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Upflow condensation in vertical tubes is complicated by the relative magnitude of the opposing vapor
shear and gravity. This study examines the different flow regimes for condensation of FC-72 in a vertical
tube using both high-speed video imaging and detailed heat transfer measurements. Four regimes are
identified, falling film, where the condensing film drains downwards by gravity opposite to low velocity
vapor flow, oscillating film, corresponding to film flow oscillating between upwards and downwards,
flooding, where film begins to be sheared upwards by the vapor core, and climbing film, where high vapor
velocity causes the film to be sheared upwards. The four flow regimes are well segregated in a flow
regime map based on dimensionless superficial velocities of the vapor and liquid. The condensation heat
transfer coefficient is shown to decrease axially because of gradual thickening of the film, except for high
mass velocities, where turbulence and intensified interfacial waviness cause downstream heat transfer
enhancement. An annular flow model is constructed, which shows fair predictions for the climbing film
regime. The predictive accuracy of the model is influenced by flow oscillations occurring downstream of
the climbing film region and inability of the model to account for interfacial waves.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The recent increase in heat dissipation in electronic and power
devices and systems has spurred interest in the development of
compact, high-power-density phase-change thermal management
systems that tackle both the heat acquisition from the device by
boiling or evaporation, and the heat rejection to the ambient by
condensation. These systems are becoming increasingly important
to the development of high performance computers, electric vehi-
cle power electronics, avionics, and directed energy laser and
microwave weapon systems [1]. Different configurations have
been proposed for heat acquisition by boiling, including pool boil-
ing [2,3], channel flow boiling [4,5], jet [6–8] and spray [9,10], as
well as enhanced surfaces [11,12] and hybrid cooling configura-
tions [13,14]. However, far less emphasis has been placed on the
condensation, or heat rejection part of these systems.

Much of the condensation knowhow and design models come
from early research related to condensers found in power genera-
tion, chemical, and refrigeration and air conditioning industries.
These condensers come in a variety of configurations, including
falling film condensation on the outside of horizontal tubes in
shell-and-tube heat exchangers, and inside horizontal, vertical
and inclined tubes. The present study concerns internal upflow
condensation in vertical tubes.

Condensation inside tubes takes the form of a number of flow
regimes, which, in the order of decreasing quality, include pure va-
por, annular, slug, bubbly and pure liquid [15]. Drastic differences
in flow structure between these regimes have led investigators to
construct flow regime maps and develop flow regime transition
relations [16–21] that enable identification of regimes based on
measurable parameters, and to develop models that are specific
to individuals regimes. The annular regime, which consists of a
thin film surrounding a vapor core, has been the focus of most
studies on condensation in tubes because of its prevalence over a
large fraction of the tube length and its ability to deliver very large
heat transfer coefficients.

Vertical upflow condensation is encountered when the vapor is
supplied upwards from the bottom of a vertical tube. At low vapor
velocities, a falling film regime is encountered, where the condens-
ing liquid film is driven downwards by gravity, opposite to the
direction of the vapor flow. This regime is highly complicated by
the role of interfacial waves, and is reminiscent of the complex
interfacial behavior encountered in flow boiling at low velocities
in vertical downflow [22–25]. Increasing the vapor velocity in-
creases the vapor shear exerted on the film interface, which begins
to slow the downward motion of the liquid film. A particular vapor
velocity is reached that causes the interfacial portion of the film to
be carried upwards rather than drain to the bottom. This condition
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Nomenclature

A area
A+ constant in eddy diffusivity function
Af,⁄ flow area in liquid control volume
C flooding constant
cp specific heat at constant pressure
D diameter
fi interfacial friction factor
G mass velocity
g gravitational acceleration
h condensation heat transfer coefficient
�h condensation heat transfer coefficient averaged over re-

gion where x < 1
hfg latent heat of vaporization
j superficial velocity
j⁄ dimensionless superficial velocity
K Von-Karman constant
k thermal conductivity
_mf mass flow rate of FC-72 liquid film
_mFC total mass flow rate of FC-72
_mg mass flow rate of FC-72 vapor core
_mw mass flow rate of cooling water

P pressure
Pf perimeter
Pr Prandtl number
PrT turbulent Prandtl number
q heat transfer rate
q00 heat flux at distance y from inner wall of inner stainless

steel tube
q00w heat flux at inner wall of inner stainless steel tube
qw heat transfer rate from FC-72 to cooling water
Ref FC-72 film Reynolds number, Ref = G (1 � x) Dh/lf

T temperature
t time
T+ dimensionless temperature
u velocity
u+ dimensionless liquid film velocity
u⁄ friction velocity
uf local liquid film velocity
�ug mean vapor core velocity

x 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
Cfg rate of mass transfer due to condensation per unit dis-

tance
d thickness of condensing film
d+ dimensionless film thickness
em eddy momentum diffusivity
eh eddy heat diffusivity
l dynamic viscosity
m kinematic viscosity
q density
r surface tension
s shear stress

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
o outer wall of inner stainless steel tube
out outlet
pred predicted
sat saturation
ss inner stainless steel tube
w water; wall
wall wall of inner stainless steel tube
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is termed the onset of flooding, or simply the flooding point [26].
There is a finite vapor velocity range between the onset of flooding
and the condition where the entire liquid film begins to be carried
upwards. Above the latter condition, climbing film flow is achieved,
as the vapor shear begins to dwarf the influence of gravity.

The ability to predict flooding is crucial to the design and oper-
ation of condensers in which vapor flows upward. However, a sur-
vey of the flooding literature by Bankoff and Lee [26] (i) points to
most findings being based on experiments performed in relatively
large diameter tubes, and (ii) reveals a dearth of reliable predictive
tools. The most popular predictive tool for flooding is a relation by
Wallis [27] that is based on the densities and superficial velocities
of the vapor and liquid, and the tube diameter. Various attempts
were made to improve the Wallis relation by incorporating the
influences of additional parameters such as inlet and exit geome-
tries, inclination angle, and other fluid properties [28–37]. How-
ever, the complexity of the flooding mechanism has led some to
the conclusion that no reliable correlations or models are available
that can accurately predict the onset of flooding with reasonable
accuracy for different geometries and fluid types [38]. In general,
the vapor velocity corresponding to the onset of flooding increases
with increasing tube diameter [36,39], decreasing liquid viscosity
[29] and increasing surface tension [35,40]. Attempts have been
made to ascertain the effects of tube inclination for tubes with
small diameters [41] and larger ones [42,43]. It is recommended
that the use of empirical correlations for flooding be limited to
the ranges of flow rates, fluid properties, and tube geometries of
the databases these correlations are based upon [33].

A few theoretical models have been based on the notion that
flooding is related to the interaction of vapor flow with a wavy li-
quid film interface. Several attempts were made to model the
flooding mechanism theoretically by exploring wave growth using
stability analysis [44–48]. Other models are based on vapor shear
as the primary means for momentum transfer [49–51]. A few stud-
ies involved the use of commercial computational fluid dynamics
(CFD) codes [52] to estimate the forces acting on a standing wave
just before flooding is initiated.

The concurrent motion of the vapor and liquid film renders
climbing film flow more easily predictable using popular models
and correlations for annular flow condensation, especially where
the effects of gravity are negligible compared to those of vapor
shear.

The primary objective of the present study is to explore the var-
ious flow regimes that are encountered in upflow condensation of
FC-72 in tubes. High-speed video imaging is used to investigate the
interfacial interactions within each regime, and to construct a
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corresponding flow regime map. Next, detailed heat transfer mea-
surements are used to explore differences in the transport behavior
among the different condensation regimes, subject to variations in
the mass velocities of the FC-72 and cooling water. A control vol-
ume based model is then constructed to predict heat transfer in
the climbing film regime. Long term, the findings from this study
will be used to ascertain the influence of body force on flow con-
densation in tubes by comparing data for condensation in horizon-
tal flow, upflow and downflow [53] with those in microgravity
[54]. This comparison will help identify the minimum mass veloc-
ity (i.e., minimum pumping power) that would negate the influ-
ence of body force on flow condensation in space vehicles.
2. Experimental methods

2.1. Condensation flow loop

The condensation facility constructed for the present study is
comprised of three flow loops: a primary loop for the condensing
fluid, FC-72, and two water cooling loops. As shown in Fig. 1(a),
heat is transferred from the primary loop to the first water loop
(a)

Fig. 1. (a) Schematic diagram of condensation facility. (b) Photo of facility.

Table 1
Thermophysical properties of saturated FC-72 at 58 �C (P = 1.071 bar).

kf (W/m K) lf (kg/m s) cp,f (J/kg K) r (mN

0.0536 427 � 10�6 1104 8.21
via the condensation test module, and to the second water cooling
loop via a separate condenser. Fig. 1(b) shows a photo of the entire
facility.

FC-72 is a clear, colorless and odorless perfluorinated fluid
made by 3M-company. It has a boiling point of 56 �C at atmo-
spheric pressure, and its latent heat and surface tension are one or-
der of magnitude smaller than those for water. Table 1 provides
representative thermophysical properties of FC-72 at 58 �C, which
is the saturation temperature corresponding the average operating
pressure (1.071 bar) for the present study.

In the primary loop, most of the FC-72 liquid is contained in a
sealed reservoir, from which the liquid is circulated through the
loop with the aid of a gear pump. The liquid flows through one
of several rotameters connected in parallel, following which it is
converted to vapor by a 14.2 kW Watlow Cast-X 3000 pre-heater.
The pre-heater’s PID temperature controller is set to ensure slightly
superheated vapor conditions at the pre-heater’s outlet. The FC-72
vapor is then supplied to the condensation module, inside which it
is converted to liquid by rejecting heat to a counter-flow of water
from the first water loop. The two-phase FC-72 mixture is then
cooled through a plate-type condenser by rejecting heat to the
(b)

(c)
(c) Construction of condensation module for flow visualization studies.

/m) hfg (kJ/kg) qf (kg/m3) qg (kg/m3)

94.36 1589 14.00



(a)

(b)
Fig. 2. (a) Construction of condensation module for heat transfer measurements. (b) Location of thermocouples for temperature measurements of outer wall of inner tube and
cooling water.
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second water cooling loop. An air-cooled condenser situated down-
stream from the plate condenser is used to condense any residual
vapor and convert the FC-72 to sub-cooled liquid as it returns to
the reservoir.
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The FC-72 temperature and pressure are measured at several
locations in the primary loop. The temperature is measured at
the pre-heater’s inlet, and the temperature and pressure at both
the inlet and outlet of the condensation module.

The first water cooling loop is comprised of a 14-kW modular
Lytron LCS cooling system and several rotameters. This system
contains a reservoir, pump and liquid-to-liquid heat exchanger;
the latter is used to reject the heat absorbed from the FC-72 to
tap water. The water temperature is measured at the inlet and out-
let of the condensation module. The second water cooling loop
consists of a 1.46-kW modular Lytron cooling system containing
a reservoir, pump and water-to-air heat exchanger; the latter is
used to reject heat from the FC-72 to ambient air.

Deaeration of the FC-72 is achieved in the primary loop’s reser-
voir using two 300-W immersion heaters and a condensation coil
that is cooled by a bypass from the second water cooling loop.
The deaeration is achieved by vigorously boiling the FC-72 liquid
and condensing the FC-72 vapor for 30 min, while allowing non-
condensable gases to escape 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. The two condensation modules have fairly similar dimen-
sions, but are constructed from different materials.

Fig. 1(c) shows the transparent tube-in-tube construction of the
condensation module for flow visualization. The FC-72 flows up-
wards through the inner tube, and the water downwards through
the annulus between the inner and outer tubes. The inner tube is
made from borosilicate glass and has a 10.16-mm i.d., wall thick-
ness of 1.8 mm and length of 1219 mm. The outer tube is made
from polycarbonate plastic (Lexan), which, like the inner tube, fea-
tures high transparency but possesses a much lower thermal con-
ductivity. The outer tube has a 19.05-mm i.d. and 25.4-mm o.d.
Short latex rubber sleeves are inserted between the inner the outer
tubes, leaving a condensation length of 1143 mm for flow visuali-
zation. The 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 the aid of a high-speed Pho-
tron Fastcam Ultima APX video camera system capable of shutter
speeds up to 1/120,000 s, which is fitted with a Nikon 105-mm
F/2.8D magnification lens. The camera is mounted normal to the
front of the condensation module, with high intensity back lighting
provided by an array of 15 high power white 5-W LEDs. Flow visu-
alization is performed in inlet, middle and outlet 381-mm long
Table 2
Experimental operating conditions for the flow visualization study.

FC-72

xe,in _mFC (g/s) GFC (kg/m2 s) TFC,in (�C) PFC,in (kPa)

Max. 1.14 12.93 159.49 72.93 114.01
Min. 1.00 1.08 13.32 57.41 102.00

Table 3
Experimental operating conditions for the condensation heat transfer data.

FC-72

xe,in _mFCðg=sÞ GFC (kg/m2 s) TFC,in (�C) PFC,in (kPa)

Max. 1.16 42.99 387.04 74.86 152.62
Min. 1.01 1.08 9.73 54.95 93.83
regions centered at 190, 571, and 952 mm, respectively, from the
inlet.
2.3. Condensation module for heat transfer measurements

The overall design of the condensation module intended for
heat transfer measurements is similar to that of the flow visualiza-
tion module except for the use of different materials to facilitate
accurate heat transfer measurements. Fig. 2(a) shows both the in-
ner and outer tubes of the condensation module for heat transfer
measurements are made from 304 stainless steel. The inner tube
has an 11.89-mm i.d. and wall thickness of 0.41 mm, and the outer
tube 22.48-mm i.d. and 3.05-mm wall thickness. The total conden-
sation length of this module is 1259.8 mm. Two main goals with
the construction of this module are to minimize resistance to radial
heat conduction between the FC-72 and water, and minimize axial
wall conduction effects. A compromise between these goals is
achieved by a combination of the small thickness of the inner tube
and relatively low thermal conductivity of the stainless steel wall.
The outer tube is wrapped with a thick layer of fiberglass insula-
tion to minimize heat loss to the ambient.

This module contains the same types of temperature and pres-
sure instrumentation at the inlets and outlets for both fluids as the
flow visualization module. However, the condensation module for
heat transfer measurements features an additional 45 type-T ther-
mocouples, 28 of which are attached to the outer surface of the in-
ner tube in 14 diametrically opposite pairs as illustrated in
Fig. 2(b). Notice that the axial distance between thermocouples is
smallest, 38.1 mm, in the FC-72 inlet region, and increases axially
to 76.2 mm in the middle, and 139.7 mm near the outlet. This dis-
tribution is intended to capture the large variations in wall temper-
ature near the inlet with high resolution.

For the waterside, 14 thermocouples are inserted into the annu-
lus at the same axial locations as the wall thermocouples. There are
also three thermocouples mounted diametrically opposite to three
of the 14 main water thermocouples, which are intended to cap-
ture any asymmetry in the water temperatures. 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 series of experiments are performed using the two conden-
sation modules. The first, which is performed using the flow visu-
alization module, is focused on capturing the detailed interfacial
behavior of the condensing film at the three aforementioned axial
locations. The second series of tests is dedicated to heat transfer
measurements using the second condensation module. In both
Cooling water qw (W) xe,out Ref,out

_mw (g/s) Gw (kg/m2 s) DTw (�C)

133.29 977.79 23.29 702.48 0.70 1751.9
0.83 6.09 1.14 80.85 0.00 239.5

Cooling water qw (W) xe,out Ref,out

_mwðg=sÞ Gw (kg/m2 s) DTw (�C)

84.97 314.48 20.56 2240.4 0.70 4548.3
0.83 3.08 6.01 43.7 0.00 101.3



(a)

(b)

(c)
Fig. 3. Sequential images of (a) falling film in inlet region (centered at z = 190 mm) with GFC = 13.32 kg/m2 s and Gw = 6.09 kg/m2 s, (b) flooding in inlet region with
GFC = 53.29 kg/m2 s and Gw = 73.36 kg/m2 s, and (c) climbing film in outer region (centered at z = 952 mm) with GFC = 106.45 kg/m2 s and Gw = 97.79 kg/m2 s. Individual
images in each sequence are separated by 0.0125 s.
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series of tests, the thermodynamic equilibrium quality of FC-72 at
the inlet is maintained slightly above unity to achieve annular flow
over the entire condensation length.

The flow visualization experiments consist of 65 sets of operat-
ing conditions. As indicated in Table 2, these include nine different
FC-72 mass velocities in the range of GFC = 13.32–159.49 kg/m2 s
and a broad range of water mass velocities of Gw = 6.09–
977.79 kg/m2 s. Table 2 provides the values of FC-72 inlet quality,
xe,in, inlet temperature, TFC,in, and inlet pressure, PFC,in. Also indi-
cated are the amount of heat transferred from FC-72 to cooling
water, qw, and the outlet thermodynamic equilibrium quality of
FC-72, xe,out, and outlet FC-72 film Reynolds numbers, Ref,out.

The test matrix for the heat transfer measurements consists of
69 sets of operating conditions. As indicated in Table 3, these tests
include 14 FC-72 mass velocities in the range of GFC = 9.73–
387.04 kg/m2 s and 5 water mass velocities for each FC-72 mass
velocity. To preclude uncertainties that may arise from cooling
water entrance effects, heat transfer data are measured only within
the upstream condensation length of z = 0–807.7 mm. The inlet
quality of FC-72 is maintained in the range of xe,in = 1.01–1.16,
which results in an upstream single-phase superheated vapor re-
gion 1.62–193.8-mm long (0.2–24.0% of the 807.7 mm length con-
sidered in the heat transfer measurements). The inlet temperature
and pressure of FC-72 are TFC,in = 54.95–74.86 �C and PFC,in = 93.83–
152.62 kPa, respectively, and the amount of heat transferred be-
tween the two fluids is 43.7 to 2240.4 W. These operating condi-
tions result in FC-72 outlet thermodynamic equilibrium qualities
and outlet film Reynolds numbers of xe,out = 0–0.70 and
Ref,out = 101.3–4548.3, respectively.

The pressure transducers used throughout the condensation
facility possess a measurement uncertainty of ±0.5%. The 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 mm and
Fig. 4. Flow regime map for condensation of FC-72 in
±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 mm and ±0.18 mm, respectively. Combining
these uncertainties with the uncertainties in determining fluid
properties yields overall uncertainties in determining heat transfer
rate, vapor quality, and condensation heat transfer coefficient of
±7.11%, ±6.52%, and ±7.60%, respectively.

3. Flow visualization results

3.1. Condensation regimes

Before discussing the results of the flow visualization condensa-
tion module, it is important to point out that, because the FC-72
film covers the entire inner wall of the inner tube, the captured vi-
deo images represent two separate interfaces overlaid on one an-
other. This renders any detailed measurements of the film’s
interface very illusive. Despite this limitation, the module con-
struction and optical methods used provide clear and interpretable
differences in interfacial behavior for different operating
conditions.

Fig. 3(a)–(c) show sequential images of the FC-72 condensation
film along the inner wall of the glass tube for three representative
flow conditions: falling film, flooding, and climbing film. The total
duration of each sequence is 0.3 s, with individual images in each
sequence separated by 0.0125 s. The flow conditions are segre-
gated by the popular Wallis relation [27] for flooding in tubesffiffiffiffi

j�g
q
þ

ffiffiffiffi
j�f

q
¼ C; ð1Þ

where C is a constant whose magnitude generally depends on the
tube geometry and fluid properties, and j�g and j�f are dimensionless
superficial velocities of vapor and liquid, respectively, which are de-
fined as
flow visualization module with Di = 10.16 mm.
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j�g ¼
jgffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gDiðqf � qgÞ=qg

q ð2aÞ

and

j�f ¼
jfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gDiðqf � qgÞ=qf

q : ð2bÞ

It should be noted that the temperatures of both the FC-72 and
cooling water are assumed to vary linearly along the condensation
length when computing the superficial velocities from the experi-
mental data.

Fig. 3(a) shows images of the liquid film captured in the inlet re-
gion, centered at z = 190 mm, where the liquid film is moving
downwards while the vapor moves upwards. This falling film
(a)

(c)
Fig. 5. Variation of temporal record of outside tube wall temperature, Twall,o, along cond
m2 s and Gw = 46.25 kg/m2 s, (c) GFC = 77.81 kg/m2 s and Gw = 73.99 kg/m2 s, and (d) GFC
behavior occurs when the vapor velocity is low and the influence
of gravity on liquid motion is very significant. The superficial veloc-
ities of liquid and vapor for the flow condition in Fig. 3(a) are
jf = 0.0010 m/s and jg = 0.87 m/s, respectively. Notice that the fall-
ing liquid film’s interface for a portion of the inlet region is
momentarily laminar with an appearance of annular flow. Because
of the unstable interface, wave peaks from opposite sides of the
tube quickly merge, capturing some vapor bubbles in the film,
which also causes breakup of liquid into ligaments and droplets.
Some of the shattered liquid is entrained upwards with the vapor
flow, the rest appears to redeposit on the liquid film. The chaotic
combination of falling film, upward moving vapor core, entrained
vapor bubbles, and shattered liquid momentarily produces a highly
mixed two-phase mixture, which is quickly replaced by the initial
laminar film, and the process is repeated in a cyclical fashion.
(b)

(d)
ensation length for (a) GFC = 29.20 kg/m2 s and Gw = 9.25 kg/m2 s, (b) GFC = 58.39 kg/
= 232.94 kg/m2 s and Gw = 73.99 kg/m2 s.



(a) (b)

(c) (d)
Fig. 6. Variation of temporal record of water temperature, Tw, along condensation length for (a) GFC = 29.20 kg/m2 s and Gw = 9.25 kg/m2 s, (b) GFC = 58.39 kg/m2 s and
Gw = 46.25 kg/m2 s, (c) GFC = 77.81 kg/m2 s and Gw = 73.99 kg/m2 s, and (d) GFC = 232.94 kg/m2 s and Gw = 73.99 kg/m2 s.
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Notice that the motion of the annular liquid film is governed by the
relative magnitude of the upward shear stress exerted by the vapor
core and the downward gravity. The behavior captured in Fig. 3(a)
is representative of relatively weak vapor shear. As the vapor
velocity is increased, a condition is achieved where the shear force
begins to balance the body force, which results in a fairly stagnant
liquid at the film’s interface. Flooding, which is predicted according
to the Wallis relation [27], is a condition that refers to flow behav-
ior associated with this force equilibrium since a further increase
in the vapor velocity will cause the liquid film to commence climb-
ing upwards.

Fig. 3(b) captures interfacial behavior in the inlet region,
centered at z = 190 mm, corresponding to the onset of flooding
resulting from a vapor superficial velocity of jg = 3.64 m/s, much
higher than that for Fig. 3(a), and a lower superficial liquid velocity
of jf = 0.009 m/s. Notice that the motion of the liquid film is barely
noticeable at the onset flooding. The interface of the liquid film is
marred by a combination of small ripples and large waves, which
appear to be induced by the high vapor shear.

As the superficial velocities of liquid and vapor are increased
appreciably, the liquid film flow is firmly upwards. This climbing
film flow is depicted in Fig. 3(c) for the outer region, centered at
z = 952 mm, corresponding to jg = 5.50 m/s and jf = 0.0198 m/s.
Here, the liquid film is shear-driven upwards, with the interface
marred by both ripples and relatively large waves that are induced
by the high vapor shear.



(a) (b)

(c) (d)
Fig. 7. Variation of temporal record of local condensation heat transfer coefficient, h, along condensation length for (a) GFC = 29.20 kg/m2 s and Gw = 9.25 kg/m2 s, (b)
GFC = 58.39 kg/m2 s and Gw = 46.25 kg/m2 s, (c) GFC = 77.81 kg/m2 s and Gw = 73.99 kg/m2 s, and (d) GFC = 232.94 kg/m2 s and Gw = 73.99 kg/m2 s.
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3.2. Flow regime map

After careful examination of video records for different operat-
ing conditions, flow behavior appears to fall into one of four dis-
tinct regimes: falling film, oscillating film, flooding, and climbing
film. The oscillating film regime can be described as follows. The li-
quid film incurs flooding for a short duration, but, as more conden-
sate accumulates in the film, the film gets thicker and begins to
exhibit falling film behavior. The liquid film appears quite thin
for a short period, allowing the downward body force to be bal-
anced by the upward vapor shear, and the film incurs flooding.
But, with the condensation increasing liquid mass, the film be-
comes thicker, and the downward body force begins to exceed
the vapor shear, causing the flow to switch to that of a falling film.
This in turn causes a thinning of the liquid film and temporary
flooding followed by re-thickening and repeat of the falling film
behavior in a sequential manner.

The four flow regimes are used to construct a flow regime
map for upward condensing flows using coordinates based on
the Wallis dimensionless superficial velocities defined in Eqs.
2(a) and 2(b). Fig. 4 shows the Wallis relation with C = 1 predicts
data corresponding to the onset of flooding with good accuracy.
Falling film flow is achieved when C < 0.85 (C = 0.56 for
Fig. 3(a)), oscillating flow 0.85 < C < 1.0, flooding 1.01 < C < 1.21
(C = 1.10 for Fig. 3(b)), and climbing film C > 1.21 (C = 1.52 for
Fig. 3(c)).
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4. Heat transfer results

4.1. Heat transfer data reduction

A thermal model is constructed to determine the local conden-
sation heat transfer coefficient in the condensation module in-
tended for heat transfer measurements. As discussed in [53], the
film interface is assumed to maintain saturation temperature, Tsat(-
z), which is determined from the pressure measurements. Given
the very small pressure drop across the condensation length, the
saturation pressure, Psat(z), used to determine Tsat(z) is calculated
from a linear curve fit between the measured inlet pressure, Pin,
and outlet pressure, Pout. The water temperature, Tw(z), and outer
wall temperature of the inner tube, Twall,o(z), are determined from
curve fits to their respective measured values. A differential
amount of heat, dq, which is equal to the differential rise in sensi-
ble energy of the cooling water, is transferred from the FC-72 to the
cooling water. The thermal model for the region xe < 1 is repre-
sented by the relation

dq ¼ ðpDidzÞhðTsat � Twall;iÞ ¼
Twall;i � Twall;o

lnðDo=DiÞ
2pkssdz

¼ _mwcp;wdTw; ð3Þ

which is used to determine the local condensation heat transfer
coefficient, h(z), of FC-72. For the small superheated inlet region be-
fore the liquid film begins to develop, the temperature of the super-
heated FC-72 vapor, Tg(z), is determined from the energy balance
(a)

(c)

Fig. 8. Temporal records of condensation heat transfer coefficient at four axial locat
Gw = 46.25 kg/m2 s, (c) GFC = 77.81 kg/m2 s and Gw = 73.99 kg/m2 s, and (d) GFC = 232.94 k
_mFC cp;g dTg ¼ _mw cp;w dTw, and the thermodynamic equilibrium
quality for the superheated region is given by

xe ¼ 1þ cp;gðTg � TsatÞ
hfg

: ð4Þ

Eq. (4) is also used to determine the location where xe = 1. The heat
transfer coefficient for the superheated region is obtained by replac-
ing Tsat in Eq. (3) with the local temperature of the superheated
vapor.

dq ¼ ðpDidzÞhðTg � Twall;iÞ ¼
Twall;i � Twall;o

lnðDo=DiÞ
2pkssdz

h i ¼ _mwcp;wdTw: ð5Þ

For the saturated region (xe < 1), the local flow rate of the condens-
ing film, _mf ðzÞ, is obtained by integrating the relation d _mf ¼ dq=hfg

from the location where xe = 1. The local thermodynamic equilib-
rium quality in the same region is given by xe ¼ ð _mFC � _mf Þ= _mFC .

4.2. Temporal and spatial records of heat transfer parameters

Figs. 5–7 show spatial records of outer condensation tube wall
temperature, Twall,o, water temperature, Tw, and condensation heat
transfer coefficient, h, measured along the condensation length
after reaching steady state conditions. Shown are results for four
sets of operating conditions representative of falling film, oscillating
film, flooding and climbing film regimes. Despite waiting until all
system pressures and temperatures reach steady state before
making these measurements, relatively high wall temperature
(b)

(d)

ions for (a) GFC = 29.20 kg/m2 s and Gw = 9.25 kg/m2 s, (b) GFC = 58.39 kg/m2 s and
g/m2 s and Gw = 73.99 kg/m2 s.
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fluctuations are persistent in both the falling film and oscillating film
regimes as shown in Figs. 5(a) and (b) respectively. These regimes
correspond to low FC-72 mass velocities (GFC = 29.20 kg/m2 s for
falling film and 58.39 kg/m2 s for oscillating film) and relatively
low values of parameter C in Eq. (1) (C = 0.74 for falling film and
0.97 for oscillating film), based on the flow regime map presented
earlier. Notice that the temperature fluctuations are more pro-
nounced but more periodic for the falling film regime, compared
to a less pronounced but more chaotic response for the oscillating
film regime. Additionally, the temperature fluctuations are more
severe in the exit region compared to the inlet and middle regions
for both regimes. The amplitude of temperature fluctuations is
greatly diminished for the flooding and climbing film regimes as
shown in Figs. 5(c) and (d), respectively. These regimes correspond
to relatively high mass velocities (GFC = 77.81 kg/m2 s for flooding
and 232.94 kg/m2 s for climbing film), and relatively high C values
of 1.12 and 2.11 for the flooding and climbing film regimes,
respectively.

As shown in Fig. 6(a)–(d), the variations of water temperature,
Tw, are similar in overall trend to those of the wall temperature.
While the amplitude of water temperature fluctuations is much
smaller than that for the wall temperature, the water temperature
fluctuations are slightly more pronounced for the falling film and
oscillating film than for the flooding and climbing film regimes.

Fig 7(a)–(c) show the variations of the local condensation heat
transfer coefficient, h, derived from those for the wall and water
temperatures. Here too, the variations follow the general trends
displayed in Figs. 5(a)-(d) and 6(a)–(d).

Fig. 8(a)–(d) show temporal variations of the condensation heat
transfer coefficient, h, at four different axial locations of z = 71, 147,
300 and 528 mm from the inlet of the condensation length. Notice
that these variations are fairly periodic for the falling film regime,
(a)

Fig. 9. Axial variations of (a) measured and fitted temperatures of outer wall of inner tu
distance and quality of FC-72 for different combinations of FC-72 and water mass veloc
Fig. 8(a), and both more severe and more chaotic for the oscillating
film regime, Fig. 8(b). The percentage amplitude is greatly dimin-
ished both for the flooding regime, Fig. 8(c), and climbing film re-
gime, Fig. 8(d). It should be noted that all temperature
measurements are averaged over an adequate time period to ob-
tain the heat transfer results discussed hereafter.

4.3. Heat transfer trends

Fig. 9(a) shows axial variations of the outer wall temperature of
the inner tube, Twall,o, and the cooling water temperature, Tw(z), for
four different combinations of FC-72 and water mass velocities.
Both temperature distributions are determined from third-order
polynomial curve fits to axial distance. These distributions are then
used to calculate the corresponding variations depicted in Fig. 9(b)
for the amount of heat transferred from the FC-72 to the cooling
water per unit length, dq/dz, using Eqs. (3) and (5), and the FC-72
mass quality, x, using x ¼ ð _mFC � _mf Þ= _mFC . Fig. 9(b) shows dq/dz
for all FC-72 mass velocities is highest in the upstream region,
where the condensate film is thinnest, and decreases gradually to-
wards the outlet because of the increasing film thickness. Addition-
ally, dq/dz increases with increasing mass velocity of FC-72
because of the increased vapor shear. As expected, Fig. 9(b) shows
x is highest in the upstream region and decreases gradually to-
wards the outlet. Notice that dq/dz subsides for all mass velocities
to very low values at the outlet, where values of x below 0.68 indi-
cate the annular liquid film can no longer be maintained.

Fig. 10(a)–(d) show the variations of the experimentally deter-
mined local FC-72 heat transfer coefficient, h, with axial distance
in both the single-phase superheated vapor and film condensation
regions for FC-72 mass velocities of GFC = 29.20, 58.39, 194.30 and
329.41 kg/m2 s, respectively, and different water mass velocities.
(b)

be and cooling water, and (b) heat transferred from FC-72 to cooling water per unit
ities.
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The heat transfer coefficient is relatively low in the superheated
vapor region near the inlet for most cases, and increases rather
sharply to peak value where the annular liquid film is initiated.
Note that a clearly defined single-phase vapor flow region up-
stream of the peak point would yield a fairly constant h value.
The unexpected trend of increasing h in the same upstream region
may be explained by the film condensation commencing in a cir-
cumferentially nonuniform manner within the predominantly sin-
gle-phase vapor region where xe > 1. The peak value is believed to
occur where nearly full coverage of the inner circumference by the
liquid film is achieved. As shown in Fig. 10(a)–(d), h decreases
along the condensation length downstream of the peak value for
all FC-72 mass velocities. This trend is the result of the condensa-
tion liquid film being thinnest where the annular film is initiated
and gradually increasing in thickness along the condensation
length. It should also be noted that heat transfer in the upstream
thin film region is laminar and dominated by conduction across
the film. This trend is fairly monotonic for all cases corresponding
to the three lowest FC-72 mass velocities, Fig. 10(a)–(c). However,
Fig. 10(d) shows h for GFC = 329.41 kg/m2 s and two Gw values
reaches a minimum before increasing again towards the outlet.
The downstream increase can be explained by the film turning tur-
bulent, with the heat transfer potentially enhanced by the intensi-
fied interfacial waviness. Comparing Fig. 10(a)–(d) shows h
generally increases with increasing FC-72 mass velocity, which
can be attributed to thinning of the film by the increasing vapor
shear.
(a)

(c)

Fig. 10. Axial variation of experimentally determined local condensation heat transfe
GFC = 29.20 kg/m2 s, (b) GFC = 58.39 kg/m2 s, (c) GFC = 194.30 kg/m2 s, and (d) GFC = 329.41
Fig. 11(a)–(d) show the variations of h with thermodynamic
equilibrium quality, xe. These plots exclude the region from the in-
let to the peak point captured in Fig. 10(a)–(d). Fig. 11(a)–(c) cor-
responding to the three lowest FC-72 mass velocities show a
monotonic decline in h with decreasing xe, which is the result of
the aforementioned axial increase in film thickness. However, h
for the highest FC-72 mass velocity and two water mass velocities,
Fig. 11(d), reaches a downstream minimum before increasing
slightly because of downstream turbulence and interfacial wavi-
ness. Notice in Fig. 11(d) that the downstream minimum is absent
for the lower values of Gw. This can be explained by the low Gw val-
ues reducing heat transfer rate between the two fluids, which pre-
vents the liquid film from attaining sufficiently high flow rates
downstream to achieve sufficient turbulence and downstream
waviness.

Fig. 12(a) shows the axial span of the four flow regimes over the
807.7-mm measurement length for six FC-72 mass velocities of
GFC = 29.20, 38.94, 58.39, 77.82, 97.31, and 116.74 kg/m2 s. For
each value of GFC, there is a relatively short upstream superheated
region. For the lowest mass velocity of GFC = 29.20 kg/m2 s, falling
film flow is encountered over the entire two-phase region. As GFC

is increased to 38.94 kg/m2 s, oscillating film flow is encountered
for a short distance immediately downstream of the superheated
region, and falling film flow farther downstream. Notice how multi-
ple flow regimes are encountered for GFC = 58.39, 77.82, and
97.31 kg/m2 s, but only climbing film flow is prevalent for
GFC = 116.74 kg/m2 s.
(b)

(d)

r coefficient for different water mass velocities and FC-72 mass velocities of (a)
kg/m2 s.



(a) (b)

(c) (d)

Fig. 11. Variation of experimentally determined local condensation heat transfer coefficient with thermodynamic equilibrium quality for different water mass velocities and
FC-72 mass velocities of (a) GFC = 29.20 kg/m2 s, (b) GFC = 58.39 kg/m2 s, (c) GFC = 194.30 kg/m2 s, and (d) GFC = 329.41 kg/m2 s. These plots exclude the region captured in
Fig. 13 from the inlet to the peak point.
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Fig. 12(b) shows the variation of the average condensation heat
transfer coefficient, �h, with exit film Reynolds number, Ref,out. To
determine �h, local heat transfer coefficient values are averaged
over the 807.7-mm measurement length starting with the peak
locations identified in Fig. 10(a)–(d), therefore excluding the up-
stream superheated vapor region. Notice that there is appreciable
data scatter for Ref,out < 1600, where all four flow regimes are
encountered. However, data for the climbing film regime show con-
sistent and monotonic variation with Ref,out.
5. Condensation model for climbing film regime

5.1. Limitations of annular flow model in upflow condensation

The results presented thus far prove that upflow condensation
is quite complex, given the possibility of occurrence of multiple
flow regimes along the condensation length as shown in
Fig. 12(a). Of the four regimes discussed earlier, only climbing film
flow may be effectively predicted using an annular flow model be-
cause of the concurrent flow of vapor and liquid.

However, the existence of the climbing flow regime is a neces-
sary but not sufficient criterion for the applicability of an annular
flow model. As shown in Fig. 12(a), climbing film flow occurs over
the entire measurement length only for very high GFC. This regime
is nonexistent for the lowest GFC, and occurs upstream of flooding,
oscillating film, and/or falling film flows for intermediate values of
GFC. For conditions where climbing film flow occurs upstream of
other regimes, the applicability of the annular flow model may
be compromised by downstream flow oscillations. Additionally,
the annular flow solution procedure encounters a singularity when
even a very small portion of the liquid in the climbing film flows
downward.

Because of these limitations, the annular flow model is applica-
ble only to conditions where (i) climbing film flow is encountered
over a significant portion of the measurement length and (ii) all
the liquid in the film flows concurrently upwards with the vapor.
A simple criterion of climbing film flow occurring over 50% of the
measurement length proved effective at satisfying both of these
conditions. This limited the number of cases considered to 16 of
the 69 operating conditions.
5.2. Formulation of annular flow model

Recently, Park et al. [53] developed a control volume model
for annular flow corresponding to condensation in downflow.
The model was based on the assumptions of smooth interface
between the annular liquid film and vapor core, and circumfer-
ential symmetry of the liquid film. Since the present study con-
cerns condensation in vertical upflow, the same model is
adopted excepting the opposite orientation of gravity. This mod-
el is briefly summarized below with all the key equations pro-
vided in Table 4.



(a)

(b)

Fig. 12. (a) Variation of flow regimes along condensation length for different FC-72
mass velocities. (b) Variation of experimentally determined average FC-72 con-
densation heat transfer coefficient with film Reynolds number at the exit.

Table 4
Annular flow model relations.

Mass conservation
d _mf

dz � Cfg ¼ 0;
d _mg

dz þ Cfg ¼ 0 _mf ¼ qf

R d
0 uf pðD� 2yÞdy; _mg

¼ qg �ugpðD� 2dÞ2=4; Cfg ¼ q00wpD=hfg

Momentum conservation for liquid film

s ¼ lf 1þ em
mf

� �
duf

dy ¼ � dp
dz � qf g

� �
Af ;�
Pf ;y
þ si Pf ;dþCfg ui

Pf ;y

Af ;� ¼ p
4 ðD� 2yÞ2 � p

4 ðD� 2dÞ2; Pf ;y ¼ pðD� 2yÞPf ;d ¼ pðD� 2dÞ
Velocity profile across the film

uf ðyÞ ¼ d
lf
� dP

dz � qf g
� � R y=d

0
Af ;�

Pf ;y
1þ em

mf

� ��1
d y

d

� �
þ d

lf
siPf ;d þ Cfg ui
� �

R y=d
0

1
Pf ;y
ð1þ em

mf
Þ�1d y

d

� �
; ui ¼ uf ðdÞ

Pressure gradient

� dP
dz ¼ qf g þ

lf _mf

qf d2� si Pf ;dþCfg uið Þ
R 1

0
Pf ;y

R y=d

0
1

Pf ;y
1þem

mf

� ��1

d y
dð Þ

	 

d y

dð Þ
R 1

0
Pf ;y

R y=d

0

Af ;�
Pf ;y

1þem
mf

� ��1

d y
dð Þ

	 

d y

dð Þ

Momentum conservation for vapor core

si ¼ 1
Pf ;d

Ag � dP
dz � qgg

� �
� d qg �u2

g Agð Þ
dz � Cfg ui

	 

; Ag ¼ pðD� 2dÞ2=4

Interfacial shear stress relation [30,55]

si ¼ 1
2 fiqg �ug � ui

� �2 þ ð�ug�uiÞCfg

2Pf ;d

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

fi ¼ 0:046Re�0:2
c for Rec P 20;000; Rec ¼ qg �ug � ui

� �
ðD� 2dÞ=lg

Eddy momentum diffusivity [55,58–60]

em
mf
¼ � 1

2þ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4K2yþ2 1� exp �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� yþ

dþ

q
yþ

Aþ

� �h i2
1� yþ

dþ

� �
s
sw

r
;

K ¼ 0:4; Aþ ¼ 26 1þ 30:18lf q�0:5
f s�1:5

w
dP
dz

� ��1

Turbulent Prandtl number [56]

PrT ¼ 1:4 exp �15 yþ

dþ

� �
þ 0:66; dþ ¼ du�=mf

Heat transfer coefficient

h ¼ q00w
Tsat�Tw

¼ qf cp;f u�

Tþd
¼ qf cp;f u�R dþ

0
q00
q00w

1
Prf
þ 1

PrT

em
mf

� ��1

dyþ
¼ qf cp;f u�R dþ

0
D

D�2dð Þ 1
Prf
þ 1

PrT

em
mf

� ��1

dyþ
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The annular flow model relies on the application of mass and
momentum conservation to control volumes encompassing a por-
tion of the liquid film and the entire vapor core as illustrated in
Fig. 13(a). The mass flow rates of the liquid and vapor are given
by _mf and _mg , respectively, with Cfg representing the rate of inter-
facial mass transfer due to condensation per unit distance. First,
mass conservation is applied to the differential liquid and vapor
control volumes. Next, momentum conservation is applied to the
liquid control volume, neglecting the film’s axial momentum
changes. This yields a relationship for the shear stress, s, across
the film, which is used to determine relations for liquid velocity,
uf(y), and axial pressure gradient, �dP/dz. Momentum conservation
is then applied to the vapor control volume, which yields a relation
for the interfacial shear stress, si, in terms of the pressure gradient.
The relation for si is equated to the definition of interfacial shear in
terms of the product of interfacial friction factor, fi, which is deter-
mined from relations by Shah and London [55], and velocity differ-
ences between the vapor core and interface. The interfacial shear
stress is modified by the influence of interfacial momentum trans-
fer due to condensation according to Wallis [30].

Heat flux across the liquid film is related to the liquid temper-
ature gradient according to

q00

q00w
¼ 1

Prf
þ 1

PrT

em

mf

� �
dTþ

dyþ
; ð6Þ

where
Tþ ¼
qf cp;f u�ðT � TwÞ

q00w
; ð7Þ

yþ ¼ yu�=mf ; u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
sw=qf

q
, and PrT is the turbulent Prandtl number

(em/eh). The present model utilizes a relation for PrT that was de-
rived by Mudawar and El-Masri [56] based on experimental data
by Ueda et al. [57].

Based on Mudawar and El-Masri’s turbulent mixing length pro-
file [56], which incorporates an eddy-diffusivity profile measured
by Ueda et al. [57], Kim and Mudawar [58] derived a relation for
eddy momentum diffusivity in a shear-driven film that accounts
for axial pressure gradient per [59,60]. This relation is used in
the present model to determine the local condensation heat trans-
fer coefficient by integrating Eq. (6)

h ¼ q00w
Tsat � Tw

¼
qf cp;f u�

Tþd
¼

qf cp;f u�R dþ

0
q00

q00w
1

Prf
þ 1

PrT

em
mf

� ��1
dyþ

¼
qf cp;f u�R dþ

0
D

D�2delta

� �
1

Prf
þ 1

PrT

em
mf

� ��1
dyþ

ð8Þ

The model equations are solved numerically using a finite dif-
ference technique. The average heat transfer coefficient, �h, for the
annular region is obtained by averaging h(z) downstream of the
peak values in Fig. 10(a)–(d).

5.3. Model predictions

Fig. 13(b) compares the model predictions of �h with the exper-
imental data. As indicated earlier, the experimental values exam-
ined here are for 16 cases with the climbing film occurring over
50% of the measurement length. The data are predicted with a
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mean absolute error of 23.26%. One key reason for deviations be-
tween predicted and measured values is the influence of down-
stream flow oscillations and other flow regimes on the upstream
(b)

(a)

Fig. 13. (a) Momentum and force components for liquid film and vapor core contro
condensation heat transfer coefficients for cases dominated by climbing film regime.
climbing film flow. Another reason for the deviations is the inability
of the annular model to account for the annular film’s interfacial
waviness. The importance of interfacial waves is evident from past
l volumes. (b) Comparison of predicted and experimentally determined average
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studies involving adiabatic, heated and evaporating liquid films
[61–66]. Waviness can 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. It is therefore rec-
ommended that future models incorporate the influence of interfa-
cial waviness in pursuit of superior predictions.
6. Conclusions

This study explored the various flow regimes encountered in
upflow condensation of FC-72 in a vertical tube. Interfacial interac-
tions were examined with the aid of high-speed video to segregate
flow regimes and construct a comprehensive flow regime map.
Heat transfer measurements were used to assess differences in
heat transfer behavior between the different regimes. An annular
flow model was constructed to predict heat transfer corresponding
to concurrent upflow conditions. Key findings from the study are as
follows.

(1) Four condensation regimes were identified, which, in the
direction of increasing vapor velocity, are falling film, where
the condensing film is driven downwards by gravity oppo-
site to the vapor flow, oscillating film, where the film flow
oscillates between upwards and downwards, flooding, where
film begins to be carried upwards by the vapor shear, and
climbing film, where the film motion is decidedly upwards
as the vapor shear begins to dwarf the influence of gravity.
The four flow regimes are well segregated in a map based
on dimensionless superficial velocities of the vapor and
liquid. Transition lines between the regimes are accurately
predicted by the Wallis flooding relation [27] modified with
different empirical coefficients.

(2) The local condensation heat transfer coefficient decreases
along the condensation length because of gradual thickening
of the film, except for high FC-72 mass velocities, where the
heat transfer coefficient reaches a minimum before increas-
ing downstream because of turbulence and intensified inter-
facial waviness. Overall, the heat transfer coefficient
increases with increasing FC-72 mass velocity, which can
be attributed to thinning of the film by the increasing vapor
shear.

(3) The annular flow model is applicable only to the climbing
film regime that features concurrent liquid and vapor flows.
Deviations between predicted and measured values are
attributed to the influence of downstream flow oscillations
and inability of the model to account for interfacial waves.
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