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ABSTRACT

This study explores condensation of FC-72 in horizontal tubes. Using high-speed video motion analysis,
dominant condensation flow regimes are identified for different combination of mass velocities of FC-72
and cooling water. Additionally, detailed heat transfer measurements are used to explore both axial and
circumferential variations of the condensation heat transfer coefficient. Four different regimes are iden-
tified: stratified, stratified-wavy, wavy-annular with gravity influence, and wavy-annular without gravity
influence. In the latter regime, which is achieved at high FC-72 mass velocities, annular film transport
is dominated by vapor shear with negligible gravity effects. Using different types of regime maps, prior
relations for transitions between regimes are assessed, and new, more accurate transition relations devel-
oped. The heat transfer coefficient is shown to be highest near the inlet, where quality is near unity and
the film thinnest, and decreases gradually along the condensation length because of axial thickening of
the liquid film. This study also explores the predictive capabilities of prior heat transfer correlations
and a control-volume-based annular flow model. The experimental data of both the local and average
condensation heat transfer coefficients show fair to good agreement with predictions of prior and popular
correlations. But superior predictions in both trend and magnitude are achieved with the annular flow

model.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

For many decades, condensation has been implemented in
power generation, chemical, pharmaceutical, and refrigeration
and air conditioning applications. The high heat transfer coeffi-
cients associated with condensation have also made possible the
development of thermal management solutions for a number of
modern technologies that demand the transfer or dissipation of
large amounts of heat from small volumes. These include cooling
systems for high power density electronic and power devices.
These cooling systems generally rely on boiling to acquire the heat
from the device, and reject the heat to the ambient by condensa-
tion [1]. Much of the research on these systems has been focused
on the heat acquisition by boiling, including pool boiling [2-4],
channel flow boiling [5-7], jet [8-11] and spray [12-15], as well
as enhanced surfaces [16-18] and hybrid cooling configurations
[19]. Condensation, however, has received far less emphasis, and
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most of the design tools for condenser design are adopted directly
from tools developed decades ago for more conventional power
generation and refrigeration and air conditioning applications.

Several well-defined flow regimes have been identified for con-
densation inside horizontal tubes which, in order of decreasing
quality, include pure vapor, annular, slug, bubbly and pure liquid
[20]. Both flow regime maps and regime transition relations have
been recommended to determine dominant flow regimes [21-
26]. The annular regime has attracted the most attention because
of its prevalence over a large fraction of the tube length and ability
to deliver high heat transfer coefficients. The annular regime con-
sists of a thin film that sheathes the inner walls of the condensa-
tion tube, shear driven by a faster moving central vapor core.

While vapor shear is the main driving force in annular conden-
sation, gravity can also play an important role for condensation
inside horizontal tubes, which is manifest in stratification of liquid
toward the bottom of the inner surface. This results in a relatively
thick liquid film towards the bottom, compared to a very thin film
or no film at the top. Conditions that yield pronounced stratifica-
tion effects are generally associated with a strong influence of
gravity on the magnitude and spatial variations of the condensa-
tion heat transfer coefficient.
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Nomenclature

A* constant in eddy diffusivity function

A, flow area in liquid control volume

Cp specific heat at constant pressure

D diameter

fi interfacial friction factor

G mass velocity

g gravitational acceleration

h heat transfer coefficient

h condensation heat transfer coefficient averaged over re-
gion where x <1

hgg latent heat of vaporization

j superficial velocity

j dimensionless superficial velocity

jé modified superficial vapor velocity

K Von-Karman constant

k thermal conductivity

1y mass flow rate of FC-72 liquid film

pc total mass flow rate of FC-72

Mg mass flow rate of FC-72 vapor core

My mass flow rate of cooling water

P pressure

Py perimeter

Pr Prandtl number

Pry turbulent Prandtl number

q heat transfer rate

q" heat flux at distance y from inner wall of inner stainless
steel tube

q, heat flux at inner wall of inner stainless steel tube

Qw heat transfer rate from FC-72 to cooling water

Re Reynolds number

Rey FC-72 film Reynolds number, Res= G (1 — x)D/pr

T temperature

u velocity

u* friction velocity

Ug mean vapor core velocity

We* modified Weber number

X mass quality

Xe thermodynamic equilibrium quality

Xt Lockhart-Martinelli parameter

y distance perpendicular to inner wall of inner stainless
steel tube
z stream-wise distance

Greek symbols

I'y, rate of mass transfer due to condensation per unit dis-
tance

o thickness of condensing film

&m eddy momentum diffusivity

&n eddy heat diffusivity

u dynamic viscosity

v kinematic viscosity

p density

4 surface tension

T shear stress

¢ two-phase multiplier

Subscripts

air air

avg average

bottom  bottom surface

exp experimental, measured

f saturated liquid; liquid film

FC FC-72

g saturated vapor; vapor core

i interfacial; inner wall of inner stainless steel tube
in inlet

0 outer wall of inner stainless steel tube
out outlet

pred predicted

sat saturation

ss inner stainless steel tube

top top surface

P two-phase region

w water; wall

wall wall of inner stainless steel tube
Superscript

+ dimensionless

Numerous condensation heat transfer correlations and models
have been published in the past. Most of these predictive tools
are valid for specific fluids and relatively narrow ranges of operat-
ing conditions. Predictive tools for annular condensation heat
transfer can be grouped into (a) semi-empirical correlations [27-
30], which are limited to specific fluids and operating conditions,
(b) universal correlations [31,32], which are based on consolidated
databases for a large number of fluids and broad ranges of operat-
ing conditions, and (c) analytical control-volume-based models
[33]. There is a far smaller number of empirical correlations for
annular condensation involving pronounced gravity effects in hor-
izontal tubes [34-36].

As indicated above, there are several types of flow regime maps
that employ different coordinates to segregate flow regimes, such
as mass velocity versus quality [23,24,29], and superficial velocity
of vapor, jg, versus that of liquid, jr[21,36]. Large disagreements in
the predictions of early regime maps has spurred the development
of maps that rely on dimensionless groups; these maps are deemed
more effective at capturing the dominant forces associated with
different flow regimes [37,38]. Nonetheless, a key drawback to
dimensionless flow regime maps is the difficulty representing the
many dimensionless groups governing multiple flow regimes using
a single two-dimensional plot.

The primary objectives of the present study are to (1) identify
dominant condensation flow regimes encountered inside horizontal
tubes, (2) construct regime maps, (3) explore the axial and circum-
ferential variations of the condensation heat transfer coefficient,
(4) assess the predictive capabilities of prior heat transfer correla-
tions, and (5) assess the effectiveness of a control-volume-based
model in predicting the condensation heat transfer coefficient. Long
term, these findings are intended for design of thermal control sys-
tems for future space vehicles. As follow-up to [39], findings from
the present study will be used in the future to ascertain the influence
of body force by comparing data for condensation in upflow [40],
downflow [33] and horizontal flow with those in microgravity
[41]. This comparison will help identify the minimum mass velocity
(i.e., minimum pumping power) that would negate the influence of
body force on condensation in space vehicles.

2. Experimental methods
2.1. Condensation flow loop
As shown in Fig. 1(a) and depicted in Fig. 1(b), the condensation

facility used in this study consists of a primary loop for the con-
densing fluid, FC-72, and two water cooling loops. Condensation



700 L. Park et al./ International Journal of Heat and Mass Transfer 80 (2015) 698-716

Modular —— R
Liquid-to-Liquid FC-72
@4 D B - Cooling System —--p—-  Water
ety O 4------ Condensation
Water Tap Pre-Heater Module
Iil Flow Water
® ® Meters i L g
2.5 H
v A
®+O O
Pre-Heater
Power Control
Data
FC-72 Acquisition
MFekt];:s System
- i Modular Liquid-
Condenser =3 <:A|r H liquid Cooling
= Relief System
Fe -JQ*-— Valve f
i Modular Liquid-to-Air X !
H t H FC-72 Flow
: —— Loop Cart

——_ Heat i L\
<+~ Exchanger Reservoir g Variac  Pump
Air Immersion (228
Heater
(@) (b)
UWa(er
Brass
Adaptors
Compressmn
Fitting
Fo72 ) S
Inner Tube / Oliieglubs
Water Water \
U Outlet ﬂ Inlet Screws
g Rubber Inner Borosilicate Glass Tube Rubber O-ring
Sleeve 1,219 mm Long x 10.16 mm i.d. Sleeve
x 1.8 mm thick
FC-72 L FC-72
Inlet C) Outlet
(x>1) O<x<1) T-type Thermocouples
In Stainless Steel

Outer Polycarbonate Plastic Tube
19.05 mmi.d. x 25.40 mm o.d.

(c)

Front View

e

Water Outlet

Top View

e

H 76.2 mm

H 76.2 mm

Sheathing
l 9

304 Stainless Steel Outer Tube
22.48 mm i.d. x 3.05 mm Thick

(d)

“—"139.7 mm 9
|

Water Inlet

304 Stainless Steel Inner Tube
11.89 mm i.d. x 0.41 mm Thick

}———‘139.7 mm g
®

=) =
FC-72 Inlet ‘ ‘ FC-72 Outlet
(x>1) 125084 O<x<1)
| mm |

(e)

Fig. 1. (a) Schematic diagram of condensation facility. (b) Photo of facility. (c) Construction of flow visualization module. (d) Construction of heat transfer module. (e)
Location of thermocouples for temperature measurements of outer wall of inner tube and cooling water in heat transfer module.

fluid made by 3M-company, FC-72 is a colorless and odorless
dielectric fluid developed mostly for electronics cooling applica-
tions. Table 1 provides representative thermophysical properties

is achieved by transferring heat from the FC-72 to the first water
loop via a condensation test module. A separate condenser is used
to transfer heat to the second water cooling loop. A perfluorinated
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Table 1
Thermophysical properties of saturated FC-72, Water and R134a at 65 °C.
ky [W/m K] #y [kg/ms] Cos [J/kg K] o [mN/m] hye [K]/kg] pr [kg/m?] pg [kg/m?]
FC-72 0.0529 396 x 10°° 1120 7.47 92 1569 17.35
Water 0.6454 433 x 107 4184 65.36 2345 981 0.161
R134a 0.0618 115 x 107° 1723 3.16 132 1026 100.50

of this fluid along with those of other commonly used working flu-
ids (water and R134a) at a saturation temperature of 65 °C corre-
sponding to the average operating pressure for the present study
of 1.34 bar.

The primary FC-72 loop contains a sealed reservoir from which
the liquid is circulated with the aid of a gear pump. The liquid is
passed through one of several rotameters for flow rate measure-
ment following which it is converted to slightly superheated vapor
by a 14.2 kW Watlow pre-heater. The FC-72 vapor is then routed
into the condensation module, where it is partially returned to
liquid state by rejecting heat to a counter-flow of water from the
first water loop. The FC-72 two-phase mixture exiting the conden-
sation module is cooled further by rejecting heat to the second
water cooling loop via a plate-type condenser. Prior to returning
to the reservoir, any residual FC-72 vapor is converted to subcooled
liquid by an air-cooled condenser. The FC-72 temperature is mea-
sured at the pre-heater’s inlet, and the temperature and pressure at
both the inlet and outlet of the condensation module. The water
temperature is measured at the inlet and outlet of the condensa-
tion module. The FC-72 temperature and pressure are also mea-
sured at several locations in the primary loop.

The first water cooling loop absorbs the heat from the FC-72 in
the condensation module and rejects it to tap water using a 14-kW
modular Lytron cooling system consisting of a reservoir, pump and
liquid-to-liquid heat exchanger. The second water cooling loop
consists of a 1.46-kW modular Lytron system containing a reser-
voir, pump and water-to-air heat exchanger.

Before performing any condensation tests, the FC-72 is carefully
deaerated in the primary loop’s reservoir using immersion heaters
and a condensation coil that is cooled by the second water cooling
loop. Full deaeration requires simultaneous vigorous boiling and
condensation of the FC-72 for 30 min, during which any non-con-
densable gases are purged to the ambient.

2.2. Condensation module for flow visualization

Two separate condensation modules are used in this study, one
for flow visualization and the other for heat transfer measure-
ments. These modules possess similar dimensions but feature dif-
ferent construction materials.

The flow visualization module features transparent tube-in-
tube construction. As shown in Fig. 1(c), the FC-72 flows horizon-
tally through the inner tube, and the water flows in the opposite
direction through the annulus between the inner and outer tubes.
The inner 1219-mm long tube is made from borosilicate glass and
has a 10.16-mm i.d. and wall thickness of 1.8 mm. The outer tube is
made from polycarbonate plastic (Lexan), which, like the inner
tube, features high transparency but a much lower thermal con-
ductivity, and has a 19.05-mm i.d. and 25.4-mm o.d. The inlet
and outlet of the condensation module are fitted with rubber seal-
ing sleeves between the inner the outer tubes, which result in a
condensation length of 1143 mm for flow visualization. The FC-
72 inlet and outlet of the flow visualization module are fitted with
type-T thermocouples and pressure transducers. Both the inlet and
outlet of the waterside are fitted with type-T thermocouples.

Flow visualization is achieved with a high-speed Photron Fast-
cam video camera fitted with a Nikon 105-mm magnification lens.

The camera is positioned normal to the front of the condensation
module, which is back lit by an array of 15 high power white 5-
W LEDs.

2.3. Condensation module for heat transfer measurements

The second module is used exclusively for obtaining detailed
heat transfer measurements. This module has an overall design
very similar to that of the flow visualization module except for
the use of different materials to facilitate accurate heat transfer
measurements. Fig. 1(d) illustrates the construction of the inner
and outer tubes of the heat transfer module, which features a con-
densation length of 1259.8 mm. Both tubes are made from 304
stainless steel. The inner tube has an 11.89-mm i.d. and wall thick-
ness of 0.41 mm, and the outer tube 22.48-mm i.d. and 3.05-mm
wall thickness. A compromise between the need to minimize resis-
tance to radial heat conduction between the FC-72 and water, ver-
sus that to minimize axial wall conduction effects is achieved with
a combination of small thickness of the inner tube and relatively
low thermal conductivity of stainless steel. A thick outer layer of
fiberglass insulation that is applied over the entire condensation
module minimizes any heat loss to the ambient.

Like the flow visualization module, the heat transfer module
contains temperature and pressure instrumentation at the inlets
and outlets for both fluids. However, the heat transfer module fea-
tures 45 type-T thermocouples, 28 of which are installed in 14 dia-
metrically opposite pairs on the outer top and bottom surfaces of
the inner tube to capture any gravity induced temperature differ-
ences. Layout of these thermocouples is illustrated in the front
view of the heat transfer module in Fig. 1(e). The thermocouple
pairs are closer to one another in the FC-72 inlet region to capture
the sharp axial variations in wall temperature near the inlet. 14
other thermocouples are inserted into the water annulus at the
same axial locations as the wall thermocouples as illustrated in
the top view in Fig. 1(e). Three additional thermocouples are
inserted in the water diametrically opposite to three of the 14 main
water thermocouples to capture any asymmetry in the water tem-
peratures. All thermocouples are made from 0.21-mm diameter
thermocouple wire with a bead diameter of 0.79 mm.

2.4. Operating conditions and measurement uncertainty

Two separate series of experiments are performed using the
two condensation modules. The experiments using the flow visual-
ization module are focused on both identifying the condensation
flow regimes and capturing the interfacial behavior of the condens-
ing film. The second series of experiments are performed with the
heat transfer module to capture the detailed spatial variations of
the condensation heat transfer coefficient. In both series of exper-
iments, the thermodynamic equilibrium quality of FC-72 at the
inlet is maintained slightly above unity.

The flow visualization experiments consist of 110 sets of oper-
ating conditions. As indicated in Table 2, they include 22 FC-72
mass velocities in the range of Gpc=26.65-343.79 kg/m”s and a
broad range of water mass velocities of G, =12.22-476.64 kg/
m?s. Also included in Table 2 are values of FC-72 inlet quality,
Xein, inlet temperature, Trci,, inlet pressure, Pgcin, outlet quality,
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Table 2
Experimental operating conditions for the flow visualization tests.
FC-72 Cooling water qw [W] Xe,out Reyour
Xejin titrc [g]s] Grc [kg/m? 5] Trcin [°C] Prc,in [KkPa] 1y [g/s] Gw [kg/m?s] ATy, [°C]
Max. 1.12 27.89 343.79 73.38 147.37 64.97 476.64 26.14 836.35 0.80 2508.22
Min. 1.03 2.16 26.65 64.79 105.50 1.67 12.22 3.01 182.12 0.05 534.52
Table 3
Experimental operating conditions for the condensation heat transfer tests.
FC-72 Cooling water qw [W] Xeour  Refour
Xein  Tiec [gs]  Grelkg/m®s]  Tecin [°C]  ATrcsarte [°C]  Prcin [KPa]  1ity [g/s] G [kg/m®s] AT, [C]
Max. 1.07 64.02 576.83 83.7 3.16 200.61 83.31 308.32 10.07 3145.7 0.55 7926.79
Min. 1.02 432 38.96 61.43 0.05 103.44 66.64 246.66 1.97 686.42 0.01 876.61

Xeoun and outlet film Reynolds number, Reroy, as well as the
amount of heat transferred from FC-72 to the cooling water, q,.
Of the 110 tests, 104 resulted in saturated two-phase mixture con-
ditions at the exit, while 6 tests (Gpc=26.65 kg/m2 s with
G, =18.33, 24.44, 30.55, and 36.66 kg/m?s and Ggc=39.94 kg/
m? s with G,, = 45.83 and 54.99 kg/m? s) produced subcooled liquid
exit conditions. Table 2 excludes the values of X, ., and Reg,,; for
those 6 tests.

The heat transfer experiments consist of 45 sets of operating
conditions. As indicated in Table 3, these tests include 15 FC-72
mass velocities in the range of Gpc=38.96-576.83 kg/m?s with
Gy = 246.66, 277.48 and 308.32 kg/m? s for each FC-72 mass veloc-
ity. To preclude uncertainties from cooling water entrance effects,
heat transfer data are measured only within the FC-72 upstream
condensation length of z=0-807.7 mm. Inlet FC-72 quality values
in the range of x.;; = 1.025-1.074 produce upstream single-phase
superheated vapor regions 8.08-74.31-mm long (1.0-9.2% of the
807.7 mm length considered in the heat transfer measurements).
Of the 45 tests, 39 resulted in two-phase mixture conditions at
the exit with Xeou =0.01-0.55 and Refq,=876.61-7926.79,
respectively. The remaining 6 tests (Grc=38.97 kg/m?s with
G, =246.66, 277.48 and 308.32 kg/m?s, and Gpc=77.91kg/m?s
with G, =246.66, 277.48 and 308.32 kg/m?s) resulted in sub-
cooled liquid conditions at the exit with two-phase condensation
lengths in the range of 274.62-557.33 mm (34-69% of the 807.7-
mm measurement length). Table 3 excludes the values of X, oyr
and Rey,, for these 6 tests.

The pressure transducers used throughout the condensation
facility possess a measurement uncertainty of +0.5%, and uncer-
tainties of the thermocouples are smaller than +0.4 °C. Uncertain-
ties in the outer diameter and wall thickness of the condensing
tube used for heat transfer measurements are +0.08 and
+0.03 mm, respectively. The uncertainties of the outer diameter
and wall thickness of the outer tube of the same condensation
module are +0.13 and +0.18 mm, respectively. Combining these
uncertainties with those associated with determination of fluid
properties yields overall uncertainties in determining heat transfer
rate, vapor quality, and condensation heat transfer coefficient of
10.01%, 11.23% and 11.41%, respectively.

3. Flow visualization results
3.1. Condensation regimes
It is crucial to point out that, because the FC-72 film covers the

inner wall of the inner tube, the captured video images represent
two separate interfaces overlaid on one another. Nonetheless, the

video method used and construction of the flow visualization mod-
ule could clearly identify all dominant flow regimes.

One key objective of the present flow visualization experiments
is to complement earlier experiments by the authors [39], which
utilized a different construction for the flow visualization module.
In the prior experiments, the flow paths for the FC-72 and water
are reversed compared to the present flow visualization module.
The water flow was passed through a 304 stainless steel tube
and the FC-72 in the opposite direction through an annulus
between the 5.99-mm o.d. stainless steel tube and an 12.2-mm
wide square outer channel made from polycarbonate plastic; the
hydraulic diameter for the FC-72 flow was 7.12 mm. A key advan-
tage of the present flow visualization module is its simple circular
geometry for the FC-72 flow, which is the same geometry adopted
for the heat transfer measurements.

To map condensation regimes, video images are captured for
110 sets of operating conditions at three 381-mm long inlet, mid-
dle and outlet regions centered at z=190, 571 and 952 mm,
respectively, from the FC-72 inlet. These tests yield superheated
vapor flow in the inlet region, while, as indicated earlier, 6 tests
produce subcooled liquid flow in the outlet region. After careful
examination of the video images, four dominant flow regimes are
identified: stratified, stratified-wavy, wavy-annular with gravity
influence, and wavy-annular without gravity influence. When com-
puting parameters for assessment of flow regime maps using the
data reduction technique discussed later, the temperatures of both
the FC-72 and cooling water are assumed to vary linearly along the
condensation length of the flow visualization module. The FC-72
parameters used in the flow regime maps include mass velocity,
Gre, thermodynamic equilibrium quality, x., superficial liquid
velocity, j; modified superficial vapor velocity, jé, modified Weber
number, We*, Lockhart-Martinelli parameter, X, and dimension-
less superficial vapor velocity, ji.

Fig. 2 shows representative sequential images of the FC-72 con-
densation film along the inner wall of the glass tube for the afore-
mentioned four condensation regimes. The duration of each
sequence is 0.3 s, with individual images separated by 0.0125s.
The images presented in Fig. 2(a) are captured in the middle region,
centered at z=571 mm from the FC-72 inlet, and Fig. 2(b-d) in the
exit region, centered at z =952 mm. It is noted that all high-speed
video clips are captured at 8000 frame/s with a resolution of
512 x 256 pixels.

Fig. 2(a) shows representative images of the stratified regime
corresponding to Gpc = 26.65 kg/m? s, x, = 0.43 and G,, = 36.66 kg/
m? s. Computed values for the FC-72 flow parameters in this figure
are jy= O-OLJ}/; =3.00, We* = 5.52, X,y = 0.17 and j, = 0.25. The strat-
ified regime is characterized by complete separation between
liquid and vapor, which occurs at low mass velocities for both
phases. Weak vapor and liquid inertia at these conditions enable
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Fig. 2. Sequential images of (a) stratified regime with Gpc = 26.65 kg/m? s, x. = 0.43 and G,, = 36.66 kg/m? s, (b) stratified-wavy regime with Gpc = 53.25 kg/m? s, X, = 0.29 and
Gy =61.10 kg/m? s, (c) wavy-annular with gravity influence regime with Grc = 132.94 kg/m? s, x, = 0.65 and G,, = 183.32 kg/m? s, and (d) wavy-annular without gravity influence
regime with Gpc=265.19 kg/m? s, x, = 0.76 and G,, = 366.66 kg/m? s. Total duration of each sequence is 0.3 s, with individual images separated by 0.0125s.

gravity to play a dominant role, accumulating the liquid at the bot-
tom of the tube and vapor above. The liquid-vapor interface
appears to be laminar, which can be explained by the weak vapor
shear corresponding to low Gpg. Relatively large waves are
observed at the interface at times, but these waves quickly subside
into the liquid layer.

Representative images of the stratified-wavy regime are
depicted in Fig. 2(b) corresponding to Ggc=53.25kg/m?s,
Xe=0.29 and G, =61.10kg/m?s. Computed values for this test
are jy= 0.02,]'; =3.83, We* = 6.58, X = 0.32 and ji, = 0.32. Increasing
Grc from the previous stratified regime increases velocity difference
between the vapor and liquid as well as the vapor shear stress;
both intensify interfacial instability. There is also an increase in
the amplitude of the interfacial waves, but this amplitude is still
too small to ensure any appreciable liquid contact with the top
of the tube. The liquid in the stratified-wavy regime is still accumu-
lated on the bottom in the form of a thick liquid layer, which dem-
onstrates the important influence of gravity for this regime.
Fig. 2(b) shows liquid droplets are broken off the wave crests and
entrained into the vapor flow.

As the mass velocity of FC-72 is increased further, the vapor
shear becomes strong enough to spread the liquid along the entire
tube perimeter. This behavior is captured in Fig. 2(c) corresponding
to Gpe=132.94kg/m?s, x.=0.65 and G, =183.32kg/m?s, and
computed FC-72 parameters of jr=0.03, j; =21.37, We* =20.06,
Xt =0.08 and j, = 1.76. This flow regime is identified as wavy-annu-
lar with gravity influence. The effect of gravity is manifest by the
thicker film at the bottom compared to a much thinner film at
the top. There is also increased turbulence and interfacial instabil-
ity, with the film’s interface at the bottom incurring chaotic large

waves, while the film at the top exhibits mostly small capillary rip-
ples. Droplets are created mostly from breakup of waves on the
bottom liquid layer.

A large increase in Ggc greatly increases the vapor velocity and
therefore interfacial shear, which dwarfs the influence of gravity
altogether. This results in the wavy-annular without gravity influ-
ence regime depicted in Fig. 2(d) for Ggc=265.19 kg/m?s,
X.=0.76 and G, =366.66 kg/m?s, and corresponding computed
FC-72 parameters of jr=0.04, jé, =49.61, We*=37.17, X, =0.05
and j, = 4.08. Here, the liquid film is spread uniformly along the
inner perimeter. The film’s motion is dictated by the large vapor
shear, which is also responsible for formation of both large waves
and small ripples. High shear also causes breakup of minute liquid
droplets from the wave crests; these droplets are entrained in the
form of clusters that are entrained in the vapor core.

3.2. Flow regime maps

The experimental flow regime data are compared to four differ-
ent types of previously published regime maps. Table 4 provides
information concerning working fluid, hydraulic diameter, and
quality range of the original maps. Fig. 3(a) shows a comparison
between the present flow regime data and prior G versus x, regime
maps [20,29]. Despite differences in hydraulic diameter and chan-
nel geometry between the present study and the original map, this
map shows fair ability in capturing the present annular regime
data. Notice that a combination of high Gg- and high x, produces
annular flow (designated in the original map as wavy-annular
and smooth-annular regimes), which also includes the present
wavy-annular with gravity influence and wavy-annular without grav-
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Table 4
Details of prior flow regime maps.
Mandhane et al. [21] Breber et al. [22] Soliman [23,24] Wang et al. [29] Chen et al. [25] Kim and Mudawar [26]
Working fluid  Air-water R11, R113, R12, n-pentane, steam Steam, R113, R12 R134a R134a FC-72
Dy [mm] 12.7-165.1 4.8-50.8 7.4-12.7 1.46 12,14 1
Quality range - - 0.2-0.95 0.03-0.94 (inlet quality) - 0-1
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Fig. 3. Comparison of present flow regime data with flow regime maps of: (a) Wang et al. [29] and Kim et al. [20], (b) Mandhane et al. [21], (c) Soliman [24], Chen et al. [25]

and Kim et al. [26], and (d) Breber et al. [22].

ity influence regimes. For small Ggc and small x, values, gravity
plays a dominant role in the present study, which is reflected in
the stratified-wavy and stratified regimes.

Fig. 3(b) compares the present flow regime data with the
regime map of Mandhane et al. [21], which is based on superficial
liquid and vapor velocities, jr and jg, respectively. The map shown

here is modified by replacing j; by j; (: ,/pg/pairjg). as recom-
mended by Dobson and Chato [36] to extend Mandhane et al.’s ori-
ginal air-water map to several types of refrigerants. Using the
modified superficial vapor velocity, Fig. 3(b) shows that this map
predicts the present four flow regime data with fair accuracy.
Notice the far stronger dependence of flow regimes on the modi-
fied superficial vapor velocity than the superficial liquid velocity.

The experimental flow regime data are compared to two other
types of maps that compensate for differences in working fluid
and tube geometry with the aid of appropriate dimensionless

groups. Fig. 3(c) compares the present data with those of Soliman
[24], Chen et al. [25] and Kim and Mudawar [26]. Soliman derived
flow regime boundary relations by balancing destructive and stabi-
lizing forces using the modified Weber number, We*, and the Lock-
hart-Martinelli parameter, X, where

03
We' =2.45Re)™ S—ED ¢3* for Rey < 1250, (1a)
and
We' —0.85Re0™ [ H A " x\™ for Re; > 1250
o (o) () ()] () oo
(1b)
where
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Fig. 4. (a) Thermal model used to determine the local condensation heat transfer coefficient for FC-72. (b) Operating conditions for heat transfer module superimposed on
prior flow regime maps based on We* versus X, along with predictions of Soliman [24], Chen et al. [25] and Kim et al. [20]. (c) Operating conditions for heat transfer module
superimposed on prior flow regime map based on j;, versus X, along with predictions of Breber et al. [22].

Reg = x.GD/ s, (2a)
Rer = G(1 —x.)D/ s, (2b)
0.5 0.1
Xe = (1 - "")09 Pe) (B 3)
Xe Py Hg
and
¢ =1+1.09 X% (4)

Using Soliman’s dimensionless groups, Chen et al. [25] rec-
ommended relations for the boundaries between his annular
and stratified-wavy regimes and between stratified-wavy and
plug regimes based on experimental data for horizontal conden-
sation of R134a inside 12 and 14-mm microfin tubes. Also using
Soliman’s dimensionless groups, Kim and Mudawar [26] recently
proposed the following boundary relations for condensation of
FC-72:

Smooth — annular to wavy — annular :  We* = 90 X, (5a)
Wavy — annular to transition : We' =24 X241, (5b)

Transition to slug : We' =7 X%2 (5¢)

It should be emphasized that We* in the above relations and all
We* relations hereafter are defined according to Eqs. (1a) and (1b)
depending on the magnitude of Re. Fig. 3(c) shows fair agreement
between the present flow regime data and the predictions of the
We* — X, map. However, the present regime data are better segre-
gated with the aid of the following regime boundary relations
based on modified Weber number:

Stratified: We" <6.03, (6a)
Stratified to wavy stratified : 6.03 < We* < 19.39, (6b)
Wauwy stratified to wavy-annular with gravity influence: 19.39 < We* < 25.46, (6¢)
Wavy-annular without gravity influence: We' > 25.46. (6d)

Fig. 3(d) compares the present flow regime data to a fourth type
of regime map proposed by Breber et al. [22], which utilizes the
coordinates of dimensionless superficial vapor velocity, j,, and
Xi» Where

" X.G
M. — )
gng(pf - pg)

Breber et al. proposed annular flow is achieved for j, > 1.5 and
X< 1.0, and stratified and stratified-wavy flow for j, < 0.5 and
X < 1.0. Again, this map predicts the present flow regimes fairly
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Fig. 5. Axial variations of (a) outer wall temperatures (top, bottom and average) of condensation tube and cooling water temperature in heat transfer module, and (b)
corresponding condensation heat transfer coefficients for five combinations of FC-72 and water mass velocities.
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well, however, the present regime data are better segregated
according to the following boundary relations based on dimension-
less superficial vapor velocity:

Stratified: j, <0.28, (8a)
Stratified to wavy stratified: 0.28 <j, <1.61, (8b)
Wavy stratified to wavy-annular with gravity influence: 1.61<j, <2.54, (8¢)
Wavy-annular without gravity influence: j, > 2.54. (8d)

Overall, the four types of regime maps show fair ability in pre-
dicting the present flow regimes, especially in terms of overall
regime trends. However, these maps are not able to predict condi-
tions where the influence of gravity can be negated. This limitation
is corrected with the aid of the new regime boundary relations,
Egs. (6a)-(6d) and (8a)-(8d). Nonetheless, the reader is reminded
about the fundamental weakness of all regime maps, which stems
from the inability to accurately describe boundaries between dras-
tically different flow regimes that are characterized by different
dimensionless groups using a single two-dimensional plot.

4. Heat transfer results
4.1. Data reduction technique

As discussed in [33], the local condensation heat transfer coef-
ficient in the heat transfer condensation module is determined
with the aid of thermal model that is illustrated in Fig. 4(a). Con-
densation along the liquid film’s interface is assumed to occur at
saturation temperature, Ty, (z). Because pressure drop across the
condensation length is quite small, the saturation pressure, Py, (2),
used to determine Ty, (z) is calculated from a linear curve fit
between the measured inlet pressure, P;,;, and outlet pressure, Pyy;.
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The water temperature, T,, (z), and outer wall temperature of the
inner tube, T\yq, (2), are determined from curve fits to their respec-
tive measured values. A differential amount of heat, dq, that is
transferred from the FC-72 to the water is equal to the differential
rise in sensible energy of the water. For the portion of the conden-
sation length where x, <1, the local condensation heat transfer
coefficient, h(z), of FC-72 is determined from

Tyari — T .
dg = (MDd2)1(Tsar — Twans) = g5 = MwCpwdTw. 9)

2mkssdz

For the short upstream superheated region before the liquid
film begins to develop, the temperature of the FC-72 vapor, T, (2),
is determined from the heat balance rigc ¢y dTy = 1,,CpwdTw, and
Xe from X, =1+ ¢pg(Tg — Tsar)/hge Which is also used to determine
the location z where x,=1. The heat transfer coefficient for the
superheated region is obtained by replacing T, in Eq. (9) with
the local temperature of the superheated vapor.

Twai — T .
dq = (nDid2)(Ts — Tuans) = —"F0 5 = uCpwdTa. (10)
{ 21Ik55dzx }

For the saturated region (x, < 1), the local flow rate of the con-
densing film, my(z), is obtained by integrating the relation
dmy = dq/hg, from the location where x, = 1. The local thermody-
namic equilibrium quality in the same region is given by
Xe = (Mgc — 1) /Mhgc.

4.2. Determination of local flow regimes

Unlike the flow visualization module used to assess the conden-
sation flow regimes as discussed in the previous section and
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Fig. 6. Axial variations of (a) measured and fitted temperatures of outer wall of condensation tube and cooling water in heat transfer module, and (b) heat transferred from
FC-72 to cooling water per unit distance and quality of FC-72 for four FC-72 mass velocities.
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Fig. 7. Axial variation of experimentally determined condensation heat transfer coefficient in heat transfer module for different water mass velocities and FC-72 mass
velocities of (a) Grc=155.54 kg/m? s, (b) Gre=271.76 kg/m? s, (¢) Grc = 386.54 kg/m? s, and (d) Ggc = 500.76 kg/m? s.

Fig. 3(a-d), the heat transfer module used to measure h(z) does not
allow video access to the condensing flow. Therefore, the flow
regime transition relations discussed in the previous section are
used to relate the measured heat transfer coefficient data to
well-defined flow regimes. Fig. 4(b) and (c) shows five different
combinations of Ggc and G,, from the heat transfer module test
matrix presented in We" —X; and j, — X, maps, respectively,
excluding the short upstream superheated region. Indicated are
the new regime boundary relations given by Eqs. (6a)-(6d) in
Fig. 4(b) and Eqgs. (8a)-(8d) in Fig. 4(c). Both sets of regime bound-
ary relations provide consistent predictions of the local flow
regimes with only minor discrepancies. For the heat transfer study,
the flow regime boundary relations based on dimensionless super-
ficial vapor velocity, j,, are utilized to determine the local flow
regimes for the heat transfer results presented hereafter.

4.3. Circumferential variations of heat transfer parameters

Fig. 5(a) shows, for five sets of operating conditions, axial vari-
ations of wall temperatures of the condensation tube measured by
the thermocouples on the top and bottom of the outer tube wall,
Twaitorop AN Tyairoporrom: Tespectively, and the measured cooling
water temperature, T,. Also shown are third-order polynomial
curve fits to axial distance for the top outer wall temperature, bot-
tom outer wall temperature, average of the top and bottom outer
wall temperatures, and water temperature. These plots show rela-

tively short single-phase superheated vapor regions for all five
cases; temperature differences between the top outer wall and
the bottom outer wall are miniscule in the inlet region. For the
lowest FC-72 mass velocity at Gec = 77.91 kg/m? s, subcooled liquid
flow occupies nearly half of the condensation length in the down-
stream region. After the short superheated region, the stratified-
wavy and stratified regimes are encountered in sequence in the
upstream region. Notice that the subcooled liquid region is absent
for all other higher Gr.. With increasing Gg, the condensation
length occupied by the stratified and stratified-wavy regimes
becomes shorter, displaced upstream by the wavy-annular with
gravity influence and wavy-annular without gravity influence
regimes in order. Notice that most of the condensation length is
occupied by the wavy-annular without gravity influence regime for
the two larger FC-72 mass velocities of Gg-=271.73 and
386.36 kg/m? s. Fig. 5(a) also shows the differences between the
top and bottom outer wall temperatures are more significant in
the stratified-wavy and stratified regimes, caused by accumulation
of liquid and better cooling towards the bottom of the tube. The
maximum differences between the top and bottom outer wall tem-
peratures in the stratified-wavy and stratified regimes are 2.65 and
2.62 °C, respectively. In the wavy-annular without gravity influence
and wavy-annular with gravity influence regimes, the temperature
difference is less significant (especially for the former regime) as
the liquid film is now spread circumferentially around the inner
perimeter in response to increasing vapor shear. The maximum
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Fig. 8. Variation of experimentally determined local condensation heat transfer coefficient in heat transfer module with thermodynamic equilibrium quality for different
water mass velocities and FC-72 mass velocities of (a) Grc=155.54 kg/m? s, (b) Gpc=271.76 kg/ m? s, (c) Grc=386.54 kg/m? s, and (d) Ggc=500.76 kg/m? s. These plots
exclude the superheated region data captured in Fig. 7 from the inlet to the peak point.

differences between the top and bottom outer wall temperatures
in the wavy-annular without gravity influence and wavy-annular
with gravity influence regimes are 1.68 and 1.00 °C, respectively.

Fig. 5(b) shows axial variations of the condensation heat trans-
fer coefficient obtained using the top outer wall temperature, bot-
tom outer wall temperature, and average temperature of the two
for the same operating conditions as those in Fig. 5(a). Like the
temperature measurements, differences among the condensation
heat transfer coefficients obtained from the three different outer
wall temperatures are more significant in the stratified-wavy and
stratified regimes. The maximum differences between the conden-
sation heat transfer coefficients obtained from the top and bottom
outer wall temperatures in the stratified-wavy and stratified
regimes are 7.77% and 7.60%, respectively. The maximum differ-
ences between the condensation heat transfer coefficients
obtained from the top and bottom outer wall temperatures in
the wavy-annular without gravity influence and wavy-annular with
gravity influence regimes are 4.66% and 3.15%, respectively. It is
important to note that all heat transfer results presented hereafter
are based on the average outer wall temperature.

4.4. Heat transfer trends
Fig. 6(a) shows axial variations of the outer wall temperature of

the inner tube, T4, and the water temperature, T, (z), for four
different combinations of FC-72 and water mass velocities; both

variations are determined from third-order polynomial curve fits
to axial distance. These distributions are then used to calculate cor-
responding variations depicted in Fig. 6(b) for the amount of heat
transferred from the FC-72 to the water per unit length, dq/dz,
using Egs. (9) and (10), and the FC-72 mass quality, x, using
X = (Mgpc — 1i1y) /Migc. Fig. 6(b) shows dgq/dz for all FC-72 mass veloc-
ities is highest in the upstream region, where the condensate film
is thinnest, and decreases gradually towards the outlet because of
increasing film thickness. Additionally, dq/dz increases with
increasing Grc because of increased vapor shear. As expected,
Fig. 6(b) shows x is highest in the upstream region and decreases
gradually towards the outlet.

Fig. 7(a-d) shows axial variations of the experimentally deter-
mined local FC-72 heat transfer coefficient, h, in both the single-
phase superheated vapor region and film condensation regions
for Gpc=155.54-500.76 kg/m? s and G, = 246.65-308.32 kg/m? s.
For most cases, the heat transfer coefficient increases rather shar-
ply in the superheated vapor region near the inlet, reaching peak
value where the annular liquid film is initiated. Note that a clearly
defined single-phase vapor flow region upstream of the peak point
would yield a fairly constant h value. The unexpected trend of
increasing h in the upstream region may be explained by the film
formation commencing in a circumferentially nonuniform manner
within the predominantly single-phase vapor region where x, > 1.
The peak value is believed to occur where the film initiation
becomes complete. As shown in Fig. 7(a-d), h decreases
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Fig. 9. (a) Variations of flow regimes along condensation length for different FC-72 mass velocities. (b) Variation of experimentally-determined average condensation heat
transfer coefficient with water mass velocity for different FC-72 mass velocities. (¢) Variation of experimentally-determined average condensation heat transfer coefficient

with film Reynolds number averaged over two-phase region.

downstream of the peak value for all FC-72 mass velocities because
of the increasing liquid film thickness. Comparing Fig. 7(a-d)
shows h increases with increasing Grc, which can be attributed to
thinning of the film by the increasing vapor shear.

Fig. 8(a-d), which exclude the region from the inlet to the peak
point captured in Fig. 7(a-d), shows a monotonic decrease in h
with x,. for four FC-72 mass velocities. This trend is attributed to
the aforementioned axial increase in film thickness.

4.5. Axial span of flow regimes

Fig. 9(a) shows axial spans of the four flow regimes over the
807.7-mm measurement length for five FC-72 mass velocities of
Gre=116.80, 155.53, 232.98, 271.79 and 310.19 kg/m?s and
G, = 246.65-308.32 kg/m? s. For each value of Gg, there is a rela-
tively short upstream superheated region. The stratified regime is
present only over a short downstream distance for the lowest mass
velocity of Gpe=116.80 kg/m?s, and absent for the higher FC-72
mass velocities. The stratified-wavy regime is present for the three
lowest FC-72 mass velocities, and the axial span of the same
regime decreases with increasing Ggc; the stratified-wavy regime
is non-existent at Gpc=271.79 kg/m?s. The wavy-annular with
gravity influence regime is present for a broad range of Ggc from
116.80 to 271.79 kg/m? s, but the axial span of this regime is rela-
tively short for all four cases. The wavy-annular without gravity

influence regime is present from Ggc= 155.53 kg/m? s, and its axial
span increases with increasing Gpc. Notice that only the wavy-
annular without gravity influence regime is present over the entire
two-phase region after the short superheated region for the higher
FC-72 mass velocity of Gg-=310.19 kg/m? s.

4.6. Average condensation heat transfer coefficient

Fig. 9(b) shows the variation of the average condensation heat
transfer coefficient, h, with mass velocity of the cooling water,
Gy, for different FC-72 mass velocities. The values presented in
Fig. 9(b) are averaged over the two-phase condensation region,
thus excluding the upstream superheated vapor region. h increases
with increasing Grc because of the increased interfacial shear and
thinning of the liquid film. Fig. 9(c) shows h increases monotoni-
cally with the film Reynolds number, Resq,e averaged over the
two-phase condensation region.

5. Condensation model and correlations
5.1. Formulation of annular flow model
Recently, Park et al. [33] developed a control volume model for

annular flow corresponding to condensation in downflow. The
model was based on the assumptions of a smooth interface
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Table 5
Annular flow model relations [33].
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between the annular liquid film and vapor core, and circumferen-
tial symmetry of the liquid film. This model is briefly summarized
below with all key equations provided in Table 5.

Fig. 10(a) and (b) shows control volumes encompassing a portion
of the liquid film and the entire vapor core, respectively. The mass
flow rates of the liquid and vapor are iy and iy, respectively, and
I'y, represents the rate of interfacial mass transfer due to condensa-
tion per unit distance. The annular flow model involves application
of mass and momentum conservation to the differential liquid and
vapor control volumes. Neglecting axial momentum changes in
the liquid film, momentum conservation for the liquid is used to
develop relations for shear stress, 7, across the film, liquid velocity,
ur(y), and axial pressure gradient, —dP/dz. Next, applying momen-
tum conservation to the vapor control volume provides a relation
for the interfacial shear stress, 7;, in terms of the pressure gradient.
The interfacial shear stress is proportional to the product of interfa-
cial friction factor, f; [42], and square of velocity difference between
the vapor core and interface, plus interfacial momentum transfer
[43]. The heat flux across the liquid film is related to the liquid tem-

perature gradient according to q"/q’, = (Prf’1 +Pri'en/ vf> dr/dy”,

where T* = prc,su"(T — Tw)/q},y" = yu'/vp,u* = | /Tw/p;,and Prris
the turbulent Prandtl number (¢,,/¢,). The model uses an expression
for Prrderived by Mudawar and El-Masri [45] based on experimental
data by Ueda et al. [46]. Mudawar and El-Masri also developed a tur-
bulent mixing length profile based on an eddy-diffusivity profile
measured by Ueda et al. This profile was modified by Kim and Muda-
war [44] to obtain a relation for eddy momentum diffusivity in a
shear-driven film that accounts for axial pressure gradient per
[47,48]. This relation is used in the annular flow model to determine
the local condensation heat transfer coefficient using the relations
provided in Table 5.

5.2. Model predictions

Fig. 10(c-f) shows the model predictions of the variations of
film Reynolds number, Rej vapor core’s Reynolds number, Reg,
interfacial shear stress, t;, and film thickness, §, respectively, with
thermodynamic equilibrium quality for four sets of operating con-
ditions. Fig. 10(c) shows Reyincreases monotonically with decreas-
ing x, (i.e,, increasing z). The fastest increase in Rey is associated
with the largest Ggc, which results in the highest interfacial shear
and heat transfer coefficient. On the other hand, Fig. 10(d) shows
Reg decreasing with decreasing x,, again with the fastest decrease
associated with the highest Grc. Fig. 10(e) shows t; decreasing with
decreasing x., with the largest Ggc yielding the largest 7; and steep-
est decrease. Fig. 10(f) shows § increases along the axial condensa-
tion length as more vapor is condensed into liquid. Notice that a
relatively small film thickness is maintained along the entire con-
densation length for the three larger values of Ggc because of high
interfacial shear.

5.3. Predictions of local condensation heat transfer coefficient

Fig. 11(a-d) shows, for four FC-72 mass velocities, the variations
of the experimentally-determined local condensation heat transfer
coefficient, h, with thermodynamic equilibrium quality, x., along
with predictions of the annular model and six popular and recent
correlations. The heat transfer coefficient results and predictions
are associated with the two-phase region only and utilizing the
average outer wall temperature. The correlations used are summa-
rized in Table 6. The experimentally-determined heat transfer
coefficient is highest near x, = 1 and decreases monotonically with
decreasing x. because of the afore-mentioned axial thickening of
the condensation film. This trend is captured by the annular model
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Fig. 11. Comparison of quality dependence of experimentally-determined local condensation heat transfer coefficient with predictions of the annular flow model and prior
correlations for (a) Grc = 116.80 kg/m? s, (b) Gre = 271.73 kg/m? s, (c) Grc = 424.46 kg/m? s, and (d) Ggc = 576.41 kg/m? s. Comparison of experimentally-determined average
condensation heat transfer coefficient with predictions of (e) prior correlations and (f) the annular flow model.

and all six correlations, but with differences near x. = 1. The model
and three of the correlations based on the Lockhart-Martinelli
parameter, X, (Koyama et al. [50], Huang et al. [51] and Park
et al. [52]) show a sharp decrease in h near x, = 1, where the liquid
film is the thinnest. On the other hand, the correlations of
Cavallini and Zecchin [49] and Shah [27], which do not rely on

the Lockhart-Martinelli parameter, do not predict the sharp
upstream decrease. In fact, the Shah correlation shows h increasing
in the same region. Despite its dependence on the Lockhart-Marti-
nelli parameter, Xy, the correlation of Dobson and Chato [36] does
not predict the sharp decrease near x,=1 because of its weak
dependence on X;. And, while the experimentally-determined h
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does not display the expected sharp decrease, this may be the
result of the film being initiated in a more gradual manner rather
than abruptly at x.=1 as discussed earlier in conjunction with
Fig. 7. Despite the differences near x, = 1, the annular model and
all six correlations provide fairly good predictions of the data in
terms of overall magnitude and trend with decreasing x..

Fig. 11(a) shows the model and all six correlations underpredict
the data for Gpc=116.80 kg/m?s. Fig. 11(b) shows the annular
model and correlation by Koyama et al. underpredict the data,
while the other correlations overpredict for Ggc=271.73 kg/m?s.
Fig. 11(c) and (d) shows the model and all the correlations overpre-
dict the data for Gpc=424.46 and 576.41 kg/m? s, respectively.

5.4. Predictions of Average Condensation Heat Transfer Coefficient

Fig. 11(e) and (f) compares the experimentally-determined
average heat transfer coefficient, h, to predictions of the aforemen-
tioned six correlations and the annular model, respectively. Here,
the heat transfer coefficient is averaged over the two-phase region
only, excluding the short superheated region neat the inlet. The
comparisons shown include data corresponding to all flow
regimes, but exclude data for the six sets of operating conditions
associated with subcooled liquid exit conditions. The data are
based on the average outer wall temperature.

Fig. 11(e) shows the correlations predict the data with good to
fair accuracy with mean absolute errors (MAEs) ranging from
15.91% to 64.19%, where MAE = (1/N) 3 | (Rprea — Hexp)/hexp|. Over-
all, the correlations underpredict the data in the lower h range
and overpredict in the high h range, with the correlation by Koy-
ama et al. [50] yielding the best prediction, with the lowest MAE
of 15.91% based on average outer wall temperature.

The model predictions in Fig. 11(f) show a general trend similar
to that of the six correlations, but with far better agreement. The
underprediction of data by the model in the lower h range can be
explained by the low FC-72 mass velocities in this range yielding
appreciable gravity influence, which is not addressed in the model.
On the other hand, overprediction of the data in the higher h range
may be related to interfacial waves, which, again, are not
addressed in the model. Interfacial waves can influence annular
condensation in several ways, by increasing interfacial area, alter-
ing turbulence within the film, and causing fluctuations in film
thickness with the wave peaks moving faster than the thinner sub-
strate. Nonetheless, with a MAE of 14.85%, the model provides
good predictions of the data.

Aside from the need to address the influence of gravity for low
mass velocities, it is recommended that future models incorporate
the influence of interfacial waves. This important influence is pre-
valent in several two-phase flow configurations, including gravity-
driven adiabatic films [53-56], sensibly heated films [57], evapo-
rating films [58], and even in near critical heat flux flow boiling
[59,60]. Further research is required to statistically characterize
film thickness variations [53-56,61], as well as measure the influ-
ence of waves on velocity profile across the film [55,56].

6. Conclusions

This study explores condensation of FC-72 in a circular horizon-
tal tube with the aid of both detailed heat transfer measurements
and high-speed video motion analysis. Using a condensation mod-
ule specifically designed for flow visualization, dominant conden-
sation flow regimes are identified for different combination of
mass velocities of FC-72 and cooling water. A separate test module
specifically developed for acquisition of detailed heat transfer data
is used to explore axial and circumferential variations of the con-
densation heat transfer coefficient. The heat transfer data are com-
pared to predictions of both prior correlations and a control-
volume-based annular flow model. Key findings from the study
are as follows:

(1) Four condensation regimes are identified, which, in order of
increasing FC-72 mass velocity and decreasing gravity
effects are stratified, stratified-wavy, wavy-annular with grav-
ity influence, and wavy-annular without gravity influence. In
the latter regime, which is achieved at high FC-72 mass
velocities, motion of the annular film is dominated by vapor
shear with no apparent gravity effects.

(2) Using four different types of flow regime maps, transitions
between the different regimes are compared to predictions
of prior transition correlations. These correlations show fair
agreement with the present flow regime data. New relations
are also derived, which show better accuracy in predicting
the regime transitions.

(3) The effects of gravity are reflected in differences in the heat
transfer coefficients determined from thermocouples
inserted on the top versus bottom of the condensation tube.
These differences are more pronounced for the stratified and
stratified-wavy regimes. The heat transfer coefficient is high-
est near the inlet, where quality is near unity and the film
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thinnest, and decreases gradually along the condensation
length because of axial thickening of the liquid film. The heat
transfer coefficient increases with increasing mass velocity
of FC-72, which both increases interfacial shear and
decreases film thickness.

(4) The experimental data of both the local and average conden-
sation heat transfer coefficients show fair to good agreement
with predictions of prior and popular correlations. But supe-
rior predictions in both trend and magnitude are achieved
with the annular flow model. A key advantage of the model
is the ability to track detailed axial variations of film thick-
ness, interfacial shear, and both liquid and vapor Reynolds
numbers.
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