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1 Introduction
This documentation provides background, detailed information and user guide to the
numerical models presented and applied in [1]. The models were used in order to estimate
the effect of end plates and the impact of liquid/vapour maldistribution in plate heat
exchanger (PHE) evaporators on the thermodynamic and economic performance of heat
pumps (HPs). The flow of the simulation procedure is presented in Fig. 1.1. The
flow-chart shows how the different models are integrated in the overall procedure. Each
rectangle represents a numerical model, while each parallelepiped represents input/output
of the models. The rounded bold rectangles represent instead the main outputs.
The user is also able to use each model for "stand-alone" calculations for both design and
performance analysis of cycle only, PHE only or coupled HP-PHE simulations. Both
pure fluids and binary mixtures of variable composition can be chosen as working fluids.
The capabilities of the overall procedure are (following the structure of the flowchart):
• Heat pump design model. After defining the boundary conditions of the cycle
and the working fluid, the design of the heat pump is carried out. The reader is
referred to [2] for a comprehensive description of the modelling strategy adopted
for cycle calculations.
• Evaporator and condenser design models. A design model aims at estimating
the required heat transfer area to meet a defined thermal load. The inputs are
therefore given by the mass flow rate and inlet thermodynamics of both working
fluids, together with the design heat flow rate. The solver used for the design
problem is described in details in chapter 2.1.7. In the simulation framework, two
different models can be found for evaporator and condenser components of the heat
pump. The models are based on a solver for heat transfer and fluid flow. Therefore,
pressure drops of both fluids and real outlet thermodynamics are obtained as
additional outputs.
• Heat pump off-design model. The off-design calculations are carried out by
an overall simulation framework (yellow box in Fig.1.1), including a solver of heat
transfer and fluid flow of both evaporator and condenser, as well the calculations of
compressor operation in off-design. Chapter 2.2 includes a comprhensive description
of the models.
1
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Figure 1.1: Work flow of the overall procedure. Rectangles represent a
numerical model; parallelepipeds represent input/output; rounded bold rectangles represent main output. Adapted from [1]
This documentation is structured as follow:
• Chapter 2 describes in details the heat exchanger (HEX) and coupled PHE heat pumps models. The different solvers implemented to solve the design and
performance problems are also presented.
• Chapter 3 shows the results of the validation of the internal solver for heat transfer
and fluid flow against available experimental data. Moreover, the verification of the
flow distribution solver for single-phase flow against another study is also shown.
• Chapter 4 briefly indicates the system requirements to run the models and gives
an introductory guide in order to understand the structure and functioning of the
models.
2

2 Numerical models
This chapter explains the mathematical formulation of the PHE models. Moreover, all
the solvers implemented in order to solve the design and performance problems are
presented. First the PHE models, discretization and governing equations are presented
in section 2.1. This section additionally reports the implementation of the solver for heat
transfer and fluid flow and all the correlations implemented in the simulation framework
(2.1.6). The solver for heat transfer and fluid flow is the base for the implementation of
the PHE design solver, presented in subsection 2.1.7. Finally, two coupled heat pump PHE off-design models are presented in section. 2.2

2.1

Plate heat exchanger model

In this section, the formulation of the PHE model that was implemented in the framework
is presented. Depending on the type of analysis carried out, the different problems of
design, rating and performance were addressed and different solvers were coupled with
the model. However, the mathematical formulation of the PHE model was analogous in
all the cases, i.e. aiming at solving mass, momentum and energy conservation equations
in the PHE. In the following subsection, a detailed description of the PHE geometry,
the governing equations describing the fluid flow and heat transfer mechanism, as well
as the adopted discretization method and the numerical implementation, is presented.
MATLAB 2017b [3] was used as programming framework.

2.1.1

PHE Geometry

The geometry of a chevron-PHE is determined by plate size and count, and corrugation
specific parameters. An illustrative example is depicted in Fig. 2.1, while Table 2.1
reports the list of the parameters. The plate size is defined by width W and length. The
port-to-port length Lp characterizes the fluid flow length, affecting the pressure drop.
The heat transfer length Lht is the effective plate length determining the heat transfer
area. The number of plates defines the number of channels for fluid flow Nch , and thus
the total heat transfer area. The plate thickness t determines the trade-off between
mechanical integrity of the component and wall thermal conductive resistance. The
plates are most commonly manufactured in stainless steel, with a thermal conductivity
kw equal to 16.2 W/(mK). Last, the port diameter Dp determines the inlet and outlet

3
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pressure drop.
The corrugation geometry is characterized by corrugation pitch Λ, plate spacing (or
corrugation height) b, and chevron angle β. Literature reports different definitions of
β as the angle with the vertical or horizontal axis. In this work, the chevron angle β
is estimated with respect to the horizontal axis (see Fig.2.1), while the complement
θ = 90◦ − β indicates the inclination angle, e.g. the angle with the vertical axis. A high
β (equal to a low θ) corresponds to designs resulting in high heat transfer coefficients
and high pressure drop, while a low β entails low pressure drop and lower heat transfer
coefficient. The corrugation geometry is thus a key-set of parameters determining both
heat transfer and pressure drop in the inter-plate passages.
The calculation of the channel hydraulic diameter, free-flow area, and effective heat
transfer area was carried out by using the correlations proposed by Martin [4]. The
hydraulic diameter Dh was estimated by Eq.(2.1).
Dh =

2b
Φ

(2.1)

Here, Φ indicates the enlargement factor, i.e. the ratio between effective and flat plate
area. Φ is determined as a function of corrugation pitch and plate spacing, estimated by
Eq.(2.2).
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Figure 2.1: Chevron PHE geometry
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(2.2)

Parameter
W
Lp
Lht
Nch
b
Λ
β
θ
t
kw

Description
Plate width
Port-to-port length
Heat transfer length
Number of channels
Corrugation height
Corrugation pitch
Chevron angle
Inclination angle
Plate thickness
Thermal conductivity

Table 2.1: Geometrical parameters

The free-flow area of each fluid was computed as:
A0 = b · Nch · W

(2.3)

where Nch indicates the number of channels in which the considered fluid is flowing. The
total heat transfer area is finally determined by Eq.(2.4). The number of channels in
PHE is typicall an odd number, with the secondary fluid flowing in the outer channels.
4
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Due to the assumption of adiabatic end-plates, the number of channels in Eq.(2.4) must
be referred to the value of the working fluid with the lowest number of channels.
Aht = 2 · Φ · (W · Lht ) · Nch

2.1.2

(2.4)

Governing equations

The governing equations are given by mass, momentum and energy conservation equations.
The following assumptions were considered:
(i) steady state conditions;
(ii) adiabatic end plates, i.e. no heat loss to the environment;
(iii) no longitudinal conduction through the plates;
(iv) liquid and vapour phases flowing at different velocities according to an estimated
slip ratio;
(v) no pressure drop in the PHE manifolds;
(vi) Newtonian working fluids.
Given the PHE geometry, with constant free-flow area A0 for each fluid path, the
steady-state mass conservation equation results in:
G = const.

(2.5)

where G is the mass flux of the fluid flowing in the channel. The momentum equation
was given by Eq.(2.6), where the three terms represent the frictional (fr), gravity (gr) and
acceleration (acc) contributions to the total pressure drop, and f indicates the Fanning
friction factor.
dp
G2
d(ρgz )
1
= −2f
−
− G2
dz
ρDh
dz
dz

1
ρ

 



=

dp
dz



dp
+
dz
fr


dp
+
dz
gr







(2.6)
acc

The energy conservation equation in steady state for both primary and secondary fluids
was expressed by Eq.(2.7) for single-phase flow and by Eq.(2.8) for two-phase flow. In
Eq.(2.8), the kinetic contribution to energy balance was neglected.
n

ṁcp

w
X
dT
=
P m U m (Twm − T )
dz
m=1

(2.7)

n

w
X
di
ṁ =
P m U m (Twm − T )
dz m=1

(2.8)

Here, i indicates the enthalpy, P m represents the heat transfer perimeter, z is the direction
of the fluid flow, and nw is the total number of walls that are in contact with the fluid.
5
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The overall heat transfer coefficient U m is determined by the convective heat transfer
coefficient of the fluid and by the conductive resistance of half thickness of wall, and
calculated by:
U

2.1.3

m



=

t/2
1
+
m
h
kw

−1

(2.9)

Discretization approach

Two different approaches were implemented, applying a one-dimensional (1D) and a
two-dimensional (2D) discretization, respectively. The 2D discretization was applied to
the evaporator performance model, since it can account for the flow distribution in the
different channels. The 1D discretization was applied to both evaporator and condenser
design and performance models. The difference between the results of the 1D performance
model of the evaporator and the 2D model with uniform vapour quality distribution at
the inlet allows estimating the effect of end plates, since the flow is assumed to distribute
perfectly even among the different channels in the 1D case. The different discretization
approaches are shown for the example of the evaporator in Fig.2.2, where hs indicates
the heat source (or secondary fluid) and ref the refrigerant cells. The 2D discretization,
represented in Fig.2.2 (b), divides the PHE into n slices along the flow direction. The
grid is further discretized by dividing each slice by the total number of channels. One
CV is therefore constituted by a refrigerant or a secondary fluid cell and half thickness
of the plate. Two adjacent refrigerant and secondary fluid CVs share thus a face at the
midpoint of the wall. This kind of discretization allows considering different mass flow
rates (shown by ṁref/hs (j )) at each channel j of the PHE. Fig.2.2 (a) represents the 1D
discretization, solely applied along the flow direction. In each slice two different CV are
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Tw (Nchef + Nch hs + 1,1)

𝐐=𝟎

Tw (2j + 2, i)

Δphs (j, i)

Tw (2j + 1, i)
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𝐐=𝟎
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Tw (n)
Tw (i)
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Figure 2.2: PHE model discretization approaches:(a) 1D ; (b) 2D
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considered to describe the refrigerant and the secondary fluid flows. One face of two
adjacent CVs is shared also in this case, by placing each CV boundary at the midpoint
of the plate wall.
Note that, in both cases, a centered approach was chosen for wall discretization. Two
adjacent fluid cells shared a boundary at the midpoint of the plate thickness, and the
wall temperature was estimated at the center point between inlet and outlet of both fluid
paths [5].

2.1.4

Numerical model

The momentum (Eq.(2.6)) and energy (Eq.(2.7) and Eq.(2.8)) conservation equations
were integrated in each cell by a finite volume method, since local conservation ensures
global conservation over the entire fluid domain. As shown in Fig.2.2 the total mass
flow rate of one fluid was considered to flow simultaneously in one equivalent channel
with area equivalent to the sum of all channels in the 1D case, while each channel is
considered separately in the 2D case.
Fig. 2.3 shows the details of the discretization schemes in both 1D and 2D. The black
squares (for pressure p and enthalpy i) indicate the values evaluated at the nodes, i.e. at
the inlet/outlet of each cell. The orange square indicates the value at the center point,
which was evaluated by a central differencing scheme assuming a linear variation between
inlet and outlet. The wall temperature (blue square) in each CV was evaluated at the
midpoint between inlet and outlet of one fluid cell.
For a specific CV (j, i) the integration of the momentum equation led to the formulation
in Eq.(2.10). In this notation, the row index j identifies the channel, while the column
index identifies the CV along the flow direction. The 1D formulation is analogous (with
no index j).
(j,i+1)

(j,i)

(j,i)

pnodes = pnodes − ∆pfr

(j,i)
(j,i)
− ∆pgr
− ∆pacc

(2.10)

Note that the pressure drop ∆p(j,i) is evaluated by using the fluid properties at the center
of the CV, and then applied to estimate the value of the pressure at the outlet of the
(j,i+1)
CV pnodes . A more detailed explanation of the computation of frictional, gravity and
acceleration contributions to pressure drop is presented in section ??.
The energy conservation equation for single-phase flow was solved by assuming a linear
variation of the fluid temperature in the CV. In the 2D discretization scheme, each
channel has a right (R) and left (L) wall exchanging thermal energy with the fluid cell,
thus the integral formulation of Eq.(2.7) for the CV (j, i) leads to:
Z j,i+1
j,i

dT =

Z z j,i+1  (j,i) (j,i)
P
U
z j,i

ṁ(j ) cp

(j,i)

(Tw,R − T ) +

P (j,i) U (j,i) (j,i)
(Tw,L − T ) dz
ṁ(j ) cp


(2.11)
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Figure 2.3: Detailed discretization schemes: (a) 1D, (b) 2D

From the integration of Eq.(2.11), it holds:
(j,i)

(j,i)

(j,i)

χ(Tw,L + Tw,R ) + (1 − χ)Tnodes

(j,i+1)

Tnodes =

(2.12)

1+χ

with χ equal to:
(j,i)

χ=

∆Aht U (j,i)
ṁ(j ) cp

(2.13)

The advantage of using the formulation of Eq.(2.12), is that the temperature at the outlet
of the cell can be computed by solely using the inlet value and the wall temperature
of the cell. In two-phase flows, the energy conservation must be expressed in terms of
enthalpy i, and the integration of Eq.(2.8) leads to the formulation:
(j,i)

(j,i+1)

(j,i)

inodes = inodes +

(j,i)

∆Aht U (j,i) (j,i)
∆Aht U (j,i) (j,i)
(j,i)
(
T
−
T
)
+
(Tw,L − T (j,i) ) (2.14)
w,R
(
j
)
(
j
)
ṁ
ṁ

Here, since the temperature of the fluid at the center of the fluid cell T (j,i) is not
known, the calculation was carried out as suggested by Corberán [6], e.g. to assume
8
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the temperature equal to the value at the inlet node plus a variation equal to the
previous iteration variation. Moreover, in order to compute the different contributions to
pressure drop in Eq.(2.10) and the heat transfer coefficients U in Eq.(2.12) and (2.14),
fluid thermo-physical properties are evaluated at the center of the cell. Assuming a
linear variation of the fluid thermo-physical properties, the same approach used for the
temperature was adopted, and translated into:
(j,i+1)

(j,i)
Ψk

=

(j,i)
Ψnodes,k +

(j,i)

Ψnodes,k−1 − Ψnodes,k−1
2

(2.15)

where Ψ represents a general property or temperature, k indicates the iteration number
and (j, i) the CV taken into account.
In the 1D case, the energy conservation equations were slightly modified for both singlephase and two-phase flow, since each fluid CV is in contact with one wall only (nw = 1
in Eq.(2.7) and (2.8)). For single-phase flow, the formulation was [5]:
(i)

(i+1)

Tnodes =

(i)

χTw + (1 − χ/2)Tnodes
1 + χ/2

(2.16)

with χ expressed by Eq.(2.13). For two-phase flow, instead, it was obtained:
(i)

(i+1)

(i)

inodes = inodes +

2.1.5

∆Aht U (i) (i)
(Tw − T (i) )
ṁ

(2.17)

Iterative solution strategy

The solution of the energy and momentum equations for the CVs of the domain requires
the values of the mass flow rates and inlet thermodynamics of both fluids, which are
imposed as boundary conditions at the inlet of the first nodes. In the 2D discretization
scheme, the inlet mass flow rate in each channel is required for solving energy and
momentum equations in all the cells of the considered channel. However the solution
of the energy and momentum conservation equations requires the values of the wall
temperature. Therefore, the overall solution strategy was implemented as an iterative
procedure, and the solver was based on the SEWTLE (Semi-Explicit Wall Temperature
Linked Equations) approach, presented in [5, 6]. Moreover, the alternate iteration
approach suggested in [7] was implemented to accelerate the model convergence.
The flow-chart of the successive substitution solver, iterating on wall temperature and
refrigerant and secondary fluid pressure drops, is shown in Fig.2.4. The inputs to the
solver were given by the working fluid and the fully defined PHE geometry, together
with the inlet thermodynamic state and mass flow rate of both fluids. The inlet state
was used as boundary condition for the solution. An initial guess of the distribution
of wall temperature and pressure drop was also provided to the solver. The guessed
distribution for the wall temperature was given by a linear temperature variation between
inlet refrigerant and secondary fluid temperatures, in order to avoid temperature crossing.
Pressure drops were preliminarily calculated considering the fluid properties at the inlet
9
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conditions and distributed uniformly in each CV.
At each iteration k the temperature and the fluid thermo-physical properties were
evaluated at the center of each cell. In the first iteration, the properties were estimated
by considering the inlet conditions of the fluid entering the CV, which were known from
the outlet of the previous cell. From the second iteration the values were estimated as
suggested by Corberán et al. [5], and previously illustrated by Eq.(2.15). The refrigerant
and secondary fluid heat transfer coefficients were evaluated by using the properties at the
center of the CV, by means of appropriate experimental correlations. The thermodynamic
state of both fluids at the outlet of the CV were subsequently estimated by integrating the
momentum and energy balance equations locally. After solving energy and momentum
conservation equations in all the refrigerant and secondary fluid cells, an energy balance
over two adjacent refrigerant and secondary fluid cells was applied to compute an updated
value of the wall temperature.
The balance led to the formulation of Eq.(2.18), where the heat transfer area was simplified
being equal for both fluids.
Twall =

Uref Tref + Usf Tsf
Uref + Usf

(2.18)

Here the subscript ref indicates the refrigerant and sf the secondary fluid, namely the
heat source and heat sink sink for the evaporator and condenser, respectively. Using
the wall temperature as iteration variable has the advantage of avoiding the convergence
to unfeasible solutions, for example temperature crossing between fluids, compared to
using the heat flux [7]. This method is also completely explicit with respect to the wall
temperature, which is updated by Eq.(2.18) [6] as a function of the fluids temperature
profiles and heat transfer coefficients.
The residuals between two subsequent iterations were estimated and the error was
calculated as the L2 -norm of the higher relative residuals between wall temperature,
refrigerant and secondary fluid pressure drops. If the error was lower than the selected
tolerance, the solution was given in terms of total heat flow rate, outlet thermodynamic
states of the two fluids, as well as wall and fluid temperature and pressure distribution.
If the error was higher than the tolerance, the solver updated the iteration variables
and made an additional iteration. The solver in 2D needs as input the mass flow rate
distribution of both fluids in the different channels. Therefore, the pressure drop across
each channel was estimated as output of the model and it was not trivial that all the
channels resulted in the same outlet pressure. The governing equations for the flow
distribution were solved separately in the flow distribution solver, which will be presented
in section 2.2.2.
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Figure 2.4: Work flow of the solver for heat transfer and fluid flow
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2.1.6

Choice of correlations

Experimental correlations and theoretical models are implemented in order to estimate
the heat transfer coefficients, the frictional pressure drops and the void fraction. It is out
of the scope of this documentation to provide recommendation on the type of correlation
to use in the models. Is is up to the user to use an experimental correlation suitable for
the working fluid, operating conditions and plate geometry. Since the correlations are
implemented as functions of the different routines, the user is also able to implement
additional models to the framework.
Heat transfer coefficients
Table 2.2 reports a list of correlation implemented and available for the estimation of the
heat transfer coefficients in both two-phase flow and single-phase flow. The correlations
were developed for pure fluids, thereby they can be directly used if a pure refrigerant is
chosen as working fluid.
Different correction methods must be on the other hand used if a zeotropic mixture
is chosen as working fluid. The corrections methods implemented in the simulation
framework are reported in Table 2.3. The correction methods for nucleate boiling take
into account the sole degradation of the nucleate boiling contribution to heat transfer.
Correction methods for mixture evaporations take instead into account both nucleate
boiling and convective boiling degradation. The user can also choose to directly apply a
mixture specific correlation, reported as mixtures specific correlations in Table 2.3, which
were however not developed for PHE geometry. If ammonia/water is chosen as working
fluid, Taboas et al. [8] can be applied for flow boiling heat transfer coefficients.
The correction methods implemented for evaporation and condensation are briefly explained here, so that the user is able to understand their application. The Silver [9]
and Bell-Ghaly [10] method was originally developed for mixture condensation and the
extended to evaporation by Sardesai et al. [11].
Sardesai et al. [11] derived the formulation expressed by Eq.(2.19) to compute the
mixture two-phase heat transfer coefficient during evaporation.
hTP,evap =

1 + hNB−mix /hC
1/hC + z̄/hV

(2.19)

Here, hNB−mix is the nucleate boiling contribution of the mixture, hC is the convective twophase contribution and hV is the single-phase vapour heat transfer coefficient estimated
for the vapour flowing alone in the channel. z̄ is a correction term taking into account
the ratio of sensible over latent heat transfer, and it is evaluated by Eq.(2.20) [10].
z̄ = x ·

dT
· cp,V
dh

(2.20)

In the estimation of hNB−mix , the mixture effects on degradation of nucleate boiling and
loss of effective wall superheat is accounted for by applying a suitable correction factor,
for which different correlations exist and can be chosen. The ones implemented in the
simulation framework are reported in the first section of Table 2.3.
12

2.1. Plate heat exchanger model
The formulation originally developed by Silver [9] and Bell-Ghaly [10] for mixture
condensation is instead reported in Eq.(2.21), where hC is the condensation heat transfer
coefficient as the mixture was an ideal pure fluid and hV is the single-phase vapour heat
transfer coefficient estimated for the vapour flowing alone in the channel. z̄ is evaluated
by Eq. (2.20), similarly to the evaporation case. The correlations to estimate hC and
hV can be chosen among the ones for pure fluids, reported in Table 2.2, for single-phase
vapour, two-phase convective evaporation and condensation.


hTP,cond =

1
z̄
+
hC hV

−1

(2.21)

Table 2.2: Available correlations for heat transfer coefficients
Model

Year Ref.
Comments
Single-phase
Chisholm and Wanniarachchi 1991
[12]
Wanniarachchi et al.
1995
[13]
Martin
1996
[4]
Muley and Manglik
1999
[14]
Flow boiling (convective boiling dominated)
Danilova et al.
1981
[15]
Yan and Lin
1999
[16]
Han et al.
2003
[17]
Amalfi et al.
2016
[18]
Zhang et al.
2017
[19]
Nucleate boiling
Stephan and Abselsalam
1980
[20] (not specific for PHE geometry)
Cooper
1984
[21]
Palm and Claesson
2006
[22]
Gorenflo
2010
[23]
Steiner
2010
[24]
Huang et al.
2012
[25]
Flow boiling (superposition models)
Hsieh and Lin
2003
[26]
Longo et al.
2015
[27]
Condensation
Yan and Lin
1999
[28]
Thonon and Bontemps
2002
[29]
Han et al.
2003
[30]
Longo et al.
2015
[31]
Zhang et al.
2019
[32]
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Table 2.3: Implemented corrections methods for mixtures and mixture specific correlations for flow boiling
Model

Year
Ref.
Comments
Correction methods for mixture nucleate boiling contribution
Stephan and Korner
1969
[33]
Jungnickel et al.
1980
[34]
Schlunder
1983
[35]
Thome and Shackir
1987
[36]
Fujita and Tsutsui
1994
[37]
Fujita and Tsutsui
1997
[38]
Inoue et al.
1998
[39]
Correction methods for mixture evaporation
extension of Silver and
Sardesai et al.
1982
[11]
Bell-Ghaly to evaporation
Correction methods for mixture condensation
Silver and Bell-Ghaly
1947/1973 [9, 10]
Mixtures specific correlations
Gungor and Winterton
1986
[40]
(not specific for PHE geometry)
Gungor and Winterton
1987
[41]
(not specific for PHE geometry)
Jung et al.
1989
[42]
(not specific for PHE geometry)
Wettermann and Steiner
2000
[43]
(not specific for PHE geometry)
Ammonia/water specific correlations
Taboas et al.
2012
[8]
Pressure drops
The PHE model, in both 1D and 2D, is able to estimate the pressure drop of both
refrigerant and secondary sides by summing the different contributions of static (gravity),
momentum (acceleration) and frictional pressure drops. The frictional pressure drops
can be estimated by means of different methods and correlations. Such methods estimate
the pressure drops locally by evaluating the refrigerant/secondary fluid local values of
temperature, pressure and thermo-physical properties.
Table 2.4 reports the methods implemented in the simulation framework. The singlephase pressure drops can be estimated by different correlations calculating a Fanning
friction factor. Vakili-Farahani et al. [44] did a comprehensive literature review on
different approaches to estimate two-phase frictional pressure drops, reporting three
different methods: (i) estimating a two-phase Fanning friction factor, (ii) applying the
Lockhart-Martinelli [45] method and (iii) establishing a relation between pressure drops
and kinetic energy per unit volume.
The two-phase Fanning friction factor can be estimated for both evaporation and condensation by the different correlations reported in Table 2.4, and pressure drops are
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subsequently calculated by:
∆pfr,tp = 2ftp

∆LG2
ρm Dh

(2.22)

where G represents the mass flux, ∆L indicates the plate length associated to the CV,
Dh is the hydraulic diameter and ρm is the momentum density, estimated by:


ρm =

x2
(1 − x)2
+
ρV α ρL (1 − α)



(2.23)

where x is the vapour quality, α is the void fraction (estimated by an appropriate
correlation) and the subscripts L and V indicate the liquid and vapour phases, respectively.
The Lockhart-Martinelli [45] was extensively used in literature to estimate the two-phase
frictional pressure drops by relating them to the single-phase liquid alone and vapour
alone pressure drops as follow:
X2 =

∆pL
∆pV

(2.24)

Φ2L =

∆pfr,tp
∆pL

(2.25)

Here, X is the so-called Lockhart-Martinelli parameter and Φ2L is the two-phase frictional
multiplier. Moreover, alone refers to the flow as the liquid/vapour occupies the entire
cross-section of the channel, thus the mass flux used to estimate ∆pV and ∆pL must be
multiplied by x and (1 − x), respectively.
The Lockhart-Martinelli method was developed for evaporation by using two approaches,
reported in Table 2.4: Palm and Claesson [22] suggested to employ the correlation
suggested by Chisholm [46] and reported in Eq.(2.26), to evaluate the two-phase multiplier
and assuming the Chisholm parameter C equal to 4.67, fitted from their experimental
data on PHEs, together with employing Martin [4] to estimate the single-phase fricitonal
pressure drops. Taboas et al. [8] proposed instead to employ a Chisholm parameter C
equal to 3 and to use their in-house developed correlation to estimate the single-phase
pressure drops.
Φ2L = 1 +

1
C
+ 2
X X

(2.26)

The last method implemented for the evaporation pressure drops was to define a proportionality between the frictional pressure drops and the kinetic energy per unit volume,
as suggested for PHEs by Longo and Gasparella [47]. By employing this method, the
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pressure drops are estimated as:
∆pfr,tp = ξ

G2
2ρm

(2.27)

where ξ is defined by the correlation.
For the condensation case, only correlations estimating the two-phase Fanning friction
factor were included in the simulation framework. Note that, similarly to the heat transfer
coefficient case, the user is able to include additional methods/correlations as functions
to the procedures.
Table 2.4: Implemented methods and correlations for estimation of local
frictional pressure drops
Model

Year

Ref.

Single-phase
Chisholm and Wanniarachchi 1991
[12]
Wanniarachchi et al.
1995
[13]
Martin
1996
[4]
Muley and Manglik
1999
[14]
Evaporation
Fanning friction factor
Yan and Lin
1999
[16]
Hsieh and Lin
2002
[48]
Han et.al.
2003
[17]
Hsieh and Lin
2003
[26]
Huang
2012
[25]
Amalfi et.al.
2016
[18]
Zhang et.al.
2017
[19]
Lockhart-Martinelli method
Palm and Claesson
2006
[22]
Taboas
2012
[8]
Kinetic energy proportionality
Longo and Gasparella
2007
[47]
Condensation
Fanning friction factor
Yan and Lin
1999
[28]
Han et al.
2003
[30]
Zhang et al.
2019
[32]
Void fraction models
Different void fraction models were implemented in the framework to estimate the crosssection void faction α, namely the ratio between the cross section area occupied by the
vapour phase and the total cross section area. The void fraction can be estimated as [49]:
16
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1 − x ρV
α = 1 + SVL
x ρL


−1

(2.28)

The homogeneous model assumed that the slip ratio SVL is equal to 1, e.g. the vapour
and liquid phases flow at the same velocity. Zivi [50] and Smith [51] proposed expressions
to estimate SVL , as function of the local vapour quality and vapour and liquid phase
density. Rouhani and Axelsson [52] proposed instead a drift flux correlation, in which
the void fraction is estimated as function of the liquid and vapour superficial velocities
and a drift velocity between the two phases. The implemented models are reported in
Table 2.5.
Table 2.5: Implemented correlations for estimation of void fraction
Model
Homogeneous model
Zivi
Rouhani and Axelsson
Smith

Year
1964
1969
1969

Ref.
[49]
[50]
[52]
[51]

The void fraction is needed for the computation of two-phase pressure drops. More
specifically, it is needed to compute the momentum density ρm with Eq. (2.23), as well
as the cross section average density ρ, estimated by [53]:
ρ = (1 − α)ρL + αρV

2.1.7

(2.29)

Solver for the design problem

The PHE models in design mode are capable to estimate the required heat transfer area
at the evaporator and the condenser to meet the design thermal load. Therefore, the
inputs required are given by the total heat flow rate and inlet thermodynamic states of
both working fluid and secondary fluid.
The geometry of PHEs is determined by the plate size, namely width W and length L.
Moreover, the characteristic corrugation patterns in chevron PHEs are defined by the
corrugation pitch Λ, corrugation height b and chevron angle β. The plate thickness t
determines the trade-off between mechanical strength and wall conductive resistance,
while the material influences the value of wall thermal conductivity. Finally, the total
number of plates determines the number of channels Nch . In the simulation framework,
the manifold (or port) pressure drops are neglected, since they are strictly related to a
particular manufactured design. However, the models could be easily extended by the
user to account for this type of losses, by introducing a port diameter Dp .
In software for PHE sizing offered by commercial manufacturers (e.g. [54]), the plate
size is usually fixed and the number of channels is estimated as output of the design.
Different solutions are proposed and 50 kPa maximum pressure drops is a criterion often
considered in order to obtain feasible designs. Therefore, it was decided to build a model
17
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following a similar approach, e.g. for fixed plate geometry, corrugation characteristics
and material, the design model is able to estimate the required number of channels to
meet the design load. The pressure drops are obtained as model output, thereby the user
is able to check the value and tune the input geometrical parameters accordingly.
The flow-chart of the design models is shown in Fig.2.5. A guess values for the number of
channels must be provided to the solver for heat transfer and fluid flow, estimating the
outlet thermodynamic states of working fluid and secondary side, as well as the total heat
flow rate. The convergence to the solution is checked by estimating the relative residual
of the total heat flow rate compared to the design value. If the residual is lower than
the set tolerance, the solver converged to the set solution. If the tolerance is higher, the
derivative of the heat flow rate with respect to the number of channels is estimated and
the value of Nch at the next iteration k + 1 is updated following the Newtwon-Raphson
method as:
k +1
k
Nch
= Nch
−

Q̇tot − Q̇design
dQ̇ktot
dNch

(2.30)

Evaporator/condenser
design model
Guess Nch
W ,L, t, kwall
b,Λ, β

ṁref , pref,in , Tref,in ,
ṁhs/sink , Ths/sink,in ,
phs/sink,in , Q̇design

Solver for heat
transfer and
fluid flow

update Nch

Q̇tot

|Q̇tot − Q̇design |
Q̇design
< tol?

no

Calculate

yes

Nch , Aht ,
∆pref,tot ,
∆psf,tot

Figure 2.5: Work flow of the design solver
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2.2

Coupled HP-PHE off-design model

The coupled HP-PHE evaporator and condenser off-design simulation framework (yellow
box in Fig. 1.1) is described in this section. Two different models are presented, with
work flow shown in Fig.2.6 and 2.8. The former is based on the evaluation of evaporator
heat transfer and fluid flow in 1D, thereby without accounting for any maldistribution
effects. The latter is instead based on a 2D discretization of the evaporator, thus the
vapour quality maldistribution is imposed as an input and the mass flow rate distribution
of both refrigerant and heat source is found as output of the model. Matlab 2017b fsolve
built-in algorithm [3] is used in order to solve the governing equation in both cases.

2.2.1

Coupled HP-PHE off-design model without maldistribution effects

If maldistribution effects are neglected (both vapour quality maldistribution and effect
of end plates), the off-design model is based on a 1D discretization of the evaporator.
Fig.2.6 shows how the different component models are integrated in an overall solver
of the cycle to solve for the operating conditions. First of all, the solver is initialized,
e.g. the tolerance are set and the inputs are defined. The inputs are given by the full
specified geometry of both evaporator and condenser (preliminary designed with this
simulation framework, as in section 2.1.7, or external inputs) and by the control values
for off-design operation. In this case, four control variables are specified:
(i) the degree of superheat at the evaporator outlet, fixed to the design value ∆Tsh
(ii) the subcooling at the condenser outlet, namely a fixed temperature difference is
imposed between the outlet refrigerant temperature at the condenser and the inlet
heat sink temperature, equal to the minimum pinch point temperature difference
∆Tsc = ∆Tpinch,min
(iii) the suction volume flow rate at the compressor inlet, fixed to the design value
V̇eva,out
(iv) the heat sink outlet temperature, fixed to the design value Tsink,out−design
These four control variables translates into four unknowns, defining the off-design operation of the cycle, namely:
(i) the total mass flow rate of the refrigerant ṁref,tot
(ii) the condensation pressure pcond
(iii) the evaporation pressure pevap
(iv) the total mass flow rate of the heat sink ṁsink,tot
The user is able to modify the solver by releasing one or more of the aforementioned
control variables, and subsequently fixing one or more of the four unknowns of the system,
depending on the analysed case study. For example, the last constraint was defined in
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light of an application in which a heat pump must provide heat to a district heating
network at a fixed temperature level. Another application could however require the
definition of an alternative control value. The governing equations solved for the cycle
operating parameters are also reported in Fig. 2.6.
In order to estimate the value of the four control variables for different heat pump operating
conditions, the fsolve solver must be able to solve all the components simultaneously, as
shown in the yellow box of Fig. 2.6. The condenser and evaporator are solved by using
the solver for heat transfer and fluid flow presented in section ??. The throttling valve is
described by an isenthalpic expansion process, while the off-design performance of the
compressor is described by means of the formulation by Granryd [55], defined by Eq.
(2.31), which relates the isentropic efficiency to a deviating pressure ratio from the design
value.

ηis
ηis,design

 k−1

k
p1
−1
p2


= k−1
k − 1 −1
p1
πi −
πi k −
πi k
k
p2



(2.31)

Here, πi represents a corrected built-in volume ratio, and k is the exponent of the
polytropic describing the compression process. πi is found by imposing that the correction
factor expressed by Eq. (2.31) is equal to one when the pressure ratio is at the design
value. This correlation is valid for volumetric compressors with built-in volume ratios.
Another approach can be developed and substituted in the framework for case studies
requiring the use of other compressor technologies.
The output of the coupled HP-PHE simulation framework is given by the operating
conditions of the cycle, as mentioned previously. However, additional outputs are
given by the thermodynamic and economic performance indicators of the heat pump.
The thermodynamic performance of the heat pump is indicated by the Coefficient of
Performance (COP), expressed by Eq. (2.32).
COP =

Q̇sink
Ẇcomp

(2.32)

where Q̇sink is the heat released at the condenser and Ẇcomp is the work required by the
compressor. The economic performance is instead evaluated by the (levelized) specific
cost of heat, calculated in e/MWh by Eq.(2.33). This is a function of the total Fuel Cost
(CF) of electricity CFel , the income from supplying cold by cooling the heat source CFhs ,
the Total Capital Investment (TCI), Capital Recovery Factor (CRF) and the yearly
production of heat, evaluated by multiplying the condenser load (Q̇sink ) by the yearly
operating hours (OH). Further details can be found in [56].
ch =
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CFel − CFhs + TCI · CRF
Q̇sink · OH

(2.33)
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Control values
for ∆Tsh , ∆Tsc ,
V̇eva,out , Tsink,out

Solve HP components inside fsolve

Initialize
Matlab fsolve

Full PHE
geometry

Condenser 1D solver
for heat transfer
and fluid flow

Isenthalpic throttling valve governing equations

Evaporator 1D solver
for heat transfer
and fluid flow

Operating condition equations:
Evaporator:
T̄ref,out − Tdew = ∆Tsh
ṁref,tot · ρ̄ref,out = V̇eva,out
Condenser:
T̄ref,out = Tsink,in + ∆Tsc
Tsink,out = Tsink,out−design

Compressor off-design
performance and
governing equations

ṁref,tot ,
ṁsink,tot ,
peva , pcond

Off-design
COP and
operating costs

Coupled HP-PHE
off-design model
without maldistribution

Figure 2.6: Work flow of the coupled off-design heat pump model and PHE
performance models without maldistribution effects (1D evaporator model)

2.2.2

Coupled HP-PHE off-design model with maldistribution effects

The coupled HP-PHE simulation framework is able to estimate the performance of heat
pumps when maldistribution occurs in the evaporator. Therefore, the maldistribution
rate must be imposed as an input parameter.
The model is able to handle linear vapour quality variation between the channels at the
PHE inlet. The assumption of linear profile was taken by considering the experimental
studies from Vist and Pettersen [57], who showed a monotonic increase/decrease of
the vapour phase distribution with increasing distance from the inlet of a manifold
distributing two-phase flow into ten different channels.
The maldistribution is therefore defined by a parameter ∆x, representing the difference
in vapour quality between the outer-most PHE refrigerant channels. The inlet quality at
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the j-th channel, assuming a linear profile, can be therefore calculated by:
(j )

(1)

xin = xin +

j −1
∆x
Nch,ref − 1

(2.34)

(1)

where xin is the vapour quality of the first channel. The parameter ∆x represents the
slope of the vapour quality variation. An example of the imposed variation of vapour
quality for a case of 11 refrigerant channels and ∆x varying between 0 and 0.25 is shown
in Fig. 2.7.

0.3
0.25
x=0
x = 0.05
x = 0.1
x = 0.15
x = 0.2
x = 0.25

0.2
0.15
0.1
0.05
0
1 2 3 4 5 6 7 8 9 10 11 12

Channel, -

Figure 2.7: Linear vapour quality variation in different PHE channels for
different values of ∆x
When the parameter ∆x is set equal to 0, an uniform vapour quality variation is imposed,
thus no liquid/vapour maldistributione effect is considered in the PHE. However, this
case allows estimating the effect of end plates, e.g. "the two outer plates ideally do not
transfer heat" [58]. This means that only interior plates are usually considered to estimate
the PHE heat transfer area. The effect of end plates results into a modification of the
flow distribution of both refrigerant and secondary fluid, as the outer-most channels
transfer a different amount of heat compared to the interior channels. This is taken into
account by evaluating the evaporator model in 2D without imposing any variation of the
vapour quality, e.g. ∆x = 0.
Fig. 2.8 shows the integration of the component models for the solution of both the heat
pump operating conditions and the mass flow distribution inside the evaporator. In this
case, the 2D evaporator solver for heat transfer and fluid flow must be employed. The
procedure is similar to the one showed in Fig. 2.6 for the estimation of the off-design heat
pump performance without considering maldistribution effects. The main differences are
given by the additional input of the maldistribution rate, as well as by the additional
unknowns and equations. In fact, a total of Nch,ref + Nch,hs + 1 unknowns is added
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to the four operating variables defined by the control values. These are given by the
mass flow rate distribution of the refrigerant in the Nch,ref channels, the mass flow rate
distribution of the heat source in the Nch,hs channels and the inlet vapour quality in
the first channel x1in (the vapour quality at the other channels is then estimated by Eq.
(2.34)). The additional required governing equations are reported in Table 2.6. The first
three equations ensure mass conservation in the manifold for both refrigerant, heat source
and vapour phase. The latter Nch,ref − 1 and Nch,hs − 1 equations impose equalization of
the outlet pressure for the different channels, for both refrigerant and heat source. Note
that manifold pressure drops are neglected, thereby the inlet pressure is considered to be
the same for the different channels, despite there is a contribution of manifold pressure
drops decreasing the inlet pressure of the working fluids in those channels which are
farthest from the inlet. However, Li and Hrnjak [59] showed that for single-phase flow
this contribution is negligible for PHE with 10 plates, very small for PHE with 50 plates
and starts becoming relevant only for 100 plates.
Table 2.6: Evaporator flow distribution equations
Mass conservation in manifold
Refrigerant
Nch,ref

X

Heat source
Nch,hs

(j )
ṁref

= ṁref,tot

j =1

X

Refrigerant vapour
Nch,ref

(j )
ṁhs

= ṁhs,tot

j =1

X

(j )

(j )

ṁref · xref,in = ṁref,tot · xref,in

j =1

Outlet pressure equalization
Refrigerant
n
X
i=1

(j,i)

∆pref =

n
X

Heat source
(j +1,i)

∆pref

i=1

j = 1, ..., Nch,ref − 1

,

n
X
i=1

(j,i)

∆phs

=

n
X

(j +1,i)

∆phs

,

i=1

j = 1, ..., Nch,hs − 1
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Impose
maldistribution:
set ∆x

Control values
for ∆Tsh , ∆Tsc ,
V̇eva,out , Tsink,out

Solve HP components inside fsolve

Initialize
Matlab fsolve

Full PHE
geometry

Condenser 1D solver
for heat transfer
and fluid flow

Isenthalpic throttling valve governing equations

Evaporator 2D solver
for heat transfer
and fluid flow

Operating conditions equations
Evaporator:
T̄ref,out − Tdew = ∆Tsh
ṁref,tot · ρ̄ref,out = V̇eva,out
Condenser:
T̄ref,out = Tsink,in + ∆Tsc
Tsink,out = Tsink,out−design
Flow distr. equations:
(see Table 2.6)

Compressor off-design
performance and
governing equations

ṁref,tot ,ṁsink,tot ,
peva , pcond ,
(j )
(j )
ṁref , ṁhs , x1in

Off-design
COP and
operating costs

Coupled HP-PHE
off-design model
with maldistribution

Figure 2.8: Work flow of the coupled off-design heat pump model and PHE
performance models with maldistribution effects (2D evaporator model)
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3 Validation and verification
This chapter presents the verification of the flow distribution solver compared to a model
from literature, and the validation of the PHE solver for heat transfer and fluid flow
against experimental data. As suggested by Vakili-Farahani et al. [44], the deviation
between the model results and the experimental data (or the reference model from
literature) is reported for all cases in terms of the mean relative error δ and mean
absolute error |δ|, estimated by Eq.(3.1) and (3.2), respectively, in percentage points.
N
1 X θmodel − θexp
δ=
·
N i=1
θexp

|δ| =

!

· 100

N
1 X θmodel − θexp
·
· 100
N i=1
θexp

(3.1)

(3.2)

θ represents the compared quantity, i.e. total heat flow rate and refrigerant total pressure
drops, and N represents the number of the considered experimental data points. For the
comparison with experimental data, the models were used in rating mode (see section
2.1). The model received as inputs the full PHE geometry and inlet thermodynamics of
both fluids, as gave the total heat flow rate, pressure drops and outlet thermodynamics as
outputs. Experimental heat flow rate and refrigerant pressure drop (when available from
measurements) were then used to evaluate the model accuracy. For the flow distribution
solver verification, the reference was given by the quantity evaluated by the reference
model.

3.1

Flow distribution solver verification

The flow distribution solver was verified against the results of the model presented in [59].
Li and Hrnjak [59] developed an experimentally validated model to solve single-phase
flow distribution in PHEs. The model was built using a similar approach compared to
the present model, i.e. by imposing equations to ensure global conservation of mass and
identical pressure drop for each flow path.
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Figure 3.1: Comparison between the results of the present model and the
results of the model by Li and Hrnjak [59]
26

5

3.2. Comparison with experimental data: evaporation data from DTU
Li and Hrnjak [59] accounted for frictional, gravity and manifold pressure drop, while they
neglected the acceleration contribution. The manifold pressure drop is on the contrary
neglected in the present model.
The outlet temperature in each channel for both primary and secondary fluid, as well
as the heat flow rate exchanged by the channels, were compared with the results of
the model by Li and Hrnjak for three PHEs, with a fixed plate geometry and different
number of channels. Hot and cold water streams were used as primary and secondary
fluid, respectively. By increasing the number of channels, the manifold pressure drop
increases, thus enhancing the difference of the inlet pressure between the outermost
channels. Therefore, it is expected to have larger discrepancies between the model results
for higher number of channels.
Fig. 3.1 reports the result of the verification. The deviations between the models were
quantified in terms of mean relative error and mean absolute error, thus computed by
Eq.(3.1) and (3.2). The two models showed an overall satisfactory agreement with the
highest deviation for both outlet temperature and heat flow rate achieved in the case of
Nch = 99. The highest deviation for temperature was found to be as low as 0.2 %.
In all cases, the present model overestimated the outlet temperature of the primary fluid
(red line, hot fluid), while the outlet temperature of the cold water stream (blue line)
was underestimated. This was due to a general underestimation of the heat flow rate
exchanged between the channels. The highest deviation on heat flow rate was found in
the case of Nch = 99, with mean absolute errors of 7.0 % and 7.2 % on the heat flow rates
in the hot and cold fluid channels, respectively. The mean relative errors were found
to be -3.7 % and -4.1 %, thus the heat flow rate was overestimated or underestimated
depending on the channel.
It is noted that the deviation for temperature was calculated for the temperature in
K, even though Fig. 3.1 (a), (c) and (e) report the temperature in ◦ C. Moreover, the
results showed that it is acceptable to neglect manifold pressure drops when the number
of channels is not too large, and that errors below 10 % are obtained even in the case of
99 total channels.

3.2

Comparison with experimental data: evaporation data
from DTU

A total of 316 flow boiling data from the experimental study by Zhang et al. [19], for
R134a (106 points), R1234yf (91 points) and R1234ze(E) (119 points) were used. The
study was carried out in the laboratory of DTU Mechanical Engineering. The data
included information on both total heat flow rate and refrigerant pressure drop. In the
PHE model, the heat transfer coefficient was estimated locally by applying the correlation
by Amalfi et al. [18], while the frictional pressure drop was estimated by calculating the
Fanning friction factor according to Yan and Lin [16]. The comparison was carried out
using the models discretized in both 1D and 2D. The 2D model was applied together
with the flow distribution solver by imposing an uniform vapour quality distribution at
the inlet of the PHE channels, thereby solely accounting for the effect of end plates.
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Fig. 3.2 reports the comparison of the total heat flow rate and total refrigerant pressure
drop for both the 1D and 2D model, considering all the experimental data points. Table
3.1 reports the deviations for each working fluid separately. The 1D model slightly
overestimated the experimental values, with a relative deviation of +4.3 %, while in the
2D case the deviation was -2.3 %. The difference is likely due to the effect of end plates,
which slightly degrades the heat transfer performance of the evaporator and is considered
solely in the 2D model. ? ] found that this effect is not negligible for configurations with
less than 20 channels, and the experimental study was carried out on a PHE configuration
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Figure 3.2: Comparison of simulated data points vs. experimental data for
the (a), (b) total heat flow rate, and (c), (d) total refrigerant pressure drop
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Table 3.1: Deviations between experimental data and results of the evaporator model using 1D and 2D discretization (DTU data)

Working fluid
R134a
R1234yf
R1234ze(E)
Overall

1D model
Heat flow rate Pressure drop
δ
|δ|
δ
|δ|
%
%
%
%
3.6
3.6
-6.5
14.7
2.9
2.9
-21.1
21.2
6.1
6.1
-2.8
14.6
4.3
4.3
-9.3
16.6

Heat
δ
%
-2.9
-2.9
-1.3
-2.3

2D model
flow rate Pressure drop
|δ|
δ
|δ|
%
%
%
2.9
-8.6
15.6
2.9
-22.9
23.0
1.5
-5.3
15.3
2.4
-11.5
17.6

with 7 channels in total [19].
R1234ze(E) resulted in the highest deviation for the 1D model,i.e. 6.1 % overestimation
of the total heat flow rate. The discrepancy reduced however down to -1.3 % for the 2D
model, resulting in the best match with the experimental data compared to the two other
working fluids. This might be due to a higher sensitivity of R1234ze(E) to the effect of
end plates compared to the other working fluids, hence leading to a higher deviation
from experimental data when the effect was neglected with the 1D model.
Higher errors were reported for refrigerant pressure drop for all the fluids, with a general
underestimation of the value calculated by the model, with the errors equal to -9.3 %
and -11.5 % for the 1D and 2D models, respectively. R1234yf resulted in the highest
deviation, while R134a and R1234ze(E) presented similar matches. It is noted that Zhang
et al. [19] reports the maximum uncertainty on the measured pressure drop and heat
flow rate equal to 6.6 % and 2.8 %, respectively. Therefore, the model results and the
experimental data showed an overall good match, with maximum deviations in the same
order of magnitude of the experimental uncertainty.

3.3

Comparison with experimental data: condensation data
from DTU

Experimental data from the campaign by Zhang et al. [32] for R134a, R1234ze(E), R245fa
and R1233zd(E) were used. The data were collected in the same test-rig of the evaporation
data of section 3.2. The correlations by Zhang et al. [32] were applied to compute the
heat transfer coefficient and two-phase friction factor. For the condenser, only the 1D
discretization approach was implemented and thus compared against experimental data.
Fig. 3.3 reports the results in terms of total heat flow rate and total pressure drop of
the refrigerants. The model underestimated overall the total heat flow rate with mean
relative and mean absolute errors equal to -8.4 % and 9.9 %, respectively. The model
underestimated the results for all working fluids with the exception of R245fa, which
presented the best match with a slight mean overestimation of 4.1 %. On the other hand,
the total pressure drop was overall overestimated by the model, with mean relative and
mean absolute errors equal to 15.6 % and 20.6 %, respectively. The model overestimated
29

Chapter 3. Validation and verification
the results for all working fluids, with R245fa showing the lowest mean relative error
equal to 6.4 %, yet resulting in a higher absolute value of 16.6 %.
Zhang et al. [32] reported the maximum uncertainty on the experimental total heat flow
rate and frictional pressure drop, as 4.1 % and 15.2 %, respectively. Therefore, similarly
to the results of the evaporator model, the model results and the experimental data
showed an overall good match, with maximum deviations in the same order of magnitude
of the experimental uncertainty.
Table 3.2: Deviations between experimental data and results of the model
Heat flow rate
δ
|δ|
%
%
-6.8
6.8
-16.2
16.2
4.1
4.7
-9.6
9.6
-8.4
9.9

Working fluid
R134a
R1234ze(E)
R245fa
R1233zd(E)
Overall
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Figure 3.3: Comparison of simulated data points vs. experimental data for
the (a) total heat flow rate and (b) total refrigerant pressure drop

3.4

Solution sensitivity to model tolerances

A sensitivity study of the PHE models solutions for different values of model tolerances
was carried out for the solvers of heat transfer and fluid flow, in both 1D and 2D for the
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evaporator, and 1D for the condenser. The same test case was chosen for the evaporator
1D and 2D models, so that the two solutions could be compared.
Fig. 3.5 shows the results of the sensitivity of the evaporator 1D and 2D models. Fig. 3.5
(a) and (d) report the convergence rates, e.g. how the error (estimated as explained in Fig.
2.4) decreases with increasing number of model iterations, for the three iteration variables
wall temperature, refrigerant and secondary fluid pressure drops. Fig. 3.5 (b) and (e)
show the total estimated heat flow rate as function of the chosen tolerance, while Fig. 3.5
(c) and (f) report the trends of the refrigerant total pressure drops. It can be observed
that there is a slight discrepancy between the result of the 1D and 2D models, due to the
neglected effect of end plates in the 1D case. It can be observed that the solution becomes
stable for tolerances values lower than 10−4 . We thus recommend the use of a tolerance
not higher than 10−4 when using the evaporator models. In particular, since equalization
of pressure drops in the different evaporator channels determines some of the governing
equations of the flow distribution solver, it is recommended to choose a tolerance value
for the evaporator 2D model ensuring the stability of the refrigerant pressure drops as
output of the model. Fig. 3.4 reports analogous results for the condenser case. Similarly
to the evaporator, a tolerance of at least 10−4 must be chosen to ensure the convergence
to the solution. In the work presented in [1], a tolerance of 10−5 was selected for both
evaporator and condenser models.
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3.5

Grid independence study

In [60] a grid independence study is defined as a "procedure of successive refinement of an
initially coarse grid until certain key results do not change". The user is thus encouraged
to carry out a grid independencestudy before using the numerical models, in order to
select appropriate number of CVs for the discretization. In this section, an example is
presented for the same test cases used for the sensitivity study to model tolerances. Fig.
3.7 shows the results for the evaporator 1D and 2D models, while Fig. 3.6 reports the
results for the condenser model. The results are presented in terms of total PHE heat
flow rate and total refrigerant pressure drops as function of the number of elements used
for the discretization. Both heat flow rate and pressure drops were considered as the
key output of the solver for heat transfer and fluid flow. Note that in the 2D model the
discretization among the different channels is always carried out by diving for a number
of elements equal to the number of channels, while the discretization along the fluid flow
direction can be subjected to changes and thus analysed in the grid independence study.
Both Fig. 3.7 and 3.6 report dotted lines in which the tolerance bounds (set to 10−5 )
are given for the solution found using n = 250. The bounds give thus an idea on what
is the magnitude of the solution variation for the different cases. It can be for example
observed that the condenser model is much more sensitive to grid refinement compared
to the evaporator model, since the tolerance bounds are not detectable in Fig. 3.6. It is
therefore recommended to choose a number of CVs equal to 100, from where the solutions
becomes stable. On the other hand, both the axis scale and the tolerance bounds of
the evaporator grid independence study shown in Fig. 3.7, show that the evaporator
model outputs are less sensitive to the number of CVs. Choosing 50 elements ensure the
convergence of the solution to values that are almost within the tolerance bounds. In [1],
n = 50 was chosen for the evaporator models in 1D and 2D, while n = 110 was chosen
for the condenser model.
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4.1

System requirements

The models were implemented in Matlab 2017b [3]. The installation of the Optimization
toolbox is required in order to use the fsolve algorithm to solve the system of non-linear
equations.
Medium properties can be calculated by means of Refprop [61] or CoolProp [62]. In
both cases, fluid properties are called by means of the so-called low level interface (LLI)
of Matlab via CoolProp. The use of the interface requires the installation of Python
[63], with the packages numpy and coolprop installed. It is possible to download the
wrappers at https://github.com/CoolProp/CoolProp/tree/master/wrappers/MATLAB.
The reader is referred to the guide on how to use the low level interface of CoolProp [64].
The function needed to run the LLI is named AbstractState. Therefore, it is important
to include this function in the Matlab work directory. In order to choose if medium
properties are estimated calling CoolProp or Refprop, two different backends can be used,
namely ’HEOS’ and ’REFPROP’ respectively.

4.2

Model structure

The models are divided in two folders, namely PureFluidsSimulations and MixturesSimulations. This is done in order to avoid unnecessary property calls for the case
of pure fluids. In fact, the models collected in MixturesSimulations can easily run for
pure fluids by imposing the mass fraction of one of the component to be equal to zero.
However, mixture calculations require the estimation of vapour and liquid properties in
each CVs, since there is a varying composition of the liquid and vapour phase during
both evaporation and condensation. On the other hand, the saturation properties of
pure fluids can be easily estimated as function of the saturation pressure (temperature),
thereby avoiding computationally expensive fluid properties calls in each CV. For this
reason, the two simulation frameworks are divided in two separate folders. The structure
is however completely analogous and and it will be therefore illustrated only for one of
the cases.
The models are structured as shown in Fig. 4.1. The overall structure shows the main
scripts and all the folders containing the scripts necessary to run the models. The two
Matlab scripts Call_Maldistribution_2D and Call_OperationalModel_1D run the overall
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simulation framework, as reproduced in Fig. 1.1. The former runs the maldistribution
studies when a certain liquid/vapour maldistribution is defined by the maldistribution
parameter ∆x, while the latter runs the operational model with both evaporator and
condenser solely discretized in 1D.
The PHE scripts, as shown in Fig. 4.1, are collected under the three folders 1D_modelCOND,
1D_modelEVA and 2D_modelEVA. Evaporator_Design_1D and Condenser_Design_1D
are the functions for the design of the evaporator and condenser, respectively. The cycle
scripts are collected under the folders Cycle, for cycle design and off-design solvers with
and without maldistribution. Moreover, the folder Economy collects the functions needed
to estimate the heat pump investment and operating costs for the data center case study
analysed in [1]. These functions can be easily replaced by user made functions if the
case study is changed. The folder Correlations collect all the experimental correlations
implemented in the simulation framework and presented in Chapter 2.1.6. The folder
Functions_HTC_DP collects the Matlab functions created in order to estimate the
single-phase and two-phase heat transfer coefficients and pressure drops. These are
particularly needed in order to smooth the heat transfer coefficient and frictional pressure
drops transition between single-phase and two-phase, so that continuity is ensured and
the model convergence is improved.
PHE scripts

Cycle scripts

cycle scripts PHE scripts

Overall structure

Figure 4.1: Structure of the simulation framework
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4.2.1

Model inputs

The inputs are organized and divided among the following Matlab struct variables:
• model contains the inputs needed for the solvers for the PHEs and the heat pump.
The tolerances can be set, as well as the number of maximum iterations and the
step for the Newton-Raphson solvers. Moreover, the vapour quality limits at which
smoothing between two-phase and single-phase starts for the computation of heat
transfer coefficients and frictional pressure drops can be specified.
• eva and cond contain information about evaporator and condenser design. The
geometry to be used as input for the design can be specified through the substructure
geometry. If the design models are run, the user must specify the plate size and
corrugation parameters, as well as material and refrigerant/secondary fluid flow
direction. The number of channels is subsequently estimated by the design models
and inserted in the geometry structure together with heat transfer area and design
pressure drops. On the other hand, if the user wish to use solely the coupled heat
pump-PHE off-design model for maldistribution studies, he/she can avoid to run
the evaporator and condenser designs and define the total geometry as inputs in
the aforementioned structures.
• prediction_methods contains the choice of the experimental correlations. The
user is able to choose among all the correlations implemented in the framework.
Alternatively, a different prediction method could be directly implemented and
substituted in the framework. In this case, the functions collected in the folder
Functions_HTC_DP must be modified in order to include the additional correlation.
• fluids collects the CoolProp objects needed to estimate the fluid properties for
refrigerant (pure fluid or mixture), heat source and heat sink. These objected are
passed to the different functions of the simulation framework by means of the fluids
struct.
• ref, source and sink contain the defined inputs related to refrigerant, heat source
and heat sink, for the heat pump design. The simulation framework was built
for the case study presented in [1], thus the heat flow rate at the heat source
source.Qdot_design is specified as input. Other inputs include the sink and source
inlet and outlet temperature and pressure, minimum pinch temperature difference
in the heat exchangers, minimum refrigerant superheat.
• comp and economy collect the inputs for the compressor, e.g. isentropic and motor
efficiencies, and the necessary inputs for the economic analysis, e.g. lifetime of the
plant, effective interest rate, operating hours, specific cost of heat and electricity.

4.2.2

Model outputs

The outputs are collected among the following Matlab struct variables:
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• HP_DESIGN collects the outputs of the heat pump design model, among which
refrigerant mass flow rate, evaporating and condensing pressures, COP, suction
volume flow rate at the compressor inlet, heat flow rates, compressor work, outputs
of the economic analysis.
• EVA_DESIGN and COND_DESIGN collect the output of the evaporator and
condenser design models, respectively. In particular, the total required number of
channels, the total heat transfer area and the refrigerant pressure drops at design
conditions are collected as outputs.
• OUTPUT_OFF_2D collects the results of maldistribution studies. If the simulation
framework is run for different values of ∆x, the struct collects the different cases
using different indexes i OUTPUT_OFF_2D(i).
• OUTPUT_OFF_1D collects the results of the coupled heat pump-PHEs off-design
model with no liquid/vapour maldistribution imposed at the inlet of the evaporator.
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