress relation [83,85]

si ¼ 1
2 f i qg u

�
g � ui

� 	2
þ u

�
g�uið Þ Cfg

2 Pf ; d

f i ¼ 16=Rec for Rec < 2;000 ; f i ¼ 0:079Re�0:25
c for 2;000 6 Rec < 20;000 ;

f i ¼ 0:046Re�0:2
c for Rec P 20;000 ; Rec ¼ qg u

�
g � ui

� 	
D� 2 dð Þ=lg

Eddy momentum diffusivity [84]

em
mf

¼ � 1
2 þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4K2 yþ2 1� exp �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� yþ

dþ

q
yþ

Aþ

� 	h i2
1� yþ

dþ

� 	0:1
s
sw

r
; K ¼ 0:4; Aþ ¼ 26 1þ 30:18lf q�0:5

f s�1:5
w

dP
dz

� 	�1

Turbulent Prandtl number [86]

PrT ¼ 1:4 exp �15 yþ

dþ

� 	
þ 0:66 ; dþ ¼ du�=mf

Heat transfer coefficient

h ¼ q00w
Tsat�Tw

¼ qf cp;f u
�

Tþ
d

¼ qf cp;f u
�R dþ

0
q00
q00w

1
Prf

þ 1
PrT

em
mf

� 	�1

d yþ
¼ qf cp;f u

�R dþ

0
D

D�2 dð Þ 1
Prf

þ 1
PrT

em
mf

� 	�1

d yþ
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MAE ¼ 1
N

XN
n¼1

hpred;n � hexp;n

hexp;n

����
����; ð24Þ

multiplied by 100 and expressed as a percent, as well as h and f, the
percent of predictions falling within 30% and 50% of the experimen-
tal value, respectively.

Fig. 14(g) indicates that the SFMprovides accurate predictions of
condensation heat transfer coefficient for the current data set, evi-
denced by MAE of 31.2%, h = 41.2%, and f = 94.1%. No clear trends
with respect to changes in liquid content (Xtt) are evident, but pre-
dictions clearly become less accurate as Refo is increased. Before
over-analyzing this trend, it should be recalled that Fig. 9(b) indi-
cated vertical downflow condensation results for the highest GFC

cases were not entirely water-side independent, and higher water
flowrates may lead to slightly lower values of heat transfer coeffi-
cient (bring predictions into closer agreement with experimental
values). It is expected altering the test matrix to include higher
GH2O cases for the ISS experiment will allow this to be tested.
5.2. Common correlations for horizontal flow

While the Separated Flow Model provided the most accurate
predictions of vertical downflow condensation for the current
dataset, common semi-empirical correlations were found to give
sufficiently accurate predictions for horizontal flow. Several of
these are evaluated here, and suggestions made on which should
be used for similar applications.

Similar to that done by Kim and Mudawar in their review [87],
correlations used here have been split into those intended for use
with macro-channels and those for mini/micro-channels (indicat-
ing prevalence of confinement effects). Macro-channel correlations
include those by Akers and Rosson [88], Cavallini and Zecchin [89],
Shah [90], Haraguchi et al. [91], Dobson and Chato [33], Moser et al.
[92], and the updated Shah correlation [94]. Mini/micro-channel
correlations include those by Wang et al. [95], Koyama et al. [96],
Huang et al. [97], Bohdal et al. [98], Park et al. [99], and Kim and
Mudawar [73]. Full forms of all correlations are provided in Table 3,



Fig. 14. Separated flow model local heat transfer predictions for vertical downflow with (a), (b), (c) superheated vapor inlet and descending mass velocity, (d), (e), (f) two-
phase inlet and descending mass velocity, and (g) overall performance of SFM channel-average heat transfer predictions.
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Table 3
Condensation heat transfer coefficient correlations evaluated.

Author(s) Equation Remarks MAE (%)
Horizontal

h (%)
Horizontal

f (%)
Horizontal

Recommended for macro-channels
Akers and Rosson [88] htpDh

kf
¼ 0:026Pr1=3f G 1� xð Þ þ x

qf

qg

� 	0:5� �
Dh
lf

� �0:8 D = 19.05 mm
R12, propane

Reg
lg

lf

� 	
qf

qg

� 	0:5
> 20;000

Ref > 5000

61.3 0 7.1

Cavallini and Zecchin
[89]

htpDh
kf

¼ 0:05Re0:8f Pr0:33f 1þ qf

qg

� 	0:5
x

1�x

� �� �0:8 R12, R22, R113
7000 6 Refo 6 53;000

26.1 64.3 92.9

Shah (1979) [90] htpDh
kf

¼ 0:023Re0:8fo Pr0:4f 1� xð Þ0:8 þ 3:8x0:76 1�xð Þ0:04
P0:38R

h i
D = 7–40 mm
Water, R11, R12, R22, R113,
methanol, ethanol, benzene,
toluene, trichloroethylene

34.1 35.7 85.7

Haraguchi et al. [91] htpDh
kf

¼ 0:0152Re0:77f
/g

Xtt
1þ 0:6Pr0:8f

� 	
Xtt ¼ lf

lg

� 	0:1
1�x
x

� �0:9 v f

vg

� 	0:5

/g ¼ 1þ 0:5 Gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gqg qf�qgð ÞDh

p
" #0:75

X0:35
tt

D = 8.4 mm
R22, R123, R134a

36.2 42.9 78.6

Dobson and Chato [33] htpDh
kf

¼ 0:023Re0:8f Pr0:4f 1þ 2:22
X0:89
tt

� 	
D = 3.14–7.04 mm
R12, R22, R134a, R32/R125

24.1 71.4 100

Moser et al. [92]
(Friedel [93])

htpDh
kf

¼ 0:0994C1 Re
C2
f

Re
1þ0:875C1
eq Pr0:815f

1:58ln Reeqð Þ�3:28½ � 2:58ln Reeqð Þþ13:7Pr2=3
f

�19:1

h i
C1 ¼ 0:126Pr�0:448

f

C2 ¼ �0:113Pr�0:563
f

Reeq ¼ /8=7
fo;FriedelRefo

D = 3.14–20 mm
R11, R12, R125, R22, R134a,
R410a

39.5 21.4 78.6

Shah (2009) [94] jg ¼ xGffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gDqg qf �qgð Þp ; ZShah ¼ 1

x � 1
� �0:8P0:4

R

For Vertical and Inclined Tubes:
if jg P 1

2:4Zshahþ0:73 :

htpDh
kf

¼ 0:023Re0:8fo Pr0:4f
lf

14lg

� 	n
1� xð Þ0:8 þ 3:8x0:76 1�xð Þ0:04

P0:38R

h i
where n ¼ 0:0058þ 0:557PR

elseif jg 6 0:89� 0:93exp �0:087Z�1:17
Shah

� 	
:

htpDh
kf

¼ 1:32 Dh
kf
Re�1=3

f
qf qf �qgð Þgk3f

l2
f

� �1=3
else :
htpDh
kf

¼ 0:023Re0:8fo Pr0:4f
lf

14lg

� 	n
1� xð Þ0:8 þ 3:8x0:76 1�xð Þ0:04

P0:38R

h i
þ1:32 Dh

kf
Re�1=3

f
qf qf �qgð Þgk3f

l2
f

� �1=3
For Horizontal Tubes:

if jg P 0:98 ZShah þ 0:263ð Þ�0:62 :
htpDh
kf

¼ 0:023Re0:8fo Pr0:4f
lf

14lg

� 	n
1� xð Þ0:8 þ 3:8x0:76 1�xð Þ0:04

P0:38R

h i
where n ¼ 0:0058þ 0:557PR
else :
htpDh
kf

¼ 0:023Re0:8fo Pr0:4f
lf

14lg

� 	n
1� xð Þ0:8 þ 3:8x0:76 1�xð Þ0:04

P0:38R

h i
þ1:32 Dh

kf
Re�1=3

f
qf qf �qgð Þgk3f

l2
f

� �1=3

Dh = 2–49 mm
Water, R11, R12, R22, R113,
R123, R134a, benzene, R32,
R125, R404A, R410A, R507,
propylene, propane, isobutane,
R142b, R502, methanol, ethanol,
toluene, Dowtherm 209.

24.7 57.1 100

Recommended for mini/micro-channels
Wang et al. [95] htpDh

kf
¼ 0:0274Re0:6792f Prf x0:2208

/g

Xtt

/2
g ¼ 1:376þ 8X1:665

tt

Dh = 1.46 mm, Multi-channel
R134a

24.2 64.3 100

Koyama et al. [96] htpDh
kf

¼ 0:0152 1þ 0:6Pr0:8f

� 	
Re0:77f

/g

Xtt

/2
g ¼ 1þ 21 1� exp �0:319Dhð Þ½ �Xtt þ X2

tt

Dh = 0.80 and 1.11 mm, Multi-
channel
R134a

62.0 0 7.1

Huang et al. [97] htpDh
kf

¼ 0:0152 �0:33þ 0:83Pr0:8f

� 	
Re0:77f

/g

Xtt

/g ¼ /g;Haraguchi

D = 1.6 and 4.18 mm
R410A, R410A/oil

38.8 35.7 78.6

Bohdal et al. [98] htpDh
kf

¼ 25:084Re0:258f Pr�0:495
f P�0:288

R
x

1�x

� �0:266 D = 0.31–3.30 mm
R134a, R404a

58.5 0 21.4

Park et al. [99] htpDh
kf

¼ 0:0055Pr1:37f Re0:7f
/g

Xtt

/2
g ¼ 1þ 13:17 qg

qf

� 	0:17
1� exp �0:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g qf�qgð ÞD2

h
r

q
 �� �
Xtt þ X2

tt

Dh = 1.45 mm, Multi-channel
R134a, R236fa, R1234ze(E)

53.4 0 35.7

Kim and Mudawar [73] for We� > 7X0:2
tt :

htpDh
kf

¼ 0:048Re0:69f Pr0:34f
/g

Xtt

for We� 6 7X0:2
tt :

htpDh
kf

¼ 0:048Re0:69f Pr0:34f
/g

Xtt

� 	2
þ 3:2� 10�7Re�0:38

f Su1:39
go

� 	2� �0:5

Dh = 0.424–6.22 mm
R12, R123, R1234yf, R1234ze (E),
R134a, R22, R236fa, R245fa, R32,
R404A, R410A, R600a, FC72,
methane, CO2

39.5 21.4 85.7

(continued on next page)
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Table 3 (continued)

Author(s) Equation Remarks MAE (%)
Horizontal

h (%)
Horizontal

f (%)
Horizontal

where Xtt ¼ lf
lg

� 	0:1
1�x
x

� �0:9 qg
qf

� 	0:5
/2
g ¼ 1þ CX þ X2;X2 ¼ dP=dzð Þf

dP=dzð Þg

� dP
dz

� �
f ¼

2f f v f G
2 1�xð Þ2
Dh

; � dP
dz

� �
g ¼ 2f gvgG

2x2

Dh

f k ¼ 16Re�1
k for Rek < 2000

f k ¼ 0:079Re�0:25
k for 2000 6 Rek < 20;000

f k ¼ 0:046Re�0:2
k for Rek P 20;000

where subscript k denotes f or g for liquid
or vapor phases; respectively

Ref P 2000; Reg P 2000 ðttÞ; C ¼ 0:39Re0:03fo Su0:10
go

qf
qg

� 	0:35
Ref P 2000; Reg < 2000 ðtvÞ; C ¼ 8:7� 10�4Re0:17fo Su0:50

go
qf
qg

� 	0:14
Ref < 2000; Reg P 2000 ðvtÞ; C ¼ 0:0015Re0:59fo Su0:19

go
qf
qg

� 	0:36
Ref < 2000; Reg < 2000 ðvvÞ; C ¼ 3:5� 10�5Re0:44fo Su0:50

go
qf
qg

� 	0:48
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along with information on the experimental work and perfor-
mance evaluated using the current dataset.

Similar to Fig. 14(g), Fig. 15 provides plots of the ratio of pre-
dicted to experimental heat transfer coefficient versus Refo and
Xtt. Fig. 15(a), providing results for the correlation of Akers and
Rosson [88], indicates the correlation under-predicts experimen-
tal heat transfer values for all operating conditions tested here.

Fig. 15(b) shows results are much better using the correlation
of Cavallini and Zecchin [89], with horizontal flow exhibiting
MAE of 26.1%. Their correlation appears to predict results with
higher accuracy for high flow inertia and low liquid content
cases.

Fig. 15(c) presents similar results for the original Shah correla-
tion [90]. Cases with low liquid content (low values of Xtt) again
yield more accurate predictions.

These trends continue to manifest in Fig. 15(d), which shows
the correlation of Haraguchi et al. [91] performing significantly
better for high flowrates and low liquid content within the
channel.

The correlation of Dobson and Chato [33], shown in Fig. 15(e),
remains relatively accurate for all flowrates tested in the current
dataset, but again struggles to accurately predict results in cases
with low flow quality (high Xtt). Similar results are seen for both
the correlations of Moser et al. [92] and the modified Shah correla-
tion [94], shown in Fig. 15(f) and (g), respectively.

Fig. 16 provides similar results using correlations intended for
mini/micro-channel flows. Fig. 16(a), corresponding to the correla-
tion of Wang et al. [95], offers one of the highest predictive accu-
racy of any correlation tested here with MAE of 24.2%. Predictive
accuracy is similar for all flowrates tested but decreases slightly
for higher liquid content.

Fig. 16(b) shows the correlation of Koyama et al. [98] underpre-
dicting results for all cases tested here. The correlation of Huang
et al. [97], shown in Fig. 16 (c), underpredicts heat transfer coeffi-
cient for low flowrates and high liquid content, but offers reason-
able predictions for high flowrates and low liquid content within
the channel.

Fig. 16(d) and (e) both significantly under predict results for all
operating conditions investigated here. Fig. 16(d), corresponding to
the correlation of Bohdal et al. [98], seems to offer better predic-
tions for lower ranges of Reynolds number, dissimilar to what is
seen for most correlations investigated here.
Finally, Fig. 16(f) provides results from the universal correlation
developed by Kim and Mudawar [73]. Their correlation offers rea-
sonable predictive results for all flowrates tested, but underpre-
dicts condensation heat transfer coefficient for higher liquid
content cases.

Across all correlations investigated here several key trends may
be seen:

(1) The correlations of Shah [94], Wang et al. [95], and Dobson
and Chato [33] offer the greatest predictive accuracy for
the current dataset, with MAEs of 24.7%, 24.2%, and 24.1%,
respectively.

(2) Most correlations predict results with higher accuracy for
high flowrate cases.

(3) Almost every correlation struggles to accurately predict con-
densation heat transfer for low flow qualities (high liquid
content). It is likely that most correlations shown here do
not perform well due to an absence of low-quality data-
points for the datasets used in their original formulation.
5.3. Challenges with predicting vertical upflow

Due to the role of body force destabilizing flow in vertical
upflow condensation [71,74], this orientation is far less frequently
adopted than vertical downflow and horizontal configurations. Dif-
ficulty in establishing co-current flow found in other orientations
leads to significantly different heat transfer mechanisms in vertical
upflow condensation, meaning many common semi-empirical and
mechanistic design tools struggle to accurately capture heat trans-
fer behavior in vertical upflow condensation, particularly in cases
with high liquid content and low flow inertia.

Because of these limitations in predictive tools and the rare nat-
ure of condensers operating in vertical upflow orientation, the cur-
rent experimental results will not be compared to any commonly
available predictive tools. Should design of a condenser in vertical
upflow orientation be necessary, adoption of a micro-channel heat
sink is recommended, as these are less susceptible to orientation
effects (due to the dominant role of surface tension) and have
many associated predictive tools which may be used with higher
accuracy.



Fig. 15. Ratio of experimental to predicted heat channel average heat transfer coefficient versus liquid-only Reynolds number and Xtt, with heat transfer coefficient values
predicted by correlations of (a) Akers and Rosson [88], (b) Cavallini and Zecchin [89], (c) Shah [90], (d) Haraguchi et al. [91], (e) Dobson and Chato [33], (f) Moser et al. [92],
and (g) the updated Shah correlation [94]. Correlations shown here are recommended for use with macro-channels.
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Fig. 15 (continued)
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Fig. 16. Ratio of experimental to predicted heat channel average heat transfer coefficient versus liquid-only Reynolds number and Xtt, with heat transfer coefficient values
predicted by correlations of (a) Wang et al. [95], (b) Koyama et al. [96], (c) Huang et al. [97], (d) Bohdal et al. [98], (e) Park et al. [99], and (f) Kim and Mudawar [73].
Correlations shown here are recommended for use with mini/micro-channels.
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6. Conclusions

The present study dealt with flow condensation of dielectric FC-
72 in a smooth circular tube at different orientations in Earth’s
gravity. Calculation of both local and channel average condensa-
tion heat transfer coefficient values was performed for a subset
of the dataset corresponding to axisymmetric flow conditions.
Uncertainty analysis was also presented for calculated values of
condensation heat transfer coefficient, showing channel average
values possess low uncertainty (�5–25%), but local measurements
near the channel outlet may possess high uncertainties
(�25–100%).

Parametric analysis of both local and averaged condensation
heat transfer coefficient values reveal mass velocity is the
dominant parameter governing changes in heat transfer coefficient
value (increases in mass velocity yield increased heat transfer coef-
ficient assuming all other operating conditions are held constant).
Flow quality also influences heat transfer coefficient, with higher
liquid content (lower quality) leading to lower values of condensa-
tion heat transfer coefficient.

Channel orientation was also seen to influence condensation
heat transfer, particularly at low mass velocities. At low mass
velocities vertical upflow is seen to exhibit highest values of heat
transfer coefficient, while as mass velocity is increased results for
all three orientations begin to converge. Gravity independence cri-
teria developed by O’Neill et al. [62] are evaluated using the pre-
sent dataset and are seen to give reasonable estimation of gravity
independence point.
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Comparison of experimental heat transfer results in vertical
downflow orientation with SFM predictions yielded good agree-
ment, particularly for low mass velocity cases. For horizontal flow,
evaluation of correlations commonly found in literature revealed
the majority of correlations slightly under predict heat transfer in
the current dataset, and particularly struggle with low flow quality
cases. The correlations of Shah [94], Wang et al. [95], and Dobson
and Chato [33] were seen to offer the best predictive performance
across all three orientations.

Key conclusions from this study are:

(1) Identification of condensation flow regime using tempera-
ture and pressure based methods presented in the compan-
ion study [74] prior to heat transfer data reduction is crucial
for eliminating non-axisymmetric cases from the dataset
and identifying countercurrent flow cases for later analysis.

(2) Uncertainty analysis for heat transfer coefficient calculations
revealed channel average heat transfer coefficient values are
calculated with uncertainties of ±3.6% to ±26.7% (depending
on operating conditions). Local heat transfer coefficient val-
ues in the channel exit region may have significantly higher
uncertainties, however, and trends for this portion of the
channel should be analyzed with caution.

(3) Mass velocity is seen to be the dominant parameter govern-
ing changes in condensation heat transfer coefficient. Liquid
content plays a secondary role, and orientation (body force)
is also seen to have an influence, particularly at low
flowrates.

(4) Separated Flow Model (outlined in Table 2) predictions for
vertical downflow condensation heat transfer yield reason-
able agreement with experimental results, evidenced by an
overall MAE of 31.2% on the current dataset.

(5) Assessment of correlations for heat transfer coefficient in
horizontal flow reveal the majority do a reasonable job of
predicting heat transfer coefficient. Most correlations strug-
gle to predict heat transfer in cases with high liquid content
(low quality) and the majority of inaccuracies come from
these cases. Best predictive results are found for the correla-
tions of Shah [94], Wang et al. [95], and Dobson and Chato
[33], with MAEs of 24.7%, 24.2%, and 24.1%, respectively.

Future experiments on the International Space Station (ISS)
involving tests at similar operating conditions using a test section
with the same diameter and condensation length will provide a
microgravity dataset for comparison with the current 1-g results.
It is expected these results will greatly further understanding of
the role of body force on the condensation heat transfer process.
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