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Experimental study and modelling of heat transfer during
condensation of pure fluid and binary mixture on a bundle

of horizontal finned tubes
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An experimental investigation was conducted to measure the local heat transfer coefficient for each row in a trape-
zoidal finned horizontal tube bundle during condensation of both pure fluid (HFC 134a) and several compositions of
the non-azeotropic binary mixture HFC 23/HFC 134a. The test section is a 13�3 (rows � columns) tube bundle and
the heat transfer coefficient is measured using the modified Wilson plot method. The inlet vapour temperature is fixed
at 40 �C and the water flow rate in each active row ranges from 170 to 600 l/h. The test series cover five different finned tubes
all commercially available, K11 (11 fins/inch), K19 (19 fins/inch), K26 (26 fins/inch), K32 (32 fins/inch), K40 (40 fins/inch)
and their performances were compared. The experimental results were checked against available models predicting the heat
transfer coefficient during condensation of pure fluids on banks of finned tubes. Modelling of heat exchange during
condensation of binary mixtures on bundles of finned tubes based on the curve condensation model is presented.
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1. Introduction

In the European context where existing and new

refrigerating machines have to be adapted to HFCs
(HydroFluoroCarbons), the questions asked of heat
exchanger designers and thermal engineers generally

fall into two groups. The first concerns the behaviour
of traditionally designed TEMA X1 condensers which
have to operate with retrofitting refrigerants especially

with zeotropic mixtures. The second covers the optimi-
sation of the TEMA X condenser to pure HFCs as HFC
134a and to mixed refrigerants (e.g. HFC 407C).

To answer the both items, the present study, which
expands on a preliminary study on smooth tube bundles
[1], deals with the experimental evaluation of heat
transfer performance of tube bundles equipped with

finned tubes whose density ranges from 11 to 40 fpi.
The present work has four aims: (i) to study con-

densation outside five different finned tubes in order

to underline the influence of the fin pitch, (ii) to
study condensation of several compositions of the
binary mixture (HFC 23/HFC 134a), (iii) to under-

stand heat transfer in enhanced tube banks both
with pure fluids and with mixtures, and (iv) to model
heat transfer in tube bundles during condensation of

zeotropic mixtures by means of the equilibrium method.

2. A short review of relevant works

2.1. Pure fluid case

Theoretical models to predict the heat transfer coeffi-
cient (HTC) for single low-finned tubes have been well
developed since the 19400s, in particular with the pio-
neering work of Beatty and Katz [2]. Their model

assumed that the condensate is drained only via gravity.
Gregorig [3] was the first author to develop a model of
condensation around profiled surfaces, taking into

Nomenclature

a thermal diffusivity (m2 s�1)
A ratio of the total to the plain tube

surfaces
b fin spacing (m)
Cp specific heat capacity (J kg�1 K�1)
D1,2 mass diffusivity (m2 s�1)

De diameter at the fin tip (m)
Dh hydraulic diameter (m)
Di inner diameter (m)

Dr Diameter at the fin root (m)
e fin height (m)
F correction factor

g gravity (m s�2)
hm specific enthalpy (J kg�1)
j row index
K constant

m
:

mass flow rate (kg s�1)
N row number
p fin pitch (m)

P pressure (N m�2)
q heat flux (W m�2)
Q heat flow rate (W)

S exchange surface area (m2)
t fin thickness (m)
T temperature (K)

U overall heat transfer coefficient
(W m�2 K�1)

v vapour velocity (m s�1)
xg vapour quality

y HFC23 mass fraction
Z Bell and Ghaly parameter
Z
:

modified Bell and Ghaly parameter

Greek letters

�avg vapour phase mean heat transfer coefficient
in the bundle (W m�2 K�1)

�e vapour-side heat transfer coefficient (W m�2

K�1)
�i inner heat transfer coefficient (W m�2 K�1)
�l heat transfer coefficient in the liquid phase

(W m�2 K�1)

�v local heat transfer coefficient in the vapour
phase (W m�2 K�1)

� inundation coefficient

� enhancement factor
l thermal conductivity (W m�1 K�1)
� flooding angle (rad)

� halph angle at the fin tip (rad or degree)
� surface tension (N m�1)

Subscripts

c coolant
g gas
G Gnielinski

in inlet
j row index
l liquid

out outlet
T total
v vapour

w wall

Dimensionless numbers
Le Lewis number

Nu Nusselt number
Pr Prandtl number
Re Reynolds number
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account only the surface tension forces. A review of
surface tension effects during condensation of pure
fluids is given by Shah et al. [4].
Theoretical models combining both gravity and sur-

face tension forces are used to predict the HTC of a
single horizontal tube with sufficient accuracy. Rose [5]
proposed a semi-empirical model for a horizontal tube

having trapezoidal fins. To compare his model to
experimental results, Rose [5] used various finned tubes
with different fin pitchs, heights and diameters as well as

various fluids (water, ethylene glycol, methanol, R113,
R11, R12. . .). He found a deviation of 12.4% from the
experimental data used.

The foregoing models for a single tube are not
directly applicable to tube banks, since heat transfer in
the lower rows is affected by condensate inundation and
the HTC is lower for these tubes. In the literature there

are two approaches to this problem. The first simply
consists of multiplication of the HTC for a single tube
by a factor less than unity, taking into account the row

position in the bundle. The second, more accurate, con-
sists in the development of a model, first for a single
tube, and then for a bundle. Such a model was proposed

by Honda and Nozu [6,7] based on a bidimensional
analysis of the film condensate. Murata and Hashizume
[8] developed a model predicting the HTC of tube bun-

dles having rectangular fins. To validate their model
they compared it to experimental data during con-
densation of R11 and R114 in bundles of eight rows,
with rectangular fin tubes of various fin pitches. Theory

and experiments differed by about 20%.
There are few experiments on the condensation of

HFC134a on low finned tubes. In the work of Blanc [9],

the HTC on trapezoidal fin tubes (K26) is compared
with current theories. In particular, the Honda model
underestimates by up to �30% the inundation effect of

their experimental results.
Honda et al. [10] measured the row-by-row HTCs of

HFC134a condensing on a bundle of tubes having 26
fins/inch and a diameter at the fin root of 15.8 mm. Their

results are slightly lower than those of Blanc. Cheng and
Wang [11] and Ravi et al. [12] conducted experiments on
condensation of HFC134a using several types of low

finned tubes. The former found that for a vertical column
of three tubes with trapezoidal fins no significant inun-
dation effect is observed. The latter studied the HTC

variation as a function of �T for a single tube.

2.2. Fluid mixture case

In contrast to the pure fluid, the condensation of
zeotropic mixtures outside enhanced horizontal tubes
has been not widely investigated. Studies covering the

condensation of zeotropic mixtures are essentially con-
fined to flat plates and smooth tubes. Hijikata and
Himeno [13] conducted experiments using horizontal

finned tubes during condensation of the binary mixture
(90% R113+ 10% R114) and they found that the tube
with high fins (3 mm) is better than the one with small
fins (0.8 mm), contrary to the condensation of pure

fluids. Honda et al. [14] conducted experiments during
condensation of a downward-flowing zeotropic mixture
HFC123/HFC134a (about 9% HFC134a at the test

section inlet), on a 13 � 15 (columns � rows) staggered
bundle of horizontal low finned tubes. Their experi-
mental data show that both the heat and mass transfer

coefficients increase with the row number up to the
third (or the second) row, then decrease mono-
tonically with increasing row number, finally to

increase at the last row. To correlate their results
they proposed a dimensionless correlation of the mass
transfer coefficient based on the analogy between heat
and mass transfer.

3. Experimental apparatus

The experimental apparatus consists of a thermosi-
phon refrigerant loop and a forced circulation coolant

(water) loop (Fig. 1). The test rig used in this investiga-
tion is the same as that of a previous study [1]. In the
refrigerant loop the vapour is generated in a boiler

heated with hot water which is itself heated by an elec-
tric heater. The vapour flows towards the test section,
passes vertically downwards and condenses outside the
water cooled tubes. The test section (Fig. 2) is a stainless

steel duct and contains a staggered copper tube bank
consisting of 13 rows, each of two (even rows) or three
tubes (odd rows). In Fig. 2 the cross-hatched tubes are

dummies (no heat exchange), while the others are active.
Half tubes are attached to the vertical walls of the test
section in order to eliminate vapour by-pass. A metallic

rod with a diameter of 11 mm was inserted in each
active tube in order to increase the water velocity. In
this way the heat transfer is enhanced on the coolant
side. The horizontal tube pitch is 24 mm, whereas the

vertical pitch is 20 mm. The tube length is 300 mm. The
characteristics of the tested tubes are given in Table 1.
The vapour temperature inlet was maintained at 40 �C

and the vapour velocity is less than 2 m/s. Temperatures
were measured by type E thermocouples (Chromel-
Constantan) with a precision of �0.1 K. As water flow

is equally distributed in all active tubes (it is controlled
by means of 13 rotameters, one on each row), the water
flow rate in each tube is deduced from the water flow

rate in the coolant loop, measured by an electro-
magnetic flow meter, with an accuracy of �0.5%. The
vapour temperature is measured using five thermo-
couples (T06, T07, T08, T09 and T10) in the test section.

The temperatures indicated by the five thermocouples
are interpolated in order to obtain the vapour tempera-
ture in the neighbourhood of each row.
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In this study, commercially available tubes (Wieland-
Werke AG) are used, having a wall thickness of about 1
mm, and the indirect Wilson method which measures the

vapour-side HTC without measuring the wall temperature
is employed. From the measured water temperatures at
the inlet and the outlet of each tube and from the mea-

sured vapour temperature in the neighbourhood of each

row, the overall HTC is calculated as follows:

U ¼
m
:
cCp;c
S

ln
Tv;j � Tc;in
Tv;j � Tc;out

� �
ð1Þ

The vapour-side HTC �e is calculated by the follow-
ing relation:

1

�e
¼

1

U
�

1

�i

Dr

Di
�

Dr

2lw
ln

Dr
Di

� �
ð2Þ

�i is the inner HTC determined with Eq. (3) using the
Gnielinski correlation [15] to determine the Nusselt
number NuG. The Gnielinski correlation was chosen

because it has a wide range of applicability, 2300<Rec <5
106 and 0.5<Pr<2000. Thus, it covers both the transition
and the turbulent flow regimes. In the present case, the
Reynolds number varied between 2400 and 10 000:

�i ¼ K	NuG 	
lc
Dh

ð3Þ

K is determined by the modified Wilson plot procedure
[16]. This procedure requires the use of a water-water
counter current single phase heat exchanger in which the

inner tube is the same as in the test section.
The overall HTC U has a relative uncertainty of

14.8%, and the calibration of the inner HTC of K11,

K19, K26, K32 and K40 tubes leads respectively to
relative uncertainties of 10.3, 8.9, 5.4, 13.4 and 4.5%, all
determined using Moffat’s method of sequential dis-
turbances [17]. The relative uncertainty of the vapour-side

HTC is the quadratic mean of the inner and the overall
HTCs, and is equal to 18, 17.2, 15.7, 19.9, 15.4% for the
K11, K19, K26, K32 and K40 tubes, respectively.

Table 1

Tube dimensions

Tube Dr

(mm)

De

(mm)

Di

(mm)

p

(mm)

e

(mm)

t

(mm)

A �

(degree)

K11 16 18.9 14 2.31 1.45 0.38 2.4 1

K19 16 18.9 14 1.34 1.45 0.33 3.4 1.9

K26 15.8 18.8 14 0.97 1.5 0.25 4.4 3.5

K32 16.2 18.8 14 0.82 1.3 0.2 4.5 ?

K40 16.3 18.9 14.4 0.63 1.3 0.16 5.5 ?

Fig. 1. Experimental test rig.

Fig. 2. Test section.
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4. Experimental results and discussion

4.1. Behaviour of the pure fluid

Fig. 3 presents the evolution of the vapour-side HTC
with temperature difference �T (=Tsat�Tw) during
condensation of R134a, outside the first row of each

tube. The figure shows the classical behaviour of the
condensation HTC which decreases with increasing �T,
that is, by increasing the thickness of the film con-

densate. This is the only significant thermal resistance
on the vapour-side during condensation of pure fluids.
For comparison, the HTC for a smooth tube [1] with a

diameter identical to the fin root diameter is also shown.
It can be seen that the heat transfer enhancement "�T is
higher than the surface augmentation due to fins,
because the surface tension forces drain condensate on

the fin flanks and enhance the heat transfer. For exam-
ple, for the K26 tube at �T=5 K, due to surface tension
forces, the heat transfer enhancement ratio is "�T=6 for

a surface augmentation of 4.4. Fig. 3 shows also that the
HTC seems to reach an optimum for the K32 tube. Four
models have been selected for comparison with experi-

mental results, namely those proposed by Beatty and
Katz [2], Rose [5], Murata and Hashizume [8], and
Honda et al. [18]. Fig. 4 shows the influence of the fin
pitch on the HTC during condensation of HFC134a, as

predicted by these models and experimental data. Only
the Rose’s model can predict the optimum fin pitch within
0.65 mm, whereas the present experimental data show a fin

pitch optimum of 0.79 mm. It should be noted that the
Honda’s model can predict an optimum of the fin spacing
as seen for other fluids (R113, ethylene glycol, steam) [18].
The Beatty and Katz model cannot in any way predict this

optimum whatever the fluid tested because it does not take
surface tension into account.
To get a good representation of the inundation effect

in tube bundles, the ratio of the HTC of each row to
that of the first row versus the row number is plotted in
Fig. 5. It appears that the inundation effect is more

important for tubes having large fin pitches (K11) where
the ratio �j/�1 reaches 0.7 as for smooth tubes [1],
whereas for tubes having low fin pitches (K32) the

decrease in the HTC throughout the tube bundle is less
than 10%. To predict the evolution of the HTC of each
tube in a bundle is particularly difficult because of the
unpredictable condensate flow pattern, combining both

the effect of condensate inundation and the shear stress
in the vapour.
Fig. 5 compares experimental HTC for each odd row

with some available models. Two types of models have
been chosen. The first one consists of an empirical cor-
rection given by Katz and Geist [19] to the Nusselt

correlation developed for smooth tubes:

�j

�1
¼ j1�� � j� 1ð Þ

1��
ð4Þ

where j is the row number and �j is the HTCof the jth row.
Nusselt has given a value of 1/4 to � in smooth tube

cases. However, Katz and Geist [19] found that the
HTC deterioration for finned tube bundles is less
important than for smooth tubes, so they proposed a

value of 0.04 for �.
The second type of model is more rigorous and is

represented by those of Honda et al. [18] and Murata

and Hashizume [8]. They calculate the first row HTC as
well as those of the other rows. Fig. 5 shows that the
Honda et al. and Murata and Hashizume models pre-
dict very well the inundation effect for tubes having low

fin pitch. The results of Katz and Geist correlation are
comparable to those of Honda et al. and Murata and
Hashizume in spite of its simplicity. Nevertheless, the

Nusselt model developed initially for smooth tubes
overestimates the inundation effect.

4.2. Behaviour of binary zeotropic mixtures

As noted previously, condensation of zeotropic mix-

tures is completely different from condensation of pure
fluids because the condensation does not occur iso-
thermally as with pure fluid condensation. Fig. 6 shows
the influence of the more volatile component HFC 23 on

the vapour side HTC �e and it can be seen that the
introduction of 6% of HFC 23 in the liquid phase (the
equivalent of 18% of HFC 23 in the vapour phase at the

Fig. 3. Heat transfer coefficient on the first row during con-

densation of HFC 134a.

Fig. 4. Influence of the fin pitch on the heat transfer coefficient

of a pure fluid. Comparison with models.
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inlet of the test section), decreases considerably the

HTC. This is due to an additional diffusion resistance
which adds to the classical thermal resistance of the film
condensate. This resistance comes from the diffusion

layer, developed by the more volatile component (HFC
23) vapour, swept by the condensate rich in HFC134a
toward the liquid-vapour interface. This deteriorates the

HTC. Fig. 6 shows that the evolution of the HTCwith�T
is not the same for a pure fluid as for mixtures. In pure
fluids, the thermal resistance between the vapour bulk and
the wall is essentially due to the conduction resistance of

the condensate film. In zeotropic mixtures, this thermal
resistance is the sum of the condensate and the diffusion
layer resistances. The condensate thermal resistance

increases with �T whereas the diffusion layer resistance
decreases. This decrease is probably due to increasing the
vapour flow which could reduce the thickness of the

diffusion layer. For smaller values of �T, the thermal
resistance is controlled by the diffusion layer and the
HTC increases. For higher values of �T it is controlled

by the condensate layer. One can see that for HFC134a,
the HTC decreases with increasing �T, since the ther-
mal resistance is controlled by the condensate thickness.
For zeotropic mixtures the HTC increases with �T, due

to the diminution of the diffusion layer by condensation
of the more volatile component when �T increases. The
diffusion layer, which causes the deterioration of the

HTC, controls the heat transfer during condensation of

zeotropic mixtures, and its diminution with increasing
�T improves the HTC, even if the film condensate
resistance due to its thickness is more important.

Fig. 6 shows also the influence of the tube type on the
behaviour of the HTC as a function of �T for a given
mixture composition (6% HFC 23). Compared to the

pure fluid, it appears that the HTC coefficient dete-
rioration is more important for tubes having a higher fin
density. For �T=7 K, the K32 tube HTC is divided by
a factor of 9, whereas for the K11 tube the HTC is

divided by 2.5 for �T=13 K.
The inundation effect is not significant during

condensation of zeotropic mixtures outside finned tube

banks, since not only there is no deterioration of the

Fig. 6. Condensation of the HFC 23/HFC 134a mixture. Influence of the fin density on the HTC.

Fig. 5. Evolution of the HTC in the bundle. Comparison between experimental results and published models.

Fig. 7. Evolution of the HTC in the tube bundle during con-

densation of the HFC 23/HFC 134a mixture.
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HTC in the tube bundle, but the HTC increases
throughout (Fig. 7). It appears that the condensate
flowing from the upper row disturbs the diffusion layer
which basically leads to low HTCs in comparison with

pure fluids, then the HTC increases in the bundle but
not enough to reach pure fluids HTC values. The HTC
augmentation is significant for mixtures rich in HFC 23,

because the diffusion phenomenon is more important,
and a small disturbance of the diffusion layer by the
condensate flowing from the upper rows has a more

significant impact than for a mixture poor in HFC 23.

5. Theoretical modelling

A way to model the HTC during condensation of
zeotropic mixtures is to use the Bell and Ghaly method

[20], which is based on the Silver model [21] developed
to give an easy alternative to film theory judged to be
complex for industrial modelling. The Bell and Ghaly

model is based on the following hypotheses: the liquid
and the vapour are in equilibrium at the bulk tempera-
ture, the condensate and vapour enthalpies are calculated

at the bulk temperature, the sensible heat in the vapour
phase is calculated using a single phase convective corre-
lation. The Bell and Ghaly method does not require the

determination of the liquid-vapour interface tempera-
ture. The condensation HTC �e is calculated using:

1

�e
¼

1

�l
þ

Z

�v
ð5Þ

The HTC of the condensate film �l can be calculated
by the Beatty and Katz model. To calculate the HTC �e
for each row (other than the first row) the Katz and

Geist correlation [Eq. (4), with �=0.04] is used. �v is the
HTC of the vapour phase, calculated as follows [22]:

�v ¼ F	�avg ð6Þ

F is a correction factor taking into account the fact that
the vapour phase HTC of the upper rows in the bundle

is less than the mean HTC of the bundle. F is equal to
0.7, 0.8, 0.87, 0.92 and 0.95, for the 1st, 2nd, 3rd, 4th
and 5th rows, respectively, and to 1 for the 6th row and

more. The mean HTC of the bundle in the gas phase is
defined as:

�avg ¼
Nuvlv
Dr

ð7Þ

Nuv is theNusselt number calculated by the expression [23]:

Nuv ¼ 0:29 Re0:633v Pr0:333v A�0:17 ð8Þ

A is the ratio of the total exchange surface area of the tube
by the surface area of a plain tube with a diameter Dr.
The parameter Z is given by:

Z ¼ xg Cp;g
dT

dhm
ð9Þ

xg is the mass fraction of the vapour, Cp,g the specific
heat of gaseous mixture and dT/dhm the slope of the
equilibrium condensation curve T=f(hm), hm being the

specific enthalpy of the fluid.
As the lower part of the tube is flooded the heat

transfer on the fins is not effective; to take into account

the condensate retention in the lower part of the tubes,
Eq. (8) is modified as follows:

1

�e
¼

1

�l
þ

Z

�v 	A	�=�
ð10Þ

� is the flooding angle calculated by the Honda et al.

equation [24]:

� ¼ cos�1 4 �cos�

�l g b De
� 1

� �
ð11Þ

The calculations are carried out as follows. The pres-

sure P and temperature T at the inlet of the test section
and the HFC 23 mass fraction in the liquid phase in the
evaporator yl (fixed by the operator) is used to calculate
the HFC 23 vapour mass fraction yv at the inlet of the

test section. Given the heater power the refrigerant
vapour flow rate in the trial loop is then calculated.
With the flow rate and the inlet temperature of the

water, the outlet temperature is derived.
The procedure calculation comprises the following

steps:

. Step 1: calculate yv (with refprop software [25])
from P, T and yl.

. Step 2: calculate physical properties of the vapour

at the inlet of the test section with respect to (yv,
P, T), and calculate dT/dhm with Refprop. An
integral condensation curve is assumed. For all

rows flash calculations based on inlet composition
are carried out.

. Step 3: calculate Z with Eq. (9) (xg=1 for the first

row j=1, and is calculated using the condensate
flowrate for the other rows j > 1).

. Step 4: estimate �T.

. Step 5: calculate �l using Beatty and Katz’s model
for j =1, and combined with Katz and Geist’s
correlation [Eq. (4) with �=0.04] for j > 1.

. Step 6: calculate �v using Eqs. (6)–(8).

. Step 7: calculate �e with Eq. 10, and calculate the
heat flux Q1 given by:

7



Q1 ¼ �eSr Tv;j � Tw
� �

ð12Þ

Tv,j is the vapour temperature in the neighbourhood of

the jth row.

. Step 8: calculate the outlet water temperature

Tc,out using Q1 and the water flow rate.
. Step 9: calculate �i using Eq. (3), and calculate the

heat flux Q2 given by:

Q2 ¼ �iSi Tw � Tc;in þ Tc;out
� �

=2
� �

ð13Þ

. Step 10: compare Q1 and Q2. If they are not equal
go to step 4, if they are equal calculate the vapour
temperature Tv,j+1 in the neighbourhood of the

(j+1)th row, with:

Q2 ¼ Q1 ¼ m
:
vCp;v Tv;j � Tv;jþ1

� �
ð14Þ

. Step 11: calculate the vapour composition with the

new vapour inlet temperature Tv,j+1, with pressure
assumed to be constant in the test section.

. Step 12: go to step 2.

6. Comparison between experimental data and theore-

tical results

Fig. 8 compares the equilibrium method calculations
and experimental results. It appears clearly that the

equilibrium method (condensation curve method)
underestimates experimental data. The underestimation
means that the equilibrium method gives more impor-

tance to the diffusion phenomenon. The explanation for
this is an overestimation of the factor Z in Eq. (5).
Indeed, the factor Z is, ratio of the gas-side to total heat
fluxes, is determined by Eq. (9). The gas-side heat flux

is calculated without taking into account the mass
transfer, which acts in the adverse sense of the heat
flow. In this way the gas side heat flux is overestimated

and so is the factor Z. The Lewis number is the more
appropriate dimensionless number for taking into
account the relative contribution of heat transfer and

mass transfer:

Le ¼
a

D1;2
ð15Þ

a is the thermal diffusivity and D1,2 is the binary diffu-

sion coefficient [26].
Webb et al. [27] noted that equilibrium method shows

errors of �50 or +100% with fluids having a Lewis

number less than 0.6 or greater than 1, respectively.
Compositions tested in this work have a Lewis number
ranging between 0.45 and 0.5.
Correction to the condensation curve method can be

achieved by the introduction of the Lewis number in the
formulation of the Z factor thus:

Z � ¼
qg
qT

¼ xg Cp;g
dT

dhm
Le� ð16Þ

Fig. 8 (modified condensation curve method) shows
the amelioration given by this correction (with �=3/2,
which is the value previously used in the case of smooth
tubes [1]). It is clear that the results are improved upon

in comparison with the classical equilibrium method,
but overestimate slightly the experimental results. Cal-
culations show that this overestimation is more pro-

Fig. 8. Comparison between experimental results and the condensation curve method during condensation of HFC 23/HFC 134a on

the first row.

Fig. 9. Evolution of the measured and the calculated local

HTC’s in the tube bundle during condensation of a zeotropic

mixture in a bundle of K19 tubes.
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nounced for K19, K26 and K32, whilst, the classical

equilibrium method underestimates always the experi-
mental results. It can be noted that for all tested tubes,
the constant � value is insufficient to predict the HTC

successfully, even if �=3/2 gives very good results in the
case of smooth tubes [1].
Fig. 9 compares the calculated and the measured

values of the ratio �j=�1 plotted versus the row number j
using the modified condensation curve method, during
condensation of several compositions of the HFC 23/
HFC 134a mixture outside a bundle of K19 tubes. The

model does not predict the strong increase in the HTC
between the 3rd and the 7th row shown by the experi-
mental results. Such behaviour could be expected since

the model does not take into account either the dis-
turbances of the gas diffusion layer by the condensate
falling from the upper rows, or the vapour shear stress

responsible of the increase in HTC in the bundle during
condensation of zeotropic mixtures.
From an industrial point of view, the sizing of con-

densers requires the determination of the total exchan-

ged heat flux. Fig. 10 compares the heat fluxes measured
and calculated by the model during condensation of
different compositions of the zeotropic mixture HFC 23/

HFC 134a on the K11, K19, K26, K32 and K40 tube
bundles. The predictive model and test results agree to
within �10%. Consequently, even if the modified con-

densation curve method does not accurately predict the
local HTC in the tube bundle during condensation of
zeotropic mixtures, it gives good results when used to

calculate the total heat flux.

7. Conclusions

Film condensation of downward flowing vapour on
staggered bundles of horizontal finned tubes, using the

HFC 134a and the binary zeotropic mixture HFC 23/

HFC 134a, was experimentally investigated using five
commercial tubes with different fin pitches. The conclu-
sions are as follows:

1. The optimal fin pitch during condensation of
HFC 134a was found to be 32 fins/inch corre-

sponding to the K32 tube.
2. The inundation effect is more important for

tubes having large fin pitches. The Honda et al.,
Murata and Hashizume, and Katz and Geist

models predict the HTC behaviour in the tube
bundle reasonably well.

3. The HTC decreases dramatically compared to

R134a when using the zeotropic mixture R23/
R134a.

4. During condensation of the HFC 23/HFC 134a

mixture, the HTC increases on the first rows
(j 47) because the diffusion layer is disturbed by
the condensate flowing from the upper rows.

5. The condensate curve method underestimates the

HTC on the first row. The modified condensa-
tion curve proposed predicts to within �10% the
heat flux of the whole condenser, but does not

accurately predict the local HTC on each row.
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