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Abstract

This paper studies refrigeration cycles in which plate heat exchangers are used as either evaporators or condensers. The
performance of the cycle is studied by means of a method introduced in previous papers which consists of assessing the good-
ness of a calculation method by looking at representative variables such as the evaporation or the condensation temperature
depending on the case evaluated. This procedure is also used to compare several heat transfer coefficients in the refrigerant
side. As in previous works the models of all the cycle components are considered together with the heat exchanger models
in such a way that the system of equations they provide is solved by means of a NewtoneRaphson algorithm. Calculated
and measured values of the evaporation and the condensation temperatures are also compared. The experimental results cor-
respond to the same air-to-water heat pump studied in other papers and they have been obtained by using refrigerants R-22 and
R-290.
� 2007 Elsevier Ltd and IIR. All rights reserved.
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1. Introduction

This work is part of a series that studies the performance
of a refrigeration cycle model by estimating cycle para-
meters such as the evaporation or the condensation
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Nomenclature

a1, a2, a3 a4 adjustment correlation parameters
B1, B2 empirical constants in Bogaert and Bölcs

correlation
Bo boiling number
c1, c2, c3 correlation parameters
C1, C2, C3, C4 YaneLin correlation coefficients
Co convection number
d1, d2 correlation parameters
D diameter (m)
Dh hydraulic diameter (m)
f friction factor
f0, f1 Martin correlation parameters
F enhancement factor
Fr Froude number
G mass velocity (kg/s m2)
Ge1, Ge2 HaneLeeeKim correlation coefficients
i enthalpy (J/kg)
j heat transfer coefficients in Wanniarachchi

correlation
Nu Nusselt number
p pressure (Pa)
pco heat exchanger pitch
Pr Prandtl number
q heat flux (W/m2)
Re Reynolds number
S suppressing coefficient

x vapour quality.

Greeks
a heat transfer coefficient (W/m2 K)
b chevron angle (radian)
h dynamic viscosity (N s/m2)
f enlargement factor
r density (kg/m3)

Subscripts and superscripts
cb convective boiling
cp previously calculated
eq equivalent
f saturated liquid (liquid phase)
g saturated vapour (vapour phase)
h hydraulic
l laminar
l liquid
lo liquid only
m in the middle of the fluid flow
nb nucleate boiling
r refrigerant
sat saturation
t turbulent
tp two-phase flow
w wall
* reduced
temperature. It focuses on the study of the influence of heat
transfer coefficient models in plate heat exchanger model-
ling. This study is justified by the leading role that these
heat exchangers now play in certain applications. They
are being used intensively mostly due to the great amount
of advantages that they have with respect to their competi-
tors. They are easily cleaned, inspected, and maintained
and high turbulence can be achieved without great effort,
thus the required surface and the volume occupied are
much lower than those needed by a shell and tube ex-
changer for the same duty (high compactness). This jus-
tifies their use in many industrial applications. They have
been utilised widely in liquid-to-liquid applications and
have been used as evaporators and condensers since the
last decade basically because of their high effectiveness
and low cost [1].

The evaluation of characteristic variables of the cycle
such as the evaporation or the condensation temperatures
is used to compare several heat transfer coefficients correla-
tions in the refrigerant side. Unlike fin and tube heat ex-
changers, the secondary fluid resistance (water in this
case) is approximately 40% lower than the refrigerant resis-
tance. This makes the calculation of the evaporation or con-
densation temperatures more sensitive to the correlations
used for the refrigerant heat transfer coefficient.
As in previous papers [2,3], the models of all cycle com-
ponents are considered together, providing a system of equa-
tions that is solved by using a NewtoneRaphson algorithm.
The SEWTLE procedure is used to evaluate the outlet con-
ditions of the heat exchangers [4]. Some experimental data
corresponding to an air-to-water heat pump have been
used to compare calculated and measured values of the char-
acteristic temperatures mentioned above. The refrigerants
used in the experimental facility are R-22 and R-290. The
governing equations and the global model used to analyse
the refrigeration cycle will not be described here e the inter-
ested reader may find a complete description in [4]. The dia-
grams of the heat pump used to perform the experiment can
be found in [2,3].

This paper has been structured as follows. Firstly, a com-
parative study is carried out describing the heat transfer
coefficient used in plate heat exchangers working in
single-phase or in two-phase flow, either as evaporators or
condensers. Secondly, the experimental results obtained in
the heat pump for the evaporation and condensation temper-
atures are compared with the results provided by the model
which is included in the ART� code [5]. The methodology
described in [2,3] for tube and fin heat exchangers is also
applied here and it depends on the element considered, i.e.
an evaporator or a condenser.
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2. Heat transfer coefficient

Some common heat transfer coefficients applied to the
heat transfer characterisation in plate heat exchangers are
studied in this section. It focuses on those employed in re-
frigeration cycles, mostly on the refrigerant side. The
amount of available correlations in the existing literature is
fairly extensive and, unfortunately, some of these interesting
works cannot be described in this paper. The effort made in
the characterisation of adiabatic two-phase flow in plate heat
exchangers has actually been remarkable [6e10]. Many
phenomena and dependencies encountered in the heat trans-
fer coefficient correlations proposed in those references are
extrapolable to evaporation or condensation of refrigerants.
Correlations developed for subcooled flow boiling heat
transfer, such as the one developed by HsieheChiangeLin
in [11] for R-134a in vertical plate heat exchangers, or recent
works on vaporisation and condensation inside herringbone
plate heat exchanger with enhanced surfaces as [12], should
also be highlighted.

In the following sections, a brief review of the single-
phase correlations is initially carried out. Then, some two-
phase correlations used for the characterisation of the
evaporation and condensation processes are presented. All of
them have been compared in order to have a better picture
of their differences and their range of application. The ranges
of heat and mass fluxes used to calculate and compare the
heat transfer coefficient values correspond to those encoun-
tered in the experiment.

2.1. Single-phase flow

Heat transfer coefficient and pressure drop in plate heat
exchangers have been investigated for several years, and
the amount of work that has been carried out is quite exten-
sive. A general theory or correlation covering all geometri-
cal parameters and combinations of plate heat exchangers
does not exist. The large amount of possible combinations
which results from the variation of the geometric parameters
of the plate heat exchangers makes such a theory almost
impossible.

Each investigation should be regarded as a special case
whose results are only applicable for the specific geometry
and combinations tested. Unfortunately, this investigation
cannot present all geometry parameters in detail.

There are more than 30 practical correlations starting
with Troupe et al. [13] in 1960, and continuing up to
one of the latest correlations published by Muley and
Manglik [14] and Muley et al. [15] in 1999. An exhaustive
compilation of some of the most important correlations is
made by Ayub [16]. In accordance with him, the majority
of the correlations could be used for plates of different
manufacturers but he recommends the Kumar correlation
[17] for quick calculations, and those by Heavner et al. [18],
Wanniarachchi et al. [19] and Muley and Manglik [14,15,20]
for more elaborated calculations. Some of them are also
recommended by Claesson [21,22], where the Bogaert and
Bölcs [23], Martin [24], Muley and Manglik [14], Muley
et al. [15] and Muley [20] correlations are compared. The
Bogaert and Bölcs [23] correlation is used by plate heat
exchanger manufacturers and this is an adaptation of constants
and exponents to experimental data for plate heat exchangers
with specific geometries. The correlations developed by
Muley and Manglik [14], Muley et al. [15] and Muley [20]
are an attempt to generalise the Nusselt number correlation,
including dependencies of chevron angle and enlargement
factor. The Martin [24] correlation is another attempt to
generalise the Nusselt number correlation by applying an
analogy between heat transfer and pressure drop. This is
a semiempirical correlation as several parameters are fitted
to experimental data. Throughout this paper, some of the
correlations mentioned above, and others commonly used
in plate heat exchanger design have been studied and
compared.

Force convection heat transfer coefficients are frequently
correlated as

Nu¼ c1Rec2 Prc3

�
hm

hw

�
;

where c1, c2, and c3 depend on the plate pattern and geomet-
rical parameters.

In the laminar regime, the flow is generally not fully de-
veloped in plate exchanger passages, the Leveque correla-
tion, originally proposed for a circular tube, is proposed by
some authors

Nu¼ c4

�
L

DeqRePr

��1=3�
hm

hw

��0:14

; ð1Þ

where c4 depends on the thermal boundary conditions and
the plate geometry. The dependence on the plate length, L,
is reported not to be correct by some authors. As confirmed
by their experiments, other researchers have proposed
a larger exponent on the Reynolds number [1].

Shah and Wanniarachchi report some values for the coef-
ficients ci [1] taken from other authors’ works. Despite this,
some of these correlations are of little practical use for plate
heat exchanger design since no specific values of these con-
stants are available in the literature for some plate geometry.
It is recommended that the influence of the Prandtl number
on the Nusselt number be characterised by an exponent of
1/3 for conservatism. It can tend to 0.4 in the case that
simultaneously laminar and turbulent flows take place, as
may happen in plate heat exchangers. As customary, the
influence of temperature-dependent viscosity is expressed
by means of a term of

Nu

Nucp

¼
�

hm

hw

�n

;

Values for n and m may be encountered in Shah and
Wanniarachchi’s paper.
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2.1.1. Chisholm and Wanniarachchi correlation
This correlation gives the Nusselt number, Nu, as a func-

tion of the Reynolds and Prandtl numbers, and the chevron
angle of the plates (b), being expressed by

Nu¼ 0:724

�
6b

p

�0:646

Re0:583Pr1=3; ð2Þ

where the Nusselt number is calculated with the hydraulic
diameter, Dh, Nu ¼ Dhh=k [25,26,1].

Eq. (2), agrees with the experimental data of Focke et al.
[27] within 15% and 20%, for p/6� b� 4p/6 and
Re> 1000. However, the correlation is commonly extrapo-
lated for higher values of the Reynolds number.

2.1.2. Kim correlation
This correlation is developed by using experimental data

from a water-to-water plate heat exchanger in single-phase
conditions [28]. It also utilises the hydraulic diameter to cal-
culate the Nusselt number as a function of the Reynolds
number, Prandtl number, and chevron angle

Nu¼ 0:295Re0:64Pr0:32
�p

2
� b
�0:09

: ð3Þ

It is quite similar to the aforementioned correlation proposed
by Chisholm and Wanniarachchi.

2.1.3. Wanniarachchi correlation
Wanniarachchi et al. also investigated the influence of the

chevron angle on the heat transfer coefficient in the case of
plate heat exchangers [19]. Unlike the correlations men-
tioned above, they correlated the data with an asymptotic
correlation with two parts, laminar and turbulent. According
to them, this correlation satisfies all the three flow regions,
including the transition region. It is given by

Nu¼ jNuPr1=3ðh=hwÞ0:17; ð4Þ
more reliable experimental data are needed to obtain a firm
exponent.

2.1.4. Bogaert and Bölcs correlation
Bogaert and Bölcs experimentally investigated heat

transfer coefficient and pressure drop in some plate heat ex-
changers [23]. The fact that the Prandtl number and the vis-
cosity ratio exponents are not constant is quite interesting.
They depend, respectively, on the Prandtl and Reynolds
number

Nu¼ B1ReB2 Pr
1
3
e

�
6:4

Prþ30

��
h

hw

� 0:3

ðReþ6Þ0:125

; ð6Þ

B1 and B2 being specific empirical constants which are
defined for certain plates and a Reynolds number range as
follows

0� Re< 20; B1 ¼ 0:4621; B2 ¼ 0:4621
Re¼ 20; B1 ¼ 1:730; B2 ¼ 0
20 < Re< 50; B1 ¼ 0:0875; B2 ¼ 1
Re¼ 50; B1 ¼ 4:4; B2 ¼ 0
50 < Re< 80; B1 ¼ 0:4223; B2 ¼ 0:6012
Re¼ 80; B1 ¼ 5:95; B2 ¼ 0
80 < Re; B1 ¼ 0:26347; B2 ¼ 0:7152

2.1.5. Muley correlation
This correlation [14,15,20] is quite similar to that pro-

posed by Bogaert and Bölcs [23]. Unlike this, Muley devel-
oped empirical expressions for the parameters B1 and B2 in
Eq. (6), which are functions of both the chevron angle and
the area enlargement factor. The Nusselt number is defined
for two ranges of the Reynolds number, and it is valid for
a specific range of chevron angles

Nu¼0:44

�
6b

p

�0:38

Re0:5Pr
1
3

�
h

hw

�0:14

for

	
p=6�b�p=3
30�Re�400



;

ð7Þ
and for higher Reynolds numbers,
Nu¼

2
64
ð0:2668� 0:0006967� 180b=pþ 7:244� 105ð180b=pÞ2Þ�
20:7803� 50:9372fþ 41:1585f2 � 10:1507f3

�
Re½0:728þ0:0543sinð4bþ3:7Þ�Pr1=3

�
h

hw

�0:14

3
75 for

	
p=6� b� p=3
Re� 1000



: ð8Þ
where jNu is the asymptotic value calculated as

jNu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j3
Nu;l þ j3

Nu;t
3

q
; ð5Þ

where jNu;l ¼ 3:65=ð90� 180b=pÞ0:445Re0:339 and jNu;t ¼
ð12:6=ð90� 180b=pÞ1:142ÞRe½0:646þ0:00111ð90�180b=pÞ�.

An exponent of 3 is chosen to achieve an asymptotic var-
iation between the laminar and turbulent region [19]. It is
suggested that it is used as a preliminary design tool, since
No correlation was given for Reynolds numbers between
400 and 1000. In this paper, Eq. (8) has been used for
Re� 400, a chevron angle of b¼p/6, and an enlargement
factor (f) equal to 1.17 (the value commonly used for this
type of plate heat exchanger).

2.1.6. Martin correlation
Martin developed a semi-theoretical correlation for the

heat transfer coefficient and the pressure drop in plate heat
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exchangers [24]. The hydraulic diameter for the Reynolds
and Nusselt numbers definition is as mentioned above. The
correlation is developed by extending the Leveque theory
into the turbulent region, thus

Reh ¼ fRe;

Nuh ¼ fNu;

in a way that the Nusselt number is given as

Nuh ¼ 0:122Pr1=3

�
hm

hw

�1=6�
fRe2sin 2b

�0:374
; ð9Þ

where f is the friction factor which is defined using the dis-
tance between the ports of the plate heat exchangers and is
given by the following correlation

1ffiffiffi
f
p ¼ cos b

ð0:18 tan bþ 0:36 sin bþ f0=cos bÞ1=2
þ 1� cos bffiffiffiffiffiffiffiffiffiffi

3:8f1

p ;

ð10Þ

where f0 and f1 are defined as in [21,22,24], and are functions
of the range of the Reynolds number as

Reh < 20000

(
f0 ¼ 64

Reh

f1 ¼ 597
Reh
þ 3:85

Reh � 20000

�
f0 ¼ ð1:8log10Reh � 1:5Þ�2

f1 ¼ 39
Re0:289

h

ð11Þ

The range of validity of the Martin correlation for the
Nusselt number is not explicitly given in the original refer-
ence. According to Claesson, who varied the Reynolds num-
ber between 400 and 10,000, this correlation has a wider
applicability due to the possibility of adjusting to experi-
mental data [22].

To illustrate the previous definitions, Fig. 1 compares
the correlations introduced above. The Gnielinski
correlation [29], which is commonly used for the heat trans-
fer coefficient estimation in tubes, has also been depicted
for the sake of comparison. The geometry of plate heat

Reynolds number
0,1 1 10 100 1000 10000

0,1

1

10

100
Gnielinski
Muley
Kim
Chisholm-Wanniarachchi
Proprietary
Bogaert - Bolcs
Martin
Wanniarachchi

N
u

Pr
 0.4

0.
1

(
()

)

Fig. 1. Nusselt number versus Reynolds number.
exchangers and the properties of the flow have been kept
constant throughout all the calculations. The correlations
have been represented in the form of Nu/Pr0.4(h/hw)0.1 as
functions of the Reynolds number, Re. A proprietary corre-
lation developed by the authors has been included for the
sake of comparison.

2.2. Boiling

Boiling inside tubes is dominated by two phenomena:
convective boiling and nucleate boiling. Although many boil-
ing correlations have been developed for the characterisation
of heat transfer and pressure drop in plate heat exchanger,
there is no clear agreement on which effect is dominant. It
seems to have been accepted that at high heat fluxes or low
qualities, nucleate boiling has a larger influence than convec-
tive boiling [30e32]. There are some differences for small
plate heat exchangers, for example the heat transfer coeffi-
cient seems to be independent from the heat flux as the mech-
anism of nucleate boiling is dominant and gravity effects are
less important [33e35]. Otherwise, the heat transfer coeffi-
cient, as in the case of tubes, can be formulated by using either
superposition or asymptotic models (which include both con-
vective and nucleate boiling effects) or with enhancement
models. The latest simply correct a single-phase correlation
with an enhancement factor that accounts for the effect of
heat transfer, pressure drop of the refrigerant, heat fluxes, sat-
uration pressure, vapour quality, and so forth. Some correla-
tions also regard the influence of geometric parameters as in
the case of single-phase. They prove that variables such as the
chevron angle, the pitch, and the hydraulic diameter should
not be forgotten in the correlations [16,34]. Models consider-
ing the flow pattern are not usual, Gradeck and Lebouché
showed that at low gas fluxes two main patterns may be en-
countered, i.e. stratified at low liquid fluxes and bubbly at
high liquid fluxes [6]. Other papers [36] have contributed to
a better understanding of the boiling heat transfer coefficient
for three different refrigerants: R-134a, R-407C, and R-
410A. Some of these correlations are studied in what follows.

2.2.1. Yan and Lin correlation
Yan and Lin investigated flow boiling of R-134a in a single

channel plate heat exchanger and reported a correlation for
the local heat transfer coefficients [37]. Their results indicate
that the evaporation heat transfer coefficient of R-134a in
plate heat exchangers is quite different from that in circular
pipes, particularly in the convection dominated regime at
high vapour qualities. Specifically, at a vapour quality higher
than 0.45, the heat transfer coefficient increases almost expo-
nentially with the quality. In accordance with their data, the
heat transfer coefficient can be expressed as�

atpDh

lf

�
Pr�1=3

f Re0:5Bo�0:3
eq ¼ 1:926 Reeq; ð12Þ

which is valid for a Reynolds range of 2000<
Reeq< 10,000.
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In this correlation, Reeq and Boeq are respectively the
equivalent Reynolds and boiling numbers, in which an
equivalent mass flux is used in their definitions

Reeq ¼
GeqDh

hf

;

Boeq ¼
q00w

Geqifg
;

Geq ¼ G

"
1� xþ x

 
rf

rg

!1=2#
:

Heat transfer correlation can be expressed with the Nus-
selt number of the refrigerant as

Nur ¼ 1:926Pr1=3
f Bo�0:3

eq Re0:5
eq

"
ð1� xÞ þ

 
rf

rg

!0:5#

for 2000< Reeq < 10000: ð13Þ

They show, in this case, that at low heat fluxes the heat
transfer coefficient depends on vapour quality, contrary to
what Han, Lee, and Kim observed for R-410A at high fluxes.
They do not show any important influence of heat flux and sat-
uration pressure on the heat transfer coefficient, stating that at
low heat fluxes (11 kW/m2) boiling is largely suppressed.
After its publication, this correlation was modified considering
Webb and Paek’s suggestion [38] in such a way that
ar;l ¼ 0:2092

�
lf

Dh

�
Re0:78Pr1=3

�
hm

hw

�0:14

;

and the boiling number by Bo ¼ q=Gifg.
They observed that the effect of mass flow rate is negli-

gible on the heat transfer coefficient. However, it is slightly
affected by changes in saturation pressure and increases
almost linearly with heat flux.

2.2.3. Han, Lee, and Kim correlation
HaneLeeeKim developed a correlation based on exper-

iments with refrigerants R-22 and R-410A. They varied the
mass flow rate of refrigerant, the evaporating temperature,
the vapour quality, and the heat flux [34]. Several chevron
angles and pitches were also studied. In this case, the Nusselt
number is given by

Nu¼ Ge1ReGe2
eq Bo0:3

eq Pr0:4;

where the coefficients Ge1 and Ge2 are functions of the heat
exchanger geometry, unlike the HsieheLin correlation
presented above

Ge1 ¼ 2:81

�
pco

Dh

��0:041�p

2
� b
��2:83

;

Ge2 ¼ 0:746

�
pco

Dh

��0:082�p

2
� b
�0:61

;

ar ¼
(

4:36 lf

Dh
Pr1=3

f ð1� xÞ�0:5�C1Reeq þC2

�
ðC3BoþC4Þ; if x � 0:7

4:36 lf

Dh
Pr1=3

f ð1� xÞ�0:5�C1Reeq þC2

�
; otherwise

; ð14Þ
where C1¼�0.0124G�0.368, C2¼ 1.49G0.514, C3¼�1166xþ
1028, and C4¼ 0.53e0.931x.

Thus, the effect of heat flux is neglected at vapour
qualities above x¼ 0.7 [39]. In the work carried out in
this paper, the original expression (Eq. (13)) has been
used, multiplied by a factor of 8 after adjusting it to the
experimental results obtained. However, the results ob-
tained with Eq. (14) are not satisfactory at all.

2.2.2. Hsieh and Lin correlation
The correlation proposed by Hsieh and Lin is based on

the experimental data obtained for R-410A [40]. The exper-
iments were performed for several mass flow rates, heat
fluxes, and system pressures in a heat exchanger character-
ised by a chevron angle of p/3

ar;sat ¼ ar;l88Bo0:5;

where the all-liquid non-boiling heat transfer coefficient,
ar,l, is determined from an empirical correlation proposed
for R-410A
where Boeq and Reeq are defined as before. They also show
a slight increase of the heat transfer coefficient with the
mass flow rate which is higher for low chevron angles. Fur-
thermore, they show that the heat transfer coefficient de-
creases with temperature and only increases a little with
vapour quality. Heat flux has almost no effect, as only at
low heat fluxes certain increases of the coefficient are re-
ported. It should be noticed that the values of the heat fluxes
are much lower than those used by Hsieh and Lin [40].

2.2.4. Adapted Thonon correlation and asymptotic
correlation

The authors propose two different correlations. The first
one is inspired by that proposed by Thonon et al. in [41,32].
Unlike Thonon’s paper, the maximum value between the nu-
cleate and the convective boiling contributions is chosen as
the heat transfer coefficient

ar ¼maxfanb;acbg: ð15Þ
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Thonon originally used the product of the boiling and the
LockharteMartinelli parameters (BoXtt) as criterion for the
transition between nucleate boiling and convective evaporation.

The second one is an asymptotic model with the expo-
nent n¼ 2, as suggested by Kutateladze [42], such that the
heat transfer coefficient is given by

ar ¼
�

a2
nb þ a2

cb

1=2
; ð16Þ

which uses, as in the previous case, the following nucleate
and convective boiling coefficients

acb ¼ Faf ;

anb ¼ Sapb;

F¼
�

a1 þ
a2

Xtt

�a3

;

S¼
�
1þ a4RefF

��1
:

The single-phase correlation used in the convective con-
tribution is a suitable equation adjusted for plate heat ex-
changers (e.g. Bogaert and Bölcs). In the case of the
nucleate boiling contribution, the Cooper correlation has
been used [43]. The parameters in the enhancement and
suppression factors can be obtained by correlating them
with experimental results.

The heat transfer coefficient correlations presented above
have been compared in Figs. 2 and 3. The values gathered in
these figures correspond to the coefficients as a function of
the vapour quality for several mass flow rates (15, 30 and
60 kg/m2s) and heat fluxes (5000, 10,000 and 15,000 W/m2),
covering a wide range of practical cases. The evaporation
pressure considered in the calculations is p¼ 5 bar, the hy-
draulic diameter is Dh¼ 3.5� 10�3 m, and the refrigerant
studied is R-410A. During the numerical calculations, the
ranges for these representations have been chosen by taking
into account the values that these variables have. From the
figures, the low influence of the mass flow rate in correla-
tions such as HaneLeeeKim and HsieheLin can be ob-
served. Similarly, the heat flux has a slight effect on the
values provided by the HaneLeeeKim correlation. This in-
fluence is more important in other correlations, mostly in the
adapted Thonon correlation and the asymptotic correlation.

2.3. Condensation

Two main phenomena affecting the flow pattern in con-
densation are gravity and shear stress and these make
some difference in the way correlations are developed. As
in the evaporation case, there are correlations based on en-
hancing single-phase correlations by means of a multiplier.
In this way, the condensation heat transfer coefficient is
correlated as a function of the Reynolds and the Prandtl
numbers through an expression of the form

Nu¼ ARebPrc
f ; ð17Þ
where A, b and c are correlated with experimental data.
Some correlations can be highlighted: Thonon and
Bontemps’s work on hydrocarbons [44]; Yan et al. on
R-134a [45]; or Würfel and Ostrowski’s work which studies
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Fig. 2. Heat transfer coefficient at different mass flow rates (15, 30

and 60 kg/m2s) and constant heat flux q¼ 6000 W/m2.



1036 J.R. Garcı́a-Cascales et al. / International Journal of Refrigeration 30 (2007) 1029e1041
the condensation of n-heptane and the influence of different
plates combinations [46].

In other cases, it is proposed that the Reynolds number
be evaluated by using an equivalent mass flow rate,
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Fig. 3. Heat transfer coefficient at different heat fluxes (5000,

10,000 and 15,000 W/m2) and constant mass flow rate m¼
15 kg/m2s.
Geq ¼ G½1� x þ xðrf=rgÞ1=2�, which takes into account
the effect of the mass flux, the vapour quality, and the con-
densation pressure. Furthermore, other correlations include
the effects of the heat flux [47] or the effect of the chevron
angle [48] by introducing the boiling number or the angle
in the expressions, respectively.

2.3.1. Yan, Lio, and Lin correlation
YaneLioeLin studied the condensation heat transfer co-

efficient and the friction pressure drop of R-134a in vertical
plate heat exchangers [45]. They studied the influence of
mass flux, heat flux, system pressure, and vapour quality
for a chevron angle of 60�. They suggested the following
correlation for the condensation heat transfer coefficient

ar ¼ 4:118

�
lf

Dh

�
Re0:4

eq Pr1=3
f ; ð18Þ

where Reeq¼ðGeqDh=hfÞ, and Geq¼G½1� xþ xðrf=rgÞ1=2�.
The condensation heat transfer coefficient increases

slightly with the mass flow rate and the heat flux, with the
effect of the heat flux being less important. It decreases as
the refrigerant is condensing. Some abrupt changes in the
heat transfer coefficient have been reported at certain vapour
qualities (x z 0.6), they were explained by a change from
turbulent to laminar flow due to a smaller vapour flow rate
as it disappears. However, increasing condensation pressure
makes the heat transfer increase.

2.3.2. Shah-modified-correlation
This correlation is a modified version of that proposed by

Shah for film condensation inside tubes [49]. In the original
formulation, the heat transfer coefficient is equal to the
liquid heat transfer coefficient enhanced by means of a
multiplier, in this case, the correlation proposed is

a¼ c1Rec2
f Prc3

f

lf

Dh

 
ð1� xÞd1þ3:8xd2ð1� xÞ0:04

p�0:38

!
: ð19Þ

The differences between this correlation and that initially
proposed by Shah are in the parameters of the single-phase
heat transfer coefficient c1, c2, and c3 and the enhancement
factor parameters d1 and d2. These can be adjusted by con-
sidering a convenient experimental database.

2.3.3. Kuo, Lie, Hsieh, and Lin correlation
This correlation has been developed by using experimen-

tal data on R-410A in vertical plate heat exchangers [50,47].
The heat transfer coefficient is given by

atp ¼ af

�
0:25Co�0:45Fr0:25

f þ 75Bo0:75
�
;

where af ¼ 0:2092ðlf=DhÞRe0:78
f Pr

1=3
f ðhfm=hfwÞ0:14, Co ¼

ðrg=rfÞð1� x=xÞ0:8, Frf ¼ G2=r2
f gDh, Bo ¼ q=Gifg,

Reeq ¼ GeqDh=hf , and the equivalent mass flow rate has
the same definition as above, Geq ¼ Gð1� x þ xðrf=rgÞ0:5Þ.
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The heat transfer coefficient increases when the mass flow
rate and the heat flux increase. In the case of mass flow, the
effect is greater at higher vapour qualities and it is lower at
low qualities than at high qualities. The abrupt change in
the coefficient, noticed for R-134 at a certain vapour quality,
is not found for R-410A. The effect of pressure on the heat
transfer coefficient is negligible, as happens for R-134a in
the above correlation. This coefficient is slightly influenced
by heat flux, increasing somewhat with it. It also increases
with mass flow rate and presents larger values at low vapour
qualities. This effect is higher as the fluid condenses.

2.3.4. Han, Lee, and Kim correlation
They proposed a similar correlation to that which they

had proposed for evaporation in plate heat exchangers [48].
The refrigerants used in the experiments were R-22 and

R-410A and they varied the mass flux, the condensation
temperature and the vapour quality. This was done for
chevron angles of 45�, 35�, and 20�. Again, the proposed
heat transfer coefficient has the form

Nu¼ Ge1ReGe2
eq Pr1=3;

where the coefficients Ge1 and Ge2 are functions of the heat
exchanger geometry, unlike the condensation correlations
presented above. In this case, the expressions of the coeffi-
cients Ge1 and Ge2 are

Ge1 ¼ 11:22

�
pco

Dh

��2:83�p

2
� b
��4:5

;

Ge2 ¼ 0:35

�
pco

Dh

�0:23�p

2
� b
�1:48

;

They show that the heat transfer coefficient is slightly af-
fected by the mass flow rate and the condensation tem-
perature. When the chevron angle is smaller, the effect
is larger. On the other hand, the coefficient decreases
as the refrigerant condenses (decreasing vapour qualities).
In this case, the heat fluxes are not as big as in previous
correlations.

2.3.5. Thonon correlation
Thonon and Bontemps proposed a correlation for the

heat transfer coefficient for pure hydrocarbons (pentane,
butane, and propane) and mixtures of hydrocarbons
(butaneþ propane) [44]. They studied operation pressures
from 1.5 to 1.8 bar, identifying two different condensation
mechanisms or effects for pure fluids. At low Reynolds num-
bers, condensation is almost filmwise and the heat transfer
coefficient decreases with increasing Reynolds number.
This is contrary to what happens at high Reynolds numbers,
in which case the coefficient increases slightly. The correla-
tion proposed for pure fluids is

a¼ alo1564Re�0:76
eq : ð20Þ
where Reeq is evaluated as in previous sections.
They checked that the three hydrocarbon fluids have
a similar behaviour as their physical properties are quite
similar.
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The heat transfer coefficient correlations presented above
are compared in Figs. 4 and 5. They vary with the vapour
quality at several mass flow rates (15, 30 and 60 kg/m2s)
and heat fluxes (5000, 10,000 and 15,000 W/m2), covering
a wide range of practical cases. They correspond to the
values encountered in the calculations carried out through-
out this study. The evaporation pressure considered in the
calculations is p¼ 20 bar, the hydraulic diameter is
Dh¼ 3.5� 10�3 m, and the refrigerant studied is R-410A.
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and 15,000 W/m2) and constant mass flow rate m¼ 15 kg/m2s.
The adapted Shah and KuoeLieeHsieheLin correlations
are more influenced by mass flow rate changes than the
others. The YaneLioeLin correlation provides high values
for the heat transfer coefficient at high mass flow rates,
when the vapour quality approaches 1. A different trend is
observed in the Thonon correlation where the heat transfer
coefficient increases as the fluid condenses and the vapour
quality has values nearer to 0.

3. Experimental results versus calculated results

Several measurements were carried out, some of them
with R-22 and others with R-290. Furthermore, two plate
heat exchangers have been studied: one with 38 plates and
another with 46 plates. Both of them have L passages and
a pitch of 2.35 mm. They worked in counter-current mode
in the condensation case and in co-current mode in the evap-
oration case. From the different data compiled during the
data acquisition campaign, this analysis only considers the
evaporation and condensation temperatures.

3.1. Boiling case

The experimental tests have been run following the mod-
elling procedure described in [2] and using the previously
mentioned ART� code. The results obtained have been pro-
duced utilising the correlations presented above namely
HaneLeeeKim, HsieheLin, YaneLin, Cooper, and two
adapted versions for plate heat exchangers (the Thonon cor-
relation [32,41] and an asymptotic correlation [51]). The
comparison between the experimental results and the calcu-
lated values for these correlations is displayed in Figs. 6e8.
Lines corresponding to	2 �C have been depicted simply for
the sake of clarity. Good agreement is encountered between
the experimental and the computational results. It is remark-
able that a correlation such as the Cooper correlation pro-
vides such good results. This shows that nucleate boiling
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plays an important role, at least under the conditions in
which the experiments have been performed.

3.2. Condensation case

Similarly to what has been done in the previous study
with the evaporation temperature, the condensation temper-
ature is the variable examined to assess the agreement be-
tween the condensation correlations and the experimental
data. The methodology applied to model the experiments
is the same as that introduced in [3]. As in that case, the
model does not consider wet wall conditions in the desuper-
heating region. Its effect in the condensation temperature
calculation is also practically negligible. The comparison
between the experimental results and the calculated values
is displayed in Figs. 9e11. Lines corresponding to 	5 �C
differences have been depicted for the sake of comparison
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and clarity. Good agreement is also observed between the
experimental data and most of the calculated values.

4. Conclusions

This paper closes a series of papers that study the behav-
iour of a model for the characterisation of refrigeration
equipments by means of the evaporation or condensation
temperature, depending on the case. It focuses on the study
of heat transfer in plate heat exchangers, comparing different
correlations for the evaluation of the heat transfer coeffi-
cient. Previous contributions have already described the
model used, the methodology employed in the numerical
studies, and the facility used for carrying out the experi-
ments. A description of the heat exchangers employed in
the experiment is also included. The correlations studied
have been for both evaporation and condensation. They
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have been described in some detail and compared by taking
into account the ranges of heat and mass flux studied in the
experiments. In the case of evaporation, three well-known
correlations have been studied and compared with the
Cooper correlation and two correlations traditionally applied
to fin and tube heat exchangers have been adapted by the
authors to plate heat exchangers. The good results obtained
with the Cooper correlation lead to the conclusion that nucle-
ate boiling plays an important role in the test cases studied in
this work. As far as the condensation case is concerned, five
correlations have been studied and the results obtained make
them quite appealing for the analysis and characterisation of
the behaviour of this sort of heat exchanger.

Again, the use of the evaporation and condensation tem-
peratures as design parameters has been demonstrated to be
a good idea as they are more sensitive to misleading varia-
tions of the heat transfer coefficient than other parameters
such as the COP or the refrigeration and the heating capac-
ities. It should be pointed out that the correlations described
in this paper have been applied to model particular plate heat
exchangers working with R-22 and R-290, although many of
them have been developed for different refrigerants, geome-
tries, and flow conditions.
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