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Abstract

In-tube condensation of R-11 was experimentally investigated with various surface inclination angle between the
direction of the vapor flow and the gravitational force, ¢. The two-phase flow patterns were observed visually and the
transition locations between different flow patterns were measured in a transparent test section. The vapor quality
distribution along the test tube and the measured transition locations were used to prepare a flow pattern map. The
experimental results indicated that the surface inclination, ¢, strongly influenced the vapor and condensate distribution.
Annular flow spanned the whole tube for ¢ = 0° at various vapor flow rates. Annular flow and stratified flow patterns
were observed for ¢ = 45° and 60°. Annular flow, stratified flow, half-slug flow, and slug flow exist in sequence for
¢ = 90-120°. Annular flow, churn flow and slug flow occurred for ¢ = 180°. The possible prediction of flow patterns
for in-tube condensation in a microgravity environment was discussed briefly. © 1998 Elsevier Science Ltd. All rights

reserved.
Nomenclature G vapor phase
A tube inside cross-sectional area [m?] i ith sub-section of Section A

specific heat [J kg ' K /]
empirical parameter in equation (8)
tube diameter [m]

mass velocity [kgs~' m 7]

hg, latent heat of condensation [kJ kg™']
j superficial velocity [m s™']

m  mass flow rate [kg s ']

n empirical parameter in equation (8)
Q heat transfer rate [W]

t temperature [°C]

We Weber number

x vapor quality.

Qb ad

Greek symbols

p density [kg m ]

o surface tension [N m~']
¢ surface inclination [°].

Subscripts
g vapor phase

* Corresponding author.
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in tube inlet

1 liquid phase

L liquid phase
out tube outlet
R refrigerant

S saturation

w cooling water.

1. Introduction

Flow condensation in tube has various practical appli-
cations, such as in the chemical process industry, in
refrigeration and air-conditioning systems, etc. The two-
phase flow patterns along the tube significantly affect the
local heat transfer coefficient. Therefore, many inves-
tigations of the flow patterns for in-tube condensation
have been reported in literatures. The gravitational force
and the vapor-liquid interfacial shear stress are known
as two dominant factors controlling the vapor and liquid
distribution inside the tube and, hence, the various flow
patterns along the tube, and hence, the previous inves-
tigations were mostly concerned with the two-phase flow
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pattern for condensation in horizontal tubes [1-5]. These
studies had successfully provided informations about the
types of flow patterns existing along the condensation
path, as well as experimental data specifying the flow
conditions under which each pattern is expected to exist.
Carey [6] gave a more detailed review of flow patterns
for in-tube condensation.

Recent demands for compact and high performance
condensers in aerospace thermal control technology with
capillary pumped loop systems have stimulated interest
in in-tube condensation heat transfer in microgravity. So
far, experimental studies have been published concerning
the flow patterns of adiabatic water—air two-phase flow
in a tube under microgravity conditions [7-8]. However,
few reports were found in the literature describing the
flow patterns for in-tube condensation under micro-
gravity conditions [9].

The objective of the present investigation is to obtain
information about how the gravitational force affects
the two-phase flow pattern for condensation in a small
diameter tube. The flow pattern map and the transition
conditions for the different flow patterns were determined
from the experimental results. In addition, the con-
densation flow patterns under microgravity condition
were deduced from the results of this investigation and
those of ref. [10].

2. Experimental facilities

Figure 1 shows the schematic diagram of the exper-
imental apparatus used for in-tube condensation of R-
11. The apparatus includes the test section, refrigerant
system and cooling water system.

The test sections, A and B, are fixed onto a platform
which could be easily rotated around an axis to change
the surface inclination. The refrigerant flowed inside the
tube with parallel flow of water in the annulus. Section
A, which was made of a 6 mm I.D. copper tube and a 16
mm [.D. Plexiglas annulus, was divided into six sub-
sections to measure the local heat transfer performance.
Each sub-section was 200 mm long. Three thermocouples
are installed on the outside wall of the copper tube at
different locations to determine the mean wall tempera-
ture. The transparent part, Section B, allowed visual
investigation of the flow pattern for condensation of R-
11 along the test tube. A 1200 mm long and 6 mm I.D.
quartz glass tube used as the test tube was surrounded
by a 15 mm x 15 mm cross-section rectangular annulus
with parallel flow of the cooling water.

The refrigerant vapor was first evaporated in a refriger-
ant tank with an immersion heater, and then flowed
through a preheater and condensed in the tube cooled by
the water flowing in the annulus. The vapor entering the
test section was kept slightly superheated by an electric
preheater wrapped around the tube. The preheater was

controlled by a voltage regulator. The refrigerant mass
flow rate was measured with the special apparatus shown
in Fig. 2. The refrigerant mass flow rate could be cal-
culated from the input electric power and the inlet and
outlet temperatures of the refrigerant flowing in the annu-
lus.

The cooling water from an elevated tank entered the
annulus around the test section at a specified temperature
and flow rate. The water inlet temperature was controlled
by a 2 kW heater immersed in the water tank. The water
flow rate was controlled by a valve and measured by
weighing the water flow. The water inlet and outlet tem-
peratures for every sub-section of test section A were
measured by copper—constantan thermocouples which
were inserted into a mixer. The mixer was used to main-
tain a uniform cooling water temperature. All ther-
mocouples were calibrated in the same constant-tem-
perature bath with an accuracy of +0.1°C.

3. Data reduction

The condensation flow patterns for R-11 in the test
tube were investigated visually in section B to measure the
transition locations between the different flow patterns.
Then, the vapor quality distribution along the test tube
was determined in section A. The complete flow pattern
map and the transition conditions were, therefore, deter-
mined for the different flow patterns. All data was col-
lected with a HP3852A data acquisition/control unit and
reduced with a personal computer.

The heat transferred through the cooling water was
calculated by :

Oy = Cputy(ty7—141) (1)
where ¢, ; and ¢, ; denote the outlet and inlet temperatures
of the cooling water in Section A, respectively.

The condensation heat flux was determined by :

Or = mg " hfg 2
where my is the refrigerant mass flow rate measured in
the special measuring apparatus.

The heat balance for the apparatus was checked by
comparing the two heat fluxes, which agreed within 10%
for every experiment. It was conservatively estimated that
the experimental uncertainties in the vapor mass flow
rate and the condensation heat flux were 2 and 8%.
Details of the error analysis have been reported in ref.
[11].

Assuming that the vapor quality varied linearly within
each sub-section and between sub-sections, the inlet and
exit vapor qualities for every sub-section in test Section
A were determined by :

0
o 3)

Qi =my: pr([omj_ tin,i)’ i=1~6 (4)

Xip1 = X;—
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Fig. 1. Experimental apparatus.
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Fig. 2. Measuring apparatus for refrigerant mass flow rate.
where subscripts ‘out’ and ‘in’ denote that referred to the Wes, = j2Dp/c and Wesg = jaDp,/o. (7

inlet and exit of tube, respectively.

’ e ) The flow pattern map and the transition conditions
The refrigerant mass velocity in the tube is:

between flow patterns were correlated with the Weber
GR — mg ) number.

A
The superficial liquid velocity and the superficial vapor

velocity are:
Jo=Gr(1=x)/py and jg = Gr"x/p,. ()

The corresponding Weber numbers are defined, respec- Figures 3 and 4 show the schematic drawings and the
tively, as: corresponding photographs of the flow patterns for in-

4. Results and discussion

4.1. Flow patterns and transition locations
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1 — Annular Flow; 2 — Stratified Flow; 3 — Half-Slug Flow; 4 — Slug Flow; 5 — Churn Flow

Fig. 3. Schematic drawings of condensation flow patterns for various ¢.
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Fig. 4. Photographs of condensation flow patterns for various ¢.

tube condensation of R-11 at different surface incli-
nations. Here, the vapor flow direction entering the test
tube was defined as the positive direction and the surface
inclination angle is between the gravitational force and
the vapor flow direction. For a vertically orientated test
tube and downward vapor flow, i.e. ¢ = 0°, both the
gravitational force and the vapor shear force caused the
condensate to drain downward along the wall while the
vapor flowed in the core of the tube, and annular flow
spanned the entire condensation path as shown in Fig.
3(a) and Fig. 4(a). For ¢ = 45° the condensate was
stratified within the tube by the portion of the gravi-
tational force perpendicular to the wall. Consequently,
annular flow and stratified flow patterns occurred in the
test tube, Fig. 3(b) and Fig. 4(b). Similar results were
obtained with a surface inclination of 60°, Fig. 3(c) and
Fig. 4(c).

When the refrigerant condensed in a horizontal tube,
i.e. @ = 90°, annular flow, stratified flow, half-slug flow
and slug flow patterns were observed within the tube
as shown in Fig. 3(d) and Fig. 4(d). The liquid—vapor
interfacial shear force thickened the condensate film in
the stratified flow region, causing a wavy interface with
intermittent half slug and slug flow patterns. Because the
decrease in vapor quality along the test tube caused the
condensate mass flow rate to increase, bubbles within the

slug flow regime existing along the top portion of the
tube quickly collapsed due to vapor condensation. Single-
phase liquid flow occurred at the tube exit. For surface
inclinations of 100 and 120°, the flow patterns were very
similar to those for ¢ = 90°, Fig. 3(e)—(f) and Fig. 4(e)—
(f) except that the vapor-liquid interface became more
turbulent at larger inclinations.

For ¢ = 180° with upward vapor flow, annular flow,
churn flow and slug flow patterns were observed sep-
arately along the condensation path. The gravitational
force acting counter to the vapor flow caused violent
interaction of the vapor and liquid making it very difficult
to identify stratified flow and half-slug flow patterns
within the tube. Therefore, the flow was characterized as
churn flow. Near the exit, slug flow was observed due to
the condensation along the test tube.

The annular flow was observed at the tube inlet for all
the cases studied here. The inlet vapor flow rate and the
degree of surface subcooling may be the dominant factors
controlling the vapor-liquid geometry at the beginning
of the condensation path. This differs from that reported
in [12], for which moist flow was normally observed at
the tube inlet. In addition, bubbly flow was not observed
in the present experiments. The vapor flow rate became
quite low due to continuous condensation along the test
tube, so that the vapor-liquid interfacial stress force was
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not adequate to collapse the large slug bubble into small
bubbles as to form bubbly flow.

The flow pattern transition locations, which were
defined as the distance between the tube inlet and the
point where the specified flow pattern occurred, are pre-
sented in Tables 1-3. L,, L, and L, in Tables 1 and
2 denote the transition locations from annular flow to
stratified flow, from stratified flow to half-slug flow and
from half-slug flow to slug flow. L, and Ls in Table 3
indicate the transition locations from annular flow to
churn flow and from churn flow to slug flow. The tran-
sition locations between different flow patterns were
found to occur earlier in the tube as the vapor flow rate
increased.

4.2. Flow pattern map and correlation of transition charac-
teristics

Figure 5 illustrates the flow pattern maps for all cases
investigated here. The Weber number for the vapor was

Table 1
Transition locations from annular to stratified flow for ¢ = 45
and 60°

Table 3
Transition locations between different flow patterns for
@ = 180°

0 =45 ¢ = 60°

my [kgs™'m~? L, [cm] my [kgs~™'m™?] L, [cm]

14.0 10 13.2 9
22.5 18 21.4 17
31.8 27 30.2 28
42.1 30 40.0 34
44.0 30 42.1 27
72.7 40 68.5 38
75.5 41 71.5 39
123.2 54 120.1 52
Table 2

my [kgs™' ' m™ L, [cm] Ls [cm]
9.0 4 55

14.6 6 65

18.8 8 70

25.4 12 79

26.3 12 72

429 16 80

45.2 16 85

63.1 20 91

chosen relative to the vertical direction while the Weber
number for the liquid was chosen relative to the hori-
zontal direction so that the transition conditions between
different flow patterns can be correlated as follows:

Wesg = C* Weg,. ®)
Table 4 presents the values of C and » for the various
surface inclinations as determined from the experimental
data for the transitions between the different flow
patterns. The parameters C and n were then correlated
as a function of surface inclination and flow pattern.
For ¢ < 90°, the transition from annular flow to strati-
fied flow were correlated as:
C=97.1(1—cos @) '3 ©)
n= 0459 eOJS}(]—cnsm) (10)

For 90° < ¢ < 180°, the transitions between different
flow patterns were correlated as:

(1) Transition from annular flow to stratified flow:

C = 187.2—-247.9(1 —cos @) + 145.3(1 —cos ¢)* (11)

Transition locations between different flow patterns for ¢ = 90, 100 and 120°

®=90° o = 100° 0 = 120°
mg L, L, L mg L, L, L, mg L, L, L,
[kgs™'m™] [cm] [cm] [cm] [kgs™'m™2] [cm] [cm] [em] [kgs™'m™?] [cm] [em] [em]
11.3 25 70 93 9.9 19 36 85 9.5 9 24 82
17.9 30 75 97 15.9 25 44 90 154 13 33 87
24.4 32 77 100 20.7 25 39 96 20.0 16 29 90
314 36 80 104 28.3 30 47 99 27.2 21 39 94
32.1 35 79 101 29.8 30 51 95 27.9 18 41 92
53.7 40 82 104 46.1 35 58 99 44.1 25 51 96
55.9 40 83 106 48.5 35 55 102 46.8 26 47 96
81.7 44 85 108 67.8 40 62 105 65.4 30 56 98
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Fig. 5. Flow pattern maps for in-tube condensation for various ¢.



4348

Table 4

W.C. Wang et al./Int. J. Heat Mass Transfer 41 (1998) 43414349

Values of the empirical parameters C and n in equation (8)

Stratified to half-slug

Half-slug to slug

C=570,n=0.752
C=232,n=0.553
C=364,n=0.512
Churn to slug

@ Annular to stratified
0° — —
45° C =180,n=0.364 —
60° C=2873,n=0404 —
90° C =84.6,n=0.615
100° C=96.4,n=0.603
120° C=1423,n=0.516
Annular to churn
180° C =219.0, n = 0.465

C=221,n=0.358

C=0.388,n=0.57
C =10.635n=0.536
C=1.19,n=0.619

n = 0.22140.789(1 —cos ) —0.3948(1 —cos ¢)>.  (12)

(2) Transition from stratified flow to half-slug flow:
C = —236.84363.2(1 —cos ¢)—120.7(1 —cos p)* (13)

n = 4.294—5.584(1 —cos @) +2.04(1 —cos @). (14)
(3) Transition from half-slug flow to slug flow:

C = —0.405+2.056(1 —cos ¢) —0.537(1 —cos ¢)>  (15)
n=1.822—2.153(1—cos @) +0.9(1 —cos @)>. (16)

4.3. On the prediction of flow patterns for in-tube con-
densation under microgravity conditions

An understanding of the flow patterns for con-
densation under microgravity conditions is very impor-
tant in a variety of space applications. As reported in
[10], the flow patterns for adiabatic water—air flow in
microgravity are very similar to those in normal gravity
with upward flowing air, but churn flow occurs only in
normal gravity. Comparison between flow patterns for
adiabatic upward flow of water—air flow and the in-tube
condensation in normal gravity reveals that, these two-
phase systems have very similar flow patterns except that
bubble flow and wispy-annular flow are not observed
during condensation. Hence, the flow patterns for in-tube
condensation in microgravity can be deduced from both
adiabatic two-phase water—air flow in microgravity and
in-tube condensation in normal gravity conditions.

It is well known that, the vapor condenses and forms
a condensate film on the cooled wall, both in microgravity
and normal gravity. The flow characteristics for vapor
and liquid within a tube should be identical for con-
densate flow and for adiabatic two-phase water—air flow
since the driving forces acting at the liquid film interface
would be the same for both cases in microgravity, the
surface tension will be dominant in the case under micro-
gravity, especially when the vapor flow rate is small.

It makes clear that, in microgravity, the two-phase flow
patterns for in-tube condensation should include annular

flow and slug flow, and bubbly flow and wispy-annular
flow will not occur.

Churn flow was observed in normal gravity when the
gravitational force was comparable to the vapor inertial
force. Annular-slug flow will occur in microgravity when
the vapor inertial force is comparable to the surface
tension. The condensate film interface within this flow
region would become wavy as the vapor flow rate
increased and the film thickness decreased.

The transition locations between different flow pat-
terns can be deduced by comparing the present results
for upward vapor flow with the water—air flow pattern
transitions in microgravity reported by Zhao and Rezkal-
lah [10]. The condition for slug flow, Wegs < 1.0, was
consistent with the results of ref. [10] within the surface
tension dominant region. For annular flow, present
results are unlikely to predict the transition from annular
flow to any other flow pattern in microgravity because
the transitions reported here are strongly dependent upon
the liquid flow rate, owing to the gravitational force act-
ing on the liquid film. However, the transition condition
provided by Zhao and Rezkallah [10] could be applied
to predict the occurrence of annular flow, annular flow
would be the possible flow pattern only for Weg g > 20.0.
Annular flow, slug flow and annular-slug flow, etc would
occur for 1.0 < Weg s < 20.0.

5. Conclusions

Visualization experiments were conducted to deter-
mine the flow patterns for in-tube condensation of R-11
at various surface inclinations. The following conclusions
can be drawn from the results.

(1) The surface inclination or the gravitational force has
a significant impact on the flow patterns for in-tube
condensation. The experimental observations also
indicated that the flow patterns for in-tube con-
densation were significantly different from those for
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adiabatic two-phase water—air flow and for flow boil-
ing.

For all the cases studied here, annular flow was com-
monly observed at the test tube entrance, while bub-
bly flow did not occur at the tube exit.

Transition locations between different flow patterns
moved up the tube with increasing vapor flow rate.
The transition conditions can be correlated using:
Wes g = C+ Weég,, with the values of C and n given
in Table 4.

The results of the present investigation and those of
ref. [10] were used to predict the two-phase flow
patterns for in-tube condensation in microgravity.
The flow is expected to proceed from annular to
annular-slug and slug flow along the condensation
path. Transition conditions are proposed for the
different flow patterns.
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