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This study explores the interfacial and heat transfer characteristics of annular condensation of FC-72 in
vertical downflow. Two separate condensation test modules are employed, one for high-speed video
imaging of the film interface and the second for heat transfer measurements. Condensation in both test
modules is achieved by rejecting the heat to a counterflow of cooling water. The heat transfer measure-
ments are obtained along the inner wall of an 11.89-mm i.d. and 1259.84-mm long stainless steel tube.
For very low FC-72 flow rates, the film is observed to be both smooth and laminar. The film turns turbu-

g}r'l ‘gg;‘:?tion lent with a very wavy interface as the flow rate of FC-72 is increased, especially for exit film Reynolds
Downflow numbers above 1800. The heat transfer coefficient decreases axially because of a gradual thickening of

the liquid film. However, the data show a downstream minimum before the heat transfer coefficient
increases again towards the outlet as the film transitions to turbulent flow, enhanced by the more intense
downstream waves. A control-volume-based model is proposed, which incorporates an eddy diffusivity
profile for the liquid film that accounts for interfacial dampening of turbulence due to surface tension.
The model shows good accuracy in predicting the average condensation heat transfer coefficient data,

Annular flow
Eddy diffusivity

evidenced by a mean absolute error of 12.59%.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Condensers are thermal devices found in numerous industries,
including power generation, food, pharmaceutical and space. They
also constitute one of the primary components of any refrigeration
or air conditioning system. Recently, increased power densities in
modern electronic and power devices have created the need for spe-
cialized phase-change thermal management systems to tackle both
the heat acquisition from the device by boiling, and the heat rejec-
tion to the ambient by condensation. These applications include
high performance computers, electrical vehicle power electronics,
avionics, and directed energy laser and microwave weapon systems
[1,2]. Proposed thermal management systems for these applications
include boiling modules that rely on a variety of configurations,
including spray [3-5], jet [6-9], and micro-channel cooling schemes
[2,10-13], as well as techniques to enhance surface micro-structure
[14]. Unfortunately, far less emphasis has been placed on the heat
rejection, or condenser part of these systems.

Condensers come in a wide variety of designs. Some rely on
gravity to drive the condensate liquid, while, in most, the conden-
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sate is shear-driven by the vapor flow. Shell-and-tube designs in-
volve condensation of vapor along the outer walls of parallel
horizontal tubes, while vertical condensers rely on condensation
along multiple vertical tubes.

Formation of the liquid film has a strong bearing on the perfor-
mance of any condenser. In fact, the high condensation heat trans-
fer coefficients realized in condensers are the direct result of the
transport behavior of the liquid film. For very thin films, heat trans-
fer across the film is dominated by pure conduction, while thicker
films also benefit from turbulent eddies.

For condensation in tubes, the flow is introduced in mostly vapor
state. With a wall temperature smaller than the saturation temper-
ature of the vapor, heat is transferred to the wall by gradually trans-
forming the vapor into liquid. A succession of flow regimes is
possible, starting with the annular flow regime, where a thin liquid
film is formed along the wall, driven mostly by the shear forces ex-
erted by the vapor core. The film is initially very thin but grows
gradually in thickness. This gradually thickening, aided by the for-
mation of interfacial waves, ultimately leads to bridging of liquid
films across the vapor core and formation of slug flow. In the slug
flow regime, the oblong bubbles gradually decrease in length and
are replaced by a dispersion of smaller bubbles, which are charac-
teristic of the bubbly regime. Finally, a pure liquid flow regime is
established as all remaining vapor is converted into liquid.
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Nomenclature

A area

A’ constant in eddy diffusivity function

As, flow area of liquid control volume

(o specific heat at constant pressure

D diameter

fi interfacial friction factor

G mass velocity

g gravitational acceleration

h condensation heat transfer coefficient; enthalpy

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

hg latent heat of vaporization

K Von-Karman constant

Kes thermal conductivity of inner stainless steel tube

MAE mean absolute error

my mass flow rate of FC-72 liquid film

MEc total mass flow rate of FC-72

My total mass flow rate of cooling water

P pressure

Py perimeter

Pr Prandtl number

Prr 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 total heat transfer rate from FC-72 to cooling water

Rey FC-72 film Reynolds number, Rey= G (1 — x) Dp/us

T temperature

T" dimensionless temperature

u velocity

us local liquid film velocity

u* dimensionless liquid film velocity

u* friction velocity

b% mass quality

Xe thermodynamic equilibrium quality

y distance perpendicular to inner wall of inner stainless
steel tube

y* dimensionless 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
8 thickness of condensing film

o dimensionless film thickness

&m eddy momentum diffusivity

u dynamic viscosity

1 kinematic viscosity

p density

g surface tension

T shear stress

Tw shear stress at inner wall of inner stainless steel tube
Subscripts

c vapor core

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

w water; wall

wall wall of inner stainless steel tube

The annular flow regime is perhaps the most important conden-
sation regime, given that this regime contributes the highest heat
transfer coefficients as well as tends to occupy a significant fraction
of the tube length in most practical condensing systems. This ex-
plains the greater emphasis investigators place on modeling this
regime compared to all other condensation regimes.

Studies on annular condensation in tubes have resulted in dif-
ferent approaches to predicting the condensation heat transfer
coefficient. The vast majority of authors rely on the use or develop-
ment of semi-empirical correlations [15-26]. A key limitation of
the semi-empirical approach is limited validity to only the param-
eter ranges of the database upon which a correlation is based.
“Universal” correlations applicable to many fluids and very broad
ranges of operating conditions, including pressures approaching
the critical point, are very few. Researchers at the Purdue Univer-
sity Boiling and Two-Phase Flow Laboratory (PU-BTPFL) have
developed universal correlations for a number of important two-
phase flow configurations, including flow boiling critical heat flux
[27-30] and, more recently, pressure drop in horizontal, adiabatic
mini/micro-channels [31], and condensation heat transfer coeffi-
cient in horizontal mini/micro-channels [32]. However, these uni-
versal correlations can be developed for a given two-phase flow or
heat transfer configuration only after a very comprehensive data-
base for the same configuration is amassed and made available
to the heat transfer community at large.

An alternative to the use of limited range correlations or univer-
sal correlations is the control volume approach, where conserva-
tion models are applied separately to the liquid film and vapor

core. Investigators at PU-BTPFL have successfully used this ap-
proach to model a variety of two-phase flow configurations, includ-
ing pool boiling [33,34], and vertical separated flow boiling along
short walls [35,36] and long heated walls [37-40]. Recently, they
also used the control volume approach to construct a new model
for annular condensation in horizontal mini/micro-channel flows
[41]. The success of the control volume approach is the primary
reason behind adopting the same approach in the present study.

The validity of any predictive model is highly dependent on its
effectiveness in capturing the underlying physical mechanisms.
This is especially the case with thin film flows, where transport
behavior is complicated by the influence of surface tension forces
on turbulent eddies in the film [41-46], and by interfacial waves
[47,48]. Unfortunately, these complicating features require very
complex simultaneous measurements of film thickness [47-49],
interfacial wave shape and speed [47,48], and flow field [48],
which are not possible with very thin films.

The present study will address the transport behavior of down-
flow annular condensation using FC-72 as working fluid. A conden-
sation facility is developed to achieve annular flow in a vertical
circular tube by rejecting heat to a counterflow of cooling water.
Two separate condensation modules are employed, one for flow
visualization and the second for heat transfer measurements.
Using the flow visualization module, high-speed video imaging
and photomicrographic techniques are used to track the axial
development of interfacial waves. The second condensation mod-
ule is used to measure the axial variation of the condensation heat
transfer coefficient for different flow rates of both the FC-72 and
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the cooling water. A control-volume-based model of the annular
flow is developed, which accounts for the dampening effects of sur-
face tension on turbulence in the annular liquid film. The model
predictions of the average condensation heat transfer coefficient
are compared to the measured values.

2. Experimental methods
2.1. Condensation flow loop

The condensing fluid selected for this study is FC-72, a 3M-com-
pany perfluorinated fluid that is clear, colorless and odorless. It is
also inert, non-toxic, non-flammable and highly dielectric. It has
a moderate boiling point of 56 °C at atmospheric pressure, and a la-
tent heat and surface tension one order of magnitude smaller than
those for water. Table 1 provides representative thermophysical
properties of FC-72 at 60 °C, which is the saturation temperature
corresponding the average operating pressure for the present
study.

Fig. 1a shows a schematic of the condensation facility con-
structed for the present study. The facility consists of a primary
loop for the condensing fluid, FC-72, and two secondary water
cooling loops. Heat is transferred from the primary loop to the first
water loop via the condensation module, which constitutes the pri-
mary test section for the facility. Heat is also transferred from the
primary loop to the second water cooling loop via a separate con-
denser. Fig. 1b shows a photo of the entire facility.

In the primary loop, FC-72 liquid contained in sealed reservoir is
circulated through the primary loop with the aid of a gear pump.
The liquid is first passed through one of several rotameters con-
nected in parallel for flow rate measurement. The liquid is then
passed through a 14.2 kW Watlow Cast-X 3000 pre-heater, where
it is converted to vapor. The pre-heater is fitted with a PID temper-
ature controller to ensure that the FC-72 exits the pre-heater in
slightly superheated state. The FC-72 temperature is measured at
the inlet to the pre-heater, and both the FC-72 temperature and
pressure are measured at the inlet to the condensation module.
These measurements, along with the measured electrical heat in-
put to the pre-heater, are used to determine the FC-72 vapor mass
quality at the inlet to the condensation module. The superheated
FC-72 vapor then enters the condensation module where is gradu-
ally converted to liquid by rejecting heat to a counter-flow of water
from the first secondary water loop. The FC-72 temperature and
pressure are measured once more at the exit of the condensation
module. Exiting the condensation module, the FC-72 passes
through a plate-type condenser, where it is cooled by the second
water cooling loop, followed by an air-cooled condenser to bring
any vapor exiting the test module to sub-cooled liquid state before
returning to the reservoir.

The first water cooling loop consists of a 14-kW modular Lytron
LCS cooling system and water rotameters. The Lytron system con-
sists of a water reservoir, water pump and a liquid-to-liquid heat
exchanger; the heat exchanger is used to reject the heat absorbed
by the water from the FC-72 to enable precise temperature control
of the water as it enters the condensation module. The water tem-
perature and pressure are measured both at the inlet and exit of
the condensation module.

Condensation of the FC-72 in the second water cooling loop is
achieved via a plate-type condenser, by rejecting heat to water that

is circulated by a 1.46-kW modular Lytron MCS cooling system.
This second Lytron system consists of a water reservoir, pump
and water-to-air heat exchanger; the latter is used to reject the
heat to ambient air.

Two separate systems are used to rid the FC-72 from any dis-
solved non-condensable gases prior to performing any tests. The
first is a vacuum pump that is used initially to remove any non-
condensables by creating vacuum inside the system. The second
is an air-cooled condenser. To assist the deaeration process, the
reservoir of the primary loop is fitted with two 300-W immersion
heaters to produce vigorous boiling in the FC-72 liquid. A mixture
of vapor and non-condensable gases is passed through the deaera-
tion condenser, where most of the vapor is recaptured by conden-
sation as the non-condensable gases are purged to the ambient.

2.2. Condensation module for flow visualization

Two separate condensation modules were constructed for this
study, one for flow visualization purposes and the other for heat
transfer measurements. The two condensation modules have sim-
ilar geometries, but are constructed from different materials to suit
their specific purposes.

Fig. 2 illustrates the construction of the condensation module
intended for flow visualization. The module features a transparent
tube-in-tube construction with the FC-72 flowing downwards
through the inner tube, and the water flowing in counterflow (up-
wards) through the annulus between the inner and outer tubes. To
enable viewing of the interfacial behavior of the condensing FC-72
film, the inner 1219-mm-long tube is made from borosilicate glass
with a 10.16-mm i.d. and a wall thickness of 1.8 mm. The outer
tube is made from polycarbonate plastic (Lexan), which, like the in-
ner tube, features high transparency but possesses a much lower
thermal conductivity. The outer tube has an i.d. of 19.05 mm and
an o.d. of 25.4 mm. The inner tube is secured at both ends inside
the outer tube with the aid of short latex rubber sleeves, leaving
a condensation length of 1143 mm for flow visualization. The con-
densation module is instrumented to measure the temperatures
and pressures of the FC-72 and the cooling water at the inlet and
the exit of the condensation module. Type-T thermocouples and
pressure transducers are used to measure temperature and pres-
sure, respectively, of the FC-72 both at the inlet and outlet. For
the waterside, type-T thermocouples and liquid-filled pressure
gauges are used to measure temperature and pressure, respec-
tively, both at the inlet and outlet.

2.3. Flow visualization methods

Flow visualization is achieved with the aid of high-speed video
imaging and photomicrographic techniques. A Photron Fastcam Ul-
tima APX video camera system, capable of shutter speeds up to 1/
120,000 s, is used in conjunction with an assortment of Infinity K2/
SC long-distance microscope lenses. This system provides the nec-
essary combination of fast shutter speed and high magnification
required to capture the interfacial behavior of the condensing FC-
72 liquid film with high resolution.

The camera is placed normal to the front of the condensation
module. The high shutter speed requires intense back lighting,
which is provided by an incandescent bulb. Even lighting of the
photographed region is achieved with the aid of a diffuse film that

Table 1

Thermophysical properties of saturated FC-72 at 60 °C (P = 1.135 bar).
ke (W/m K) wr (kg/m's) s (J/kg K) 6 (mN/m) hy (KJ/kg) hye (KJ/kg) pr (kg/m?) pg (kg/m?)
0.0534 418 x 107 1107 8.02 99.67 93.69 1583 14.90
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Fig. 1. (a) Schematic diagram of test loop. (b) Photo of test facility.

is situated between the light source and the condensation module.
Flow visualization is performed at three different locations cen-
tered at 190, 571, and 952 mm from the inlet of the inner tube cor-
responding to the inlet, middle, and outlet regions, respectively.
Each captured region is approximately 381-mm long.

2.4. Condensation module for heat transfer measurements
As indicated earlier, the overall design of the condensation

module intended for heat transfer measurements is very similar
to that for flow visualization as shown in Fig. 2a. However, differ-

ent materials are used for the second condensation module to facil-
itate accurate heat transfer measurements.

[llustrated in Fig. 3a, the condensation module for heat transfer
measurements uses inner and outer tubes made from 304 stainless
steel. The inner tube has an i.d. of 11.89 mm and a wall thickness of
0.41 mm, while the outer tube has an i.d. of 22.48 mm with a 3.05-
mm wall thickness. The total condensation length of this module is
1259.84 mm. A key goal with this construction is to achieve a com-
promise between minimizing the resistance to radial heat conduc-
tion between the condensing film and the water, and minimizing
axial wall conduction effects along the direction of fluid flow. This
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Fig. 2. Construction of condensation module for flow visualization studies.

compromise is achieved by the combination of small thickness of
the inner tube and relatively low thermal conductivity of the stain-
less steel wall.

Aside from utilizing the same temperature and pressure instru-
mentation at the FC-72 and water inlets and outlets as the flow
visualization module, the second module contains 45 additional
type-T thermocouples. As illustrated in Fig. 3b, 28 of these thermo-
couples are attached to the outer surface of the inner tube to mea-
sure the local surface temperatures in 14 diametrically opposite
pairs. Use of thermocouple pairs is intended to detect any asym-
metry in the wall temperature. Fig. 4 shows the inner tube’s outer
wall temperatures measured on opposite sides for three sets of
operating conditions. The maximum difference between diametri-
cally opposite thermocouples is 0.94 °C, proving the condensation
module design ensured symmetry in the film flow.

There are also 14 thermocouples exposed to the water flow in
the annulus at the same axial locations as the wall thermocouples,
in addition to 3 thermocouples for the water flow measurement
diametrically opposite to 3 of the 14 main water thermocouples,
again to assess any asymmetry in water temperatures. All thermo-
couples are made from 0.21-mm thermocouple diameter wire with
a bead diameter of 0.79 mm. The thermocouples are fitted along
1.57-mm diameter stainless steel tubes.

To capture the sharp axial variations of wall temperature near
the inlet with greater resolution, the axial distance between ther-
mocouples is smallest in the FC-72 inlet region, 38.1 mm, and in-
creases down the length of the condensation module to 76.2 mm
and 139.7 mm in the middle and exit regions, respectively. To min-
imize heat loss to the ambient, the module is wrapped with a thick
layer of fiberglass insulation.

2.5. Operating conditions and measurement uncertainty

Two series of experiments are performed using the two afore-
mentioned condensation modules. The first is intended to capture
the interfacial behavior of the condensing film at three axial loca-
tions about 381-mm long inlet, middle and outlet regions, which
are centered at axial locations of 190, 571 and 952 mm, respec-
tively. The second series of tests is dedicated to heat transfer mea-
surements that span the entire length of the condensation module.
For both series of tests, efforts are made to maintain the thermody-
namic equilibrium quality, x,, of FC-72 at the inlet slightly above

unity to maintain annular flow over the entire length of each con-
densation module.

The flow visualization series of tests consists of a matrix of 40
operating conditions that are summarized in Table 2. These tests
cover five different mass flow rates of FC-72 (rr = 1.56,3.12,
3.62,7.30, and 11.07 g/s) and 8 water flow rates (m,, = 1.74,2.03,
5.72,8.58,11.44,14.31,17.17, and 20.03 g/s). The inlet quality,
temperature and pressure of FC-72 range from X, ;, =1.00-1.03,
Trcin = 55.56-66.93 °C and Pgcin = 133.89-171.93 kPa, respectively.
Aside from the inlet temperature and pressure of FC-72, the amount
of heat transferred from the condensing FC-72 vapor to the cooling
water is dictated by the water flow rate; the heat transfer rate for
the flow visualization tests varies from 154.38 to 536.38 W. This
corresponds to variations of FC-72 thermodynamic equilibrium
quality and FC-72 film Reynolds number at the outlet of X, = 0-
0.8 and Reyf,,; = 355.54-1741.82, respectively.

The test matrix for the heat transfer measurements consists of
56 operating conditions that are summarized in Table 3. These
tests cover seven mass flow rates of FC-72 (ric = 20.48,25.58,
30.63,35.63,40.74,45.76, and 50.85g/s) and eight water flow
rates; the water flow rate ranges from 49.1% to 163.1% of each
FC-72 flow rate. Only heat transfer data measured over the up-
stream condensation length of z=0-807.7 mm are used in the
present study to avoid any uncertainty in determining the FC-72
heat transfer coefficient due to cooling water entrance effects.
The inlet quality of FC-72 is maintained in the range of X, ;;, = 1.04-
1.08 for all cases, which corresponds to a single-phase superheated
vapor inlet region 21.0-59.8-mm long (2.6-7.4% of the 807.7 mm
length considered in the heat transfer measurements). For the
two-phase condensation region (x.< 1), the ranges of outlet
quality of FC-72 and rate of heat transfer from FC-72 to the
cooling water are X.ou=0.45-0.74 and q,, =636.25-2721.27 W,
respectively.

For both condensation modules, FC-72 pressures and tempera-
tures are measured by absolute pressure transducers and type-T
thermocouples, respectively, both at the inlet and outlet. The mea-
surements are made after all system pressures and temperatures
reach steady state. The data are processed by an HP-3852A data
acquisition system.

Measurement uncertainties are +0.5% for the pressure transduc-
ers and £3.0% for the flow meters for both FC-72 and cooling water.
All thermocouples used in the present study have uncertainties
less than +0.03 °C. This relatively low uncertainty is achieved by
careful calibration using ice water and boiling water. During these
calibration tests, thermocouples are typically off their mean values
by £0.03 °C, and the offset for each thermocouple is corrected using
the HP-3852A data acquisition system. Geometric uncertainties of
the condensing tube used in the heat transfer measurements are
+0.08 mm and +0.03 mm for outer diameter and wall thickness,
respectively. The uncertainties of the outer diameter and wall
thickness of the outer tube of the same condensation module are
+0.13 mm and +0.18 mm, respectively. Considering all these uncer-
tainties along with the uncertainties associated with determina-
tion of thermophysical properties from the measured pressures
and temperatures, the overall uncertainties in determining the rate
of heat transfer from FC-72 to the cooling water, vapor quality, and
condensation heat transfer coefficient are +5.76%, +6.20%, and
+6.23%, respectively.

3. Flow visualization results

Before discussing the flow visualization results, it is important
to point out a key limitation of the optical techniques used in con-
junction with the flow visualization module. Because the FC-72
film covers the entire inner wall of the inner tube, the captured
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Fig. 3. (a) Construction of condensation module for heat transfer measurements. (b) Locations of thermocouples for inner tube and water flow measurements.
video images represent those of two separate interfaces overlaid ences captured in video provide important inferences concerning

on one another. This hinders any detailed quantitative assessment the influence of individual parameters on the film’s transport
of the interfacial structure of the film. Nonetheless, the vast differ- behavior.
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Fig. 4. Variations of measured left and right outer wall temperatures of inner tube
with axial distance.

Fig. 5 shows representative photos of the film interface ob-
tained using the flow visualization module for five different flow
rates of FC-72 and a constant water flow rate of 5.72g/s
(G =28.05 kg/m? s). Increasing ric produces higher interfacial
shear as well as more turbulence, which, in turn, influence interfa-
cial instabilities of the condensing film. This is evidenced by the
photos corresponding to the three lower values of g appearing
relatively smooth and laminar, marred only by a few surface rip-
ples. On the other hand, those for the two highest values of rigc
are far more turbulent with the interface incurring more chaotic
interfacial waviness. Both the film flow rate and corresponding
film Reynolds number, Rey, increase along the flow direction as va-
por is gradually being converted into liquid, and reach maximum
values at the outlet. The influence of these axial increases is man-
ifest in Fig. 5 in the form of increased turbulence and interfacial
waviness towards the outlet, especially for the two highest values
of rigc. Overall, predominantly laminar flow is maintained for out-
let Reynolds numbers up to Resq,e = 770.

Fig. 6 shows representative images for four different water flow
rates and a constant FC-72 inlet flow rate of FC-72 of
e = 3.62 g/s (Grc = 44.65 kg/m? s). Fig. 6 shows the same overall
trends in interfacial behavior relative to axial position as depicted
in Fig. 5. Here too, the film appears to turn more turbulent and the
waves more chaotic as the film thickens axially along the tube.
Increasing the water flow rate increases the amount of heat ex-
tracted from the condensing FC-72 vapor, which hastens the con-
densation process and thickening of the condensation film. This
is manifest in the higher water flow rates further increasing both
the turbulence and film waviness.

4. Heat transfer measurements
4.1. Heat transfer data reduction

A thermal model is constructed to determine the local conden-
sation heat transfer coefficient. Fig. 7 shows all the relevant param-
eters for a control volume of axial length Az. Ignoring axial
conduction effects along the wall of the inner tube, a differential
amount of heat, dg, is transferred from the FC-72 to the cooling
water, which is also equal to the differential rise in sensible energy
of the cooling water. The film interface is maintained at Ty (z),
which is determined from the pressure measurements, given that
the measure pressure drop was very small for all operating condi-
tions. The saturation pressure, Ps(z), used to determine Ty,(z) is
determined from a linear curve fit between the measured inlet
pressure, P, (which is assumed equal to local saturation pressure
at the end of the short superheated region) and outlet pressure,
Poye. The water temperature, T,(z), and outer wall temperature of
the inner tube, T,a(z), are determined from curve fits to their
respective measured values.

The thermal model for the region where x. < 0 is represented by
the relation:

Twari — Tw
dg = (1D: d2)h(Teat — Twani) = "

2mkssdz

= mwcp,wdTW7 (1 )

which is used to determine the local condensation heat transfer
coefficient, h(z), of FC-72.

For the small superheated inlet region before the liquid film be-
gins to develop, the temperature of the superheated FC-72 vapor,
Ty(z), may be determined from the simple energy balance:

chCpngg = mep_WdTW. (2)

The thermodynamic equilibrium quality for vapor in the super-
heated region is given by:

Xe=1+
hfg

3)
Eq. (3) can is also used to determine the location where x, = 0. To
determine the heat transfer coefficient for the superheated region,
Eq. (1) is modified by replacing T, with the local temperature of
the superheated vapor:

Twa i Twa 0
dq = (nD; d2)h(Tg — Tyans) =~ e
{ 27'ck55dzl ]

= My CpwdTw. (4)

For the saturated region (x.<1), the local flow rate of the
condensing film, 1 (z), can be obtained by integrating the relation

Table 2
Experimental operating conditions for the flow visualization study.
FC-72 Cooling water qw (W) Xeout Refour
Xe,in e (g/s) Gre-72 (kg/m?s) Trcin (°C) Prc,in (kPa) hw (g/s) Gy (kg/m?s) ATy (°C)
Max 1.03 11.07 136.54 66.93 171.93 20.03 98.21 30.06 536.4 0.80 1741.82
Min 1.00 1.56 19.24 55.56 133.89 1.74 8.53 2.87 1544 0 355.54
Table 3
Experimental operating conditions for the condensation heat transfer data.
FC-72 Cooling water qw (W) Xeout Refout
Xein g (g/s) Grc (kg/m?s) Trcin (°C) Prcin (kPa) 1w (g/s) Gy (kg/m?s) ATy, (°C)
Max. 1.08 50.85 457.97 86.58 209.88 83.27 291.29 15.78 27213 0.74 6400.56
Min. 1.04 20.48 184.45 63.43 108.57 9.99 34.95 7.48 636.2 0.45 1315.54
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m,=5.72g/s (G, = 28.05 kg/m?s)
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Fig. 5. Photos of condensation film in inlet, middle and outlet regions of flow visualization module for different FC-72 flow rates and a fixed water flow rate of m,, = 5.72 g/s

(Gy = 28.05 kg/m? s).

Mg = 3.62 g/s (Gge = 44.65 kg/m?s)
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Fig. 6. Photos of condensation film in inlet, middle and outlet regions of flow visualization module for different water flow rates and a fixed FC-72 flow rate of riic = 3.62 g/s

(Gre = 44.65 kg/m? s).

dmy = —+ (5)
d hfg
from the location where x, = 0. The local mass quality of vapor in

the same region is given by
Mg — 1y
Mgc

(6)

4.2. Heat transfer results

Fig. 8a illustrates, for four different FC-72 flow rates and a con-
stant water flow rate of 1, = 33.3 g/s (G,, = 116.49 kg/m? s), how
the axial variations of the outer wall temperature of the inner tube,

Twailo, and the cooling water temperature, T,(z), are determined
from the thermocouple measurements. Both temperature distribu-
tions are determined from third-order-polynomial curve fits to ax-
ial distance. These distributions are then used to calculate the
corresponding variations of the amount of heat transferred from
FC-72 to the cooling water per unit length, dq/dz, using Eqs. (1)
and (4), and the FC-72 mass quality, x, using Eq. (6). As shown in
Fig. 8b for each of the four FC-72 flow rates, dq/dz is highest in
the upstream region where the condensate film is thinnest, and de-
creases gradually towards the middle of the condensation module
because of the increase in film thickness. An increase in dq/dz to-
wards the outlet may be explained by increases in both turbulence
and interfacial waviness as shown earlier in Figs. 5 and 6. Notice
that dq/dz also increases with increasing FC-72 flow rate because
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Fig. 7. Thermal model used to determine the condensation heat transfer coefficient for FC-72.

of the higher condensation heat transfer coefficient resulting from
the increased vapor shear.

Fig. 9a-c shows the variations of the experimentally deter-
mined local FC-72 heat transfer coefficient with axial distance in
both the single-phase superheated vapor and film condensation re-
gions for different water mass flow rates and FC-72 mass flow rates
of 20.48, 30.63 and 45.76 g/s (Grc = 184.45, 275.86, and 412.13 kg/
m? s), respectively. The local heat transfer coefficient in the super-
heated vapor region near the inlet is relatively low for most cases.
The heat transfer coefficient increases rather sharply to its peak va-
lue where the annular liquid film is initiated and is very thin. One
unexpected trend is the increase in h upstream of the peak point
since single-phase vapor flow should yield a fairly constant h value.
This may be explained by the film condensation commencing par-
tially within the predominantly single-phase vapor region where
X. > 1 over a portion of the inner tube circumference. The peak va-
lue is believed to occur where full coverage of the inner circumfer-
ence by the liquid film is achieved. Fig. 9a-c shows the expected
trend of decreasing h along the inner tube due to gradual thicken-
ing of the liquid film. However, the data show h reaches a mini-
mum before increasing again towards the outlet. Since the liquid
film continue to thicken in the downstream region, it is believed
heat transfer in the downstream region is no longer dominated
by conduction across the film. As suggested by the photos of the
film in Figs. 5 and 6, two possible reasons for the downstream in-
crease are (a) transition from laminar to turbulent flow and (b)

heat transfer enhancement due to the more intense downstream
waviness. Fig. 9a-c shows, for a fixed mg, h generally decreases
with increasing m,, towards the peak point but increases down-
stream. This trend may be explained by the larger m,, increasing
the cooling rate and, therefore, contributing to a thickening of
the film, which, for the upstream region that is dominated by con-
duction, tends to decrease h. However, the increase in cooling rate
precipitates both an earlier transition to turbulent flow and an in-
crease in turbulence overall, which explains the downstream
enhancement with increasing r,. Comparing data between
Fig. 9a—c shows increasing mgc for a fixed i, produces an increase
in h, which can be explained by the larger g values increasing va-
por shear and therefore contributing to a thinning of the film.
Fig. 10a-c shows corresponding variations of h with vapor quality,
x. These plots, which exclude the region captured in Fig. 9a-c from
the inlet to the peak point, show an initial monotonic decline in h
due to increasing film thickness in a predominantly laminar film,
followed by an increase in h downstream because of the transition
to turbulent flow and increased waviness.

Fig. 11 shows the variation of the average condensation heat
transfer coefficient, h, with water flow rate for different FC-72 mass
flow rates. The values presented here and in subsequent plots are
averaged over the annular flow region downstream of the peak
locations in Fig. 9, therefore excluding the upstream superheated
vapor region. Fig. 11 shows an initial decrease in h with increasing
m,, for the lower mass flow rates of FC-72 (r = 20.48,25.58,
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Fig. 8. Axial variations of (a) measured and fitted outer wall temperature of inner tube and cooling water temperature and (b) amount of heat transferred from FC-72 to the
cooling water per unit distance and mass quality of FC-72 for four different FC-72 mass flow rates with a water flow rate of 33.3 g/s (G,, = 116.49 kg/m? s).

30.63 and 35.63 g/s), brought about by a thickening of the up-
stream laminar liquid film due to a faster cooling rate. But the
trend is reversed once the film turns turbulent, where the benefits
of increased turbulence and intensity of the interfacial waves out-
weigh the drawbacks of the increased film thickness. Fig. 11 also
shows a monotonic increase in h with increasing rits- because of
the increasing magnitude of vapor shear exerted on the film.

Fig. 12 shows the variation of h with exit film Reynolds number.
There is an initial decrease in h with Rejou: for Reyoy < 1800 corre-
sponding to predominantly laminar, heat-conduction-dominated
condensation. Above Rey, = 1800, h begins to increase monotoni-
cally because of the afore-mentioned dominance of turbulent flow,
assisted by interfacial waviness.

5. Condensation model
5.1. Control volume analysis

Recently, Kim and Mudawar [41] examined the pressure drop
and heat transfer characteristics for annular condensation of FC-
72 in square horizontal micro-channels. They developed a theoret-
ical control-volume-based model based on the assumptions of
smooth interface between the annular liquid film and vapor core,
and uniform film thickness around the channel’s circumference.
Since the present study concerns condensation in vertical down-
flow, a theoretical model similar to that of Kim and Mudawar is
adopted, which is modified to incorporate the influence of gravity.

Following the solution procedure of Kim and Mudawar, mass
and momentum conservation are applied to control volumes
encompassing a portion of the liquid film and the vapor core as
illustrated in Fig. 13. First, mass conservation for the liquid film
and the vapor core can be expressed, respectively, as:

dr

&7~ TE=0, 7)
and

dr

& =0 (8)

where the mass flow rates of the liquid film and the vapor core, and
the rate of interfacial mass transfer due to condensation are defined,
respectively, as:

"o
my = pf/o urm(D — 2y)dy, 9)
i 7t(D — 26)°
mg _ nggn( ) i (10)
4
and
" TCD
I = (11)
fg

Neglecting axial momentum changes in the liquid film and
applying momentum conservation to the liquid film control vol-
ume illustrated in Fig. 13a yield:

_( dp A TiPrs + T
o= ()

(12)

where the flow area, As,, local perimeter, Py, and interfacial perim-
eter, Pf;, can be expressed, respectively, as:

T
4

4

A, = ;

(D —2y)* —Z(D — 25, (13)

P;y, = m(D —2y), (14)
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Fig. 9. Variation of experimentally determined local FC-72 condensation heat
transfer coefficient with axial distance for different water flow rates and FC-72 mass

flow rates of (a) 20.48 g/s (Grc=184.45 kg/m?s), (b) 30.63 g/s (Grc=275.86 kg/
m?s), and (c) 45.76 g/s (Grc = 412.13 kg/m? s).

and
P;; = m(D — 29). (15)

Allowing for turbulence in the condensing film, the shear stress
in the film can be expressed as:
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Fig. 10. Variation of experimentally determined local FC-72 condensation heat
transfer coefficient with vapor quality for different water flow rates and FC-72 mass
flow rates of (a) 20.48 g/s (Grc = 184.45 kg/m?s), (b) 30.63 g/s (Grc=275.86 kg/
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captured in Fig. 9 from the inlet to the peak point.

where ¢, is the eddy momentum diffusivity. Substituting Eq. (16)
into Eq. (12) and integrating yield the velocity profile across the li-
quid film:

s ( dpP VO A em\ "1y
wo)= o (<) [ B (1+5) 4G)

5 v/ q em\ ",y
+l/Tf(T,‘Pf_,j+ngll,‘)/0 <1+‘Tf) d<5> (17)

Pry
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Substituting Eq. (17) into Eq. (9) yields the following relation for
pressure gradient,

. - -1
m—(Tipf‘(s'*‘ngui)fo] {Pfy g/ol’;_y<1+%> d(%)}d(%)

dP pg+ pro* i
dz M 1 /5 A -1 ’
Jo [ProJo" g (1+32) d()|d()
[ P fy f
(18)
where the interfacial velocity, u;, can be determined by setting y = &
in Eq. (17).

Applying momentum conservation to the vapor core control
volume illustrated in Fig. 13b yields:

1 dP d<pga§Ag>
Ti—%[Ag(—dz+ng>—dz—ngui ; (19)

where the flow area of the vapor core is A, = (D — 26)° /4.

The interfacial shear stress is the result of velocity differences
between the vapor core and interface, modified by the influence
of interfacial momentum transfer due to condensation; the later
is obtained using a treatment by Wallis [50]:

(ﬁg - u,—)ng.

2P, 0)

1 _
Ti = ifipg(ug —up)’ +

The interfacial friction factor, f;, can be determined from rela-
tions by Shah and London [51],

fi=16/Re. for Re. < 2000, (21a)
fi =0.079Re.**  for 2000 < Re, < 20,000, (21b)
and

fi =0.046Re.** for Re. > 20,000, (21c)

where Re, is the effective vapor core Reynolds number given by:

e, _ Pl =)D~ 20) 22
Iy

5.2. Determination of the condensation heat transfer coefficient

Heat flux across the liquid film is related to the liquid temper-
ature gradient by the relation:

q (1 1 en\dT’
%_<E+EW>F’ @3)
where
c,ru (T -T
= A ) q(,, ") (24)
w
0
. :yvf 7 (25)

[t
u= [ 26
o (26)

and Pry is the turbulent Prandtl number (¢&,,/€p), which, as discussed
by Mudawar and El-Masri [44], can be evaluated from the experi-
mental data of Ueda et al. [43]:

.
Pr — 1.4exp (-1535’7) +0.66, 27)
where

ou*
+
5= (28)

Based on Mudawar and El-Masri’s turbulent mixing length profile
[44], which incorporates an eddy-diffusivity profile measured by
Ueda et al. [43] and Kim and Mudawar [41] derived the following
form of eddy momentum diffusivity distribution in a shear-driven
film (as discussed in [41], this profile is used for macro-channels,
which is different from a profile they developed specifically for con-
densation in micro-channels)

ém 11
Vo272

Vr
+ y+ 2 +
[1_ V7Y '\ T
X 1+4K2y+z[1exp< 5*/\*)} (1757*)5’

(29)

where the Von-Karman constant is K = 0.4, the constant A" is given
by [41,44,52,53]:

-1
A" = 26(1 +30.18,p7 %1, %) : (30)

and based on Eq. (12),
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T 7D (7 &+ pfg)Af'* TPt Mgt

- . (31)
Tw  Pry <_ .y pfg) [R3(D — 8)] + TPy s + Tl

Integrating Eq. (23), the local condensation heat transfer coeffi-
cient can be expressed as:

h q, PG’ PrCostt
T Tw—Tw TS 6t (1L 1) Lt
sal w B fo %’,(PTIJFE%) dy
PrCpsUl"

= . 32
12 (52) (L L m) qdy* 52
0 \D-20/ \ Pry Prr vf

To determine h(z), the model equations are solved numerically
using a finite difference technique. The axial distance is divided into
small Az increments and calculations are repeated until the outlet
of the condensation length is reached. The average heat transfer
coefficient, h, for the annular region is obtained by averaging the
values of h(z) predicted by the model over the annular region down-
stream of the peak values in Fig. 9.

5.3. Model predictions

Fig. 14 compares the average heat transfer coefficient values
predicted by the annular model to the experimental data. Good
predictions are evidenced by a mean absolute error of 12.59%, with
most of the predictions falling within £30% of the data. This dem-
onstrates the effectiveness of both the control volume approach
and eddy diffusivity profile.

One possible reason for the slight differences between the pre-
dicted and measured values is the annular film’s interfacial wavi-
ness, which is not accounted for in the model. Waviness can
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Fig. 14. Comparison of predicted and experimentally determined average conden-
sation heat transfer coefficients.

influence annular condensation in several ways, by increasing
interfacial area, altering turbulence within the film, and causing
fluctuations in film thickness with the wave peaks moving faster
than the thinner substrate.
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6. Conclusions

This study investigated the interfacial and heat transfer charac-
teristics of annular condensation of FC-72 in vertical downflow.
High-speed video imaging provided valuable insight into the film’s
interfacial behavior for different flow rates of FC-72 and cooling
water. Detailed temperature measurements enabled the determi-
nation of axial variations of the condensation heat transfer coeffi-
cient. A theoretical control-volume-based model was developed,
which accounts for the influence of surface tension on turbulence
in the vicinity of the interface. Key findings from the study can
be summarized as follows:

(1) For very low flow rates of FC-72 and corresponding exit film
Reynolds numbers below 770, the film is smooth and lami-
nar. Increasing the flow rate of FC-72 for a fixed flow rate
of the cooling water, turns the film turbulent with the inter-
face incurring chaotic interfacial waves, especially for exit
film Reynolds numbers above 1800. This behavior is largely
the result of the increased interfacial shear associated with
higher FC-72 flow rates.

(2) With inlet conditions slightly superheated, the measured
local heat transfer coefficient is relatively low near the inlet
and increases rather sharply to peak value where the annu-
lar liquid film is initiated. The heat transfer coefficient
decreases axially from its peak value because of the gradual
thickening of the liquid film. However, the data show a
downstream minimum before increasing again towards the
outlet. Two possible reasons for the downstream increase
are transition from laminar to turbulent flow, and heat
transfer enhancement caused by the more intense down-
stream waviness. Increasing the flow rate of FC-72 increases
the heat transfer coefficient because of the increasing vapor
shear and resulting thinning of the film. Increasing the flow
rate of cooling water decreases the heat transfer coefficient
upstream by hastening the condensation process and thick-
ening the film in the upstream conduction-dominated
region. However, the increase in cooling rate precipitates
both an earlier transition to turbulent flow and an increase
in turbulence overall, which enhance the heat transfer coef-
ficient downstream.

(3) A new control-volume-based model is proposed for annular
condensation in which mass, momentum, and energy con-
servation relations are applied to control volumes encom-
passing the liquid film and vapor core separately. The
model also incorporates an eddy diffusivity profile for the
liquid film that accounts for interfacial dampening of turbu-
lence due to surface tension. The model shows good accu-
racy in predicting the average condensation heat transfer
coefficient data in both magnitude and trend, evidenced by
a mean absolute error of 12.59%. Future improvement to
the model predictions is possible by addressing the influence
of interfacial waves, which is not accounted for in the model.
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