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A review of recent investigations of condensation in microgravity environments is presented in order to better
understand the influence of microgravity, shear stress, surface tension, and/or capillary and centrifugal forces
on condensation phenomenon. Based on a thorough review of the available literature on condensation in the
absence of gravitational body forces, the potential of using the vapor shear stress to remove the condensate in
systems designed for spacecraft applications was assessed. Other removal methods, such as the use of wall suction
are presented, discussed and evaluated. It is apparent from the literature that the gravitational body force in
condensation processes could effectively be replaced by the centrifugal forces generated by a rotating system. The
possibility of utilizing surface tension and/or capillary forces to enhance the condensation phenomenon for use in
spacecraft applications is also evaluated and discussed.

Nomenclature
a = impinging density
cp = specific heat at constant pressure
fi = flow friction factor
g = gravity acceleration
h f g = latent heat
hx = heat transfer coefficient
l = plate length
ṁ ′′

c = condensate mass flux
Nu = Nusselt number
Pr = Prandtl number
p = pressure
q = local heat transfer rate
Re = Reynolds number
r = radius of curvature
U∞ = freestream velocity
w = mass flow rate
Xtt = Martinelli parameter
Xvt = Martinelli parameter
ᾱ = average heat transfer coefficient
�T = Temperature difference between saturated vapor

and wall
δ∗ = dimensionless film thickness
λ = thermal conductivity
μ = absolute viscosity
ρ = density
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σ = surface tension
τ = shear stress
ω = angular velocity

Subscripts

G = gas
L , l = liquid
v = vapor

I. Introduction

C ONVENTIONAL thermal control systems, consisting of me-
chanically pumped, single-phase fluid loops, require large

amounts of power to overcome friction and meet the high heat-
removal demands of advanced spacecraft thermal control systems.
With the development of more advanced applications, these space-
craft thermal control systems must be able to transport and dissi-
pate large quantities of heat over moderate to long distances with
very small external power requirements, and require more flexi-
ble and effective thermal management systems than are currently
available.1 As a result of the combination of high heat flux capacity,
low weight-to-power-dissipation ratio, and high degree of tempera-
ture uniformity, phase-change condensing radiators offer an effec-
tive alternative to the single-phase pumped fluid loops currently in
use in most spacecraft thermal control applications. In these appli-
cations, condensation heat transfer could be used to transfer heat
from the source to the radiators, where, through phase change, the
desired heat transfer can be achieved and the waste heat ultimately
dissipated from the radiator surface to space. Although the ultimate
heat dissipation from the radiator is by thermal radiation, the use
of phase change and in particular the condensation process that oc-
curs in the condenser regions serves to spread heat uniformly over
the radiator surface. Effective condensing radiators are capable of
dissipating high heat fluxes with small temperature differences and
have high rejection-to-weight ratios. The successful design of these
systems requires a fundamental understanding of the parameters
that govern the mechanisms of condensation in reduced-gravity en-
vironments. To assist in the development of this understanding, a
thorough review of the current literature has been conducted.

Condensation under a normal (1g) gravitational field has been
investigated extensively2−5 and a comprehensive review of the
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Table 1 Variation of heat transfer coefficient with heat flux7 (see Fig. 1)

Curve Orientation Surface material Surface finish Promoter Venting arrangement Gas concentration

1 Vertical Copper Mirror-smooth Stearic acid Unknown Unknown
2 Vertical Copper Mirror-smooth Benzyl mercaptan Continuous bleed Unknown

and oleic acid mixed
3 Vertical Chromium plated Highly polished Oleic acid Unknown Unknown

on copper
4a, 4b, 4c Vertical Copper Mirror-smooth Dioctadecyl disulfide Blow past surface, 2 ppm

various velocities
5 Vertical Copper Mirror-smooth Dioctadecyl disulfide Close by venting Very small
6 Vertical Copper Mirror-smooth Dioctadecyl disulfide Blow past surface Very small
7 Vertical tubes Chromium plated Unknown Oleic acid Continuous bleed Unknown

on copper
8 Vertical Copper Unknown Oleic acid Blow past surface Unknown
9 Vertical tubes Copper Unknown Benzyl mercaptan Continuous bleed Unknown
10, 10a Vertical Copper Highly polished Benzyl mercaptan Blow past surface Unknown
11 Vertical Copper Polished Cupric oleate Unknown Unknown
12 Vertical Copper Unknown Benzyl mercaptan Blow past surface Unknown

Fig. 1 Dropwise condensation heat transfer data7 (see Table 1).

published literature of condensation heat transfer inside smooth and
micro-finned tubes in normal gravitational fields has been presented
by Garcia-Valladares.6 The correlations presented were discussed
and benchmarked with experimental data from a number of different
investigations for several different fluids and flow conditions. The
most accurate correlations, based on comparisons with experimen-
tal data for the different fluids and boundary conditions, were also
identified and discussed.

Although it has been known since the 1930s that heat transfer
coefficients for dropwise condensation are much higher than those
for film condensation, until the 1960s, there were wide discrepan-
cies among the results presented by various investigators. As shown
in Fig. 1, the model comparison using either numerical sample cal-
culation or graphical representation was presented to clearly show
both the effect of the governing parameters and overall trends in pre-
diction for dropwise condensation.7 The conditions for these data
are indicated in Table 1. All these curves refer to a pressure close
to 1 atm. Rose8 has reviewed the progress in dropwise condensa-
tion research from 1930 to the present and the theoretical aspects
and measurements relating to heat transfer, with particular attention
given to the effects of surface conditions. In this review, it was also
noted that experimental measurements showed good consistency
and provided better understanding of the mechanism and theory of
dropwise condensation. Still, the practical problem of promoting
stable dropwise condensation under industrial conditions remains
unsolved despite considerable effort by numerous investigators.

Analytical and experimental investigations to determine the influ-
ence of the inclination on laminar condensation have been presented
by Chato.9 A momentum–energy integral method for condensate

Fig. 2 Schematic of loop heat pipe.11

formation on the walls and condensate flow at the bottom were de-
veloped. It was noted that there should be an optimum slope of
inclination, which produces maximum heat transfer for a tube op-
erating under a set of prescribed conditions.

A review and comparative study of heat rejection systems for
space platforms and space-based power systems including space-
constructible heat-pipe radiators, variable-surface-area radiators,
rotating solid radiators, moving belt radiators, rotating film radi-
ators, liquid droplet radiators, Curie point radiators, and rotating
bubble membrane radiators, has been presented by Chowdhury and
Peterson.10 The most technically feasible of these systems was found
to be one that utilizes phase change and the associated large latent
heat values obtained from evaporation and condensation of a fluid
medium within a circulating loop, as in the loop heat pipe. Figure 2
illustrates a schematic diagram of a loop heat pipe.11 To examine
the performance of loop heat pipes, SINDA/FLUINT was developed
by NASA.12,13 This analyzer was specifically targeted toward mod-
eling requirements of loop heat pipes and other capillary devices,
and it is capable of simple steady-state sizing analysis as well as
complex start-up transients including the effects of noncondensible
gases. Developing such a circulating loop system for microgravity
applications requires an in-depth understanding of condensation un-
der microgravity and the resulting two-phase flow. In the absence
of gravitational body force, that is, in space applications, the nature
of the condensation process is quite different from that occurring
on the ground. For example, in film condensation, the dominant
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heat flux is a function of the liquid film conductivity, so the ther-
mal resistance of the liquid film is an important factor. It is very
important to effectively drain the condensate liquid film from the
heat transfer surface to prevent condenser flooding and stoppage
of the vapor flow. The motion of the liquid film is driven by the
gravitational body force on the ground; however, in the absence of
acceleration-induced body forces, no similar driving forces exist in
space environments. Utilization of the vapor flow shear stress, of
suction through a porous wick surface, and of surface tension and
the associated capillary driving force and application of centrifu-
gal forces have all been presented and discussed in the literature
as possible solutions to this problem, but only a few investigations
have been reported on the behavior of in-tube condensation in the
absence of a gravity force since the 1950s.

The effects of gravity, shear forces, and surface tension in internal
flows with condensation have been investigated through direct com-
putational simulations.14 In this investigation, the two-dimensional
governing equations for steady and unsteady laminar/laminar inter-
nal condensing flows were solved. The flow geometry, in normal or
zero gravity, was chosen to be the inside of a rectangular channel
with film condensation on one of the walls. Under normal grav-
ity, film condensation was on the bottom wall of a tilted channel,
where the tilt orientation was varied between vertical and horizon-
tal. It was found to be important to know whether the exit conditions
were constrained or unconstrained, because nearly incompressible
vapor flow occurs only for exit conditions that are unconstrained.
Compared to a vertical channel under normal gravity, shear-driven
zero-gravity cases resulted in much larger pressure drops, much
lower wave speeds, much larger noise-sensitive surface-controlled
wave amplitudes, and much narrower flow regime boundaries within
which the vapor flow could be considered incompressible.

The flow patterns during condensation of R12 inside a 0.5-in hor-
izontal tube were visually and photographically studied by Soliman
and Azer.15 Nine different flow patterns were identified and the study
concluded that the flow regime map originally developed for adia-
batic two-phase flow was not adequate for nonadiabatic two-phase
flow.

As stated above, the mechanism of condensation in the absence of
body forces is much different from that experienced in the presence
of a gravitational body force. In addition, because of the difficulties
of conducting experiments in reduced gravity environments, only
very limited information is available, which describes the behavior
of the flow and the heat condensation characteristics in these types of
conditions. In order to obtain better insight into the physics of con-
densation in microgravity, a review, with emphasis on the influences
of microgravity, shear stress, surface tension, and centrifugal forces,
is presented. The available literature on condensation in the absence
of dominant body forces, such as gravity, is examined, discussed,
and evaluated.

II. Theoretical Investigations
A. Vapor Shear Force

One of the earliest analyses of the governing equations for film
condensation over a flat plate was presented by Cess,16 with a sim-
plifying assumption that neglected the convection and the inertial
forces in the condensate liquid film. Subsequently, Koh17 reported
on a detailed analysis of laminar film condensation of a saturated
vapor in forced flow over a flat plate, as shown in Fig. 3. The prob-
lem was formulated with boundary-layer simplifications. From the

Fig. 3 Physical model for condensation on plate.17

numerical solutions of the governing equations, it was found that
the energy transfer by convection could not be neglected for high–
Prandtl number liquids. The condensation rate, skin friction, and
heat transfer were all presented as functions of cp�T/Prh f g with
[(ρμ)L/(ρμ)v]1/2 and Pr as parameters.

It was observed, from the solution of this model and consider-
ing the convection heat transfer, that the dimensionless heat trans-
fer, Nux/

√
(Rex ) drops to a minimum value and then increases

as cp�T/Prh f g increases. Shekriladze and Gomelauri18 also con-
ducted research on condensing flow along a flat plate. Momentum
transfer was shown to play a dominant role in the fluid dynamics
of the process. A comparison between the numerical results and
available experimental data was also presented and the following
results were obtained:

1) For a constant wall temperature, the average heat transfer co-
efficient ᾱ is given by

ᾱ =
√

N
N + 1

· ρL h f gU∞λ

�T l
(1)

N = λ�T
h f gμL

(2)

2) For a constant heat flux, the average heat transfer coefficient ᾱ
is given by

ᾱ = 1.41

√
λ2ρLU∞

μLl
(3)

Condensation in tube annuli is often used in the design of space
applications where, in the absence of gravitational body force and
buoyancy effects, the vapor condenses on the tube surface and the
liquid attaches and creates a film on the tube inner wall due to
the influence of surface tension. Under these conditions, a liquid
film flows along the wall and a high-velocity vapor stream flows
in the center of the tube. As the velocity increases, the liquid film
is entrained and carried along and the interface between the vapor
and the liquid forms a wavy surface, resulting in an increase in the
pressure drop. A method for predicting the height of the wall layer
and the interfacial drag in this annular flow in a circular tube was
presented by Henstock and Hanratty.19 For horizontal flows, the
flow friction factor fi based on the average shear stress τi around
the circumference was represented by the relationship

fi/ fs = 1 + 850F (4)

where

fs = 0.046Re−0.20
G (5)

at low ReL F ,

F = 0.0379Xvt

at high ReL F ,

F = 0.0379Xtt

where

Xvt = 16.9

(
μLρG WL

μGρL WG

)0.5

Re−0.4
G

Xtt =
(

μL

μG

)0.1(
ρG

ρL

)0.5(
WL

WG

)0.9

The possibility of using vapor shear stress to remove the conden-
sate for space applications was assessed by Chow and Parish.20 The
film thickness was assumed to be small compared to the tube diam-
eter and the inertial forces in the liquid were ignored. Examining the
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Fig. 4 Model of condensation on wall.21

momentum balance of a single fluid element inside the condensate
film yields

μL
∂2uL

∂y2
= dp

dz
(6)

and the shear stress at the interface can be expressed as

τδ = (c f /2)Eρv(uv − uLδ)
2 + ṁ ′′

c (uv − uLδ) (7)

For laminar vapor flow (Rev < 2.3 × 103), (c f /2)E is given by

(c f /2)E = 8/Rev (8)

For turbulent vapor flow (Rev > 2.3 × 103), (c f /2)E is given by

(c f /2)E = (c f /2)(1 + 850F) (9)

where

(c f /2) = 0.023Re−0.2
v

F = [(
1.414Re0.5

L

)2.5 + (
0.132Re0.9

L

)2.5]0.4
μR

/[
(ρL/ρv)

0.5 Re0.9
v

]
From a numerical solution of the governing equation, it was found

that the vapor shear can introduce a liquid velocity that is about 10
to 20 times smaller than the vapor velocity. Assuming that in the
absence of gravity, the motion of the condensate film is entirely
due to vapor shear, Wang et al.21 introduced a method for analyzing
condensation heat transfer inside a tube in a microgravity environ-
ment. The schematic of the condensation flow model is shown in
Fig. 4. Acceleration due to gravity was introduced into the momen-
tum equation as a parameter varying in value from 0 to 9.8 m/s2 in
the form

μL
∂2uL

∂y2
− dp

dz
+ ρL g = 0 (10)

Condensate film thickness was found to increase and condensa-
tion heat transfer to decrease with a reduction in the gravitational
body force, g. The model was benchmarked by experimentally mea-
suring condensation heat transfer inside a vertical tube on the ground
with normal acceleration due to gravity. Because no direct compari-
son was made with experimental data for microgravity, the accuracy
of this method still needs to be ascertained.

Although there have not been many theoretical investigations of
condensation in a space or reduced-gravity environment, the avail-
able literature points to the conclusion that vapor shear can enable
effective continuous condensation in a microgravity environment.

B. Wall Suction
A description of the condensation heat transfer process in a mi-

crogravity environment has been presented by Chow and Parish.22

In this investigation, two mechanisms for condensate removal were
analyzed by examining two quite different situations. The first of
these involved film condensation on a flat porous plate with the con-
densate being removed by suction at the wall. The second involved
the analytical prediction of the heat transfer coefficient for con-

densing annular flows with the condensate film driven by the vapor
shear. It was concluded that both suction and vapor shear can ef-
fectively drain the condensate to ensure continuous operation of the
condensers when they are operated in a microgravity environment.

Removal of the liquid film in a porous tube has also been consid-
ered in an investigation of vapor flowing on the outside of a hori-
zontal tube.23 Faghri, and Chow24 analyzed the effects of suction on
the condensation of a vapor flowing inside a tube in a microgravity
environment. In this investigation, the properties of the fluid were
assumed to be constant and the curvature of the tube was neglected.
The boundary conditions were taken as uniform temperature and
uniform suction at the wall. The local heat transfer coefficient hx was
obtained in terms of the Nusselt number through the expression

Nu = hx Dh/λ = {−e−δ∗ + 1
}−1

PrL Rew (11)

where Rew is the Reynolds number for suction at the wall.
Three values of the Reynolds number for suction at the wall,

Rew , of −0.79, −1.6, and −5.0 were used in the numerical solu-
tion. Figures 5 and 6 illustrate the variation of the normalized film
thickness with respect to the normalized axial distance for Reynolds
numbers of the vapor at the inlet, Rev,e, of 5 × 103 and 50 × 103.
From the results, it is apparent that the heat transfer was increased

Fig. 5 The variation of δ+ for Rev,e = 5 ×× 103 (Ref. 24).

Fig. 6 The variation of δ+ for Rev,e = 5 ×× 104 (Ref. 24).
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by the use of suction and that the vapor condenses much faster in
pipes with suction than without suction at the wall, for identical
inlet vapor Reynolds numbers. This is clearly due to the reduction
in the film thickness caused by the suction. The increases in heat
transfer are smaller by comparison for small values of wall suction
Reynolds numbers, but they become more significant when greater
quantities of the condensate are extracted from the tube.

C. Centrifugal Force
It is well known that the gravitational force in a condensation

process could be replaced by the artificial body forces caused by
the centrifugal forces generated by a rotating system. According to
Prenger and Sullivan25 rotating film radiators were found to achieve
a specific mass of 5.5 kg/kW or 3.5 kg/m2, based on an analysis that
considered the total emissivities.

Pioneering work on film condensation on a rotating disk situated
in a large body of pure saturated vapor was presented by Sparrow
and Gregg26,27 and Sparrow and Hartnett.28 The centrifugal field
associated with the rotation of the plate was used to “sweep” the
condensate outward along the disk surface. For cases where there
were no gravitational body forces, two significant results were ob-
tained:

1) The local heat transfer rate is proportional to the square root
of the disk angular velocity ω:

q ′′ ∝ ω0.5 (12)

2) The local condensation heat transfer coefficient is related to
the temperature difference as expressed by

h(v/ω)
1
2 /λ = 0.904

[
(Pr/cp�T )

1
4

/
h f g

]
(13)

The problem of laminar film condensation, including interfacial
shear on a cooled rotating disk, was also considered by Sparrow and
Gregg.27 The analysis was carried out for condensation of a pure,
saturated vapor on an isothermal disk. It was observed that for the
case of Pr > 1, the vapor drag at the liquid–vapor interface can be
neglected.

There are a few reported experimental investigations of condensa-
tion in the absence of gravitational body forces, the most significant
of which was conducted by Butuzov and Rifert29 in 1972. In this
investigation, the heat transfer coefficients for steam condensing on
a rotating surface were measured. The condensation surface was a
copper disk, 0.3 m in diameter, rotating in the horizontal plane. With
rotational speeds ranging from 10 to 224 rpm, the heat flux varied
from 2 × 104 to 1.9 × 105 W/m2. The heat transfer data were cor-
related by dimensionless expressions and a theoretical expression
similar to the one developed by Sparrow and Gregg26 was derived.
The experimental data were compared with the theoretical analysis
and demonstrated good agreement.

The heat transfer in an impinging, condensing flow on a rotating
disk was studied by Wang and Greif.30 The problem considered im-
pinging, steady, incompressible, laminar flow on an isothermal disk
rotating at a constant angular velocity about its axis of symmetry.
The effects of gravity and viscous dissipation were neglected and
the fluid was assumed to have constant properties. The heat transfer
results for the case without vapor shear were presented as

(h/λ)
(
v
/√

a2 + ω2
) 1

2 = 1/C (14)

C = ((
30E + 4E2

/
15

(
a
/√

a2 + ω2
)2 + [

1 − (
a
/√

a2 + ω2
)2]

× ((3 + 4[(15 − 4E)/(15 + 6E)]{1 + 2[(15 − 4E)/(15 + 6E)]})))) 1
4

(15)

E = 6w/Pr(8 + 3w) (16)

w = cp�T /h f g (17)

A study of the influence of the vapor shear was also conducted
and concluded, as did Sparrow and Gregg,27 that the vapor drag
did not have a significant effect on the heat transfer in the case of
condensation on a rotating horizontal flat disk.

Al-Baroudi and Klein31 conducted an experimental investigation
of the heat transfer characteristics of a rotating flat-plate radiator.
Superheated steam was allowed to condense on the rotating flat sur-
face, which was cooled to allow heat removal. Rotational speeds
of 200, 300, and 400 rpm were used. The relationship between the
overall heat transfer coefficient, the temperature difference between
the working fluid and the cold environment, and the angular rota-
tional speed of the plate were obtained. The empirical relationship
developed is useful in selecting the optimal rotational speed for a
rotating flat-plate radiator, given a desired heat rejection load.

III. Microfin Enhancement and Surface Tension
Surface tension plays a critical role and governs the size and shape

of the interface in two-phase flows, and in reduced gravity environ-
ments it is the dominant parameter in determining the interfacial
shape, and in so doing, strongly influences heat and mass transfer.
In fact, the wall suction force described in the previous section is a
manifestation of the surface tension. This effect becomes even more
important in the absence of gravity, where buoyancy is strongly re-
duced and transport processes are determined by the properties at the
interface alone.32 In Georgia33 it was recognized that surface tension
on a curved surface could induce a pressure gradient many times
larger than that induced by gravity. This discovery led to research on
the possibility of utilizing the surface tension forces in thin conden-
sate films to promote condensate removal in flow channels, thereby
enhancing the condensation process. The role of surface tension in
the condensate removal process has been studied by Masuda and
Rose,34 Marto,35 and Yang and Chen.36

Due to the superior heat transfer performance, horizontal microfin
tubes can be used effectively in the absence of gravity. Heat-transfer
enhancement factors as high as 3.0 (relative to a smooth tube) have
been reported as a result of this technique. This enhancement was
considered to be the result of the combined effects of vapor shear and
surface tension forces. Yang and Webb37 proposed a semi-empirical
model that considered the combined effects of vapor shear and sur-
face tension forces for axially grooved microfin tubes. A stratified
flow model for film condensation in helically grooved, horizontal
microfin tubes was developed by Honda.38 The height of the strati-
fied condensate was estimated by extending the Taitel and Dukler39

model for a smooth tube to a microfin tube. It was shown that the
stratified flow model was applicable to a wide range of mass veloc-
ity and quality as long as the vapor to liquid density ratio was larger
than 0.05.

A detailed analytical model was developed to investigate the con-
densation heat transfer phenomena occurring on microfinned sur-
faces with hydraulic diameters in the range of 5 to 10 μm, as shown
in Fig. 7, by Li and Peterson.40 The effects of vapor suction during
the condensation process, the pressure difference between the inlet
and the outlet, the capillary force induced by the curvature of the
free liquid film, and the gravitational body force were all considered
both in the groove and on the tip of the fin. When compared to a
smooth flat surface of the same size, the condensation heat transfer
coefficient of the microfinned surface was found to be significantly
enhanced.

IV. Condensation in Microgrooves and Capillary Force
With the development of advanced machining methods, the use

of microgrooves to enhance phase change and condensate flow has
increased dramatically. The capillary force is the dominant factor
in two-phase flow for flow in channels or tubes on the microscale,
regardless of the magnitude of the gravitational body force. The
capillary force developed at the meniscus in the microgroove cor-
ner along the tube can induce the working fluid to flow in the mi-
crogrooves, which is a manifestation of the surface tension effects.
The geometric shape of a triangular microgroove is shown in Fig. 8.
(see Ref. 41). The pressure difference at the liquid–vapor interface
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can be described by the Young–Laplace equation:

pv − pl ≈ σ/r (18)

Thus, the surface pressure of the liquid can be expressed as

Fl,p = −Ald(pv − σ/r) (19)

Assuming that the vapor pressure and surface tension are constant,
Eq. (19) can be simplified as

Fl,p = Alσd(1/r) (20)

Micro heat pipes developed over the course of the past 15 yr are
one of the devices that employ capillary flow resulting from small,
sharp corner regions to induce flow. In these devices, the sharp corner
regions serve as liquid arteries that induce flow along the length of
the groves, and with localized heating can cause fluid to flow along
the groove.

Fig. 7 Illustration of the liquid film profile in the cross section of the
microchannel and coordinate system.40

Fig. 8 The geometry shape of
a triangular microgroove.41

a) Near the inlet b) Near the midsection c) Near the outlet

Fig. 9 Dropwise condensation in silicon microchannel.46

The influence of the vapor flow on the capillary liquid flow in
microgrooves was investigated by Ma et al.,42 who found that as the
vapor flowed over the condensate, the vapor flow directly affected
the ability of the microgrooves to pump liquid toward or away from
the condensing surface. This work also indicated that the interfacial
forces, due to the interaction between the vapor and the liquid, must
be considered in the analysis of the condensate flow, particularly
in the case of counterflow such as in micro heat pipes, where the
vapor flow can result in liquid being retained in the channels, thereby
reducing the condensation heat transfer coefficient.

Khrustalev and Faghri43 developed a detailed mathematical model
to describe the influence of the geometry on the capillary force
in grooves. The effects of interfacial thermal resistance, disjoining
pressure, and surface roughness for a given meniscus contact angle
were investigated.

A detailed analysis of the capillary performance of triangular
microgrooves was conducted by Sheu et al.41 In this study, the cur-
vature radius, cross-sectional area, and distribution of pressure and
velocity of the working fluid in microgrooves were considered. The
significance of the contact angle and hydraulic diameter in predict-
ing the capillary performance of microgrooves was demonstrated
by the proposed algebraic solutions.

Zhang et al.44 presented a numerical investigation of the capillary
blocking capability in forced convective condensation in horizontal
minichannels. In this work, it was concluded that the film thick-
ness and condensation length decreased as the hydraulic diameter
or the distance between the parallel plates decreased. In addition,
the condensation length was found to decrease significantly with a
reduction in the total mass flow rate. The effect of various opera-
tional parameters on the condensation heat transfer coefficients was
also investigated.

Techniques for determining the pumping power necessary for the
removal of a predetermined quantity of heat using a two-phase flow
system were presented and evaluated by Peterson.45 Discussions of
the flow regimes occurring in pumped two-phase fluids under mi-
crogravity were also presented. Six different concepts for achieving
the required pumping power were presented and compared, based
on various factors of performance.

Chen and Cheng46 conducted visualization studies on dropwise
condensation of steam in horizontal silicon microchannels. The mi-
crochannels had a trapezoidal cross section with a hydraulic di-
ameter of 75 μm with saturated steam flowing through horizontal
parallel microchannels, in which the walls were cooled by natural
convection of air at room temperature. As shown in Fig. 9, sta-
ble droplet condensation was observed near the inlet of the mi-
crochannel. When the condensation process progressed along the
microchannels, droplets accumulated on the wall and filled the mi-
crochannel. As the vapor core entrained and pushed the droplets,
it developed into intermittent flow of vapor and condensate. It was
predicted in this study that the droplet condensation heat flux of satu-
rated steam at 225.5 kPa could reach values as high as 1,200 W/cm2

at �T = 10◦C in a microchannel having a hydraulic diameter of
75 μm. This investigation also indicated that effective dropwise
condensation can be obtained in microchannels in the absence of a
body force.

One of the significant characteristics of condensation is the un-
steady or inherent instabilities that occur, particularly when the
length scale is small. Wu and Cheng47 conducted simultaneous
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visualization and experimental measurements to investigate the con-
densation flow patterns for steam flowing through trapezoidal mi-
crochannels, having a hydraulic diameter of 82.8 μm. Different
condensation flow patterns such as fully developed droplet flow,
droplet/annular/injection/slug-bubbly flow, annular/injection/slug-
bubbly flow, and fully slug-bubbly flow were observed in the mi-
crochannels. The wall temperature and the flow patterns were highly
unstable and fluctuated significantly. The vapor injection flow and its
induced condensation instabilities in microchannels were reported,
and it was concluded the condensation instability must be consid-
ered for flow in microchannels having hydraulic diameters less than
100 μm at low mass fluxes.

Zhao and Liao48 presented an analytical model for predicting film
condensation of vapor flowing inside a mini triangular channel. In
this investigation, three zones, thin liquid film flow on the sidewall,
condensate flow in the corners, and vapor core flow in the cen-
ter, all combined to compose the overall concurrent liquid–vapor
two-phase flow field. The effects of interfacial shear stress and cap-
illary force induced by the free liquid film curvature variation were
studied. For the same inlet Reynolds number, the steam velocity was
found to be higher in smaller channels, leading to a larger interfacial
shear stress. The two-phase pressure drop increased with decreasing
channel size and the heat transfer coefficients for triangular chan-
nels were always substantially higher than for round tubes having
the same hydraulic diameter and the same inlet Reynolds number
and inlet subcooling. The smaller the channel size, the higher the
heat transfer coefficients in the entry region.

A multiple flow-regime model for pressure drop during the con-
densation of refrigerant R134a in horizontal round microchannels
ranging in hydraulic diameter from 0.5 to 4.91 mm was presented by
Garimella et al.49 This model accurately predicted the condensation
pressure drops in annular, disperse-wave, mist, discrete-wave, and
intermittent-flow regimes.

Comparisons of the condensation in round minichannels
(Dh = 0.493, 0.691, and 1.067 mm) and rectangular minichannels
(Dh = 0.494, 0.658, and 0.972 mm) were experimentally presented
by Shin and Kim.50 It was reported that at lower mass fluxes, the heat
transfer coefficients for the rectangular microchannels were higher
than that obtained for round microchannels with similar hydraulic
diameters. However, as the mass flux increased, the heat transfer
coefficients of the round channels were larger than that of the rect-
angular channels and the local condensation Nusselt number of the
round channels demonstrated a greater dependency on both the mass
flux and the quality.

V. Conclusions
A review of the available literature pertaining to condensation in

the absence of body forces similar to that experienced in micrograv-
ity environments is presented. The influence of the microgravity,
shear stress, surface tension, and capillary and centrifugal forces on
condensation is evaluated. The results of this review indicate that
there is ample potential for the use of vapor shear to remove the
condensate in space applications, as indicated in the literature. In
addition, the removal of the liquid film with wall suction not only
is possible, but presents a very viable solution for a wide variety of
applications. Although the gravitational body force can be replaced
by the centrifugal forces generated by a rotating system, the vapor
shear at the vapor–liquid interface appears to have no significant
influence on these rotating systems. As anticipated by numerous in-
vestigators, the surface tension and capillary forces play a significant
role in two-phase systems for spacecraft thermal applications, and
channel geometry can significantly affect the heat transfer and the
resulting flow of condensation. These effects, however, are strongly
size-dependent. For these situations, the heat transfer coefficients
for triangular channels were always higher than for round tubes
having the same hydraulic diameter, inlet Reynolds number, and
inlet subcooling.

In actual applications, it is possible to utilize a combination of
vapor shear, surface tension and/or capillary and centrifugal forces.
For example, in a micro heat pipe, the fluid can be driven by cap-
illary forces; the vapor shear stress will still play a significant role

in the thin film flow. However, given the difficulty and expense of
conducting extensive space-based experiments, experimental data
are scarce, and the mechanisms of condensation in the absence of
gravity are not adequately understood. Additional experimental and
theoretical investigations are therefore necessary to better under-
stand condensation in space applications and must be conducted
before effective two-phase heat transport systems for thermal man-
agement of the microgravity environments can be validated.
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