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a b s t r a c t

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-
lent with a very wavy interface as the flow rate of FC-72 is increased, especially for exit film Reynolds
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,
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-

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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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

Nomenclature

A area
A+ constant in eddy diffusivity function
Af,⁄ flow area of liquid control volume
cp 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
hfg latent heat of vaporization
K Von-Karman constant
kss thermal conductivity of inner stainless steel tube
MAE mean absolute error
_mf mass flow rate of FC-72 liquid film
_mFC total mass flow rate of FC-72
_mw total 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 total heat transfer rate from FC-72 to cooling water
Ref FC-72 film Reynolds number, Ref = G (1 � x) Dh/lf

T temperature
T+ dimensionless temperature
u velocity
uf local liquid film velocity
u+ dimensionless liquid film velocity
u⁄ friction 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
d thickness of condensing film
d+ dimensionless film thickness
em eddy momentum diffusivity
l dynamic viscosity
m kinematic viscosity
q density
r surface tension
s shear stress
sw 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
o outer wall of inner stainless steel tube
out outlet
pred predicted
sat saturation
w water; wall
wall wall of inner stainless steel tube

568 I. Park et al. / International Journal of Heat and Mass Transfer 57 (2013) 567–581



Download	English	Version:

https://daneshyari.com/en/article/7059055

Download	Persian	Version:

https://daneshyari.com/article/7059055

Daneshyari.com

https://daneshyari.com/en/article/7059055
https://daneshyari.com/article/7059055
https://daneshyari.com/

