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A B S T R A C T   

In this article, we present a new generalized model for the steady-state simulation of gasketed-plate exchangers handling single-phase fluids with properties varying 
with temperature. The model is based on differential balance equations that are discretized using a finite-difference scheme. The set of equations of the proposed 
model can simulate gasketed-plate heat exchangers with any configuration, encompassing any number of passes for each stream and including the variation of the 
streams’ physical properties with temperature. The selection of a given configuration is provided by a set of model parameters, without the need to modify the system 
of equations. Comparisons of the simulation results with closed-form relations valid for an infinite number of plates and with a numerical solution indicate average 
differences equal to 0.17 % and 0.075 %, respectively. The comparison with experimental data available in the literature indicates mean deviations smaller than 2 ◦C. 
The analysis of the simulation results of a typical heat exchanger shows that the models usually employed in the design optimization problems, based on uniform 
physical properties, may present large departures from the results of our detailed modeling, based on varying properties with temperature, which for its nature is 
considered more accurate. Moreover, when used in a design, we show that uniform physical properties may yield exchangers that are either oversized or undersized 
as compared to the use of our model. Therefore, the capacity of the proposed model to provide more accurate simulation results for any gasketed-plate heat exchanger 
configuration using a unique set of equations is an important contribution to future works involving heat exchanger design optimization.   

1. Introduction 

Many important industrial plants, such as dairy and beverages 
employ gasketed-plate exchangers intensively [31,2]. They are also used 
as an alternative to shell-and-tube exchangers in chemical process plants 
for some duties. They are more compact and usually have lower capital 
costs, higher film coefficients, and less propensity to fouling. Their main 
limitations are related to the presence of gaskets and large pressure 
drops. Their operating ranges are temperatures below 160 ◦C − 250 ◦C 
and pressure up to 25–30 bar. They are also not suitable for gas–gas 
applications or highly viscous fluids [18]. Reviews of the performance of 
gasketed-plate heat exchangers can be found in Elmaaty et al. [8] and 
Kumar et al. [21]. 

The conventional modeling approach for gasketed-plate heat ex
changers employs the logarithmic mean temperature difference (LMTD) 
or the effectiveness (ε-NTU) methods. These methods are widely dis
cussed in heat transfer equipment textbooks [31,18,2] and, despite their 
simplifications, they are still used in several applications, such as the 
design optimization of gasketed-plate heat exchangers. For example, the 
ε-NTU method was employed to solve design optimization problems by 
Hajabdollahi et al. [12], Imran et al. [14], and Raja et al. [29]; the LMTD 

method was employed in optimization problems by Zhu and Zhang [37], 
Guo-Yan et al. [9], Picón-Núñez et al. [26], and Xu et al. [36]. 

The LMTD or ε-NTU methods are based on analytical solutions that 
assume uniformity of the values of the heat transfer coefficients along 
the heat transfer surface, ignoring the variation of the physical proper
ties with temperature. Aiming at reducing the error associated with this 
assumption, these methods adopt the evaluation of the heat transfer 
coefficients using average temperatures to calculate the corresponding 
physical properties or average properties of the corresponding values at 
the end temperatures. The hypothesis of uniform values of the physical 
properties can provide results with satisfactory accuracy in many cases, 
but there are several problems where large variations of the physical 
properties with temperature may bring relevant deviations. Another 
limitation of the analytical solutions is associated with the effect of the 
end plates, especially in small heat exchangers. Indeed, the typical ex
pressions of the correction factor of the LMTD or the ε-NTU expressions 
are based on asymptotic solutions [19]. An attempt to include end ef
fects was performed by Polley and Abu-Khader [27]. These thermal 
models are also employed using hydraulic modeling based on analytical 
expressions; specifically using the Darcy–Weisbach equation with hy
draulic diameters and uniform values of the physical properties. 

To avoid the limitations of analytical solutions, several authors 
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addressed the simulation of gasketed-plate heat exchangers using nu
merical solutions of the conservation equations. Gut and Pinto [10] 
developed a mathematical model for plate heat exchanger simulation for 
any configuration, considering the variation of the physical properties 
for the energy balance and a simplified model using uniform values of 
the physical properties for the mechanical energy balance. Dardour et al. 
[6] presented the simulation of cocurrent heat exchangers based on the 
solution of the set of differential energy balances along the channels 
using a shooting method. Qiao et al. [28] presented a model that in
volves the discretization of the heat exchanger channels. The tempera
ture profile in each segment is obtained assuming a fixed value of the 
wall temperature on both sides. The set of values of the wall tempera
tures is updated in an outer level of the convergence algorithm. Yoon 
and Jeong [35] developed a simulation scheme based on a network that 
considers a 2D flow field for the simulation of countercurrent heat ex
changers, but other configurations were not addressed. Tabares et al. 
[33] employed the differential model of Gut and Pinto [10] for perfor
mance analysis of different configurations of heat exchangers. Jamil 
et al. [17] proposed a model based on the evaluation of the overall heat 
transfer coefficient using a numerical integration procedure. Examples 
of application of those more rigorous models, for design optimization 
based on the solution of the set of differential equations, can be found in 
Gut and Pinto [11], Mota [25], and Shokouhmand and Hasanpour [32]. 

The literature also contains several papers that addressed the simu
lation problem of gasketed-plate heat exchangers using computational 
fluid dynamics (CFD) [23,13,1,7,22,24]. However, despite the poten
tially higher accuracy associated with results obtained using CFD tools, 

they demand higher computational times, which hinders the utilization 
of CFD for design applications. 

In this article, a generalized mathematical model is presented for the 
steady-state simulation of gasketed-plate heat exchangers. The model 
corresponds to a set of algebraic equations obtained from the dis
cretization of the set of differential equations of the energy and me
chanical energy balances along the heat exchanger channels. The model 
is presented for streams without phase change that flows through 
channels formed by Chevron plates, but the flexibility of the structure 
can be also extended for other alternatives. 

The main contribution of the current paper is the generalized nature 
of the proposed model, composed of a single mathematical structure, 
which can represent any configuration of gasketed-plate heat exchanger, 
with any number of passes of the hot and cold streams. The selection of a 
given alternative is based on the set of a given group of model param
eters. Another important aspect of the model is the absence of as
sumptions related to the uniformity of physical properties, therefore it 
can provide more accurate predictions than analytical solutions. Simu
lation results illustrate the impact of the use of these assumptions on the 
design, showing how conventional approaches, based on analytical so
lutions, can produce erroneous evaluations in certain situations. 

A full generalization of the gasketed-plate heat exchanger model 
considering energy and mechanical energy balances, including the 
variation of the streams’ physical properties with temperature, was not 
fully addressed in the literature before. Indeed, several models are 
limited to a given configuration like the models of Dardour et al. [6], 
Yoon and Jeong [35], and Jamil et al. [17], which are limited to co- 

Nomenclature 

b Mean channel spacing (m) 
Cpn Heat capacity of the stream that flows in a channel n (J/ 

(kg⋅K)) 
Cpc Heat capacity of the cold stream (J/(kg⋅K)) 
Cph Heat capacity of the hot stream (J/(kg⋅K)) 
Dhyd Hydraulic diameter (m) 
Dp Port diameter (m) 
f Friction factor 
G Mass flux in the channel (kg/(m2⋅s)) 
Gp Mass flux through the port (kg/(m2⋅s)) 
h Convective heat transfer coefficient (W/(m2⋅K)) 
k Stream thermal conductivity (W/(m⋅K)) 
kw Thermal conductivity of the plate material (W/(m⋅K)) 
Lp Projected plate length (m) 
Lv Vertical port distance (m) 
Lw Plate width inside gasket (m) 
mcn Mass flow rate in the channel (kg/s) 
mc Mass flow rates of the cold stream (kg/s) 
mh Mass flow rates of the hot stream (kg/s) 
Nc Number of channels 
Nch Numbers of channels for the hot stream 
Ncc Numbers of channels for the cold stream 
Ncpcfc Numbers of channels in a pass fc 
Ncphfh Numbers of channels in a pass fh 
Npc Number of passes of the cold stream 
Nph Number of passes of the hot stream 
Nt Number of plates 
Nu Nusselt number 
pcfc Orientation of the flow of the cold stream in the pass fc 
phfh Orientation of the flow of the hot stream in the pass fh 
pnn Orientation of the stream that flows in a channel n 
Pr Prandtl numbers 

qn1,n2 Thermal flux between the channels n1 and n2 (W/m2) 
Re Reynolds number 
Rf Fouling factor (m2⋅K/W) 
Sc Set of the pairs of each channel and the corresponding cold 

pass 
Sh Set of the pairs of each channel and the corresponding hot 

pass 
t Plate thickness (m) 
Tn Stream temperature (◦C) 
Tci Cold stream inlet temperature (◦C) 
Thoutfh Outlet temperatures of the cold stream of the pass fc (◦C) 
Thi Hot stream inlet temperature (◦C) 
Thoutfh Outlet temperatures of the hot stream of the pass fh (◦C) 
Tref Reference temperature (◦C) 
Tsn1,n2 Surface temperature between channel n1 and n2 (◦C) 
Un1,n2 Overall heat transfer coefficients between the channels n1 

and n2 (W/(m2⋅K)) 
y Spatial coordinate along with the plate height (m) 
β Chevron angle (◦) 
μ Stream viscosity at the bulk temperature (Pa⋅s) 
μw Stream viscosity at the wall temperature (Pa⋅s) 
λ Damping factor 
ρn Stream density (kg/m3) 
ϕ Surface enlargement factor 
Δy Distance between adjacent grid elements (m) 
ΔPn Pressure drop in a channel n (bar) 
ΔPp Pressure drop at the ports (bar) 

Indexes 
fh Hot stream pass index 
fc Cold stream pass index 
j Mesh grid index 
n Channel index  
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current or countercurrent heat exchangers. Other models depend on a 
specific formulation for each configuration: for example, Qiao et al. [28] 
proposed a matrix to generalize their model, but a fully parameterized 
representation of all equations was not presented. As mentioned above, 
Gut and Pinto [10] presented a generalized representation of the heat 
exchanger structure, but the variation of the physical properties with 
temperature was considered in the energy balance, but not in the me
chanical energy balance. Consequently, Gut and Pinto [10] argued that 
the variation of the streams physical properties is not relevant; however, 
our results indicate that the simulation results may be affected by this 
issue considerably and must be explicitly addressed in the model. 

This article is organized as follows. We first present the set of dif
ferential equations of the energy and mechanical energy balances. We 
then present the discretization procedure applied to the set of differ
ential equations and the corresponding solution algorithm. We finish 
with sections of model validation, results, and conclusions. 

2. Heat exchanger model 

The heat exchanger model involves a set of parameters that represent 

the geometry of the heat exchanger. Based on this representation, the set 
of differential equations of the mathematical model encompasses a 
thermal model and a hydraulic model. 

2.1. Heat exchanger structure representation 

The structure of a gasketed-plate heat exchanger is illustrated in 
Fig. 1. This kind of heat exchanger is composed of a packed set of 
corrugated plates. A channel is formed between each pair of plates, such 
that, the hot and cold streams flow through these channels, and heat is 
transferred across the plates. The plates have gaskets that prevent the 
leak of the streams from the heat exchangers. The gaskets are also 
responsible to define which stream (hot or cold) flows in each channel. 

The proposed model is based on a mathematical description of the 
configuration of the heat exchanger using a set of indices and parame
ters, as follows. 

The total number of plates in a heat exchanger is represented by Nt, 
which defines Nc = Nt − 1 channels between plates, where the hot and 
cold streams flow. The numbers of channels for the cold and hot streams 
are equal to Nch and Ncc, respectively. Each channel is identified by the 

Fig. 1. Gasketed plate exchanger (Courtesy of Alfa Laval).  
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index n = 1,…, Nt − 1 (the first channel is next to the end of the hot 
stream inlet). The channels are organized in a way that adjacent chan
nels always involve different streams, thus promoting the heat transfer 
across the heat exchanger plates. It is assumed that the hot and cold 
streams are fed at the opposite ends of the heat exchanger. 

The number of channels associated with the hot and cold streams 
depends on the total number of plates and the identification of each 
stream flow in the first channel. If the hot stream flows in the first 
channel, then: 

Nch = ceil((Nt − 1)/2) (1)  

Ncc = floor((Nt − 1)/2) (2) 

Otherwise: 

Nch = floor((Nt − 1)/2) (3)  

Ncc = ceil((Nt − 1)/2) (4) 

The set of channels are distributed along different passes. The 
numbers of passes of the hot and cold streams are Nph and Npc. The 
different passes of the hot and cold streams are identified by the indices 
fh, such that, fh = 1,⋯,Nph for the hot streams and fc = 1,⋯,Npc for the 
cold streams. The passes are numbered from the end of the hot stream 
inlet. The numbers of channels in a pass fh and fc are represented by 
Ncphfh and Ncpcfc, for hot and cold streams, respectively. These values 
are given by the following expression: 

Ncphfh =

{
floor(Nch/Nph), for(Nch mod Nph) = 0 ∨ fh > (Nch mod Nph)

floor(Nch/Nph) + 1, otherwise
(5)   

Ncpcfc=

{
floor(Ncc/Npc), for(NccmodNpc)=0∨fc≤Npc− (NccmodNpc)

floor(Ncc/Npc)+1,otherwise
(6) 

The orientation of the stream that flows in a channel n is given by the 
parameters pnn. If pnn = + 1, then the flow in the channel n is upwards; 
otherwise pnn = − 1. Similarly, the orientation of the flow of the hot and 
cold streams in the pass fh and fc is given by the parameters phfh and pcfc, 
respectively. The values of pnn, phfh and pcfc are automatically estab
lished according to the heat exchanger configuration, as shown below. 

For any combination of the number of passes for the hot and cold 
stream, the identification of phfh and pcfc is established according to the 
following relations (the orientation of the first pass for both streams is 
fixed according to the nozzle orientation): 

phfh = − phfh− 1, for fh > 1 (7)  

pcfc = − pcfc− 1, for fc > 1 (8) 

Let Sh and Sc be the sets of the pairs of each channel and the cor
responding hot and cold pass. These sets can be provided automatically 
by the following mathematical representation: 

If the hot stream flows through the first channel: 

Sh =

{

(n, fh)

⃒
⃒
⃒
⃒
⃒
2

(
∑p

’ − 1

fh’=1

Ncphfh’

)

< n ≤ 2

(
∑p’

fh’=1

Ncphfh’

)

,

for (p’ < fh) and (n mod 2 = 1)} (9)  

Sc =

{

(n, fc)

⃒
⃒
⃒
⃒
⃒
2

(
∑p

’ − 1

fc’=1

Ncpcfc’

)

< n ≤ 2

(
∑p’

fc’=1

Ncpcfc’

)

,

for (p’ < fc) and (n mod 2 = 0)} (10) 

If the cold stream flows through the first channel: 

Sh =

{

(n, fh)

⃒
⃒
⃒
⃒
⃒
2

(
∑p

’ − 1

fh’=1

Ncphfh’

)

<n ≤ 2

(
∑p’

fh’=1

Ncphfh’

)

,

for (p’ < fh) and (n mod 2 = 0)} (11)  

Sc =

{

(n, fc)

⃒
⃒
⃒
⃒
⃒
2

(
∑p

’ − 1

fc’=1

Ncpcfc’

)

< n ≤ 2

(
∑p’

fc’=1

Ncpcfc’

)

,

for (p’ < fc) and (n mod 2 = 1)} (12) 

Now, the parameters pnn are provided by: 

pnn = phfh, for (n, fh) ∈ Sh (13)  

pnn = pcfc, for (n, fc) ∈ Sc (14) 

Based on the proposed set of mathematical relations presented 
above, the system of equations for the simulation of a given heat 
exchanger is represented automatically, as shown below, no matter the 
number of passes for the hot and cold streams. For example, the heat 
capacity of the stream that flows in a channel n can be automatically 
accessed as follows: 

Cpn = Cph(Tn), for (n, fh) ∈ Sh (15)  

Cpn = Cpc(Tn), for (n, fc) ∈ Sc (16) 

where Cph and Cpc are the heat capacities of the hot and cold 
streams, respectively. Similar relations can be established for any other 
physical property. 

2.2. Thermal model 

The dimensions of the plate are shown in Fig. 2, where Lw is the plate 
width inside gasket, Lp is the projected plate length, Lv is the vertical 
port distance, Dp is the port diameter, and β is the Chevron angle [18]. 
Based on this representation and the organization of adjacent channels 
in Fig. 3, the application of a differential energy balance [30] for a 

Fig. 2. Plate dimensions.  
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generic channel n of a gasketed-plate heat exchanger yields (axial 
diffusion and viscous dissipation are dismissed): 

dTn

dy
= − pnn

Lwϕ
mcnCpn

(
qn,n− 1 + qn,n+1

)
(17) 

where Tn is the stream temperature, Cpn is the heat capacity, y is the 
spatial coordinate along with the plate height (upwards), ϕ is the surface 
enlargement factor, mcn is the mass flow rate in the channel, qn,n− 1 is the 
thermal flux between the channels n and n − 1 and qn,n+1 is the thermal 
flux between the channels n and n + 1. 

The mass flow rate in the channel n is calculated by the following 
expressions for the hot and cold streams: 

mcn =
mh

Ncphfh
, for (n, fh) ∈ Sh (18)  

mcn =
mc

Ncpcfc
, for (n, fc) ∈ Sc (19) 

where mh and mc are the mass flow rates of the hot and cold streams. 
The thermal flux between the channels in Eq. (17) are given by: 

qn,n− 1 = Un,n− 1(Tn − Tn− 1) (20)  

qn,n+1 = Un,n+1(Tn − Tn+1) (21) 

where Un,n− 1 and Un,n+1 are the overall heat transfer coefficients be
tween the channels n and n − 1, and n and n + 1, respectively. In 
addition, since the first and last plates are adiabatic walls, the thermal 
flux is equal to zero for both, that is: 

q1,0 = 0 (22)  

qNc ,Nc+1 = 0 (23) 

The expression for evaluation of the overall heat transfer coefficient 
between adjacent channels n and n − 1 is (an equivalent expression for 
Un,n+1 is straightforward): 

Un,n− 1 =
1

1
hn− 1

+ Rf n− 1 +
t

kw + Rf n +
1
hn

(24) 

where h is the convective heat transfer coefficient, Rf is the fouling 
factor, t is the plate thickness, and kw is the thermal conductivity of the 
plate material. 

The evaluation of the convective heat transfer coefficient depends on 
the mass flux in the channel and the temperature. Any proper correlation 
for the evaluation of heat transfer coefficients in gasketed-plate heat 
exchangers can be employed here. Jamil et al. [16] present several op
tions available in the literature. In general, these correlations are rep
resented by: 

Nu = Nu(Re,Pr) (25) 

where Nu, Re, and Pr are the Nusselt, Reynolds, and Prandtl numbers. 

Additionally, some correlations also involve a correction factor 
expressed by a ratio of the stream viscosity at the bulk temperature and 
at the wall: (μ/μw)

0.14 or (μ/μw)
0.17. Using the concept of hydraulic 

diameter, the expressions of the dimensionless groups present in Eq. (25) 
are: 

Nu =
hDhyd

k
(26)  

Re =
DhydG

μ (27)  

Pr =
Cpμ

k
(28) 

where Dhyd is the hydraulic diameter, k is the stream thermal con
ductivity and G is the mass flux in the channel. The expression for the 
evaluation of the mass flux in a channel n is given by: 

Gn =
mcn

b Lw
(29) 

where b is the mean channel spacing. 
If the heat transfer coefficient correlation contains the correction 

term based on the ratio between the viscosities at the bulk temperature 
and at the surface temperature, the model is complemented by the 
equation for the evaluation of the surface temperature. Thus, the surface 
temperature between channel n and n − 1, represented by Tsn,n-1 (an 
equivalent expression for Tsn,n+1 is straightforward) is the following: 

Tn− 1 − Tn
1

hn− 1
+ Rf n− 1 +

t
kw + Rf n +

1
hn

=
Tsn,n− 1 − Tn

1
hn

(30)  

2.3. Hydraulic model 

The hydraulic model addresses the pressure drop associated with 
friction losses of the flow along the channels. The pressure drop in a 
channel n can be evaluated using the Darcy–Weisbach, represented 
below in a differential form [30]: 

dPn

dy
=

fnG2
n

2Dhydρn
(31) 

where f is the friction factor, which depends on the Reynolds num
ber. Several correlations presented in the literature for evaluation of the 
friction factor are reported in Jamil et al. [16]. 

3. Discretized model 

The differential equations of the thermal and hydraulic models were 
discretized using the midpoint method. The resultant equations are 
shown below together with some additional algebraic equations that 
complement the heat exchanger mathematical model. 

3.1. Thermal model 

According to the grid representation displayed in Fig. 4, the algebraic 
equation resultant from the discretization of Eq. (17) is given by: 

Tn,j − Tn,j− 1

Δy
= − pn

Lw ∅̂
mcn Cpn,j,j− 1

(
qn− 1,n,j,j− 1 + qn,n+1,j,j− 1

)
, for j = 2,⋯, J

(32) 

where j in the grid index and Δy is the distance between adjacent grid 
elements (Δy = Lp/(J − 1)). According to the midpoint method 
employed in the derivative discretization [5], Cpn,j,j− 1, qn− 1,n,j,j− 1, 
qn,n+1,j,j− 1 are evaluated considering the average of the temperatures at 
the points j and j – 1: (Tn,j + Tn,j− 1)/2. 

Initial conditions of the temperature at the inlet of each channel have 
to be provided. For the first pass along the flow (fh = 1 and fc = Npc), the 

Fig. 3. Representation of adjacent channels.  
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initial conditions are given by: 

Tn,1 = Thi, for (n, 1) ∈ Sh and ph1 = 1 (33)  

Tn,J = Thi, for (n, 1) ∈ Sh and ph1 = − 1 (34)  

Tn,1 = Tci, for (n,Npc) ∈ Sc and pcNpc = 1 (35)  

Tn,J = Tci, for (n,Npc) ∈ Sc and pcNpc = − 1 (36) 

where Thi and Tci are the hot and cold stream inlet temperatures, 
respectively. 

The inlet temperature for channels belonging to the further passes is 
equal to the outlet temperature of the previous pass along the flow: 

Tn,1 = Thoutfh− 1, for (n, fh) ∈ Sh, fh > 1 and phfh = 1 (37)  

Tn,J = Thoutfh− 1, for (n, fh) ∈ Sh, fh > 1 and phfh = − 1 (38)  

Tn,1 = Tcoutfc+1, for (n, fc) ∈ Sc, fc < Npc and pcfc = 1 (39)  

Tn,J = Tcoutfc+1, for (n, fc) ∈ Sc, fc < Npc and pcfc = − 1 (40) 

where Thoutfh and Tcoutfc are the outlet temperatures of the hot and 
cold streams of the pass fh and fc, respectively. 

The expressions for evaluation of Thoutfh and Tcoutfc are: 
⎛

⎜
⎝
∑

(n,fh)∈Sh

mcn

∫Thoutfh

Tref

Cpn(T)dT

⎞

⎟
⎠ =

⎛

⎜
⎝
∑

(n,fh)∈Sh

mcn

∫Tn,J

Tref

Cpn(T)dT

⎞

⎟
⎠, for phfh = +1

(41)  
⎛

⎜
⎝
∑

(n,fh)∈Sh

mcn

∫Thoutfh

Tref

Cpn(T)dT

⎞

⎟
⎠ =

⎛

⎜
⎝
∑

(n,fh)∈Sh

mcn

∫Tn,1

Tref

Cpn(T)dT

⎞

⎟
⎠, for phfh = − 1

(42)  
⎛

⎜
⎝
∑

(n,fc)∈Sc

mcn

∫Tcoutfc

Tref

Cpn(T)dT

⎞

⎟
⎠ =

⎛

⎜
⎝
∑

(n,fc)∈Sc

mcn

∫Tn,J

Tref

Cpn(T)dT

⎞

⎟
⎠, for pcfc = +1

(43)  
⎛

⎜
⎝
∑

(n,fc)∈Sc

mcn

∫Tcoutfc

Tref

Cpn(T)dT

⎞

⎟
⎠ =

⎛

⎜
⎝
∑

(n,fc)∈Sc

mcn

∫Tn,1

Tref

Cpn(T)dT

⎞

⎟
⎠, for pcfc = − 1

(44) 

where Tref is a reference temperature to calculate the stream 
enthalpy. These expressions are also responsible for the evaluation of the 
outlet temperatures of the hot and cold streams, i.e. ThoutNph and Tcout1. 

3.2. Hydraulic model 

The nodes of the grid for the discretization of the friction loss 
equation are located in the same position as the thermal grid, as illus
trated in Fig. 5. The discretization of the friction losses along with the 
plate in Eq. (31) using the midpoint method, according to this grid 
yields: 

Pn,j − Pn,j− 1

Δy
=

fn,j,j− 1G2
n

2Dhydρn,j,j− 1
, for j = 2,⋯, J (45) 

where the friction factor, fn,j,j− 1 and the density ρn,j,j− 1 in Eq. (45) are 
evaluated using the corresponding physical properties calculated at the 
average temperature (Tn,j + Tn,j− 1)/2. 

Eq. (45) expresses the pressure drop between the grid nodes j = 1 and 
j = J, however, the effective flow length (Lv) is different from the 
effective heat transfer length (Lp) [18], therefore, additional segments 
above and below the original grid must be added, indicated here as j =
0 and j = J + 1. The pressure drop in these segments is given by: 

Pn,J+1 − Pn,J

(Dp/2)
=

fn,J+1,JG2
n

2Dhydρn,J+1,J
(46)  

Pn,1 − Pn,0

(Dp/2)
=

fn,1,0G2
n

2Dhydρn,1,0
(47) 

Dismissing the heat transfer above node j and below node 1, the 
evaluation of the friction factor and the density in Eq. (46) and Eq. (47) 
is based on Tn,J+1 = Tn,J and Tn,1 = Tn,0. 

Based on Eqs. (45–47), the pressure drop in a channel n is given by: 

ΔPn = PJ+1 − P0 (48) 

Fig. 4. Numerical grid of the thermal model.  

Fig. 5. Numerical grid of the hydraulic model.  
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The variation of the physical properties with temperature implies 
different calculated values of the pressure drop in the channels of the 
same pass according to Eq. (48), thus the pressure drop of the flow in a 
heat exchanger pass is calculated by an average value of their channels 
(the proposed model does not address effects related with the nonuni
formity of the flow rates along different channels of the same pass): 

ΔPhfh =
∑

n

ΔPn

Ncphfh
, for (n, fh) ∈ Sh (49)  

ΔPcfc =
∑

n

ΔPn

Ncpcfc
, for (n, fc) ∈ Sc (50) 

Finally, the hot and cold streams’ pressure drops correspond to the 
sum of the pressure drop in each pass summed with the pressure drop at 
the ducts that formed the ports [18]: 

ΔPh =
∑

fh
ΔPhfh +ΔPph (51)  

ΔPc =
∑

fc
ΔPcfc +ΔPpc (52) 

where ΔPp is the pressure drop at the ports. 
The pressure drop in the port is given by: 

Fig. 6. Simulation algorithm.  
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ΔPp = 1.4Np
Gp2

2ρ (53) 

where ρ is the stream density calculated with the average tempera
ture between the inlet and outlet conditions, and Gp is the mass flux 
through the port. 

Gp =
m

(
πDp2

4

) (54)  

4. Solution procedure 

The proposed simulation scheme of gasketed-plate heat exchangers 
involves the solution of the thermal model (Eqs. 32–44), followed by the 
solution of the hydraulic model (Eqs. 45–54). Because of the variation of 
the physical properties with temperature, the thermal model is 
nonlinear and it is solved through an iterative procedure. The initial 
estimate for the convergence of this iterative procedure is generated 
automatically using a countercurrent ε-NTU model. The hydraulic 
model is linear and it is solved directly, without the need for initial es
timates. The structure of the simulation scheme is shown in Fig. 6. 
Convergence is usually achieved in a few iterations. However, in a few 
cases, oscillation between two set of values was observed. Thus, a 
damping factor in the temperature update was added: λ = 1 until the 
fifth iteration and λ = 0.5 for the subsequent iterations. 

5. Validation 

The validation of the proposed simulation scheme was tested 
comparing its results with three different sources:  

(1) Closed-form equations valid for an infinite number of plates.  
(2) Numerical simulation results available in the literature.  
(3) Experimental data. 

The correlation for evaluation of the convective heat transfer co
efficients employed in these validations are present in Saunders [31] 
(see Supplementary Material). The validations (1) and (2) considered 
uniform physical properties, following the nature of the original data. 
Validation (3) employed the variation of the physical properties with 
temperature. 

5.1. Comparison with closed forms valid for an infinite number of plates 

Kandlikar and Shah [19] presented ε-NTU closed-form relations for 
several gasketed-plate heat exchanger configurations with an infinite 
number of plates, i.e. without the effects related to end plates and the 
channels between adjacent passes. According to Kandlikar and Shah 
[20], these effects are less significant for a number of thermal plates 
higher than 40. Therefore, the results of the proposed simulation for heat 
exchangers with a large number of plates are compared with equivalent 
evaluations using the ε-NTU closed-form relations. The heat exchanger 
data are present in Table 1, corresponding to a Chevron plate with 

dimensions equivalent to a GEA VT-1306 plate [3]. The streams data are 
present in Table 2. 

Table 3 shows the comparison of the simulation results considering 
four different heat exchanger configurations 1–1, 2–1, 1–2, 2–2. The 
average absolute relative difference between the evaluated heat loads 
using both approaches is equal to 0.17 %. 

5.2. Comparison with numerical simulation results available in the 
literature 

Kandlikar and Shah [20] presented simulation results based on a 
numerical solution of the energy balance equations using a finite dif
ference procedure. These results are displayed through graphs of the 
LMTD correction factor and thermal effectiveness considering different 
numbers of plates for different configurations. These results are 
asymptotically equal to those presented in Kandlikar and Shah [19] for a 
large number of plates. 

Our proposed approach attains equivalent results as in the graphs 
displayed by Kandlikar and Shah [19]. For example, Fig. 7 displays a 
graph of the LMTD correction factor curves generated through the 
proposed simulation scheme for a different number of plates in a heat 
exchanger with 2 passes for the hot stream and 1 pass for the cold stream 
(pc1 = 1, ph1 = 1). This graph also contains a set of discrete data points 
from Kandlikar and Shah [19], that match with the curve (the mean 
relative absolute error is 0.075 %). Thus, we conclude that the results 
obtained using both approaches are equivalent. 

5.3. Comparison with experimental data 

Yildiz and Ersöz [34] presented a dataset of 30 experimental runs 
from the countercurrent gasketed plate heat exchanger described in 
Table 4, associated with hot and cold water streams. 

The results of the simulation of the 30 runs using the proposed 
scheme are compared with experimental data in Fig. 8. The physical 
properties of the water streams employed in the simulation are repre
sented by mathematical functions fitted to experimental data (see Sup
plementary Material). 

The graph in Fig. 8 shows a good match between the model pre
dictions and the experimental data. The average absolute errors of the 
outlet temperatures are 1.70 ◦C and 0.87 ◦C, for the hot and cold 
streams, respectively. A numerical simulation provided by the same 
authors of the experimental data attained almost identical average er
rors (1.69 ◦C and 0.86 ◦C). 

6. Results 

We first show details of simulation results using the proposed pro
cedure and limitations of the analytical solutions usually employed in 
optimization studies, and next, we discuss the importance of the accu
racy of the model when used in a design problem. The evaluation of the 
convective heat transfer coefficients in these results was based on the 
correlations presented by Saunders [31] (see Supplementary Material). 

Table 1 
Heat exchanger data.  

Parameter Value 

Number of plates 201 
Projected plate length, Lp (m) 0.978 
Plate width inside gasket, Lw (m) 0.812 
Corrugation type Chevron 
Chevron angle, β (◦) 30 
Port diameter, Dp (m) 0.288 
Plate thickness, t (m) 0.0008 
Flow channel gap, b (m) 0.003 
Enlargement factor, ϕ 1.15 
Plate thermal conductivity, kw (W/(m⋅K)) 16.2  

Table 2 
Streams data.   

Hot stream Cold stream 

Stream Water Water 
Mass flow (kg/s) 40 40 
Inlet temperature (◦C) 146.9 91.9 
Density (kg/m3) 919.1 963.4 
Heat capacity (J/(kg⋅K)) 4302 4209 
Dynamic viscosity (Pa⋅s) 0.185⋅10-3 0.306⋅10-3 

Thermal conductivity (W/(m⋅K)) 0.688 0.677 
Fouling factor (m2K/W) 0.0004 0.0002  
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6.1. Simulation results and analysis of the limitations of analytical 
solutions 

The gasketed-plate heat exchanger described in Table 5 is employed 
to illustrate the proposed simulation approach. The plate dimensions are 
equivalent to an Alfa Laval A35 plate [4]. 

The hot and cold streams correspond to engine oil, which presents a 
considerable variation of the viscosity with temperature. The physical 
properties of the streams are calculated in the simulation using mathe
matical functions fitted to the set of data in different temperatures 
presented by Incropera and DeWitt [15] (See Supplementary Material). 

To show the importance of the utilization of the proposed approach 
for the simulation of gasketed-plate heat exchangers, the results are 
compared with analytical solutions obtained using the ε-NTU method 
and the evaluation of the pressure drop using the Darcy–Weisbach 
equation with uniform values of the physical properties. As discussed 
above, this approach was employed in several papers about heat 
exchanger design optimization [12,14,29]. 

The uniform values of the physical properties employed in the sim
ulations using analytical solutions are evaluated in two ways. Alterna
tive I uses physical properties calculated employing the average 
temperature of the inlet and outlet temperatures (Property Value =
Property((Tin + Tout)/2)). Alternative II uses average values of the 
physical properties calculated employing the inlet and outlet 

temperatures (Property Value = (Property(Tin) + Property(Tout))/2). 
Following the procedure proposed by Gut and Pinto [10], the outlet 
temperature employed for evaluation of the physical properties corre
sponds to an estimative associated with a heat exchanger effectiveness 
equal to 0.75. 

The simulation code was written in Python employing the module 
NumPy for fast array manipulations and the module SciPy for handling 
sparse matrices. The results presented below are associated with a dis
cretization grid of the differential equations containing 25 points. The 
resultant computational time needed for each simulation is small, 
varying from 0.03 sec for small units to 1.5 sec for large ones, using a 
personal computer with a processor i7-8565U 1.8 GHz and 8 GB of RAM 
memory. 

The simulation using the proposed procedure yields the temperature 
profiles along the different channels of the two passes of the heat 
exchanger depicted in Fig. 9. The profiles are coherent with the flow 
orientation in each pass. Due to the small number of plates, each channel 
has a different temperature profile: the channels nearer to the heat 
exchanger ends are associated with smaller temperature variations. It is 
possible to observe in the set of profiles that the inlet temperature of the 
second pass for each stream corresponds to an intermediate value among 
the outlet temperatures of the different channels of the first pass, due to 
the energy balance resultant from the mixture of the streams at the 
outlet of each pass. 

The outlet temperature and pressure drop evaluated using the pro
posed simulation procedure are presented in Table 6. The temperature 
deviations between the results of our proposed simulation approach and 
the analytical solutions are relatively small for this heat exchanger 
example, but the deviations associated with the pressure drop are large. 

Table 3 
Heat load results.  

Configuration 
(Number of passes: 
Hot stream – Cold 
stream) 

Heat load evaluated 
using ε-NTU closed- 
form relations (kW) 

Heat load 
evaluated using 
the proposed 
model (kW) 

Absolute 
relative 
difference (%) 

(1–1) 
pc1 = − 1, ph1 =

1  

5296.6  5289.9  0.13     

(2–1) 
pc1 = − 1, ph1 =

1  

4900.1  4889.3  0.22     

(1–2) 
pc1 = 1, ph1 = 1  

4911.8  4903.7  0.16     

(2–2) 
pc1 = 1, ph1 = 1  

5478.4  5468.7  0.18  

Fig. 7. Correction factor curves for different number of plates: R1 = ˙(mcCpc)/(ṁhCph) and NTU1 = UA/(ṁcCpc).  

Table 4 
Heat exchanger data.  

Parameter Value 

Number of plates 15 
Total effective area, m2 0.1968 
Plate width inside gasket, Lw (m) 0.080 
Corrugation type Chevron 
Chevron angle, β (◦) 45 
Port diameter, Dp (m) 0.016 
Plate thickness, t (m) 0.0003 
Flow channel gap, b (m) 0.00325 
Enlargement factor, ϕ 1.273 
Plate thermal conductivity, kw (W/(m⋅K)) 17.5  
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For example, the cold stream pressure drop evaluated using properties 
calculated at an average temperature (Alternative I) is 27 % lower than 
the result obtained using the proposed numerical solution and the 
pressure drop evaluated using physical properties calculated through an 

Fig. 8. Scatter plots of calculated versus measured outlet temperatures.  

Table 5 
Heat exchanger example data.  

Parameter Hot stream Cold stream 

Stream Engine oil Engine oil 
Mass flow (kg/s) 2.0 1.8 
Inlet temperature (◦C) 160 42 
Number of passes 2 2 
Number of plates 11 
Projected plate length, Lp (m) 1.500 
Plate width inside gasket, Lw (m) 1.220 
Corrugation type Chevron 
Chevron angle, β (◦) 45 
Port diameter, Dp (m) 0.35 
Plate thickness, t (m) 0.0008 
Flow channel gap, b (m) 0.003 
Enlargement factor, ϕ 1.15 
Plate thermal conductivity, kw (W/(m⋅K)) 16.1  

Fig. 9. Temperature profiles along the different channels of the heat exchanger.  

Table 6 
Simulation results using different approaches.   

Proposed 
approach 

Analytical solution  

Alternative 
I 

Alternative 
II 

Hot stream outlet temperature 
(◦C)  

99.4  96.3  102.4 

Hot stream pressure drop (bar)  0.77  0.67  0.94 
Cold stream outlet temperature 

(◦C)  
116.2  117.6  110.3 

Cold stream pressure drop (bar)  1.44  1.05  2.89  
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average of the inlet and outlet values (Alternative II) is 101 % higher 
than the equivalent results using the proposed procedure. 

The large differences in the cold stream pressure drop displayed in 
Table 6 can be illustrated by the corresponding pressure drop profiles. 
Fig. 10 presents the cold stream pressure drops along the spatial coor
dinate in channel 6 (one of the channels of the first pass). The pressure 
drop profiles evaluated using Alternatives 1 and 2 are linear, because of 
the assumption of uniform physical properties. However, the pressure 
drop profile obtained using the proposed approach is a curve associated 
with a decrescent gradient, due to the increase of the temperature that 
brings a viscosity reduction. The resultant pressure drop using the pro
posed approach is an intermediate value between the results of Alter
natives 1 and 2. 

This intermediate value of the pressure drop evaluated through the 
proposed approach can be explained by the cold stream viscosity profiles 
described in Fig. 11. This figure shows a comparison between the cold 
stream viscosity variation with temperature and the average values used 
in the simulation based on Alternatives I and II. It can be observed that 
these average values calculated using Alternatives I and II underestimate 
and overestimate the nonlinear variation of the viscosity with temper
ature in a large portion of the heat exchanger, which causes the corre
sponding deviations in the pressure drop evaluation. 

An equivalent comparison of the data displayed in Table 6 was also 
made using 1920 different heat exchangers with an area ranging from 
5.78 m2 to 68.9 m2. The deviations of the heat load and pressure drops 
are illustrated in Figs. 12, 13, and 14, where the ratio of the analytical 
solution values and our results is plotted as a function of the area. Fig. 12 
indicates that the majority of the analytical solutions using Alternative I 
overestimates the heat load when compared with the proposed 
approach. An opposite trend is verified when Alternative II is employed, 
where the majority of the simulations underestimates the heat load. 
Figs. 13 and 14 show that the pressure drop deviations are more severe, 
with solutions overpredicting and underpredicting the pressure drop. 

6.2. Importance of the model accuracy for design 

Inaccurate simulations used during design procedures may imply the 
rejection of a lower-cost heat exchanger that would be adequate for the 
design task or, even worse, the adoption of a design solution that will not 
attain the desired performance during its operation, with considerable 
economic penalties. In the literature, there are two modeling approaches 
used for the design optimization of gasketed-plate heat exchangers: one 
is the use of analytical models based on uniform properties 

[37,9,26,12,14,29] and the other approach is the use of discretized 
models with constant physical properties, which can address end plate 
effects [11,25]. 

The importance of the utilization of the proposed model in design 
activities is illustrated using the data of the streams present in Table 5. 
The objective is to heat the cold stream of this example to 140 ◦C, limited 
to a maximum pressure drop of 0.6 bar in both streams. Our proposed 
simulation results are compared with a numerical solution obtained 
using uniform physical properties (Alternatives I and II are also tested 
here). These simplified models we refer to are equivalent to the ones 
employed by Gut and Pinto [11] and Mota et al. [25]. 

We accessed the simulation results of the sample of 1920 heat ex
changers using different approaches and checked if each heat exchanger 
is suitable for the targeted duty. Based on these results, the accuracy 
limitations of the simplified models for this design task are quantified by 
the number of false-positive and false-negatives. A false positive is a heat 
exchanger that is feasible for the design task according to the simplified 
model, but it is not feasible when analyzed using the proposed full 
model. A false negative is a heat exchanger that is considered unfit for 
the design task by the simplified model, but it is feasible when tested 
using the proposed procedure. 

Table 7 shows the distribution of the number of false positives and 
false negatives, depending on how the physical properties were evalu
ated. These results indicate that more than 10 % and 20 % of the heat 
exchangers present in the investigated sample would not be adequately 
analyzed as a candidate solution for the design problem using Alterna
tives I and II for the evaluation of the uniform values of the physical 
properties, respectively. 

7. Conclusions 

This paper presented a generalized mathematical model for the 
simulation of gasketed-plate heat exchangers. The model is composed of 
a single parameterized structure that can be employed to simulate heat 
exchangers with any number of passes for the hot and cold streams. 
Additionally, the variation of the physical properties with temperature is 
addressed explicitly in the model. 

The validity of the model was successfully checked through the 
comparison of simulation outputs with three different results from the 
literature: closed-form equations valid for an infinite number of plates, 
numerical simulation data, and experimental data. 

Numerical results showed that approaches based on uniform values 
of the physical properties are associated with considerable deviations 

Fig. 10. Cold stream pressure drop profiles along channel 6.  
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Fig. 11. Variation of the viscosity with temperature.  

Fig. 12. Ratio between the heat load evaluated using an analytical solution and the proposed approach for the investigated set of heat exchangers. (a) Alternative I, 
(b) Alternative II. 

Fig. 13. Ratio between the cold stream pressure drop evaluated using an analytical solution and the proposed approach for the investigated set of heat exchangers. 
(a) Alternative I, (b) Alternative II. 
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from the results of the more rigorous proposed model. This accuracy 
limitation is particularly important in the design optimization problem, 
which was usually addressed in the literature using the assumption of 
uniform physical properties. 

The flexibility and accuracy of the proposed model indicate that it 
can be an important resource for the development of a new class of 
design algorithms, departing from simplified analytical solutions toward 
more rigorous simulation tools. The adoption of an automatic solution 
for the design problem will be viable only if the practitioners rely on the 
accuracy of the model, which justifies the importance of the proposed 
approach. 
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