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This paper presents an experimental investigation on condensation of R410A upward flow in vertical tubes with

the same inner diameter of 8.02mm and different lengths of 300 mm, 400 mm, 500 mm and 600mm. Condensa-

tion experiments were performed at mass fluxes of 103-490 kg m™s™. The saturation temperatures of experimen-

tal condition were 31°C, 38°Cand 48°C, alternatively. The average vapor quality in the test section is between

0.91 and 0.98. The effects of tube length, mass flux and condensation temperature on condensation were dis-

cussed. Four correlations used for the upward flow condensation were compared with the experimental data ob-

tained from various experimental conditions. A modified correlation was proposed within a £15% deviation

range.
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Introduction

Convective condensation plays an important role in
many industrial applications such as air-conditioning,
power engineering and other thermal processing plants.
Increasing the condenser efficiency in these applications
can save material and reduce the running cost. Moreover,
it can reduce the impact on environment.

Heat transfer characteristics of refrigerants condensa-
tion in horizontal smooth and enhanced tubes have been
widely studied in the past decades [1-3]. Also, refrige-
rants condensation in vertical downward flow in smooth
tubes and channels has been studied in recent years [3-7].
However, only a few studies deal with condensation in
vertical upward flow, especially for refrigerants as work-
ing substances. Condensation in vertical upward flow
usually occurs in reflux condensers and rectification sys-
tem. In such conditions vapor flows counter currently to
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the condensation liquid. The shear stress at the interface
of liquid and vapor obstructs the liquid flow downward,
which is different from the co-current condensation con-
ditions. The effect of the shear stress is different on the
condensate film thickness, which decreases under co-
current condensation, but increases under counter-current
condensation conditions along the vapor flow direction.
The situation is further complicated by the two-phase
interfacial shear stress [8]. The flow patterns are also
affected by the two-phase interfacial shear stress, so the
heat transfer characteristics are much different from that
in horizontal tube and in vertical tube with vapor flows
downward.

Seban et al. [9] reviewed the Nusselt solution for la-
minar film condensation on a vertical plate with upward
vapor flow and commented the possible condensate flow.
He also presented the same laminar film condensation
problem in the vertical tube with vapor flow upward.
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Nomenclature
m mass flow rate, kg/s R thermal resistance, K/'W
G mass flux, kgm? s’ Greek symbols
x vapor quality P Density, kg m™
¢, specific heat capacity at constant pressure, J kg™ K u Dynamic viscosity, kg m™ s
q heat transfer rate, W v hmoqe/; defined by shah’s equations
h heat transfer coefficient, W m> K™ Subscripts
hy, latent heat of condensation, J kg™ pr Pre-condenser
T temperature, ‘C 0 outlet
A tube inner surface area, m’ i inlet
Fr, Soliman’s modified Froude number w water
Fr, Froude number, G’/ p;gd r Refrigerant/R410A
Re Reynolds number / liquid
X Lockhark Martinelli parameter g gas/vapor
Ga Galileo number ave average
P pressure, Mpa wi inner wall
Pr Prandtl number wo outer wall
P, ctuce reduced pressure, P/Pitical sat saturation
Nu Nusselt number t test section
k thermal conductivity, W m™ K! sf superficial
Co parameter in Shah correlation exp experimental
L Length of the test tube, m

Y. Liao et al. [8] developed a mechanistic model using
the heat and mass transfer analogy approach for local
heat transfer in reflux condensation of flowing vapor and
non-condensable gases counter-current to laminar liquid
film. The model could satisfactorily predict the magni-
tude and trend of local heat transfer coefficients along the
tube under a wide variety of reflux condensation condi-
tions, with the root mean square error of about 30%
comparing to a large number of experimental data points.
Also S. Fiedler et al. [10] presented a physical model for
laminar reflux condensation of pure saturated vapor flow
upward in an inclined small diameter tube. The calcu-
lated values for the film thickness and the mean heat
transfer coefficient were in good agreement with the ex-
perimental data. The deviation was less than 15%.

Thumm et al. [11] investigated film condensation of
water in a vertical tube with counter-current vapor flow.
The effects of film Reynolds number, Prandtl number
and interfacial shear stress on heat transfer were studied
independently. The results showed that a reduction in
heat transfer coefficients was found for Re<10 and an
increase for 20<Re<670 with the increasing values of
interfacial shear stress. However, the influence of the
shear stress disappeared for turbulent film. He also pre-
sented a correlation as a function of shear stress and film
Reynolds number.

Gross et al. [12] investigated the effect of conjugated
shear stress and Prandtl number on reflux condensation
heat transfer inside a vertical tube. In his study, the liquid
film (0.68<Re;<200) and the vapor (1000<Re,<16500)
flowed downward and upward respectively. The results
showed that the shear stress impeded the heat transfer
only when the film was very thin and in the smooth la-
minar range. But in the laminar-wavy range and devel-
oping turbulence the heat transfer coefficients were found
to increase with the shear stress. The heat transfer was
enhanced with the increase of liquid Prandtl number.

Gross et al. [13] found that the decrease and subse-
quent re-increase of heat transfer coefficients was ob-
tained with increasing shear stress for counter-current
vapor-flow.

Lips and Meyer [14] studied experimentally the effect
of the inclination angle of an 8.38mm inner diameter
smooth tube for condensing flow of R134a which in-
cluded the condition of vapor flow upward. They found
that the heat transfer coefficient decreased for upward
flow. For high mass fluxes and high vapor qualities, the
shear forces were predominant; the flow remained annu-
lar and the condensation heat transfer coefficient was
constant, whatever the angle of inclination.

Akhavan-Behabadi et al. [15] investigated the effect of
the inclination angle of an 8.92mm inner micro-fin tube
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for condensing flow of R134a. The results showed that
the heat transfer coefficients were higher for downward
flows than for upward flows.

As a conclusion, experimental studies on condensation
heat transfer coefficients of refrigerant in short tubes with
vapor flow upward were strongly limited, especially on
the condition that condensation liquid was separated at
the bottom of the tube which was usually seen as an effi-
cient method to increase heat transfer. So the aim of this
work is to achieve a better understanding of this kind of
flow in different length of tubes and develop a more ac-
curate correlation to predict the heat transfer coefficients
in this condition.

Experimental set-up

A schematic diagram of the test apparatus is shown in
Fig.1. The set-up consisted of a test line and a by pass
line. The refrigerant was circulated by a compressor. The
test line consisted of a pre-condenser, test section and a
post-condenser. The by-pass line consisted of a bypass
condenser used to control the mass flow through the test
section. The lines were combined at the liquid-storage
tank. The liquid of the refrigerant flowed through the
expansion valve and entered the evaporator. Eventually,
the refrigerant returned to the compressor to complete the
cycle.

Under the test section, there was a gas-liquid separator
used to gather the condensation liquid of refrigerant
condensed in the test section and the pre-condenser and
avoid the gas of refrigerant getting through this line.

The test section was a vertical tube-in-tube heat ex-
changer with refrigerant flowing upward in the inner tube
and cooling water flowing at the same direction in the

annulus. The inner tube was made from smooth copper
with inner diameters of 8.02 mm. The outer tubes were
made from plexiglass with inner diameter of 26mm. The
detailed information on the heat exchanger and the loca-
tion of the thermocouples are showed in Fig.2.

In all sections of the test apparatus, T-type thermo-
couples were used to measure temperature. Ten thermo-
couples were located on the outer surface of the copper
tube at five points along the test tube. The uncertainty of
the temperature measurements is +0.1°C. The pressures
in different parts of the test apparatus were measured by
pressure transducer. The mass flux was measured by Co-
riolis mass flow meter in the range of 10-100kg/h. The
uncertainty of the mass flow meter is £0.2kg/h.

Data reduction

The mass flow rate

Part of the refrigerant is condensed in the pre-conden-
ser and the condensation liquid will get into the gas-
liquid separator, so the real mass flow rate of the refrige-
rant flowing through the test section is as follows:

mr =xpi‘.0m (1)

m is the mass flow rate measured by the Coriolis mass
flow meter. x,,., is the outlet vapor quality of the pre-
condenser.

The vapor quality of the pre-condenser outlet

The refrigerant of the inlet of the pre-condenser is su-
perheated, so the total heat transfer rate from cooling
water to vapor of R410A in the pre-condenser is the sum
of the latent and sensible heat transfer rates:

q.w.pr = qvensible + qlatent = mw.prCP.W.pr(Tw.a - Tw.i )pr (2)
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qsensible = ch.r.pr (T;z - Tr.sat )pr (3)
qlatent = m(l - xpr.u )hfg (4)

Gy 18 the total heat transfer rate in the pre-condenser.

Gonsinie A0d g, are the sensible and latent heat trans-

fer rate respectively. (7.o=T..),- is the temperature dif-
ference of the water between outlet and inlet position of
the pre-condenser. (7.~ 7T,.su:)pr is the temperature differ-
ence of the refrigerant between inlet position of
pre-condenser and the saturation temperature in the
pre-condenser. (1-x,,,) is the liquid quality of outlet po-

sition of the pre-condenser. 7, . is the mass flow rate

of the water entering the pre-condenser. /iy, is the latent
heat of condensation.

According to equations (2), (3) and (4), the outlet va-
por quality of R410A from the pre-condenser is calcu-
lated as:

1 |:q.w.pr
Xpro =7 . _CP.r.pr (Tr.i _Tr4sat)pr:| (5)
hgl m

The vapor quality of the test section

The liquid from the pre-condenser goes into the gas-
liquid separator, hence the vapor quality of the test sec-
tion inlet is regarded below as:

X, =1 (6)
The vapor quality alternation in the test section is
Ax = L (7)
1 h g

4, is the heat transfer rate n the test section.

The average vapor quality in the test section is
2-Ax
Xavet = T (8)

The average condensation heat transfer coefficient
4
oy = ————— €
VAT~ T,)
T4 1s the saturation temperature of the refrigerant in

.sat
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the test section and obtained by averaging the saturation
temperature measured at the inlet and outlet of the test
section. T,,; is the inter-wall temperature and obtained by
the outer-wall temperature of the tube, 7, the thermal
resistance of the wall of the copper tube, R,
T,:=T,, +4,R, (10)
Where R, is as follows:
R, = 111(2—0)/272'](6”[, (11)
T,, was calculated by averaging the outer-wall tem-
perature measured at the five points along the test tube.
The equation is given by:

1 n
T =—>»T, . 12
wo n; wo.j ( )

A is the inner surface of the test section:
A=ndL (13)
Where d;is the inner diameter of the test tube, and L is
the length of the test tube.

Result and discussion

In the present work, flow condensation of R410A with
vapor flow upward inside vertical smooth tubes with the
inner diameter 8.02mm and 300mm, 400mm, 500mm
and 600mm lengths was measured at the condensation
temperatures of 31°C, 38°C and 48°C. Experiments were
carried out for mass flux range of 103-490kg m™ s'. The
modified Froude number proposed by Soliman [16] was
used to predict the flow patterns. The Froude number
represents a balance between inertial and gravitational
forces on the liquid film. Soliman [16] argued that the
appropriate velocity and length scale were the actual lig-
uid velocity and the film thickness. However, these pa-
rameters were not known based solely on the mass flux,
the vapor quality and the fluid properties. He obtained
the equations based on the relations for two-phase pres-
sure drop in annular flow. The equation of Soliman’s
modified Froude number is given as follows:

1+1.09.x00% s 1 (14)
X GaO.S

c
- 2
Fr, =c;Re” (

where

Re<1250  ¢,=0.025 ¢,=1.59

Re>1250 ¢=1.26 c¢>~1.04

Where the Galileo number is defined as follows:
_Plpi=pyed” is

i )

Soliman [16] proposed that wavy flow was observed
for Fry,<7, and annular flow was observed for Fr,>7 by
compare with data in tubes of 4.8mm to 25 mm inner

diameter, and with water, refrigerants and acetone.
However, Dobson [17] and Dobson et al.[18] have not

Ga
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observed the annular flow until around Fr,, =18. In the
present work, the Froude number is between 18.25 and
98.86, so the data points can be regarded as in the annu-
lar flow regime in this experiment.

The effects of mass flux and saturation temperature

Fig.3 shows the average heat transfer coefficients of
R410A at saturation temperature of 31°C, 38°C and 48°C
with various mass fluxes in different length of tubes. The
condensation heat transfer coefficients increase with
mass flux and decrease with saturation temperature. The
results reveal that mass transfer resistance is a strong
function of mass flux. With the increase of mass flux, the
average condensation heat transfer coefficients increase
due to the enhancement of momentum exchange which
can lead to a reduction of thermal conduction resistance
in the liquid layer. Traviss et al.[19] argued that the shear
stress at the liquid—vapor interface increases with the
vapor velocity resulting in an increase of momentum,

thus leads to the enhancement of the heat transfer. Al-
though the liquid—vapor interface shear stress obstructs
the flow of liquid film which results in thickening of the
liquid layer, this force can also enhance the turbulence in
the tube which leads to an enhancement of heat transfer.

The condensation heat transfer coefficients decrease
with saturation temperature. This is due to the different
thermodynamic properties of the refrigerants at three
saturation temperatures. On the one hand, at the higher
saturation temperature, the corresponding saturation
pressure and vapor density will be higher, leading to
higher ratio of the vapor density to the liquid density.
Thus, at given mass flux, the vapor velocity will de-
creases with the increase of saturation temperature. On
the other hand, the liquid film thermal conductivity de-
creases with saturation temperature. The liquid film is the
main thermal resistance in the tube. The main thermo-
physics properties of R410A at different saturation tem-
peratures are listed in Table 1.
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Fig. 3 Effects of mass flux and saturation temperature on condensation heat transfer coefficient
Table 1  Properties of R410A at saturation temperature 31°C, 38°C and 48°C
T (C) Pya (MPa) P (kg/m®) P (kg/m’) 4 (uPas) Mg (uPa's) Pry ki (mW/mK)
31 1.9385 1027.3 77.593 108.89 14.101 2.2634 85.743
38 2.3102 987.52 95.722 98.708 14.692 2.2848 81.978
48 2.9321 921.75 130.47 84.609 15.784 2.3947 76.710
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The effect of tube length

The comparison of the average heat transfer coeffi-
cient for tube length of 300mm, 400mm, 500mm and
600mm at saturation temperatures 31°C, 38°C and 48°C
was given in Fig.4. The results reveal that the effect of
tube length is not obvious. The gravity plays a strong
effect on liquid film in vertical tube comparing with that
in horizontal tube. On the condition that condensation in
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Fig. 4 Comparison of average heat transfer coefficient vs.
various tubes length and 7,,=31C (a), T,,=38C (b)
and T,,~48°C (c)
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vertical tube with vapor flows upward, the liquid film
flows downward. So at the entrance of the tube, the
thickness of film is the thickest. As a result, the tradition-
al entrance effect has no effect on that flow condition. In
addition the change of the vapor quality is less than 0.15
in all mass fluxes range. With the effect of interfacial
shear stress caused by counter-current vapor flow, the
average film thickness may not be the most important
factor on condensation heat transfer. As a result, the
short-tube effect is not obvious in this flow condition.

Comparison with existing correlations

Condensation heat transfer of refrigerants in vertical
tubes with vapor flow downward has been studied for
many years. But study on condensation in vertical tubes
with vapor flow upward was very limited. This experi-
ment condition was not continuous and stable in the
tubes. In the present work, a gas-liquid separator was set
at the entrance of the tube so that the experiment could be
conducted continually and stably. Among all the correla-
tions, the correlation proposed by Shah [20] and the cor-
relation suggested by Dobson and Chato [21] were de-
veloped for annular flow regimes and were independent
of tube orientations. Bivens and Yokozeki [22] modified
Shah [20] correlation for various flow patterns of R22,
R502, R32/R134a, R32/R123/R134a. Tang et al. [23]
modified Shah [17] equation for annular flow pattern of
R410A, R134a and R22 with the Fr,>7 as the indicated
flow patterns. The detailed recommendation of these
correlations are showed in Table 2.

The comparison of the experimental condensation heat
transfer coefficients with the four correlations were given
in Fig.5. It shows that correlations proposed by Shah [20],
Dobson and Chato [21] and Tang et al. [23] over-pre-
dicted almost all the experimental data. The Bivens and
Yokozeki [22] correlation lower predicted all the experi-
mental data. The Shah [20] and Tang et al. [23] correla-
tions had the best predictability of experiment with the
deviation from -20% to 45% and -25% to 40%, which
was still very large for use in practice. The statistical anal-
ysis results were listed in Table 3. Correlations by Shah
[20], Bivens and Yokozeki [22], Tang et al. [23] and
Dobson and Chato [21] showed average deviations of
20.2, -35.74, 33.82 and 43.17 and mean deviations of
22.7,35.74, 19.78 and 43.56 respectively. Since the Shah
[20] correlation gave the best performance, the following
work would modify the Shah correlation.

Correlation development concerning heat transfer
coefficient

Shah [20] correlation developed for saturated boiling
heat transfer was modified to improve the predictability
with the 144 data points of smooth tube under the present
experimental conditions. Shah [20] had “found that in the
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Authors

Model/correlation

Application conditions

Shah[20]

Bivens and Yokozeki [22]
Tang et al. [23]

Dobson and Chato [21]
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Fig. 5 Comparison of experimental condensation heat transfer coefficient vs. various correlations
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Table 3 Deviations of various correlations against the expe-
riment data

Correlations Average deviation Mean deviation
Shah 20.2 22.7
Bivens and Yokozeki -35.74 35.74
Tang et al. 33.82 19.78
Dobson and Chato 43.14 43.56
Average deviation = %z;’ [w] ;

exp

n hy —h, 100
Mean deviation = lzl A BS[M]
n

exp

absence of bubble nucleation and as long as the entire
pipe surface kept wetting by the liquid, the following
equation may apply to all flow orientations.

w=1.8/Co" (16)
Where
W = hooger ! g (17)
Co = (L-1)3(Z22)03 (18)
x Pi

Where the superficial heat coefficient of the liquid
phase was calculated as:

hy = hy(1-x)"* (19)

Where 7, is the heat transfer coefficient assuming all
the mass flowing as liquid and was given by the Dit-
tus-Boelter single-phase forced convection correlation as:

Iy =0.023Re})* Pr*k; 1 d (20)

Shah [20] argued that equation (20) could apply to
condensation in all flow orientations. The liquid film
would be formed in the process of condensation whenev-
er vapor contacts the tube surface and thus the tube cir-
cumference would always be wetted at all flow rates and
in all flow orientations.

By analyzing the experiment data points in term of Co
and y, the equation (16) was not fit in our work. So the
following equation was developed in term of Co and y,
which was found to give the best fit:

w=432/Co" 1)

This new correlation was developed using equations
(17), (18), (19), (20) and (21).

Fig.6 shows the development of the equation (21) us-
ing the linear fitting.

The comparison of the proposed condensation heat
transfer coefficient correlation with the experimental heat
transfer coefficient was given in Fig.7. Almost all the
measured data fall within £15% by means of proposed
correlation for all mass fluxes (103-490kg m™ s) and
saturation temperatures 31°C, 38°C and 48°C of R410A.
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Conclusion

Average heat transfer coefficient of R410A was inves-
tigated during condensation in vertical tubes with vapor
flow upward in different length of smooth tubes. The
study was conducted at condensation temperatures 31°C,
38°C and 48°C with mass fluxes between 103-490kg m?s™.
The accurate and repeatable condensation heat transfer
coefficients data during annular flow were obtained. The
Fr,,=18 was served as an indicator of the transition from
wavy-annular flow to annular flow. The data in the
present work were collected in annular flow regime. The
effects of mass flux, condensation saturation temperature
and tube length on heat transfer were discussed and in-
vestigated in detail. The following results were obtained.

The condensation heat transfer coefficient increases
with the mass flux and decreases with the increase of
condensation saturation temperature. Short-tube effect is
not obvious in such flow condition since entrance effect
is destroyed by the liquid film flow downward by the
gravity force.

Four annular flow heat transfer correlations which
were developed independent of the tube orientation were
chosen to compare with experimental heat transfer coef-
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ficients. The Shah [20] correlation had the best predicta-
bility of experimental with the deviation from -20% to
45%, average deviation of 20.2 and mean deviation of 22.7.

A modified correlation for condensation heat transfer
coefficients was proposed. Almost all the measured data
fall within £15% by means of proposed correlation for all
mass fluxes (103-490kg m™ s™) and saturation tempera-
tures 31°C, 38°C and 48°C of R410A.
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