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ABSTRACT

Condensation heat transfer in a horizontal rectangular duct was experimentally
and analytically investigated. To prevent the dripping of condensate on the film, the
experiment was conducted inside a horizontal rectangular duct with vapor condensing
only on the bottom cooled plate of the duct. R-113 and FC-72 (Fluorinert Electronic
Fluid developed by the 3M Company) were used as the condensing fluids.

The experimental program included measurements of film thickness, local and
average heat transfer coefficients, wave length, wave speed, and a study of wave
initiation. The measured film thickness was used to obtain the local heat transfer
coefficient. The wave initiation was studied both with condensation and with an
adiabatic air-liquid flow. The test sections used in both experiments were identical.

Experimental results showed that the average heat transfer coefficient increased
with increasing inlet vapor velocity. There was a significant increase in the heat
transfer after the appearance of interfacial waves (when the inlet Reynolds number
was approximately greater than 1,000,000). The local heat transfer coefficient
decreased with axial distance of the condensing surface. The local heat transfer
coefficient decreased rapidly with axial distance near the leading edge of the
condensing surface but was nearly constant towards the trailing edge.

It was observed that the condensate flow along the condensing surface
experienced a smooth flow, a two-dimensional wavy flow, and a three-dimensional
wavy flow. The change in the flow pattern depended on the vapor velocity and the
difference between the saturation temperature of the vapor and the condensing surface
temperature. The wave length decreased with axial distance and the inlet vapor
velocity, while the wave speed increased with vapor velocity.

An analytical model simulating the condensation process was formulated by



employing the universal conservation laws. The resulting equations were solved
numerically. The heat transfer coefficients predicted from the model are within +20
% of the measured values.

Using the present experimental data and analysis, correlations for the average
heat transfer coefficients in the annular flow regime were developed. The average
deviation between the predictions and the experimental values is within +18 %.
Also, predictions from some correlations selected from the literature for the heat
transfer coefficients of condensation in the annular flow regime were compared with
the experimental data. It is found that the correlations of Shah (1979) and Soliman et
al. (1968) yielded satisfactory predictions. (The average is within +21 % for Shah’s
correlation and +22 % for Soliman’s correlation.)

The effects of air velocity, liquid flow rate, and the liquid viscosity on the
initiation of interfacial waves were studied with an adiabatic air-liquid flow. The
liquid viscosity was varied by varying the mass fraction of glycerine in the water-
glycerine mixture. It was observed that the interfacial waves were initiated closer to
the leading edge when the air velocity or the liquid flow rate was increased.

It was found that with condensation, the flow appeared more stable in the
adiabatic liquid flow; condensation appears to have a damping effect on the initiation
of interfacial waves.

Several criteria for the instability in two-phase flow were examined and compared
with each other. It is found that none of them can be confidently used in the present
experiment. With the modification of one of the investigated criteria and the use of
the present experimental data of the air-liquid flow, a criterion for predicting the
instability of the two phase flow is tentatively given. This criterion provides a
reasonable prediction for the initiation of interfacial waves with air-liquid flow, as

well as with condensation.
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a; sonic velocity

A total area of condensing surface

A, sectional area of condensing surface

Ca specific heat of condensate

Co specific heat of vapor

Cow specific heat of water

f friction factor

G mass velocity of vapor

Dy, hydraulic diameter of test section

g gravity

Ty average heat transfer coefficient over section 1
h, average heat transfer coefficient over section 1 and 2
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H height of the test section

k, thermal conductivity of liquid

L total length of condensing surface
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Nomenclature

onset length

wave length

vapor or air flow rate

liquid flow rate

total flow rate of condensate

total mass flow rate of vapor at the inlet of the test section
coolant flow rate

condensate rate per unit area of the condensing surface
saturation pressure

heat flux

total heat transfer rate

time for the ultrasonic signal to pass through the film of condensate
temperature of vapor in the test section

saturation temperature

condensing surface temperature

condensate temperature

coolant temperature

temperature difference, (T,,-T,)

temperature difference of coolant across cooling channel
difference between vapor velocity and interfacial liquid velocity
vapor (or air) velocity

inlet vapor velocity

liquid velocity

interfacial liquid velocity

wave speed

width of test section

distance of condensing surface from the leading edge
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GREEK SYMBOLS

film thickness of liquid

average film thickness

dynamic viscosity of vapor (or air)
dynamic viscosity of liquid
kinematic viscosity of vapor (or air)
kinematic viscosity of liquid
density of vapor (or air)

density of liquid

surface tension of liquid

adiabatic shear stress

interfacial shear stress

equivalent shear stress due to momentum

wall shear stress
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Nu,
Nu,
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Re,
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Re,
Re
St,

X

Jacob number, C,AT/hg,

Nusselt number for section 1, h,L/k

Nusselt number for sections 1 and 2, h,L/k,

Nusselt number for the whole condensing surface, h,L/k
Prandtl number of liquid, C,u/k

vapor or (air) Reynolds number, v,L/»,

inlet vapor Reynolds number, v,L/»,

Reynolds number of liquid, v,6/»,

local vapor Reynolds number, v,x/»,
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1. INTRODUCTION

In applications involving condensation of a vapor, the condensate is drained by
the gravitational forces in external condensation or by the shear force if condensation
is inside horizontal tubes. In space applications under microgravity conditions, for
draining the condensate mechanisms that do not depend on gravity are needed. One
possibility is condensation inside tubes. All the characteristics of condensation inside
horizontal tubes are not fully understood, and those that are understood under 1-g
conditions may occur differently under microgravity conditions.

With condensation inside horizontal tubes it has been established that the major
part of the heat transfer occurs in the annular and annular-wavy regimes. The results
of an experimental and analytical study of condensation in the two regimes are
presented in this thesis. The results can be used as a base for comparison with results
of condensation under reduced gravity conditions.

With condensation inside horizontal tubes interfacial instabilities lead to the
annular-wavy regime. Amplification of the waves may lead to undesirable flow
instabilities. Thus, there is a need to study the role of various parameters that affect
the stability of the condensate film, and the effect of the interfacial waves on the heat
transfer rate.

In the annular flow regime in horizontal tubes under 1-g conditions there is the
possibility of the condensate from the upper half of the tube dripping on the lower
half leading to waves in the condensate. To avoid the effect of such dripping
condensation, a réctangular horizontal duct with vapor condensing on the bottom
cooled surface of the horizontal duct was chosen for the experimental and analytical
study. This dissertation presents the results of condensation heat transfer in the

annular and annular-wavy flow regimes with the condensate drained by the vapor

1.1



1. Introduction

shear, and predictions from a simple analytical model. Refrigerant 113 (R-113) and a

fluorinert electronic fluid (FC-72 developed by the 3M company) were selected as the
condensing fluids. The experiments yielded the condensate film thickness at several ‘
axial locations, the local and average heat transfer rates, and the wave length and
wave speed of interfacial waves when they appeared. Observed conditions for the
incipience of interfacial waveé are also reported.

To better identify the parameters relevant to the initiation of the interfacial waves,
and to relate the effect of condensation on the initiation of such waves another series
of experiments with an adiabatic air-liquid flow were performed. These experiments
were conducted in a test section which was identical to the test section used in the
experiments.

The condensation was simulated by an analytical model. The resulting equations
were solved numerically yielding the condensate film thickness, The interfacial shear
stress, and the local and average heat transfer coefficients. The validity of the model
is examined by comparing the predictions with the experimental results. There is
considerable differences between the predictions and the experimental results. The
difference is attributed to the lack of a proven model for the interfacial shear stress.

The model prediction are good at moderate inlet velocities of the vapor but differ

significantly from the experimental results at low and high inlet velocities.

‘..
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2. LITERATURE REVIEW

2.1. Introduction

Condensation heat transfer (with condensation inside ducts) is influenced by the
flow regimes and usually by the orientations of the condensing surface, if the vapor
shear stress is not high enough for the gravity force to be negligible. Fig. 2.1
illustrates the flow regimes occurring during condensation inside a horizontal tube.
As the condensation proceeds along the tube, the liquid flow rate increases and the
vapor flow rate decreases; the flow regime changes along the tube. Unless the vapor
velocity is very low, the flow begins as an annular flow and is followed by wavy,
slug, and plug flows (or stratified flow when the inlet vapor mass flow rate is low).
The annular flow regime is known to be the dominant flow regime, existing over
most of the condensing length both inside a horizontal tube and a vertical tube
[Soliman et al, (1968)]. In the annular flow regime, condensate film forms on the
periphery of the tube; the flow of the liquid film is driven mainly by the momentum
and the shear stress of the vapor flow in the core of the tube. With increasing vapor
velocity, waves appear on the surface of the liquid film. The annular flow regime
with interfacial waves is termed annular wavy flow regime.

In this review, emphasis is on a survey of the the analytical and experimental
studies of condensation inside a horizontal tube. A brief review of condensation of
vapor flowing parallel to a cooled surface is also included as there are some
similarities between the two.

The annular flow regime also includes the annular wavy flow regime. As the
interfacial waves have a significant effect on the heat transfer rate, a survey of the

literature of the interfacial instability is also given.
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2. Literature Review

Singe-phase  Mist Flow  Annuar Flow Wavy Flow  Skg Fow  FPug end Sk phase
Vapor

b. “{igh maas flow e,

Fig. 2.1 lllustration of flow regimes of condensation in horizontal tubes
[This figure is reproduced from Sardesai et al. (1981)]

2.2. Condensation

2.2.1. Analytical Studies of Condensation over a Flat Plate

Nusselt (1916) first analyzed the film condensation of a quiescent vapor on an
inclined plate. In his analysis, he assumed the following: the condensate film is
laminar; all the properties of vapor and liquid are constant; the subcooling,
momentum change, and interfacial shear stress are negligible; the temperature profile
in the condensate is linear.

Jakob (1949) was among the first to point out a high deviation of the Nusselt
analysis with the experimental results involving a turbulent condensate film flow.
Akers and Rosson (1960) also showed that the Nusselt analysis may not be applicable
when the effects of the liquid subcooling or the vapor shear are significant or when
the liquid film is turbulent.

For condensation of vapor flow over a flat plate, Koh (1962) presented numerical

2.2
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2. Literature Review

solution to a system of differential equations of mass, momentum, and energy
balance. The equations included inertia and convective terms. The results of his
analysis showed that for a thin condensate layer and for Prandtl number less than 10.
the condensate velocity and temperature profiles are essentially linear. Koh showed
that for higher Prandtl numbers, neglecting the convective terms in the energy
equation considerably underestimated the heat transfer rates. .

Shekrilasze and Gomelauri (1966) expressed some skepticism about Koh’s result
regarding the effect of the inertia forces and the convective terms on the condensation
heat transfer rate. They developed a model of condensation on a flat plate, based on
the assumptions that the temperature profile is linear and the inertia forces are
negligible. They assumed that at high vapor velocities, the interfacial shear stress is
equal to the momentum associated with the condensing vapor. Approximate solutions
for predicting the heat transfer coefficients were given for condensation both with a
uniform surface temperature and a constant heat flux. From the results of the model,
they found that the assumption of negligible inertia forces is appropriate for the
condensation of non-metallic liquids and that the subcooling of the liquid was
insignificant for N < 1 (N=k;aT/h,y,). They also reported a good agreement when
comparing their model predictions with the experimental data of Jakob (1935).

Sparrow et al. (1967) studied forced convection condensation on a horizontal flat
plate. Their model included the effect of a non-condensable gas, but neglected the
inertia and the convective terms. They used similarity analysis and numerical
methods to solve the equations. They showed that in forced convection condensation,
the effect of non-condensable gases was insignificant. They also indicated that the
interfacial thermal resistance due to the effect of the transport of the molecules from
the condensed vapor and the molecules evaporating from the surface was negligible
for the forced convection condensation of steam.

Uehara et al. (1984) analyzed the turbulent film condensation of a saturated vapor
in forced flow over a flat plate. They assumed a turbulent liquid layer and a

2.3



2. Literature Review

turbulent vapor boundary layer above the liquid. The temperature and the velocity
profiles in the liquid layer and the vapor boundary layer were assumed. In the
analysis, they found that the thickness of the sublayer within the vapor boundary layer
influenced the heat transfer, and, therefore, was included in the equation for the heat
transfer coefficients. For their predictions to completely agree with experimentally
determined correlations for heat transfer coefficients, the value of the sublayer
thickness was adjusted.

_Narain and Kizilyalli (1991) developed a set of scaled mass, momentum, and
eneréy differential equations to model the condensation of pure saturated vapor flow
between two horizontal, parallel plates. In their study, the vapor flow was considered
to be a pressure driven laminar flow. It was also assumed that condensation occurred
only on the cooled bottom plate with the upper plate adiabatic, and that the
temperature profile of the condensate was linear. Narain (1991) further simplified the
model by dropping the gravity, inertia, and convection terms in the liquid phase.
Comparison of the predicted heat transfer coefficients with the present experimental
data showed agreement within +40 %. Using the data from the present experiments,
Narain and Kamath (1991) refined the friction factor »>del of the interface for both
laminar and turbulent flows of vapor. The resulting agreement between the theory

and some of the experiments with regard to film thickness was within +10 %.

2.2.2. Analytical Studies of Condensation inside Tubes

Low Mass Flow Rate of Vapor

For condensation of vapor inside a horizontal tube at low inlet mass flow rates,
condensation occurs on the inside wall of the tube and the condensate drains to the
bottom of the tube in the same vertical plane, similar to the external condensation of
quiescent vapor on a horizontal cylinder. The condensate at the bottom of the tube is

a thick liquid layer, while the condensate on the rest of the wall is a thin liquid film
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(Fig. 2.2) .
Chaddock (1957) studied
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(Fig. 2.2 a). The surface (b) Shear driven flow model (Rufer and Kezios)

profile of the bottom

condensate was estimated on

this assumption, and defined Fig. 2.2 Condensate flow models

the area covered by the

condensate film. It was further assumed that condensation occurred only on the
surface above the bottom condensate layer and that the condensation heat transfer rate
was given by the Nusselt analysis on a horizontal cylinder.

Chato (1957) adopted the Chaddock model to estimate the surface profile of the
bottom condensate in a horizontal tube. The heat transfer to the bottom condensate
was neglected, while the heat transfer to the condensate film on the upper part of the
inside tube wall was derived from an analytical model involving the integral
momentum and energy equations. The predicted heat transfer coefficient agreed with
his experimental data when the vapor Reynolds number was less than 35,000.
Comparing his analytical model with the Nusselt analysis, Chato concluded that the
Nusselt analysis was applicable when the liquid Prandtl number is of order 1 or
greater, but when the liquid Prandtl number was less than 1, using the Nusselt
analysis would underestimate the heat transfer coefficients.

Rufer and Kezios (1966) regarded the condensate flow model assumed by
Chaddock (1957) and Chato (1961) as unrealistic. They assumed that the condensate
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depth at the bottom of an inclined or a horizontal circular tube increased in the
direction of vapor flow (Fig. 2.2 b). They also assumed that the flow of the bottom
condensate was mainly by the pressure gradient. An equation predicting the depth of .
the bottom condensate was derived from the mass, momentum, and energy balance
equations of the bottom condensate. Rufer and Kezios also included the heat transfer ¢
to the bottom condensate. The average heat transfer coefficient was evaluated from
the Nusselt analysis. In the momentum equation, they neglected the interfacial shear
stress between the vapor flow and the bottom condensate on the basis of the
assumption that the bottom flow of the condensate was stratified. The predicted
condensation depth at the bottom was compared with the experimental data in terms
of the flow angle of the bottom condensate wetted on the inside tube surface. They
found that the predicted value was in good agreement with the experimental data.

Comparing the equation of Rufer and Kezios (1966) for the condensate depth with
that of Chato (1962), Khabenskiy et al. (1981) concluded that both equations were
basically the same. However, those two equations would give contradicting results
due to the different initial conditions assumed for each equation (Chato assumed that
the condensate depth increased along the condensing tube, while Rufer and Kezios
assumed that the condensate depth decreased with increasing the length of the tube).
Using an example for a condensing system including an horizontal or inclined
condensing tube, Khabenskiy et al. indicated that the condensate flow patterns
assumed by both Chato (1962) and Rufer and Kezios (1966) existed in practice. They
considered that the flow model of Chato described the case of an incomplete
condensation of vapor inside a horizontal or an inclined tube, while that of Rufer and
Kezios simulated the situation of complete condensation inside the tube.

Rosson and Myer (1965) found that their experimentally determined heat transfer

‘s

rates across the bottom condensate inside a horizontal condensing tube (using
methanol and acetone as condensing fluids) was about 23 % of the heat transfer rates

across condensate film covering the upper part of the inside surface of the tube. They
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therefore concluded that the heat transfer to the bottom condensate should not be
neglected. The heat transfer to the bottom condensate was evaluated using the von
Kdrmdn analogy between heat and momentum transfers. The heat transfer to the
condensate film was determined using the Nusselt analysis. To include the effect of
the interfacial shear stress in the Nusselt analysis, they used an experimentally
determined function of vapor Reynolds number to replace an original constant in the
Nusselt equation. A comparison of the model predictions with the experimental data
showed that the predicted values were on the low side if the liquid Reynolds number
was low and were on the high side if the liquid Reynolds number was high. They
assumed that the deviation was caused by the use of the Lockhart-Martinelli (1949)
correlation, which might not have been suitable for condensation.

Moalem and Sideman (1976) analyzed the simultaneous process of condensation
of a vapor flow inside a horizontal tube and the evaporation of a fluid on the outer
surface of the tube. Neglecting the effect of the interfacial shear stress on the
condensate film, which was considered to be appropriate for vapor velocities of less
than 15.2 m/s, they solved the momentum and energy equations using integral
methods. They predicted the variation of the local heat transfer coefficient with the
periphery of the tube. Similar to the experimental results of Rosson and Myer
(1965), they showed that the heat transfer coefficient at the bottom of the tube was
about 20 % of the highest heat transfer coefficient. Comparison of the predicted
overall average heat transfer coefficient of condensate and evaporation with one
source of experimental data showed that the predicted values were generally 30 - 40
% lower than the experimental data. The predicted low heat transfer coefficients

might have been due to the neglect of the interfacial shear stress in the analysis.

High Mass Flow Rate of Vapor

High mass flow rate of vapor at the inlet to a horizontal tube leads to a thin
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condensate film around the periphery of the tube. The condensate film flows in the
axial direction of the tube, resulting in the annular condensation regime.

Soliman et al. (1968) developed an annular condensation model by modifying the
energy equation (for condensation inside a tube) given by Carpenter and Colburn
(1951). The main modification was in the expressions for the friction force including
interfacial shear stress and the momentum change of condensate and vapor. In
calculating the friction force, Soliman et al. neglected the effect of condensation of
vapor (on the condensate) in the total interfacial shear stress and determined the
friction force using the Lockhart and Martinelli method applied to an adiabatic two-
phase flow. In evaluating the momentum change, they considered the condensate film
as a turbulent liquid layer and assumed the ratio of the interfacial velocity to the
average condensate velocity to be 1.25. By substituting the equations for the friction
force and the momentum change into the Carpenter and Colburn expression, an
equation predicting the heat transfer coefficient in an annular condensation was given.
Two constants in the equation were determined based on a regression analysis with
nine different sources of experimental data for condensation in both horizontal and
vertical tubes. However, no comparison of the equation with other experimental data
that were not used for determining the constants in the equation was reported.

The model of Soliman et al. (1968) was modified by Bae et al. (1971). In the
modification, the von Kdrmdn momentum-heat transfer analogy was used to determine
the heat transfer coefficient, where the ratio of the eddy conductivity to the eddy
viscosity was assumed to be 1 and the von Kdrmdn universal velocity distribution was
used to determine the condensate velocity. Also, the ratio of the interfacial velocity
to the average liquid velocity, which varied approximately between 2 and 1.1, was
assumed to be a unique function of 6* (8*=8/»,| gr./p). With increasing &*, the
velocity ratio decreased. From the analysis, an expression for predicting the heat
transfer coefficient was derived, but the calculation of the heat transfer coefficient

required considerable iteration. Subsequently, Traviss et al. (1973) simplified the

2.8

%




A€

2. Literature Review

expression for heat transfer coefficients by neglecting a term representing the
correction due to the difference between the wall and interfacial shear stresses. They
claimed that neglecting the term was valid when the gradient of the quality of the
mixture was not large. The predicted heat transfer coefficients were compared with
their experimental data and the data of Bae et al. (1969). They found that the
predicted values were generally lower than the experimental data. They considered
that the deviation resulted from model not taking into account the effect of the
entrainment of the condensing liquid; some of the experimental data was taken when
entrainment occurred, which reduced the thickness of the condensate and increased
the heat transfer coefficient.

Analyzing a heat transfer model similar to the one given by Bae et al. (1971),
Cavallini and Zecchin (1974) determined the major non-dimensional parameters
affecting the average Nusselt number in an annular condensation. Based on the
regression analysis of their experimental data, an equation for the Nusselt number is
given.

Jaster and Kosky (1976) studied condensation heat transfer in a mixed flow
regime between an annular flow and a stratified flow (Fig. 2-1 a). First, they derived
a criterion in terms of the ratio of the axial shear force and the gravitational body
force to determine the annular and the stratified flow regimes. Based on this
criterion, a heat transfer correlation for the mixed flow regime was given simply by
using a linear interpolation from the known heat transfer correlation specified for an
annular flow and from the available heat transfer correlation for a stratified flow.
Comparison of the calculated heat transfer coefficient with the experimental data in
the mixed regime showed an average deviation of +34 %.

Shah (1979) developed a correlation for condensation inside tubes. This
correlation was obtained from a modification of the single phase heat transfer
correlation of Dittus and Boelter (1930) for a turbulent flow of a single phase fluid.

The Dittus and Boelter correlation was multiplied by a term involving the quality.
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The modification was derived by an examination of correlations for film boiling based
on the assumption of similarity between the mechanisms of heat transfer during film
condensation and film boiling inside tubes. Shah compared his heat transfer
correlation with 474 different sets of experimental data from 21 independent sources
for condensation inside both horizontal tubes and vertical tubes. The mean deviation
is reported to be within + 15;4 % .

Kutsuna et al (1985) derived a system of ordinary differential equations for the
film condensation inside a horizontal rectangular duct. In the derivation, they
assumed that the temperature profile in the condensate film was linear and the
interfacial shear stress was calculated using the Shekriladze approximation (7; =
m,v,). The predicted heat transfer coefficient was in good agreement with their own

experimental data.

2.2.3. Studies of Interfacial Shear Stress

The interfacial shear stress in condensation plays an important role in influencing
the heat transfer rates. However, because of the difficulty in measuring the interfacial
shear stress, different models have been proposed, but none has been validated.

Rohsenow et al. (1956) used a force balance on an element of condensate flowing
along a vertical condensing surface to derive the interfacial shear stress. In their
derivation, the momentum changes through the element (including the momentum
effect due to the condensation of the vapor were assumed to be small and negligible.

A number of researchers [for example, Rosson and Myer (1965), Soliman et al.
(1968), and Bae et al.(1971)] assumed that the interfacial shear stress in condensation
is similar to that in an adiabatic two-phase flow. Therefore, some correlations
normally applicable to adiabatic two-phase flows were used to determine the
interfacial shear stress in condensation. In doing so, the effect of the momentum
transfer caused by the mass transportation of the vapor condensed into liquid was

neglected.
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However, the aforementioned treatment on the interfacial shear stress was
regarded as inappropriate by Shekriladze and Gomelauri (1966). They suggested that
the interfacial shear stress depended mainly on the effect of the momentum transfer
due to the condensation of vapor into condensate. For high condensate rates, the
interfacial shear stress is presumably approximately equal to the value of this
momentum transfer.

Linehan et al (1969) suggested that the interfacial shear stress in the presence of
condensation should be expressed as the sum of the adiabatic shear stress plus the
product of the condensation rate and an average vapor velocity. This theory was
tested in their experiments involving steam condensation inside a rectangular test
section. The calculated local surface temperature and mean film thickness based on
this theory was found to be close to the experimental results.

Jensen and Yuen (1982) used an expression of the interfacial shear stress of a
two-phase flow without phase change to represent the term of the adiabatic shear
stress in the Linehan model. Expression for the interfacial shear stress was given for
the case of a smooth interface as well as for a wavy interface. For high condensation
rates, the value of the momentum due to the condensation of the vapor was found to
be the dominant factor in the expression of the interfacial shear stress, supporting the

assumption of Shekriladze and Gomelauri (1966).

2.2.4. Experimental Studies of Condensation Inside a Duct

Akers et al. (1958) measured heat transfer coefficients with R-12 and propane
inside a horizontal tube. The results showed that increasing the vapor velocity
enhanced the average heat transfer coefficient. When the vapor velocity increased
beyond a certain value, the average heat transfer coefficient exhibited a nearly linear
relationship with the velocity. The experimental data at high vapor velocities were
plotted on the basis of the parameters derived from a single phase heat transfer

correlation proposed by Eckert (1950). The data with high vapor velocities correlated
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with Eckert equation. Akers et al. also investigated the effect of the differences
between the saturated vapor temperature and the condensing surface temperature (AT)
on the condensation. It was found that effect of AT on the average heat transfer
coefficient was not clear.

Chato (1962) conducted experiments with condensation of R-113 vapor flowing
inside a 0.72 m long horizontal tube with 14.5 mm mean I.D. The condensate angle
(Fig. 2.2) at the end of the test section was measured by visual observation and
photography. The results of the experiment showed that increasing the slope of the
test section to about 0.01 can lead to an increase in heat transfer rates. Further
increasing the inclination did not increase the heat transfer rates appreciably. The
experiment also showed that the orientation of the tube was not important at high
vapor velocities.

Rossen and Myers (1965) measured the peripheral variation of local condensation
heat transfer coefficients with methanol and acetone inside a horizontal tube using a
heat meter. The tube was divided into a number of small areas. The heat flux
measured from each area was defined as the local heat flux. The local heat transfer
coefficient was then found from the measured local heat flux.

Goodykoontz et al (1966, 1967a, and 1967b ) described a method for measuring
the local heat transfer coefficient with R-113 and steam condensing inside a vertical
tube. The axial temperature gradient of the coolant in the cooling jacket was
measured using thermocouples. Neglecting axial conduction in the tube, the local
heat transfer rate was determined by computing the product of the temperature
gradient, the coolant flow rate, and the specific heat of coolant. The local heat
transfer coefficient was calculated from the local heat transfer rate and the
temperature difference between the saturation temperature of the vapor and the inner
wall temperature.

Abis (1969) measured local heat transfer rate for forced convection condensation

of R-12 inside a 2.44 m long, 12.7 mm I.D. horizontal tube. The vapor velocity was
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considered sufficiently high (refrigerant mass velocity, 135.62-446.20 kg/m’ s) to
produce an annular flow pattern throughout the entire length of the tube. The local
heat transfer coefficient was determined using a method similar to that of
Goodykoontz et al (1966). The results showed that the local heat transfer coefficient
decreased along the tube and increased when the vapor mass velocity increased. The
effect of AT on the heat transfer coefficient was also studied, but no conclusion was
drawn due to some conflicting results.

Using R-12 and R-22, Bae et al. (1971) measured the condensation heat transfer
coefficients in the annular regime. The test section of nickel tube was 5.5 m long and
had a 12.5 mm I.D. They compared their experimental data with those of Akers and
Rosson (1960), Altman et al. (1959), and Chen (1962) using the coordinates
suggested by Akers and Rosson (1960). Bae et al. found that their heat transfer
coefficients were generally higher than those of the other researchers. They
concluded that this was because the coordinates used in the comparison did not
include the parameter of quality; since the quality was related to the thickness of
condensate film (a major resistance to the heat transfer), any difference in the quality
would lead to different heat transfer coefficients even when the vapor velocity was the
same.

Sardesai et. al. (1981) reported measurements of the peripheral local heat transfer
coefficients inside a 2.92 m long, 24.4 mm I.D. horizontal stainless steel tube, using
R-113, steam, propanol, methanol, and n-pentane as the condensing fluids. Using
thermocouples embedded in the tube wall, the local heat transfer coefficient was
measured. The measured peripheral local heat transfer coefficient was used to
determine the flow regimes. If the distribution of the local heat transfer coefficient
was about uniform around the periphery of the tube, the flow regime was considered
to be an annular flow; if the local heat transfer coefficient at the top of the tube was
much higher than that at the bottom of the tube, the flow regime was considered to be
a stratified flow. From the analysis of the experimental data, they found that the
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transition between the annular flow and the stratified flow regimes was determined by
a parameter which was a function of the Martinelli number and the Froude number.

Kutsuna et al. (1985) reported experimental results of condensation of vapor flow
inside a horizontal rectangular duct. The test section was 100 mm wide, 30 mm high,
and 500 mm long. The bottom plate of the duct was the condensing surface. The
local heat flux was determined from a measurement of the temperature distribution in
the condensing surface. The average heat flux was measured from the enthalpy of the
condensate in the test section. The experimental results of the local heat transfer
coefficient for pure steam showed a rapid decrease of the local heat transfer
coefficient along the duct.

Christodoulou (1987) experimentally investigated the film condensation of a vapor
flow inside a horizontal rectangular duct with R-113 condensing on the bottom plate
of the duct. The duct was 40 mm wide, 25 mm high, and 1 m long. The condensing
surface was made of a copper block, which was hollowed out into three separate,
equal sections. Cooling water was circulated in an channel formed by those three
sections. In the experiment, Christodoulou measured the film thickness of condensate
using an ultrasonic technique, the sectional heat transfer coefficients, and the total
average heat transfer coefficient. The results showed that the thickness of the
condensate film increased with increasing distance from the entrance of the duct and
deceased with increasing vapor velocity; the sectional heat transfer coefficients
decreased with increasing distance from the entrance. However, the effect of vapor
velocity on the total average heat transfer coefficient was not clear. Since the
experiment was conducted within a limited range of inlet vapor velocity (0.15—0.45
m/s), no interfacial instabilities (interfacial waves) were observed in the experiment.

Barry and Corradini (1988) experimentally studied film condensation of a steam-
air mixture in the presence of interfacial waves. The test section was a horizontal
square duct of 102 mm wide, 102 mm high, and 1.83 m long. The bottom plate of

aluminum in the test section was used as the condensing plate. To develop a
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technique for measuring the wave parameters, an isothermal experiment using air-
water flow through the duct was carried out before the condensation experiment. The
wave frequency, celerity, length, amplitude, and film thickness were measured using
hot-wire anemometry and probabilistic analysis. The local heat transfer coefficient
along the length of the condensing surface was determined at four locations by
measuring the temperature grédient along the condensing wall. The results of the
condensation experiment showed that the local heat transfer coefficient decreased
along the condensing surface and increased with increasing vapor velocity.
Comparing the results of the condensation experiment and the isothermal experiment,
they concluded that condensation may have a damping effect on wave initiation.
However, the effects of interfacial waves on condensation heat transfer are not shown

in the study.
2.3. Wave Initiation in Two Phase Flows

It has been observed that condensation heat transfer is considerably influenced by
the flow regimes. Bell et al. (1970) compared the results from various correlations
for condensation inside horizontal tubes and found that the difference between the
various correlations was fairly large, varying by a factor of 10 or more for a given set
of conditions. For condensation in the annular flow regime, the condensate film may
be smooth or wavy, depending on the magnitude of the vapor velocity. According to
Dukler (1977), the interfacial waves in the annular wavy flow regime substantially
increased the transport of energy and momentum in both the vapor and liquid phases.
This indicates that the condensation heat transfer rate in the annular flow regime with
a smooth condensate film may be different from that with interfacial waves.
Therefore, a study of the instability causing the initiation of the interfacial waves is
important.

The instability of a liquid flowing horizontally adjacent to a gas flowing parallel
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to the liquid but with a different velocity was recognized by Helmholtz over a
hundred years ago. Later, Kelvin also studied this instability. In their studies, the

domain of each of the fluids was semi-infinite and viscous effects were ignored.

Chandrasekhar (1961) proposed a criterion to predict the instability. It is shown that

| both surface tension and gravity are stabilizing, but if either of them is neglected, the
i configuration is unconditionally unstable.

| When the fluids, instead of being semi-infinite, are flowing between two parallel
plates, the condition of instability, including surface tension (but neglecting viscous
effects), is given by Milne-Thomson (1969). It is shown that the surface tension is
significant only for short wave lengths corresponding to high wave numbers.

Feldman (1957) analyzed the stability of a liquid film with a very small thickness,

in which the shear stress distribution was assumed to be linear, with a semi-infinite
fluid on top of it; the two fluids flow with different velocities. He included the effect
of the shear stress at the interface and gave the conditions for stability. From the
results of his analysis, Feldman concluded that (in the following, subscripts 1 and 2

| represent the lower fluid and the upper fluid)

a. If gravity and surface tension are ignored:

; 1. for very small ratios of p,/p,, the flow is completely stable

2. for a given value of u,/u,, there is always a value of p,/p, for which the

| flow is unstable

1 3. as p,/p, = 0, the ratio of the wave speed to interfacial velocity approaches

| approximately 0.1

| 4. the critical conditions depend only on the liquid flow rate and not on the gas
flow rate except for the change in the interfacial shear stress

5. all waves travel at speeds less than the velocity of the liquid—gas interface
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b. If gravity and surface tension are significant, they are destabilizing.

Conclusions 2 and 3 seem to contradict conclusion 1. For air flowing over water
at 100 °C, Feldman quoted a critical liquid Reynolds number (p,h,u,/y,) of 60,000
which appears to be much greater than the observed values. The physical conditions
of 100 °C water in contact with air at atmospheric pressure is not realistic as
vaporization may become significant. Conclusion b is in direct contradiction with the
results given by Chandrasekhar (1961) and Milne-Thomson (1969).

The effect of viscosity stratification in two fluids was studied by Yih (1967). He
pointed out that in both Couette and Poiselle flows, the interface was always unstable,
no matter how small the Reynolds number was. He also indicated that because, in
practice, the upper fluid is lighter than the lower fluid and due to the stabilizing effect
of gravity, such instabilities caused by viscosity stratification alone may not be
discernible. His main point is that, when considering instabilities in such flows,
viscosity stratification should be considered and that one of the parameters defining
instabilities should be the Reynolds number.

The only study that takes into account phase changes in the flow appears to be
that made by Kocamustafaogullari (1985). From a simplified equation for the
stability, he derived a criterion for stability, which included the effects of gravity,
surface tension, viscosity, and phase change. For condensation on a horizontal plate,
the criterion predicted unconditional stability, (which contradicts experimental
observations).

On the experimental side, Hanratty (1982) summarized the results of experiments
conducted in a horizontal, enclosed channel with air and water as the fluids. For very
low velocities of air, the interface was smooth. As the air velocity increased, long
crested two-dimensional waves with wave lengths of 2.2-3.0 cm and with wave

velocities greater than the liquid velocity appeared. Kao and Park (1972) reported
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results of experiments directed towards determining the effect of the presence of a
layer of fluid in laminar flow (at low Reynolds numbers) on top of another fluid at
much higher Reynolds numbers. They observed that the shear instability in the lower
fluid occurred at a Reynolds number of 2300 and the disturbance at the interface
appeared when the liquid became turbulent. From their studies on condensation
inside tubes, Soliman and Berenson (1970) reported that film instabilities were
observed to originate very close to the inlet of the condenser tube and the instabilities
appeared as irregularly shaped wave trains. They speculated the waves to be a
combination of Kelvin-Helmholtz and Tollmein-Schlichting types.

2.4. Concluding Comments

From the survey of the available literature, it is found that a detailed study of
condensation in the annual flow regime, especially condensation in the annular wavy
flow regime, has not been done. Nearly all the analytical studies are based on the
assumption of smooth film condensation. Several models also include constants
which have to be determined from experimental results. Some models are based upon
the analogies between heat and the momentum transports, depending upon the
available pressure drop correlations for adiabatic two-phase flow. None of the
analytical equations is supported by broad experimental verifications.

In addition to inadequate analytical work, the experimental work on condensation
in a horizontal tube has also not been sufficient. Some researchers report only the
average heat transfer coefficients, due to the relative ease of measuring them. Even
though some researchers report experimental results of local heat transfer coefficient,
in reality, the local value is actually an average value over a finite area of the
condensing surface. Also, the experimental results about the effects of the interfacial

waves on the heat transfer of condensation have not been reported.
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3. OBJECTIVES

A survey of the literature reveals that the study on condensation in an annular
flow regime is limited; more work is required in both the analytical modeling and the
experimental investigation to understand and predict heat transfer in condensation.

The objectives of the research are as follows:

— to measure film thickness, local heat transfer coefficient, average heat
transfer coefficient, wave length, and wave speed of condensation of a
vapor flow inside horizontal rectangular duct

— to identify the dimensionless parameters that are significant in the
condensation heat transfer

—  to study the initiation of interfacial waves with phase change (condensation)
and without phase change (air-liquid flow with liquid viscosity variation)

—  to develop a simple analytical model for condensation of a vapor flow

inside a horizontal rectangular duct
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4. DESCRIPTION OF EXPERIMENTS

4.1. Introduction

The two main purposes of the experiment were to measure the heat transfer
coefficients during condensation of a vapor flowing inside a horizontal rectangular
duct (with the vapor condensing only on the bottom plate of the duct), and to study
the effect of the interfacial waves on the heat transfer coefficient. Two separate
experimental set-ups were used in the experiments. One was a condensation set-up
for measuring the heat transfer with a smooth thin condensate film or with interfacial
waves. To assist in the study of interfacial wave initiation, experiments were also
conducted in an adiabatic air-liquid flow set-up. Since the geometric shapes and
dimensions of the test sections in both experimental set-ups were identical, it is
possible to compare the results of the interfacial wave initiation in the condensation
experiment with those in the adiabatic air-liquid flow.

The experimental set-ups and procedures are separately described for

condensation, and wave initiation in an adiabatic air-liquid flow.

4.2. Experimental Set-up of Condensation

The experimental set-up of condensation was a modification of a previous work
by Christodoulou (1987) and is schematically shown in Figs. 4.1 and 4.2. The set-up
included a condensation loop and a coolant loop. In the condensation loop, vapor was
generated from a boiler and admitted to the rectangular duct of the test section

through a converging unit. Part of the vapor was condensed on the bottom
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Fig. 4.1 Schematic of experimental set-up of condensation
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Fig. 4.2 Photograph of experimental set-up of condensation
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condensing plate inside the test section, while the rest of the vapor was discharged
from the test section and was completely condensed in an auxiliary condenser. The
condensates from the auxiliary condenser and the test section were gathered in a main
liquid tank, from which the condensate was pumped back to the boiler. In the coolant
loop, cooling water, which was provided by a temperature controller, flowed into the
cooling channel of the test section via a set of rotameters. After passing through the
cooling channel, the cooling water returned to the temperature controller.

The experimental set-up was assembled and frequently checked for leakage.

The following sections describe the apparatus used in the condensation set-up.

4.2.1. Test Section

The schematic of the test section is shown in Fig. 4.3. Details of the cross
section of the test section are presented in Fig. 4.4.

The test section consisted of a rectangular duct and a cooling channel. The inside
dimensions of the rectangular duct were 0.04 m wide, 0.025 m high, and 1 m long.
The bottom condensing surface was of 0.914 m long, 0.04 m wide, and 6.4 mm thick
copper plate. The side and top plates of the duct were of transparent polycarbonate
sheets, which permitted visual observation of the flow patterns of the condensate.

The condensate metering tube at the exit of the test section, which was also used as a
drain for all the condensate in the test section, had an inside diameter of 6.4 mm and
was connected to a small piece of a stainless steel plate attached to the end of the
copper condensing plate. The top of the stainless steel plate was flush with the
surface of the copper plate.

The cooling channel was underneath the condensing surface. The side plates of
the channel were of brass; the bottom plate of the channel was of polycarbonate. The
channel was divided into three equal sections by 3.2 mm thick plexiglass separators.
Each section was 305 mm long and 17.5 mm deep. A mixing chamber (Fig. 4.5) was

placed at the outlet of each section. The purpose of the mixing chamber was to
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Fig. 4.3 Schematic of test section of condensation
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assure the measurement of the correct mean coolant temperature by mixing the

coolant in the chamber.
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Fig. 4.5 Details of mixing chamber

The test section was mounted horizontally. A liquid level was used to ensure that
the test section was horizontal. To allow for the thermal expansion of the tubes
connected to the test section, flexible tubes were installed at the inlet and outlet of the

test section. The test section was insulated with fiber glass and styrofoam sheets.
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4.2.2. Converging Unit

To provide a uniform velocity distribution of vapor, a converging unit was
installed at the inlet of the test section (Fig. 4.6). The converging unit consisted of a
rectangular section and a reducer section. The walls of the two sections were of 3.18
mm thick brass plates. The inside dimensions of the rectangular section were 101.6

mm wide, 101.6 mm high, and 200.02 mm long. The length of the reducer section

was 50.8 mm. The inside dimensions of the outlet of the reducer section were 40

mm wide and 25 mm high, which were identical to those of the test section. To

assist in a uniform flow, a flow deflector was installed in the converging unit near its

inlet and thin glass tubes were packed in the rectangular section.

203. 2
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Fig. 4.6 Details of converging unit
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The effectiveness of the converging unit was tested with air. The testing

procedure and results are detailed in Appendix B, where it is shown that the velocity

profile at the outlet of the converging unit was mostly uniform except near the side

plates of the outlet where the velocities were lower than the average velocity due to

the wall friction. In the test, the average deviation of the measured velocity at the

outlet of the unit was +9.10 %.

4.2.3. Boiler
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Fig. 4.7 Details of boiler

I N

A

Stainless Steel

Details of the boiler are shown in Fig. 4.7. The 129 liter capacity boiler was

fabricated from stainless steel. The maximum designed working pressure of the
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boiler was 30 psi. The boiler usually contained about 23 liters of liquid. The liquid
was heated by two 3 kw electrical heating elements mounted at the bottom of the
boiler. A brass mesh screen covering the upper cross section of the boiler was used
to reduce the liquid carryover. The mesh screen was located about 50 mm below the
top of the boiler and about 80 mm above the normal level of liquid in the boiler.

The temperature of the boiler was measured by a copper-constantan
thermocouple. The pressure of the boiler was measured by a Bourdon Type Gauge
through a pressure tap mounted on the top of the boiler. The level of the liquid in the
boiler was observed through a view glass tube installed vertically on the side of the
tank. This level was also automatically monitored by a level controller with a float
on the surface of the liquid. If the liquid height was lower than 155 mm, the
controller shut off the power supply to the heating elements until the normal level of
fluid was restored. If the pressure of boiler was more than 70 kPa above the
atmosphere pressure, a safety valve installed on the top of the boiler opened to relieve
the pressure. Prior to its operation, the boiler was hydraulically tested at a pressure
of 414 kPa.

4.2.4. Auxiliary Condenser

Details of the auxiliary condenser are shown in Fig. 4.8. The shell of the
condenser was of stainless steel; the tubes inside the condenser were of copper. The
vapor flowing in the shell side was cooled by building water supply flowing inside the

tubes. The total heat transfer surface of the condenser was 0.24 m?.

4.2.5. Temperature Controller and Gravity Tank for Coolant

A temperature controlling unit was used to supply cooling water to the test
section. This unit included a heating circuit and cooling circuit. The controller had a
capacity of delivering the cooling water to the test section at a rate of 0 to 7.6 liters

per minute with an operating range from -30 °C to +70 °C. The temperature
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controller also served as a large coolant storage tank (= 46 liters) during experiment.
The gravity tank was a 0.5 m high and 0.36 m in I.D. container filled with water
and connected to the temperature controller through a valve. When the experiments
were completed for the day and the temperature controller was shut off, the valve
connecting the gravity tank and the cooling loop was opened. Since the tank was
placed approximately 1 m above the test section, the tank provided positive water
pressure to the cooling channel in the test section to prevent any air leak into the

channel from the environment.

4.3. Experimental Set-up of Adiabatic Air-liquid Flow

The shape and the dimensions of the test section in the experimental set-up of the
adiabatic air-liquid flow were identical to those of the test section for condensation.
Therefore, it is expected that a comparison of the result of the wave initiation with the
air-liquid flow with the results of the wave initiation with condensation will lead to a
better understanding of the effect of condensation on wave initiation.

Fig. 4.9 is a schematic of the experimental set-up. A photograph of the set-up is
provided in Fig. 4.10. The set-up consisted of an air passage connecting to the
building compressed air line, and a liquid loop. During experiments, the air from the
building supply passed through a compressed air reservoir, a converging unit, and an
inlet section into the test section. The air flow rate was controlled by adjusting the
pressure regulators at the inlet and the outlet of the reservoir and was measured by a
venturimeter. In the liquid loop, the liquid from a gravity tank entered the test
section. The liquid from the test section drained to a collecting tank, from where the
liquid was pumped back to the gravity tank. When the gravity tank was full, the
liquid overflowed to the collecting tank.

Fig. 4.11 illustrates the inlet section. The inside dimensions of the inlet section

were same as those of the test section (40 mm wide and 25 mm high). The inlet
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