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A discretization method for the characterization of a plate heat exchanger 
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DITF, ETSI Industrial, Universidad Politécnica de Cartagena, Dr. Fleming s/n, 30202, Cartagena, Murcia, Spain   

A R T I C L E  I N F O   

Keywords: 
Heat exchangers model 
Evaporator 
Plate heat exchangers 

A B S T R A C T   

In this work, a method for the characterization of a plate heat exchanger working as evaporator is presented. It is 
based on a one-dimensional discretization of the exchanger, which solves the heat transfer balance equations by 
means of an iterative methodology based on a heat transfer area converging method. The inputs of the method 
are the flow rates of the fluids, the inlet enthalpy of the refrigerant, the superheating, and the inlet temperature 
and pressure of the secondary fluid. Once the inlet pressure of the refrigerant is assumed, pressure drop is 
calculated in each cell and then enthalpy. The consideration of the proper heat transfer coefficient (HTC) cor
relations allows the calculation of the heat transfer area, which is after compared to the actual one. The method 
has been validated by means of a database of 366 experimental data obtained for eight plate heat exchangers 
working as evaporators by using six different refrigerants, namely R134a, R1234yf, R513A, R744, R290, and 
R507A. As the method requires suitable correlations for the calculation of the HTC and pressure drop, several 
correlations for the HTC and Δp found in the literature are studied and the results obtained by using them are 
presented in terms of the maximum absolute relative deviation (MARD). The results corresponding to the cor
relation which yields the best results are graphically represented. Finally, the method is used to predict the 
evaporator performance operating in transient conditions. The results obtained show an excellent agreement 
with the experimental results collected during the transient operation of a transcritical CO2 water heater coupled 
to a storage tank.   

1. Introduction 

The availability of accurate models for heat exchangers (HEX) is 
fundamental whenever a thermal system is going to be designed or 
studied. In this work, the authors are interested in the identification and 
implementation of an accurate and robust model for the characteriza
tion of an evaporator, which in a second stage may be incorporated to 
the complex model of a water/water heat pump for hot water generation 
whose dynamical behavior will be analyzed in future works. This anal
ysis will be carried out to evaluate the seasonal performance of different 
solutions of the system under a certain demand, paying attention to the 
environmental impact and the primary energy consumption of each 
solution. This sort of calculation requires a compromise between accu
racy and time consumption as these calculations are often carried out 
yearly with time steps of 1 h or less. 

The first step would be to identify the already published models one 
may find in the existing literature and try to implement any of them. 
Indeed, there are many models and simulation tools for heat exchangers 

available. As a first approach, lump parameter models might be used. 
Usually they are based in LMTD or NTU/ε methods and may result in an 
iterative procedure if the heat exchanger is divided into several zones. 
Their description may be found in many heat exchangers books [1,2]. 
Another approach based on lumped parameter models is bond graphs 
modeling [3–5]; are recent examples of the application of bond graphs to 
the simulation of plate heat exchangers (PHE). Other models contem
plate the discretization of the heat exchanger into cells/control volumes 
to which conservation equations are applied. Among them, let us 
mention for finned-and-tubes heat exchangers the work by Lee and 
Domanski [6], which introduces a 1D tube-by-tube model which is 
extended to zeotropic mixtures, Corberán et al. [7] describes SWETLE 
model which is a finite volume approach that explicitly resolves the 1D 
momentum and energy equations for each of the cells into which the 
heat exchanger is divided. Jiang [8], and Jiang et al. [9], similarly to the 
other references, divides the HEX into segments where the balance 
conservation equations are applied. These models resulted in the 
development of codes such as EVAP-COND [10], IMST-ART [11], and 
CoilDesigner [12] respectively. Recent contributions for microchannel 
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heat exchangers are the works by Kim and Bullard [13], and Yin et al. 
[14] which derived a model in which the HEX is divided into cells, which 
are later analyzed as single heat exchangers. In the first work the authors 
analyzed an evaporator and in the second a gas cooler. Asinari et al. [15] 
developed a 3D model which used SEWTLE approach, García-Cascales 
et al. [16,17] developed a 1D sequential model which is included inside 
MPower code [18], this model turns into an iterative one when several 
tube rows are considered, Fronk and Garimella [19] also modeled a new 
compact HEX design by dividing it into segments and validating the 
model considering a gas cooler application, Martínez Ballester [20] 
followed a similar strategy but in addition he included conduction as 
Asinari et al. did in their work [15]. For their part, Corberán et al. [21] 
also developed SEWTLE for the analysis of plates heat exchanger with 
success, Qiao et al. [22] divided the HEX in segments in a generalized 
way that let them study phase change and maldistribution with high 
accuracy, this was later improved by Eldeeb et al. [23] by introducing a 
new algorithm which improves the model speed, Gullapalli [24] used 
SEWTLE in a generalized rating method which is included in SSP G8 
software [25]. This method was later integrated on a steady state 
Organic Rankine Cycle (ORC) system simulation program capable of 
simulating a variety of ORC cycles using brazed plate heat exchangers 
(BPHE) components as heat exchangers [26]. Yoon and Jeong [27] 
developed a numerical analysis model using a flow network approach to 
evaluate the thermal-hydraulic performance of a plate heat exchanger. 
Each channel is modeled as a flow network of unit cells composed by 
nodes and branches. The node contains the information related to the 
volume-averaged temperature, pressure and enthalpy of the unit cells, 
whereas the branches are the flow paths connecting the nodes. The 

method is able to consider non-uniform flow distribution in both the 
port-to-channel flow distribution and across-channel flow distribution, 
and allows determining the local distributions of the temperature, 
pressure and mass flow rate at a specific location in a channel. Jeong 
et al. [28] developed a model to investigate the performance of a PHE 
operating as the evaporator of an ORC system, where the inlet temper
ature, pressure, and mass flow rate of both fluids were the input 
parameters. 

Some authors have focused their efforts on developing simulation 
models that can be used for the control of thermal systems. Most of those 
works are devoted to PHE operating with single-phase fluids (typically 
water). Among the more recent works, Fratczak et al. [29] suggested a 
simplified dynamical model which, although according to the authors 
can be used for design and optimization, is mainly focused on control 
applications; they validated their model using water on both sides. 
Similarly, Wang et al. [30] proposed a state space model of a 
water-to-water PHE and developed a loop-shaping controller based on it 
which, according to the authors, is superior to a PI controller. He et al. 
[31] developed a model based on the thermal-electric analogy, which 
was used in an integrated control method to perform the optimal control 
of a heat transfer system including both, single-phase heat exchangers 
and an evaporator. Csurcsia et al. [32] built a polynomial nonlinear 
space state-based decoupled model to simulate the transient perfor
mance of a plate heat exchanger working with water as both cold and 
hot fluids. 

Other recent papers dealing with the simulation of PHE are mainly 
focused on optimizing the design of these devices. Raja et at [33]. used a 
multi-objective heat transfer search (MOHTS) algorithm to model and 

Nomenclature 

A heat transfer area (m2) 
Bd Bond number (− ) 
Bo boiling number (− ) 
cp specific heat at constant pressure (J⋅kg− 1⋅K− 1) 
dh hydraulic diameter (m) 
f friction factor (− ) 
g gravity constant (m⋅s− 2) 
G flow velocity (kg⋅m− 2⋅s− 1) 
h enthalpy (J⋅kg− 1) 
hfg latent heat of vaporization (J⋅kg− 1) 
L plate length (m) 
M molar mass (kg⋅kmol− 1) 
ṁ mass flow rate (kg⋅s− 1) 
MARD mean absolute relative difference (%) 
n number of elements 
Nu Nussel number (− ) 
p pressure (Pa) 
Pr Prandtl number (− ) 
q heat flux (W⋅m− 2) 
Q̇ heat rate (W) 
Re Reynolds number (− ) 
Ra average surface roughness (μm) 
SH superheating (◦C, K) 
t plate thickness (m) 
T temperature (◦C, K) 
U overall heat transfer coefficient (W⋅m− 2⋅K− 1) 
V̇ volumetric flow (m3⋅s− 1) 
W plate width (m) 
We Weber number (− ) 
x vapor quality (− ) 
X Martinelli parameter (− ) 

Greeks 
α local heat transfer coefficient (W⋅m− 2⋅K− 1) 
β chevron angle (◦) 
ε void fraction (− ) 
Δ difference 
φ surface enlargement factor (− ) 
φ2 two-phase multiplier (− ) 
λ thermal conductivity (W⋅m− 1⋅K− 1) 
μ dynamic viscosity (N⋅s⋅m− 2) 
ρ density (kg⋅m− 3) 
σ surface tension (Pa) 

Subscripts and superscripts 
0 reference state 
a acceleration 
cb convective boiling 
cr critical 
eq equivalent 
g gas, saturated vapor 
grav gravity 
i inlet 
l liquid 
lm log mean 
lo liquid only 
m mean or homogeneous 
max maximum 
nb nucleate boiling 
o outlet 
r refrigerant 
red reduced 
sec secondary fluid 
tp two-phase 
v vapor 
w wall  
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thermal-hydraulic optimization of water-to-water PHE. Shokouhmand 
and Hasanpour [34] performed the thermal and hydraulic optimization 
of a PHE using a multi-objective genetic algorithm known as NSGA-II to 
obtain the optimal trade-off between effectiveness and pressure drop. 
They validated their method against a database of 30 experimental tests 
developed using water both as cold and hot fluids. Dinesh Kumar et al. 
[35] used the multi objective wale optimization (MOWO) technique to 
improve the heat transfer and reduce the pressure drop in a 
water-to-water PHE. Nahes et al. [36] presented a model based on dif
ferential balance equations that are discretized using a finite-difference 
scheme, and used this model for the design optimization of 
gasketed-plate heat exchangers. Although the authors claim that it can 
be extended to other alternatives, it has only been proven in applications 
without phase change. Starace et al. [37,38] and Fiorentino and Starace 
[39] proposed what they called a “hybrid method”, designed to obtain 
the overall heat exchanger performance starting from micro-scale data 
obtained from experimental, numerical, or analytical analysis. The 
method extends those small-scale results to the overall system by 
dividing the whole heat transfer domain into micro-volumes where 
regression functions are determined to describe their performance 
depending on working parameters. 

This work is focused on the modeling of plate heat exchanger 
evaporators in such a way that the method developed can be easily in
tegrated into a dynamic model of a whole refrigeration/heat pump 
system. Since the evaporation pressure is usually an unknown variable 
in those systems, contrary to many of the methods previously cited, the 
method proposed here rather than using the inlet pressure as an input of 
the method, assumes an initial value for the inlet pressure which is 
corrected in an iterative process until the method converges. As noted 
above, they can be analyzed by means of a one or two zone global 
models but the variability of the HTC in the two-phase zone make them 
inappropriate if accuracy is being sought. As far as discretization 
methods are concerned, from the authors’ point of view, there are 
methods in the literature for plate heat exchangers which have been 
demonstrated to be very accurate (SWETLE, Gullapalli, Yoon and Jeong, 
and so on) but they also have a high computational cost for their in
clusion in a global model for dynamical simulations mostly due to their 
complexity. Hence, the idea behind this work is to develop a robust and 
sufficiently simple model, which after including it in a dynamic study 
does not require a high consumption of computational resources and 
provides accurate results. Accuracy is searched by discretizing the heat 
exchanger and fast calculation is fulfilled by reducing the number of 
variables used, avoiding the use of wall temperatures, accepting as valid 
a one dimensional study, and using linear interpolation in 2D maps for 
the evaluation of the thermodynamic properties which are previously 
calculated following the method presented in Corberán et al. [40]. 

In this case, the authors have wanted to go further trying to reach 
higher accuracy by means of discretization methods among which tube- 
by-tube models for fin-and-tube HEX or cell-by-cell models for plate heat 
exchanger are good candidates (García-Cascales et al., 2010). Therefore, 
the model presented in this paper poses a one-dimensional cell-by-cell 
discretization of the evaporator by applying energy conservation equa
tion to each control volume and solving iteratively until convergence is 
reached. Although the equations for the heat transfer rate or the pressure 
drop will be different, the methodology presented is valid for both, 
condensers and evaporators, as well as for different types of heat ex
changers (plate, finned tube, minichannel, etc.) and can be easily inte
grated into a dynamic model of a whole refrigeration/heat pump system 
to simulate the performance of the whole system during long-running 
transient periods with relatively low computational cost. As a previous 
step to test this capability, the method will be used in the sixth section of 
this work to analyze the performance of an evaporator operating under 
long-running transient periods at four different evaporator water inlet 
temperatures (around 8 h and 1500 different experimental points each 
test). 

This work is structured as follows: firstly, the numerical method 

proposed to simulate the evaporator is described. The correlations 
studied for the evaluation of the HTC and the pressure drop are pre
sented. Then, the heat exchangers considered in the experiments, the 
experimental data and the uncertainty associated with the variables 
used in the study are shown. Later on, the different tests are evaluated by 
using the numerical method presented and compared to the experi
mental data. In the final section, some conclusions are drawn. 

2. Evaporator model 

The method proposed is a cell-by-cell model, which divides the heat 
exchanger into a number of cells where the conservation equations of 
mass, momentum, and energy are posed for each stream and the 
resulting system of equations is solved by iteration. Like other similar 
cell-by-cell methods, the method proposed calculates the heat transfer 
coefficient at each cell to solve the energy equation. Since the method 
solves the equation system in each cell, unlike LMTD or ε-NTU methods, 
it not only distinguishes between two-phase and superheated vapor re
gions but is also capable of distinguishing between different boiling 
patterns inside the two-phase region. For example, depending on the 
equations used to model the boiling process, the method distinguishes 
between nucleate and convective boiling or between microscale and 
macroscale boiling. 

In a refrigeration system typically both evaporation and condensa
tion pressures can not be directly controlled by the user (except in a 
transcritical refrigeration system, in which the gas cooler pressure is 
controlled by a back-pressure valve). Instead, evaporation and conden
sation pressures are indirectly imposed by the operating conditions. For 
example, if the system is operating at stationary conditions and a sudden 
increase of the thermal load takes place, the evaporation pressure will 
normally increase (if the superheating is kept constant) and a new 
equilibrium state will be reached. Therefore, the objective of any 
simulation method for an evaporator (or a condenser) should be to 
obtain, as the first output, the evaporation (or condensation) pressure. 

Apart from the geometrical characteristics of the heat exchanger, 
that is, the number of plates, plate width W, plate length L, and, 
depending on the correlation used, chevron angle β, in the case of an 
evaporator, the variables more usually considered as inputs of any 
model are the mass flow rate of refrigerant ṁr (which is imposed by the 
compressor and depends, besides the characteristics compressor, on the 
evaporation and condensation pressure), the inlet enthalpy of refrig
erant hri (which depends on the refrigerant thermodynamic state at the 
condenser outlet), the superheating SH, (which is imposed by the 
expansion device, typically a thermostatic expansion valve or an elec
tronic expansion valve), as well as the inlet volume flow rate of sec
ondary fluid V̇seci and the inlet temperature of secondary fluid Tsec., 
which usually depend on the application. 

The method presented here will determine the evaporation pressure 
from all those inputs and, once the evaporation pressure is known, other 
interest variables will be obtained (heat rate, secondary fluid output 
temperature, etc.). In the model presented, the evaporator is considered 
vertical, and the fluids are considered to flow counter-currently as in 
Fig. 1. First of all, let us divide the heat exchanger vertically into 2n+1 
nodes and 2n elements as in Fig. 2. These elements have a constant 
width, which coincides with the plates width and a length (height) that 
is denoted as Lj. The thermophysical properties will be defined in each 
node, pj, Tj, hj, and so on. All thermodynamic properties are evaluated by 
using Refprop [41]. Furthermore, in each element, a pressure difference 
Δpj, a quality difference Δxj, a heat transfer area Aj, and the heat 
exchanged Q̇j are defined. 

In a real system, evaporation pressure is imposed by the secondary 
fluid conditions so “a priori” it is unknown and as a first step it is to be 
assumed. Considering the input variables of the problem, let us assume 
inlet refrigerant pressure, pri 
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pri =
plow + phigh

2
(1)  

where phigh = psat(Tseci) and plow = psat (at an arbitrary low T, i.e. 
− 40 ◦C), now with this pressure and the inlet enthalpy hri let us evaluate 
the values of quality xi and temperature Tri at the inlet. On doing so, let 
us define an average quality difference 

Δxr =
1 − xr1

n
(2)  

and an average length difference 

ΔL=
plate height

2n
(3) 

The idea of the method resides in imposing an equal quality differ
ence in each of the n two-phase elements Δxj = Δxr and a variable length 
which initially will be assumed to be Lj = ΔL. Then, the heat exchanger is 
analyzed sequentially by starting from the inlet (two-phase flow) so 
pressure drop of element j, Δpj is firstly evaluated considering the value 
of the thermodynamic variables in node j and the length of element j, Lj 
after that pressure of node j+1 is calculated and thus enthalpy hj+1 = h 
(pj+1, xj+1) and the heat exchanged in the jth element 

pj+1 = pj − Δpj (4)  

Q̇rj = ṁr
(
hrj+1 − hrj

)
(5) 

Once the saturation line is reached, the superheating zone is divided 
into n elements with the same temperature difference ΔTj so: 

ΔT =
SH
n

(6)  

and an initial length Lj = ΔL. Again, in this zone, the pressure drop is 
evaluated for each element, which let us calculate pressure, enthalpy of 
the nodes and heat exchanged in the different elements. 

As the heat exchanged in all the elements is known, the temperature 
at all nodes in the secondary fluid side may be calculated, 

Tsecj =Tsecj+1 −
Q̇rj

cpsecṁsec
(7) 

At this point, the thermodynamic state of all nodes is known on both 
sides (refrigerant and secondary fluid side). Considering average values 
for each element, the overall HTC Uj is evaluated as: 

Uj =

(
1

αrj
+

t
λw

+
1

αsecj

)− 1

(8)  

then the area corresponding to element j is recalculated 

Aj =
Q̇rj

UjΔTlmj
(9)  

and so its corresponding length 

Lj = plate height
Aj

Atotal
. (10) 

Now the calculated height (or calculated area) of the heat exchanger, 
∑2n

j=1Lj is compared with the actual plate height (total area) and if they 
are different in more than an arbitrarily small value (E) the process is 
repeated with these new element lengths until the process converges, 
then a new refrigerant inlet pressure is assumed considering expression 
(2) but redefining 

phigh = pri if Atotal > Acalculated  

plow = pri if Atotal < Acalculated (11) 

As is noticed in Fig. 3, the methodology relies on the proper evalu
ation of the heat transfer coefficients and pressure drop in each cell at 
both sides, the refrigerant and the secondary fluid. 

The method presented has certain similarities with the one proposed 
by Simon and Bandhauer [42]. They used a heat exchanger discretiza
tion in which the control volumes are defined by fixing the heat duty of 
the control volume and calculating the required heat transfer area. The 
heat duty in each region (subcooled, two-phase, and superheated re
gions) is defined by the refrigerant enthalpy difference between the inlet 
and outlet of each phase region, multiplied by the refrigerant mass flow 
rate through a single channel set and divided by the number of control 
volumes in the phase region. In their model, the sum of the lengths of all 
control volumes, calculated based on the heat duty, is compared to the 
actual experimental length in order to determine the accuracy of the 
model. However, unlike the model presented here, instead of seeking the 
evaporation pressure, they use the refrigerant inlet pressure as an input, 
and their method is not iterative. Their approach is based on the search 
for the combination of heat transfer correlations (for the water side and 
each refrigerant region) that provides the value of the total length 
closest to the actual one. 

In the following sections, some correlations are considered, the 
method presented is tested, and the results obtained are compared to 
some experimental data. 

3. Heat transfer 

The heat transferred in the heat exchanger is characterized by means 
of suitable HTC correlations in the evaporation (two-phase flow) and 
superheating zones (single-phase flow) in the refrigerant side and in the 

Fig. 1. Schematic diagram of the plate heat exchanger considered.  

Fig. 2. Description of the divisions considered on the temperature profile in 
the evaporator. 
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secondary fluid side (single-phase flow). 
In both cases, the amount of correlations derived by authors is 

constantly increasing. Regarding single-phase, over the years, several 
authors have made an extensive study of the correlations available in the 
literature for the analysis of single-phase heat transfer in heat exchanger 

comparing some of them (i.e. Claesson [43], García-Cascales et al. [44]). 
As was pointed out there, force convection heat transfer coefficient is 
frequently correlated as a Dittus-Boelter type correlation where the 
different coefficients usually depend on the plate pattern and geomet
rical parameters. 

Fig. 3. Flow chart of the methodology presented.  
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As far as boiling is concerned, it is well known that this is dominated 
by two phenomena: convective and nucleate boiling. It is accepted that 
at high heat fluxes and low qualities, nucleate boiling is more influential 
than convective boiling. For small heat exchangers, nucleate boiling 
dominates and the effect of gravity is almost negligible. Bearing this in 
mind, the two-phase HTC usually considers both phenomena and is 
frequently formulated by using superposition, asymptotic or enhance
ment models. In order to include both effects, convective boiling and 
nucleate boiling, the first two types of models calculate the HTC as: 

αr =
{

αn
nb + αn

cb

}1/n (12)  

where n is the order of the asymptotic model. When n = 1, the model is 
in fact a superposition model, when n takes large values (n≈ ∞) the HTC 
tends to take the higher value between the convective boiling and the 
nucleate boiling, whereas other values for n give an asymptotic power 
law model that assures a smooth transition between the nucleate 
dominated boiling and the convective dominate boiling. 

On the other hand, the enhancement models, instead correct a single- 
phase correlation with an enhancement factor that accounts the effect of 
other variables, heat transfer, heat flux, vapor quality, saturation pres
sure, and so on. Unlikely tubes, in a plate heat exchanger is not usual to 
consider the flow pattern. 

Amalfi et al. [45] made an extensive review of HTC and frictional 
pressure drop models in plate heat exchangers. According to the authors, 
most HTC models are based only on their own specific experimental data 
and one or two working fluids, without inclusion of independent data. 
No clear criteria is available to determine the transition between 
nucleate boiling and convective boiling and, as a result, there is no 
widely validated correlation available in the literature to predict the 
flow boiling heat transfer coefficient in PHEs. In the second part of their 
work, Amalfi et al. [46], the authors performed a dimension analysis 
coupled with a multiple regression analysis, in order to correlate the 
two-phase Nusselt number (Nutp) to other non-dimensional groups. 
They adopted the Kew and Cornwell [47] transition criteria from macro 
to microscale, that, according to Kew and Cornwell, occurs for tubular 
geometries at a Bond number Bd = 4, being the Bond number calculated 
as: 

Bd=
(ρl − ρv)⋅g⋅d2

h

σ (13)  

Where σ is the fluid surface tension. 
Consequently, Amalfi proposed two different correlations to predict 

the two-phase Nusselt number depending on the experimental Bond 
number value. When the experimental Bond number is lower than 4 
(microscale), the two-phase Nusselt number is associated to the homo
geneous Weber number (Wem), Boiling number (Bo), liquid/vapor 
density ratio (ρ∗ = ρl/ρv), and the reduced chevron angle (β∗ = β/βmax) 
according to the expression: 

Nutp = 982⋅β∗1.011⋅We0.315
m ⋅Bo0.320⋅ρ∗− 0.224 (14)  

where the homogeneous Weber number is: 

Wem =
G2⋅dh

ρm⋅σ (15) 

And the Boiling number is: 

Bo=
q

G⋅hlv
(16)  

where q is the heat flux, hlv is the latent heat of vaporization, and G is the 
mass flux. 

When the Bond number is higher than or equal to 4 (macroscale), the 
homogeneous Weber number is replaced by the vapor Reynolds (Rev) 
and the liquid only Reynolds (Relo) numbers, and the Bond number also 
enters in the correlation: 

Nutp = 18.495⋅β∗0.248⋅Re0.135
v ⋅Re0.351

lo ⋅Bd0.235⋅Bo0.198⋅ρ∗− 0.223 (17)  

where the vapor Reynolds is: 

Rev =
G⋅x⋅dh

μv
(18) 

And the liquid only Reynolds is: 

Relo =
G⋅dh

μl
(19) 

According to the authors, the model proposed was validated against 
1903 experimental data points obtained from literature, including a 
wide range of operating conditions, plate designs, and fluids, providing a 
mean absolute error of 22.1% that improved all existing models tested 
by the authors. 

Almost simultaneously with Amalfi’s paper, Longo et al. [48] pre
sented a new HTC model for saturated refrigerant boiling inside BPHEs 
based on a large experimental data-base with results for different re
frigerants, including pure and blended high, medium, and low pressure 
HFCs, hydrocarbons and HFOs, which afterwards they compared with 
other lab data to assess its generality. Thus, their proposal is to evaluate 
the two-phase HTC as the maximum of the convective and the nucleate 
boiling contributions 

α=max(αnb,αcb) (20) 

Being the convective boiling calculated by means of 

αcb = 0.112φ
λl

dh
Re0.8

eq Pr1/3
l (21)  

where φ is the enlargement factor given by the quotient of the actual 
area and the projected area, Reeq is the equivalent Reynolds number and 
Prl is the liquid Prandtl number. 

The equivalent Reynolds number is defined as: 

Reeq =
Geqdh

μl
(22)  

where: 

Geq =G

[

(1 − x)+ x
(

ρl

ρv

)0.5
]

(23) 

The nucleate boiling is calculated by means of: 

αnb =CnbφCRaα0F(pred)

(
q
q0

)n

(24)  

where Cnb = 0.58, n = 0.467, α0 is the reference value for pr0 = 0.1, q0 =

20 kW m− 2, Rao = 0.4 μm, the function accounting for the effect of 
reduced pressure F(pred) is given by: 

F(pred)= 1.2p0.27
red +

(

2.5+
1

1 − pred

)

pred (25)  

and: 

CRa =

(
Ra

0.4μm

)0.1333

(26) 

Finally, despite being originally developed for nucleate pool boiling, 
several authors have reported that the use of Cooper’s correlation pro
vides good agreement with experimental data in plate heat exchangers. 
According to Copper [49], the HTC for nucleating boiling can be ob
tained as: 

αr = 55p0.12− 0.2 log10 Ra
red ( − log10pred)

− 0.55M− 0.5q0.67 (27)  

where M is the fluid molar mass, q the heat flux, Ra the surface 
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roughness, and pred the reduced pressure, calculated as the ratio between 
the actual fluid pressure and its critical pressure (pcr): 

pred = p/pcr
(28) 

According to Claesson [50], his experimental data showed good 
agreement with a modified Cooper’s correlation obtained by simply 
multiplying Cooper’s expression by a factor of 1.5. García-Cascales et al. 
[44], Longo and Gasparella [51], and Longo [52] also reported good 
agreement with the original Cooper correlation, without the need to 
correct it. 

4. Pressure drop 

Two-phase pressure drop is the evaluated as the sum of the compo
nents corresponding to acceleration, gravity (static head), friction in the 
heat exchanger, and in the inlet, and outlet manifolds. 

Pressure losses due to acceleration are evaluated with: 

Δpa =G2 ⋅ Δx⋅
(

1
/ρout

− 1
/ρin

)

(29)  

where Δx is the quality difference between the input and the output and 
ρin/out = εin/outρg + (1 − εin/out)ρl 

The static head is determined with the following expression Δpgrav =

ρ⋅g⋅L, where density is the average two-phase density in the case of two- 
phase flow: 

Δpgrav =

(
x
ρv

+
(1 − x)

ρl

)− 1

⋅ g⋅L (30) 

Pressure drop in the manifolds is calculated by means of: 

Δpman = 1.5⋅
G2

2⋅ρm
(31)  

Where ρm is the mean density, obtained as ρm =
(

x
ρv
+ 1− x

ρl

)− 1
. 

The friction component is often calculated by considering a sepa
rated model in such a way that this is predicted applying a multiplier to 
the single-phase pressure drop (gas o liquid) in the tube: 

Δptp =Δpl⋅φ2
l (32) 

The more common approach correlates the two-phase multiplier 
with the Martinelli parameter using the Chisholm expression (Chisholm, 
1967): 

φ2
l = 1 +

C
X
+

1
X2 (33)  

where the Martinelli parameter is given by X2 = (dp/dz)l/(dp/dz)v. In 
the existing literature, there are different proposals for the Chisholm 
parameter C, which range from single values [53] to different expres
sions that correlate this with Reynolds number and/or the Martinelli 
parameter [50], and Froude number [24]. 

In addition to previous models, other authors such as Jokar et al. 
[54] have proposed expressions for the two-phase friction factor when 
studying the boiling of R134a, so the two-phase frictional pressure drop 
is calculated by means of the two-phase Fanning expression: 

Δptp = ftp⋅
2⋅L⋅G2

dh⋅ρm
(34)  

being the friction factor based on liquid Reynolds number: 

ftp = 3.521⋅104⋅Re− 1.35
l ⋅C− 1

x (35)  

and vapor quality through the factor: 

Cx =(1 − x) + x⋅
(

ρl

ρv

)0.5

(36) 

The authors reported an average standard deviation of about 46%. 
More recently, Huang et al. [55] derived a correlation with a mean 

absolute error of 6.7% considering data of R134a and R507A, thus, the 
two-phase friction factor is given by: 

ftp =
3.81⋅104⋅FR,f

Re0.9
tp ⋅(ρl/ρv)

0.16 (37)  

where Retp = G⋅dh/μtp, the two-phase viscosity is given by μtp =

ρm⋅[x ⋅μv /ρv + (1 − x) ⋅μl /ρl], and ρm = [x/ρv + (1 − x)/ρl]
− 1. 

FR,f is a geometrical parameter FR,f = 0.183⋅R2 − 0.275⋅R+ 1.1, 
being R = β/30, and β is the corrugation angle. 

Longo et al. [52] correlated the frictional pressure drop with the 
kinetic energy per unit volume deriving the following expression: 

Δptp = L⋅5.25⋅
G2

2ρm
(38) 

Similarly to what they did for the HTC, Amalfi et al. [46] performed a 
dimension analysis coupled with a multiple regression analysis, in order 
to correlate the two-phase friction factor (ftp) to other non-dimensional 
groups. They proposed the following correlation: 

ftp =C⋅15.698⋅We− 0.475
m ⋅Bd0.255⋅ρ∗− 0.571 (39)  

where the parameter C depends on the reduced chevron angle according 
to the expression: 

C= 2.125⋅β∗9.993 + 0.955 (40) 

Single-phase pressure drop may be calculated by means of Fanning 
equation as: 

Δpl = f ⋅
2⋅L⋅G2

dh⋅ρm
(41) 

An expression for the single-phase friction factor in plate heat ex
changers was proposed by Jokar et al. [54]. The Fanning friction factor 
is given by: 

f = 6.431⋅Re− 0.25 (42) 

Gullapalli [24] derived an equation for the Darcy friction factor 
(fDarcy = 4⋅fFanning) of the form: 

f =
∑3

i=0

∑3

j=0
Cij⋅Re− i⋅βj (43)  

the value of the different parameters may be found in Gullapalli refer
ence. Some adjustment parameters are not given which makes the cor
relation impossible to be used. 

5. Validation 

A set of 366 experimental data, collected in our own experimental 
facilities as well as from the open literature, has been used for the 
validation of the numerical method. Test conditions include six different 
refrigerants (R134a, R1234yf, R513A, R507A, R290, and R744), eight 
different plate heat exchangers, and variable operating conditions 
(different superheating degree, secondary fluid flow rate, or inlet qual
ity). All tests were collected under stationary operating conditions. 

In order to validate the method, the results of those tests have been 
compared to those obtained with the method, which takes as inputs the 
geometrical information of the heat exchangers and some of the oper
ating conditions of the tests. The geometrical information provided by 
the heat exchangers’ manufacturers, summarized in Table 1, is in 
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general limited. For example, chevron angle is in most cases unknown 
and, when needed, it has been assumed 60◦. Similarly, absolute 
roughness is also unknown and has been assumed 0.4 μm. The operating 
conditions of the experimental tests used as inputs of the numerical 
method are the inlet enthalpy of the refrigerant, the superheating, the 
inlet temperature of the secondary fluid, and the mass flow rate of the 
refrigerant and the secondary fluid. This information, summarized in 
Table 2, has been obtained from our own experimental tests as well as 
from the open literature. In all cases the secondary fluid is water, whose 
inlet pressure has been assumed 1.1 bar. 

In the calculations performed in this paper, heat transfer and pres
sure drop for single-phase flow, both in the secondary fluid side, and in 
the superheated refrigerant side, have been characterized by Qiao et al. 
[22], and Churchill [62] correlations respectively. 

For all cases, two-phase flow frictional pressure drop has been 
evaluated using equation (37) proposed by Longo et al. [52]. Limited 
information about the experimental pressure drop is accessible; in fact, 
this value is not available for the experimental tests performed using 
R290. In general, the total pressure drop is very low, always in the range 
of 3–5 kPa for the tests performed in our own facilities (data sets 1–4), 
and in the range − 0.4-7 KPa for the tests performed in Huang’s facility 
(data sets 8–13). Therefore, the saturation temperature drop is very 
small and has very little impact on the heat exchanger heat transfer 
process. Due to the limited availability of experimental pressure drop 

information, and the very small pressure drop reported when accessible, 
the set of experimental data is not appropriate for the validation of the 
method and therefore has not been presented here. 

Although there are many different two-phase flow HTC correlations 
available in the literature, most of them were developed using a limited 
amount of experimental data. Since they were developed and validated 
by the authors using the widest ranges of different fluids, heat ex
changer’s geometries, and operating conditions, the correlations 
developed by Amalfi and by Longo were initially chosen as the two best 
options to characterize the heat transfer process in the numerical 
method presented in this work. Due to the good agreement to experi
mental data reported in previous works, it was found interesting to 
compare those correlations to Cooper’s correlation. 

Fig. 4 shows the comparison between the numerical method, using 
these three correlations, and the experimental results, for the 366 
experimental data analyzed. Fig. 4a plots the inlet pressure and Fig. 4b 
plots the heat transfer rate. Due to the much higher saturation pressure 
of R744 compared to all the other refrigerants, pressure comparison has 
been made in a logarithmic basis. As Fig. 4 shows, all three correlations 
perform similarly, and the numerical method proposed is able to provide 
a very accurate prediction of the performance of all heat exchangers 
modeled using any of those three correlations. 

In order to establish a clearer comparison among the performance of 
the three correlations, Table 3 summarizes the Mean Absolute Relative 

Table 1 
Geometrical data of the heat exchangers according to the manufacturers.  

Data set Author Plate heat exchanger main characteristics 

Model Number of plates Height (m) Width (m) Heat transfer 
area (m2) 

Channels according to the fluid Chevron angle (◦) 

1 Illán-Gómez et al. [56] Swep B8TH 20 0.317 0.076 0.414 9/refrigerant 
10/water 

60/60a 

2 
3 Velasco et al. [57] 
4 Illán-Gómez et al. [58,59] Swep BX8T 26 0.315 0.073 0.552 12/refrigerant 

13/water 
60/60a 

5 Martínez [60] Swep V80 26 0.526 0.119 1.44 12/refrigerant 
13/water 

60/60a 

6 Swep B80 26 0.526 0.119 1.44 12/refrigerant 
13/water 

60/60a 

7 Swep B27 28 0.524 0.117 1.59 13/refrigerant 
14/water 

60/60a 

8 & 11 Huang [61] Danfoss 
B3-95-24-H 

24 0.607 0.18 2.09 11/refrigerant 
12/water 

60/60 

9 & 12 Danfoss 
B3-95-24-L 

28/60 

10 & 13 Danfoss 
B3-95-24-M 

28/28  

a Data unknown, value assumed. 

Table 2 
Experimental test conditions according to the authors.  

Data set Author Operating conditions 

Fluid xi (− ) SH (K) Tseci (◦C) pevap (bar) ṁsec (kg⋅s− 1) ṁr (kg⋅s− 1) 

1 Illán-Gómez et al. [56] R134a 0.2–0.32 7.4–9.3 12 3–3.2 0.08–0.11 0.012–0.015 
2 R1234yf 0.22–0.38 6.3–12 12 3.1–3.4 0.08–0.11 0.015–0.018 
3 Velasco et al. [57] R513A 0.23–0.37 10.4–12.6 12 3.2–3.4 0.086–0.11 0.014–0.016 
4 Illán-Gómez et al. [58,59] R744 0a-0.82 0.1–10.9 10–30 34.3–56.6 0.22–0.42 0.02–0.049 
5 Martínez [60] R290 0.24–0.29 1.6–8.2 12 4.9–5.1 0.64–0.7 0.048–0.051 
6 0.29–0.32 0.3–1.4 15 5.3–5.4 0.6–0.65 0.05–0.052 
7 0.27–0.28 0.5–1.9 10 4.6–4.8 0.55–0.57 0.042–0.044 
8 Huang [61] R134a 0a 0.21–0.92b 13.7–16 3.6–4.5 0.5–0.8 0.024–0.13 
9 0.2–0.95b 13.8–15.9 3.6–4.5 0.5–0.8 0.025–0.12 
10 0.2–0.9b 13.8–15.9 3.8–4.6 0.5–0.8 0.025–0.12 
11 R507A 0.2–0.62b 16.3–16.6 8–8.7 0.8 0.07–0.13 
12 0.17–0.64b 16.2–16.3 8.2–8.8 0.8 0.07–0.13 
13 0.16–0.66b 16.2–16.3 8.4–9.2 0.8 0.076–0.135  

a Saturated liquid. 
b Outlet quality. 
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Deviation (MARD) values obtained for the evaporator inlet pressure 
(pri), the heat transfer rate (Q̇r), and the secondary fluid outlet temper
ature (Tseco), after simulating each set of experimental data. For each X 
parameter evaluated, MARD is calculated as: 

MARD (%)=
100
N

∑N

i=1

⃒
⃒
⃒
⃒
Xmodel(i) − Xexperimental(i)

Xexperimental(i)

⃒
⃒
⃒
⃒ (44) 

According to the results presented in Table 3, the Amalfi correlation 
provides the best prediction of the evaporator heat transfer rate, the 
Longo correlation provides the best prediction for the evaporator inlet 
pressure, whereas the Cooper correlation remains in an intermediate 
position in both cases. There are no important differences among the 
different fluids or heat exchanger geometries analyzed. 

Since the Longo correlation performs clearly better for predicting the 
evaporation pressure and is only slightly worse than the Amalfi corre
lation for predicting the heat transfer rate, it has been finally chosen as 
the correlation used in the numerical method to obtain all the results 

presented below. 
Figs. 5 and 6 show the main results obtained using the numerical 

method, compared to those experimentally measured, desegregated 
according to the data set. According to Fig. 5a, all inlet pressure values 
calculated by the method fall into a ±10% deviation range, although, as 
can be appreciated in Fig. 5b, for data sets 6, 9, 10, 11, and 12, where the 
MARD is higher, a deviation around ±5% in the evaporation pressure 
can lead to deviations around ±2 ◦C in the saturation temperature. 

As Fig. 6a shows, the deviation in the heat transfer rate is lower than 
10% in almost all cases. In fact, in 357 out of 366 point, the deviation is 
lower than 5% and there are only 4 point, all corresponding to data set 4, 
in which the deviation is higher than 10%. According to Fig. 6b, despite 
this deviation on the heat transfer rate, there is only 1 point in which the 
deviation in the secondary fluid outlet temperature is higher than 1 ◦C. 

Fig. 4. Two-phase heat transfer models comparison.  

Table 3 
MARD (%) obtained by using Amalfi (A), Cooper (C), and Longo (L) correlations.  

Data set Fluid pri (bar) Q̇r (kW) Tseco (K) 

A C L A C L A C L 

1 R134a 6.06 3.32 2.31 0.83 0.52 0.16 0.07 0.06 0.05 
2 R1234yf 5.60 3.44 0.64 1.46 1.08 0.50 0.02 0.01 0.01 
3 R513A 0.95 1.20 3.42 0.19 0.13 0.24 0.08 0.08 0.08 
4 R744 1.60 1.14 0.85 2.49 2.35 2.29 0.07 0.07 0.07 
5 R290 9.97 8.49 1.74 1.28 1.08 0.24 0.02 0.02 0.00 
6 R290 16.53 14.32 6.80 2.29 1.97 1.00 0.04 0.03 0.02 
7 R290 13.77 11.37 2.83 1.76 1.45 0.40 0.03 0.03 0.01 
8 R134a 7.34 3.37 2.15 0.10 1.96 1.59 0.01 0.03 0.02 
9 R134a 4.93 5.49 4.33 0.11 2.56 2.21 0.01 0.03 0.03 
10 R134a 3.24 7.05 5.93 0.11 2.56 2.21 0.01 0.03 0.03 
11 R507A 8.98 4.20 5.79 1.00 2.04 1.68 0.01 0.03 0.02 
12 R507A 6.82 2.11 3.66 9.43 10.03 0.68 0.05 0.06 0.01 
13 R507A 6.04 3.36 1.84 0.52 2.38 1.78 0.01 0.03 0.02 
1–13 All 5.79 4.76 3.33 1.24 2.48 1.65 0.03 0.04 0.03  

Fig. 5. Refrigerant inlet pressure (a) and temperature (b).  
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6. Transient simulation 

Once it has been validated against stationary data, this section pre
sents the results obtained using the numerical method to predict the 
evaporator performance operating in transient conditions. Experimental 
data obtained during the transient operation of a transcritical CO2 water 
heater coupled to a storage tank [63] have been used for this purpose. 
Four different tests were performed at four different evaporator water 
inlet temperatures, namely 5 ◦C, 10 ◦C, 15 ◦C, and 20 ◦C, and constant 
water mass flow rate (0.54 kg s− 1). During all those tests, the system 
heats up the water contained in a storage tank, from an initial temper
ature of 10 ◦C up to a final temperature of 60 ◦C. The duration of each 
test is different, ranging from 7.2 h (test at 20 ◦C) to 11.9 h (test at 5 ◦C), 
but the sampling period is the same in all cases (20 s). 

Fig. 7a shows the time evolution of the variables taken as input for 
the numerical method for the test performed with an evaporator water 
inlet temperature of 10 ◦C. As the test evolves, the water contained in the 
tank heats up, enters the gas cooler warmer and the refrigerant leaves 
the gas cooler (and enters the evaporator) with higher enthalpy, as 
shown in Fig. 7a. Since the system operated at variable (optimal) gas 
cooler pressure, as the temperature of the domestic hot water (DHW) 
contained in the tank increases, the gas cooler pressure changes as can 
be seen in Fig. 7b. Initially, that pressure increases gradually until it 
reaches its maximum value and then, it decreases in order to keep the 
compressor discharge temperature below 150 ◦C. Since, as Fig. 8a 
shows, the evaporation pressure is almost constant, the compression 
ratio initially increases up to a maximum value and then decreases. 
Consequently, as shown in Fig. 7a, the refrigerant mass flow rate dis
placed by the compressor decreases gradually until it stays relatively 
stable towards the final part of the test. The superheating degree stays 
relatively stable during the entire test at around 7 ◦C. 

Fig. 8a shows the comparison between the time evolution of the 
evaporation temperature calculated by the numerical method and that 
experimentally measured, for two different tests. As it can be seen, in the 
case of the test performed with the higher water inlet temperature 
(20 ◦C) the numerical method provides an almost perfect prediction of 

the evaporation temperature for the whole duration of the test (7.2 h, 
almost 1300 different experimental points). In the case of the test at 
10 ◦C (8.7 h, more than 1550 experimental points), there is a higher 
difference between the predicted and measured evaporation tempera
ture, although only during the first 5 min of the test, that difference is 
slightly higher than 1 ◦C. From minute five, that difference decreases 
gradually until it reaches values lower than 0.2 ◦C around the middle of 
the test. As Fig. 8b shows, the prediction of the evaporator heat transfer 
rate is almost perfect during the whole duration of both tests. 

Finally, Figs. 9–11 shown the comparison between experimental data 
and numerical method results for the evaporator inlet pressure (Fig. 9), 
evaporator heat transfer rate (Fig. 10), and secondary fluid outlet tem
perature (Fig. 11), for all the four transient tests analyzed. 

The maximum deviation for the evaporator inlet pressure is 3.7% 
(more than 6300 points simulated), with a MARD of 0.52%. In the case 
of the heat transfer rate, the results are even better, with a maximum 
deviation lower than 0.4% and a MARD of only 0.08%. The maximum 
deviation for the secondary fluid outlet temperature is 1.24 ◦C, and the 
mean deviation is 0.24 ◦C. Since this outlet temperature is relatively low 
and, in many cases near 0 ◦C, the MARD is high when evaluated in de
grees Celsius (3.97%), but is very low if it is evaluated in kelvin (0.08%). 

7. Conclusions 

In this work, a method for the characterization of a plate heat 
exchanger working as evaporator has been presented. It is based on a 
one-dimensional discretization of the exchanger, which permits solving 
the heat transfer balance equations by means of an iterative methodol
ogy based on a heat transfer area converging method. The method takes 
as input parameters the mass flow rate of refrigerant, its inlet enthalpy, 
the superheating degree, the mass flow rate of the secondary fluid, and 
its inlet temperature. The solving procedure consists of assuming an 
inlet pressure for the refrigerant, which permits evaluating the pressure 
drop in each cell and then, the enthalpies at each node, which finally 
allows calculating the heat exchanged in each element. The evaluation 
of the HTC in the elements permits determining the heat transfer area, 

Fig. 6. Refrigerant evaporation temperature.  

Fig. 7. Input variables time evolution for transient test with evaporator water inlet temperature of 10 ◦C (a) and gas cooler operating conditions time evolution (b).  
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which is compared with the real one. This allows the behavior of the 
exchanger to be modeled iteratively. The numerical method has been 
contrasted by using a database of 366 experimental data obtained under 
stationary test conditions, some of them performed in our laboratory, 
and the others are taken from the open literature. These data correspond 
to six different refrigerants (R134a, R1234yf, R513A, R507A, R290, and 
R744), eight different plate heat exchangers, and variable operating 
conditions (different superheating degree, secondary fluid flow rate, or 
inlet quality). 

In parallel to this development, three different HTC correlations have 
been analyzed. According to the results obtained, all three correlations 
provide similar results. The results also showed the goodness and 
robustness of the method when predicting the different variables of 

interest. 
Once the numerical method has been validated, it has been used to 

predict the performance of the evaporator under transient operating 
conditions. The high accuracy in the prediction of the main variables of 
interest, demonstrates the ability of the method to be used for transient 
analysis of refrigeration systems. 

Further work includes the development of a similar numerical 
method for condensers, gas coolers, and internal heat exchangers, and 
its coupling with a model for the compressor, which can be easily 
developed from the AHRI correlations usually provided by the manu
facturers, in order to develop a model for a whole refrigeration system, 
that can be used to simulate its behavior during long transient processes. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgement 

The work in this paper has been financed by the Spanish Ministry of 
Science and Innovation under Project TED2021-131173B–I00 and the 
NextGenerationEU recovery plan. 

Fig. 8. Simulated evaporation temperature (a) and heat transfer rate (b) time evolution compared to experimental data for two different transient tests.  

Fig. 9. Refrigerant inlet pressure.  

Fig. 10. Heat transfer rate.  

Fig. 11. Secondary fluid outlet temperature.  
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[59] F. Illán-Gómez, V.F. Sena-Cuevas, J.R. García-Cascales, F.J.S. Velasco, 
Experimental and numerical study of a CO2 water-to-water heat pump for hot 
water generation, Int. J. Refrig. 132 (2021) 30–44, https://doi.org/10.1016/j. 
ijrefrig.2021.09.020. 

[60] O.I. Martínez Galván, Estudio experimental de optimización de una bomba de calor 
agua–agua empleando propano como fluido de trabajo, Tesis doctoral, Universitat 
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