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Abstract 
This article presents a practical and low-cost procedure for the preliminary 
prediction of the performance of chevron plate heat exchangers (CPHEs), also 
pointing to broader design and research topics—such as the relationship be-
tween pressure drop and heat transfer, geometric optimization, irreversibility, 
and advanced working fluids—that can be explored beyond the base case. 
Some solutions and discussions presented in the article are the result of chal-
lenge proposed to students completing a Mechanical Engineering course, in 
subjects related to Energy Efficiency. The article presents theoretical results 
for four chevron plate heat exchangers (CPHEs), with the objective of analysis, 
theoretical-experimental comparisons, and discussions. Experimental and nu-
merical results from published literature are used as a reference. The authors 
of the reference work present theoretical results applying an analytical proce-
dure, called the bisection method, to the four different types of compact heat 
exchangers. In the present article, the methods used for theoretical reproduc-
tion are the logarithmic mean temperature difference (LMTD) method, the 
thermal effectiveness (ε-NTU) method, and the efficiency thermal method, 
with emphasis on the latter. A more detailed theoretical analysis is applied to 
the first of the four heat exchangers, with graphical results for the outlet tem-
peratures of the working fluids. In this first approach, theoretical-experi-
mental comparisons show deviations ranging from 1% to 4%, with the heat 
exchanger area defined through the reference work. Graphical results for ther-
mal effectiveness and heat transfer rate are obtained from data taken from the 
reference work, using temperature and mass flow rate ranges, and applying 
the thermal efficiency method. Additionally, tabulated values are used to pre-
sent results obtained for the last 3 heat exchangers analyzed. In these cases, 
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theoretical-experimental comparisons for outlet temperatures, with real heat 
transfer areas calculated from experimental data, range from 0.00% to 1.01%. 
 

Keywords 
Chevron Plate Heat Exchangers (CPHEs), Bisection Method, LMTD Method, 
Thermal Effectiveness Method (ε-NTU), Thermal Efficiency Method 

 

1. Introduction 

This work presents a practical and low-cost procedure for the preliminary predic-
tion of the performance of chevron plate heat exchangers (CPHEs), aiming to re-
produce, expand, and critically discuss the theoretical and experimental results 
reported by Bhattad et al. [1] for the chevron plate heat exchangers (CPHEs). To 
reproduce the outlet temperatures and evaluate the performance of the CPHE, the 
work adopts the bisection method coupled with classical approaches to heat ex-
changer analysis: the logarithmic mean temperature difference (LMTD) method, 
the thermal effectiveness method (ε-NTU), and the thermal efficiency method 
(based on the fin analogy and the concepts of the second law of thermodynamics). 

In this introduction, we include references that contextualize relevant current 
literature on CPHEs, including empirical correlations, CFD-based thermohydrau-
lic analyses, studies on tilt angle optimization, effects of poor flow distribution, 
and performance improvement with nanofluids. 

The researchers in the article used as a reference in this work, Atul Bhattad et 
al. state that the design of heat exchangers involves a complex interaction of fac-
tors. They report that these factors include cost, maintenance, material selection, 
pressure drop, flow configuration, and heat transfer. They emphasize that the 
complexity of the designs generally involves empirical relationships for perfor-
mance evaluation. They highlight the need for tests to obtain outlet temperatures, 
inlet parameters, and the physical characteristics of the working fluids. The article 
presents a reliable procedure for estimating fluid outlet temperatures. The proce-
dure is based on basic equations for the heat transfer rate and the logarithmic 
mean temperature difference (LMTD). Validation of the theoretical predictions is 
obtained through comparisons with experimental data. The authors highlight the 
adaptability of the bisection method and propose its application to other types of 
heat exchangers. Regarding the comparisons made, they indicate a relative error 
of 1.8% to 2.6% for the cold fluid temperatures and a relative error of 2.4% to 3.5% 
for the hot fluid outlet temperatures. They add that the proposed method allows 
for a preliminary assessment of the heat exchanger’s performance before carrying 
out expensive and time-consuming tests. 

Élcio Nogueira [2] publishes a book on theories and applications related to heat 
exchangers. The theories developed relate to thermal irreversibilities and viscous 
irreversibilities. This theory encompasses concepts generally applied in heat ex-
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changers but innovates by introducing and applying the Thermal Efficiency 
Method. The Thermal Efficiency Method, which uses the concept known as the 
“Fin Analogy”, is very similar to the Effectiveness Method (ε-NTU), but intro-
duces a new concept when dealing with thermal irreversibilities. A heat exchanger 
with optimal thermal performance exhibits high thermal irreversibility, charac-
terized by its thermal effectiveness. Thermal efficiency, in turn, represents the po-
tential associated with the physical configuration of the exchanger that would al-
low for maximum heat exchange. The potential associated with thermal efficiency, 
however, does not represent the actual rate of heat transfer between the fluids, 
which is represented by thermal effectiveness, the ratio between the heat transfer 
rate obtained through the current configuration under analysis and the maximum 
theoretically possible heat transfer rate. The Thermal Efficiency Method innovates 
by considering the heat exchange between fluids and has the characteristic of be-
ing simple to implement, without the need for nomograms or complex equations, 
regardless of the heat exchanger configuration, and thermal effectiveness can be 
derived using it. In the aforementioned book, two chapters deal specifically with 
chevron plate heat exchangers: Chapter 5: “Entropy generation rate in a chevron 
plate heat exchanger”; Chapter 6: “Dimensionless analysis of a chevron plate heat 
exchanger using the second law of thermodynamics”. 

Yi Zhao et al. [3] performed a numerical analysis related to the effect of the 
chevron plate angle on the thermo-fluid dynamic characteristics of heat exchang-
ers. They analyzed heat exchangers with a plate diameter of 215 mm and chevron 
angles of 30˚, 45˚, 60˚, and 75˚. They presented performance results for heat trans-
fer and friction. They observed that the Nusselt number and the friction factor on 
the shell side increase with increasing chevron angle. They highlighted that, for 
the same inlet flow rate, the pressure profile on the shell side changes significantly 
with the chevron angle. They found that the best performance occurs with a chev-
ron angle of 45˚, applicable to both the shell and plate sides. 

Adarsh Varma P. et al. [4] utilize heat exchanger systems and nanofluids with 
the aim of improving thermal efficiency. They highlight that nanofluids exhibit 
better thermal conductivity in heat exchangers. The article reviews, analyzes, and 
discusses research from various groups on the use of nanofluids. The main con-
clusion of the work highlights and suggests the use of nanofluids in heat exchang-
ers, since their use enables better thermal performance. 

Olga Arsenyeva et al. [5] states that plate heat exchangers (CPHEs) are modern 
and efficient, with the capacity to increase heat recovery and energy efficiency. 
They present a review and analysis of the main developments and modifications 
in the construction of plate heat exchangers, which influence thermal and hydrau-
lic performance. They highlight that modern exchangers have plates with inclined 
corrugations, which create robust and rigid construction with multiple points of 
contact between the plates. They emphasize that the main corrugations are related 
to the angles of inclination of the corrugation in relation to the direction of the 
main flow and the aspect ratio of the corrugation, and that the optimization of 
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these aspects has improved the performance of plate heat exchangers. They dis-
cuss possible lines of future research related to the development of new corruga-
tion shapes and optimization methods. 

Zhang J. et al. [6] experimentally and numerically studied the heat transfer and 
flow resistance characteristics of a plate heat exchanger with corrugated slots in 
multiple chevrons. The numerical results showed good agreement with experi-
mental values. The shear stress transport model k ∼ w is recommended for simu-
lating the plate heat exchanger. They demonstrated that high-temperature regions 
are distributed on the left side of the heat exchanger, while low-temperature re-
gions are distributed on the right side, resulting in rotational flow. This effect pro-
vides better heat transfer and greater pressure drop. 

Jeong Gyun Ham et al. [7] state that poor flow distribution in plate heat ex-
changers impairs the intended optimal performance and that the impact on per-
formance depends on the number of channels in the plate heat exchanger. They 
use computational fluid dynamics (CFD) to identify the effects of poor flow dis-
tribution and the appropriate location for the installation of the measuring device. 
They demonstrated that channels located at the end of the manifold exhibit exces-
sive flow, while channels near the tube exhibit relatively low flow. They found that 
jet flow occurs when the fluid flows from the channel to the outlet manifold, re-
sulting in non-uniform velocity and temperature distribution. However, they 
demonstrate that, due to turbulent flow, the mass flow and temperature distribu-
tion in the tube becomes uniform. 

Sohn S. et al. [8] conducted a study on the effect of flow path on heat transfer 
and pressure performance in a plate heat exchanger. They used computational 
fluid dynamics (CFD) and developed a numerical model to evaluate the heat 
transfer and flow characteristics. As a result of the study, it was found that curved 
flow performs better than straight flow in terms of heat transfer and pressure loss. 
It was observed that the performance becomes more evident with increasing flow 
rate. 

García-Castillo J.L. et al. [9] present a new design approach for framed plate 
heat exchangers for single-flow and multi-channel units, and corrugations. They 
highlight that the corrugation angle becomes a degree of freedom and can be mod-
ified to meet a specific thermal load. They worked on the design of a two-flow heat 
exchanger and found that the best configuration is obtained for a corrugation an-
gle of 46˚ and 166 thermal plates. They demonstrated that five single-phase heat 
exchangers can be replaced by a single multi-channel unit, with an equivalent 55% 
reduction in final cost. 

Ali Sadeghianjahromi et al. [10] experimentally and numerically studied the ef-
fect of the angle of inclination on the Thermofluids dynamic characteristics of 
brazed plate heat exchangers (BPHEs). They simulated the effects of brazing joints 
and the distribution of inlet/outlet ports, which are generally neglected in existing 
literature. Four types of BPHEs were considered, with different angles of inclina-
tion: 35˚; 50˚; 65˚; 35˚/65˚. The results demonstrated that increasing the angle of 
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inclination leads to an increase in the Nusselt number and the friction factor. The 
flow study illustrates that increasing the angle of inclination leads to a change in 
the flow pattern, which causes an increase in the heat transfer rate and pressure 
drop. They developed correlations for the Nusselt number and the friction factor 
with average deviations of 9%. 

Élcio Nogueira [11] applies different methods for the theoretical determination 
of the thermal and hydraulic performance of a plate heat exchanger. The work 
analyzes the impact of the chevron inclination angle through a theoretical model 
applied to a sunflower vegetable oil cooler. Comparisons are made with experi-
mental results from the literature for inclination angles of 30˚, 45˚, and 60˚. In 
addition to the inclination angle, two other parameters, the mass flow rate of the 
cold fluid and the number of plates, are considered crucial for the analysis of the 
results. The results point to the need to improve the methods applied to plate heat 
exchangers with gaskets, considering the influence of the inclination angle, since 
there are significant differences between the results obtained and analyzed. 

Élcio Nogueira [12] addresses the thermo-hydraulic performance of a plate heat 
exchanger with gaskets, used for cooling vegetable oils, with a mixture of water 
and ethylene glycol (50%) and volumetric fractions of non-spherical nanoparticles 
as refrigerant. The heat exchanger has 75 plates with an inclination angle of 30º. 
The non-spherical nanoparticles used in the analysis are of the platelet, cylindri-
cal, and block-shaped type. The results obtained allow us to conclude that it is 
possible to work with low relative flow rates using non-spherical nanoparticles, 
with emphasis on platelet-shaped nanoparticles. The entropy generation analysis 
shows that very high refrigerant flow rates dissipate a large part of the energy in 
viscous form and do not contribute to oil cooling, with a consequent increase in 
the operating costs of the heat exchanger. 

Tiari R. Rezende et al. [13] investigate the use of nanofluids in plate heat ex-
changers through 3D CFD simulations. For the analysis, the corrugation angles of 
the plates were varied between 0˚ and 60˚. The model validation was performed 
using experimental data obtained for the heat transfer coefficients. The results 
demonstrate that the use of nanofluids, in high concentrations, improves the per-
formance of the thermal parameters and that angles between 30˚ and 60˚ reduce 
the pressure drop and reflux regions. The authors report that, in general, the ap-
plied method can be advantageously used to improve the design of plate heat ex-
changers. 

Sanjem Kumar Gupta et al. [14] present an article that provides an overview of 
the use of nanofluids in a plate heat exchanger. They highlight that heat exchang-
ers are components used in various domestic and industrial applications. They 
consider that economic aspects and improved thermal performance are the main 
challenges. They state that the use of nanofluids is one of the best options to in-
crease the heat transfer rate. 

Dutta OY and Rao BN [15] present empirical relationships for chevron-type 
plate heat exchangers and, through experimental tests, demonstrate their validity. 
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They examine the pressure drop (ΔP), the overall heat transfer coefficient, and the 
thermal effectiveness. The quantities are estimated as a function of the plate ma-
terial properties, the working fluid, the number of plates (Nt), and the chevron 
angle (β). They find that increasing the number of plates, without altering other 
dimensions, avoids the need for a new design. They apply Taguchi’s method to 
reduce the number of experiments, defining parameter levels and comparing the 
test data with the theoretically estimated values. 

Élcio Nogueira [16] uses the second law of thermodynamics to determine the 
theoretical optimum thermal performance of a chevron plate heat exchanger. In 
his analysis, he considers the variation in refrigerant flow rate, the variation in the 
total number of plates in the heat exchanger, the effect of the chevron tilt angle, 
and the influence of the fouling factor. He presents graphical results for thermal 
efficiency, thermal irreversibility, thermal effectiveness, heat transfer rate, and 
outlet temperatures of water and oil. He demonstrates that a defined number of 
plates allows for the best theoretical thermal performance of the heat exchanger 
and that the theoretical optimum number depends on all the listed factors. 

2. Methodology 

This work reproduces the Bisection Method (LMTD), used for comparison with 
experimental results published through reference. For comparison and analysis 
purposes, using experimental data, the theories associated with the Logarithmic 
Mean Temperature Difference Method (LMTD), the Effectiveness Method (ε-
NUT), and the Thermal Efficiency Method are applied. Results obtained are pre-
sented through tables and graphs. 

The methods implemented in this work, specifically, are: Logarithmic Mean 
Temperature Difference (LMTD), through the computational implementation of 
the bisection method, for comparison with the same method used in the original 
work, and which is defined by Equation (7) below, with precision probably differ-
ent from the original work, since this data is not accessible in the work reference; 
Number of Thermal Units or Effectiveness Method (ε-NTU); Thermal Efficiency 
Method. 

The authors of reference work use data from industrial heat exchangers, impos-
ing input conditions for physical parameters associated with the heat exchangers 
and the working fluids, to determine the outlet temperatures of four different 
types of CPHE. 

Figure 1 shows the plates of the chevron plate heat exchanger, with details re-
lated to the plate angle. 

2.1. Formulation of the Theoretical Solution Procedures Adopted 

Energy balance between fluids is represented by Equation (1) below: 

 ( ) ( )h ph hi ho c pc co cim C T T m C T T− = −   (1) 

with, 
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Figure 1. Representation of a Chevron Plate Heat Exchanger (CPHE) [1]. 
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⋅ ⋅
≤  (1.3) 

where, 

hm  and cm  are the mass flow rates of the hot and cold fluids, respectively. 

phC  and pcC  are the specific heats of the hot and cold fluids, respectively. 

hiT  and hoT  are the inlet and outlet temperatures of the hot fluid, respectively. 

ciT  and coT  are the inlet and outlet temperatures of the cold fluid, respec-
tively. 

The input variables required to determine the thermal performance of the heat 
exchanger, using the procedures under analysis, are: hiT , ciT , hm , cm , phC , 

pcC . transfA  e oU . 

transfA  is the heat exchange area associated with the heat exchanger, oU  is the 
overall heat transfer coefficient, both defined as a priori. 

The physical quantities used in this work, in all simulations performed, are rep-
resented by Equations and Tables obtained from reference [1], including the 
ranges of values for the overall heat transfer coefficients. 

2.1.1. Solution Using the Bisection Method (LMTD) 
The logarithmic mean temperature difference (LMTD) method is expressed by 
the relationship between the inlet and outlet temperatures of the cold and hot flu-
ids used in the heat exchanger by Equation (2) below. 

 ( ) ( )ho hi O Transf h ph lmT T U A m C T= − ∆  (2) 

lmT∆  is called the logarithmic mean temperature difference, obtained through 
Equation (3). 

 ( ) ( )( )1 2 1 2lm nT T T l T T∆ = ∆ −∆ ∆ ∆  (3) 

where, 

 1 2andhi co ho ciT T T T T T∆ = − ∆ = −  (4) 

https://doi.org/10.4236/msce.2026.148008


J. V. Santana, É. Nogueira 
 

 

DOI: 10.4236/msce.2026.148008 147 Journal of Materials Science and Chemical Engineering 
 

hoT  is obtained as a function of coT  through Equation (5), after final determi-
nation of coT . 

 ( ) ( )( )ho hi c pc h ph co ciT T m C m C T T= − −   (5) 

Substituting Equation (5) into Equation (2), we have: 

 ( ) ( )( ) ( ) ( )hi c pc h ph co ci hi O Transf h ph lmT m C m C T T T U A m C T− − = − ∆    (6) 

Therefore, we have: 

 ( ) ( ) ( ) ( ) ( )( )co O Transf h ph lm c pc h ph co cif T U A m C T m C m C T T= ∆ − −    (7) 

where ( )  0cof T = . 
( ) 0cof T =  is a non-linear equation, where the unknown variable is coT . 

 o tranf lmQ U A T= ∆  (8) 

One of the approaches used to obtain coT  is the bisection method, which con-
sists of dividing the interval between two initially arbitrary values. aT  and bT  
for coT , through the following iterative procedure: 

 1. ( ) 0af T <  e ( ) 0bf T >  find 
2

a b
m

T T
T

+
=  (9) 

 2. If ( ) ( ) 0
2

a b
a b a m m

T T
f T f T T T T

+
∗ < → = → =  (10) 

 3. If ( ) ( ) 0
2

a b
a b b m m

T T
f T f T T T T

+
∗ > → = → =  (11) 

Repeat steps (2, 3) above until ( ) 0mf T ε< . With 0ε  a precision defined a 
priori. 

2.1.2. Solution Using the Thermal Effectiveness Method (ε-NUT) 
 

 
Figure 2. Counterflow configuration for working fluids in CPHE [1]. 

 
Figure 2 schematically presents the counterflow configuration for the CPHE 

heat exchangers under analysis. 
The thermal effectiveness Tε  is obtained through the parameters already de-

fined for the heat exchanger, namely ε-NUT: 

 
( )

( )

*

*

1

1*

1 e

1 e

NTU c

T NTU c
c

ε
− −

− −

−
=

−
 for counter flow  (12) 

where, 
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 ( )O Transf minNTU U A C=  (13) 

NTU  is the number of thermal units associated with the heat exchanger. 
*

min maxC C C=  is the relationship between the minimum and maximum ther-
mal capacities of the heat exchanger, where: h h phC m C=   and c c pcC m C=  . 

minC  is the lowest of the thermal capacities among fluids. 
The outlet temperature of the hot fluid is obtained using Equation (13), below: 

 ( )ho hi T hi ciT T T Tε= − −  (14) 

From Equations (5) and (14), we have: 

 ( )( )T min hi ci c pc co ciC T T m C T Tε − = −  (15) 

The value of the cold fluid outlet temperature, coT , is obtained by Equation 
(15), below: 

 ( )co ci T hi ciT T T Tε= + −  (16) 

 ( )T min hi ciQ C T Tε= −  (17) 

Q  is heat transfer rate. 

2.1.3. Solution Using the Thermal Efficiency Method 
The thermal efficiency Tη  is obtained through the parameters already defined 
for the heat exchanger, namely: 

 ( )tanhT Fa Faη =  (18) 

The number of fin analogy ( Fa ) [17] is obtained through the following expres-
sion for counterflow: 

 ( )*1 2Fa NTU C= −  for counterflow (19) 

with, 

 ( )O Transf minNTU U A C=  (20) 

*  min maxC C C=  is the relationship between the minimum and maximum ther-
mal capacities of the heat exchanger, where: h h phC m C=   e c c pcC m C=  . minC  
is the lowest of the thermal capacities among fluids. 

The value of the cold fluid outlet temperature, coT , is obtained through thermal 
efficiency by Equation (21) [2]. 

 ( ) ( )( ) ( ) ( )1 1 1 2co ci T min c pc hi ciT T NTU c C m C T Tη ∗= + + + ∗ ∗ −  (21) 

 ( ) ( )( ) ( ) ( )1 1 1 2ho hi T min c pc hi ciT T NTU c C m C T Tη ∗= − + + ∗ ∗ −  (22) 

The rate of heat transfer, Q , is obtained through the equation below. 

 ( ) ( )( ) ( )1 1 1 2T min hi ciQ NTU c C T Tη ∗= + + ∗ ∗ −  (23) 

Thermal effectiveness can be obtained through thermal efficiency, using the 
equation below: 
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 ( ) ( )( )1 1 1 2T T NTU cε η ∗= + +  (24) 

3. Results and Discussion 

The reference theoretical-experimental analysis [1] uses 4 different types of 
CPHE, with distinct characteristics. 

 

 
Figure 3. Compact chevron plate heat exchangers under analysis [1]. 

 
Figures 3(a)-(d) show the four distinct types of CPHE under analysis. The heat 

exchangers Figures 3(a)-(d) represented above will be referred to as CPHE-1, 
CPHE-2, CPHE-3 and CPHE-4, respectively. 

Analysis and Discussion of the Theoretical Results Obtained for 
CPHE-1 

The CPHE-1 (3A) is the reference heat exchanger, whose detailed analysis and 
discussion is carried out through the graphical results presented in this section. 

 

 
Figure 4. Chevron Plate Heat Exchanger—CPHE-1 [1]. 

 
The CPHE-1 heat exchanger, with the dimensions specified by the reference 

work, is shown in Figure 4. 
The authors of the reference work applied the bisection method through a the-

oretical-experimental approach. They obtained theoretical-experimental results 
for cold and hot fluid flow rates, inlet temperatures for cold and hot fluids, and 
outlet temperatures for cold and hot fluids. They include numerical results and 
convergence analysis through the bisection method, and graphical results for log-
arithmic mean temperature difference, heat transfer rate, overall heat transfer co-
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efficient and thermal effectiveness. 
This section will present graphical results, obtained through the application of 

the Bisection Method (LMTD), Thermal Effectiveness (ε-NUT) and Thermal Ef-
ficiency, for comparison with experimental results and the bisection method pre-
sented in reference work. The experimental data for flow rates, fluid temperatures 
and physical properties are obtained from the article of reference. 

Theoretical-experimental comparisons for outlet temperatures of hot, Figure 
5, and cold fluids, Figure 6, demonstrate that the deviations obtained through the  

 

 
Figure 5. Theoretical-experimental comparison for hoT . 

 

 

Figure 6. Theoretical-experimental comparison for coT . 
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methods under analysis are not significant in qualitative terms. 
There is a slight discrepancy between the results obtained through the LMTD 

Method for the outlet temperatures of the cold fluid. However, the discrepancies 
mentioned are not very relevant, as demonstrated by the results in Figure 7 and 
Figure 8. 

Numerical results for quantitative comparison between theoretical and experi-
mental results for the outlet temperatures of the hot fluid (Figure 7) and cold fluid 
(Figure 8) are represented below. The percentage errors obtained for the hot fluid 
outlet temperature show results concentrated between 2.2% and 3.6%, with a sin-
gle outlier for the bisection method, with a value close to 4.4%. 

 

 
Figure 7. Percentage error for hoT  versus hot fluid outlet temperature. 

 
The results obtained for comparisons between cold fluid outlet temperatures, 

Figure 8, show lower values than those observed for the hot fluid outlet tempera-
ture. The results vary between 1.6% and 2.8%. The differences identified between 
the applied methods do not present significant numerical relevance, indicating 
that all methods under analysis are adequately applied to the CPHE-1 heat ex-
changer. 

Identical results are verifiable when using the hot fluid flow rate as the analysis 
variable, Figure 9 and Figure 10. The data presented for fluid outlets show that 
there are two distinct blocks for inlet temperatures, which is not very evident when 
using the data from reference work. 

To advance in the theoretical analysis of the heat exchanger, for greater clarity 
in the presents experimental results obtained for the overall heat transfer coeffi-
cient as a function of the flow rate associated with the hot fluid. The estimated 
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values, highlighted in red, are the result of interpolation between experimental 
results. 

 

 
Figure 8. Percentage error for coT  versus cold fluid outlet temperature. 

 

 

Figure 9. Percentage error for hot fluid outlet temperature hoT . 
 

The results presented demonstrate consistency in the implemented theoretical 
models, as the deviations obtained are validated across all flow rate and inlet tem-
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perature ranges for CPHE-1. 
The results highlighted in red, in Figure 11, are interpolations performed for 

input values, and those obtained through theoretical analysis. Interpolations are 
used as auxiliary tools to obtain fundamental quantities related to the thermal  

 

 
Figure 10. Percentage error for cold fluid outlet temperature coT . 

 

 
Figure 11. Overall heat transfer coefficient versus mass flow rate of the hot fluid. 
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performance of the heat exchanger. 
Figure 12 and Figure 13 show two sets of values obtained for the outlet tem-

perature of the hot fluid and cold fluid using efficiency methods, in comparison 
to experimental data. 

Theoretical results obtained for thermal efficiency (Figure 14) and heat transfer 
rate (Figure 15) for CPHE-1 are shown above. 

 

 

Figure 12. Hot fluid outlet temperature versus hot fluid mass flow rate. 
 

 
Figure 13. Outlet temperature of cold fluid versus mass flow rate of hot fluid. 
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Figure 14. Thermal effectiveness versus mass flow rate of hot fluid. 

 

 
Figure 15. Heat transfer rate versus mass flow rate of the hot fluid. 

 
The theoretical results presented in Figure 14 for thermal effectiveness show 

values consistent with similar graphical results to those presented in the reference 
work (Figure 8 and Figure 9), across the entire flow rate range analyzed. The 
thermal efficiency is not very high and decreases with flow rate, as expected for 
compact heat exchangers, where viscous dissipation is high and significantly af-
fects thermal performance. 
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Figure 15 presents theoretical results for the heat transfer rate. The theoretical 
analysis was performed on the two ranges of input values, as previously high-
lighted for other physical quantities. The theoretical results obtained demonstrate 
numerical consistency with respect to the results presented in Figure 15 [1] of the 
reference work. 

The estimated values for the heat transfer rate and thermal efficiency were ob-
tained using the thermal efficiency method and experimental quantities obtained 
from the reference work (Figure 20 [1] and Figure 20.1 [1]), including mass flow 
rates, inlet and outlet temperatures of the hot and cold fluids. 

4. Analysis Performed for Other Heat Exchangers Evaluated 
through the Reference Work [1] 

4.1. Heat Exchangers with Different Physical Specifications Were 
Also Analyzed by the Authors of the Reference Work [1] 

The heat exchangers are theoretically analyzed and named CPHE-2, CPHE-3, and 
CPHE-4. 

Physical and geometric parameters used, analyzed, and compared through the 
methods mentioned in this article were obtained from (CPH-2), (CPH-3) and 
(CPH-4) from the reference work. Gaps observed through the data available in 
these tables are the heat exchanger areas. 

Estimated average areas for heat exchangers CPHE-2, CPHE-3, and CPHE-4 
were obtained from available experimental data and are shown in Figure 16. The 
values used to determine the average areas were obtained using the following ex-
pression: 

 

 
Figure 16. CPHEs real areas. 
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 ( )( ) ( )tranf c pc Exp Exp O lmA m C Tco Tci U T= ∗ − ∗∆  (25) 

The real areas, for CPHE-2, CPHE-3, and CPHE-4 are highlighted in Figure 
16. 

Results obtained using the most probable areas are represented in items 4.2.2, 
4.3.2, and 4.4.2, associated with items 4.2—CPH2, 4.3—CPH3, and 4.4—CPH4, 
below. 

The analysis performed for each of the heat exchangers is conducted in two 
stages: 

1) Areas of the heat exchangers equal to the area of the reference heat exchanger 
(CPH-1), equal to ( 20.168 mTransfA = ), with the objective of analysis, comparison 
of theoretical-experimental results, and discussion; 

2) Actual areas of the heat exchangers, obtained through Equation (23), for ef-
fective determination of the theoretical outlet temperatures, comparison with ex-
perimental results and discussion regarding the results obtained through stage 1. 

4.2. Analysis and Discussion of the Theoretical Results Obtained 
for CPHE-2 

The CPHE-2 heat exchanger, with the dimensions stipulated through the refer-
ence work, is represented in Figure 17. 

 

 
Figure 17. Chevron Plate Heat Exchanger—CPHE-2 [1]. 

4.2.1. Results for CPHE-2 Using the Media Area of CPH-1 
Table 1 and Table 2 present theoretical and experimental results associated with 
the CPHE-2 plate heat exchanger, using, for comparison and discussion, the same 
area of CPHE-1. 

Table 1 presents experimental values obtained for inlet and outlet temperatures 
of the cold and hot fluids (columns 1-4). Columns 5 and 6 present values obtained 
through the bisection method, and columns 7 and 8 present values obtained 
through the application of the thermal efficiency method. 
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Table 1. Theoretical and experimental data obtained for the CPHE-2 heat exchanger using 
area of CPHE-1. 

hm  Kg/s hiT  ˚C 
Exp 

ciT  ˚C 
Exp 

hoT  ˚C 
Exp 

coT  ˚C 
Exp 

hoT  ˚C 
Bisec 

coT  ˚C 
Bisec 

hoT  ˚C 
Effic 

coT  ˚C 
Effic 

0.189504 54.74 24.43 41.11 37.62 40.89 38.29 42.43 36.74 

0.347256 45.07 25.22 37.56 32.63 38.12 32.16 35.48 34.80 

0.441504 41.57 24.56 35.61 30.47 36.31 29.83 34.14 32.01 

0.472311 67.94 37.58 56.90 48.52 58.48 47.06 54.58 50.96 

 
Table 2 presents percentage errors obtained for the bisection method [1] and 

the thermal efficiency method. The percentage errors obtained using the bisection 
method are between 0.53% and 3.00%. The percentage errors obtained using the 
thermal efficiency method are between 3.21% and 6.65%. It can be observed that 
the errors increase with increasing mass flow rate. 

 
Table 2. Percentage errors obtained by the bisection method [1] and the efficiency method 
for CPHE-2 using area of CPHE-1. 

hm  Kg/s hoT  ˚C 
Bisec % 

coT  ˚C 
Bisec % 

hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

0.189504 0.53 1.78 3.21 2.34 

0.347256 1.45 1.44 5.55 6.65 

0.441504 1.96 2.10 4.13 5.05 

0.472311 2.78 3.00 4.08 5.03 

 
The differences observed in the errors in Table 2 should be attributed to the dif-

ference in heat exchange area between the CPHE-1 and CPHE-2 heat exchangers, 
and not to the methods analyzed. However, the deviations, in this case, are not sig-
nificantly high, as the medium areas between the heat exchangers are very close. 

The deviations observed for the thermal efficiency method are slightly larger 
than those observed for the bisection method, as expected in this case. 

4.2.2. Results for CPHE-2 Using the Real Area 
Table 3 presents theoretical results obtained through the application of thermal ef-
fectiveness (ε-NTU) and thermal efficiency methods. As expected, the results ob-
tained for the fluid outlet temperatures are remarkably close to the experimental 
values and cannot observed difference between the absolute theoretical values. 

Table 4 presents the deviation results obtained through the application of the 
thermal effectiveness method, for the two conditions analyzed: area equal to 
CPHE-1 and actual area for CPHE-2. As expected, When the areas are the effective 
areas for CPHE-2, the deviations are significantly smaller, below 1.0%. 

Results obtained for thermal effectiveness are presented in Table 5 for compar-
isons between two stages. The results obtained reflect the differences related to the 
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areas under analysis: higher values for larger heat exchange areas. 
 

Table 3. Theoretical and experimental data obtained for the CPHE-2 heat exchanger real area. 

hm  Kg/s hiT  ˚C 
Exp 

ciT  ˚C 
Exp 

hoT  ˚C 
Exp 

coT  ˚C 
Exp 

hoT  ˚C 
ε-NTU 

coT  ˚C 
ε-NTU 

hoT  ˚C 
Effic 

coT  ˚C 
Effic 

0.189504 54.74 24.43 41.11 37.62 41.45 37.72 41.45 37.72 

0.347256 45.07 25.22 37.56 32.63 37.65 32.64 37.65 32.64 

0.441504 41.57 24.56 35.61 30.47 35.68 30.45 35.68 30.45 

0.472311 67.94 37.58 56.90 48.52 56.97 48.55 56.97 48.55 

 
Table 4. Percentage of errors obtained using the efficiency method for the two stages for 
CPHE-2. 

hm  Kg/s hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

0.189504 3.21 2.34 0.83 0.27 

0.347256 5.55 6.65 0.24 0.03 

0.441504 4.13 5.05 0.20 0.06 

0.472311 4.08 5.03 0.12 0.06 

 
Table 5. Comparison between effectiveness for two stage for CPHE-2. 

hm  Kg/s ε 
Area 
m2 ε 

Real area 
m2 

0.189504 0.594 0.168 0.438 0.0897 

0.347256 0.482 0.168 0.376 0.1076 

0.441504 0.438 0.168 0.346 0.1143 

0.472311 0.441 0.168 0.361 0.1206 

 
It should be noted, in this case, that real thermal effectiveness is significantly 

low, reflecting the small configuration of the heat exchanger and possible high 
viscous dissipation. 

4.3. Analysis and Discussion of the Theoretical Results Obtained 
for CPHE-3 

The CPHE-3 heat exchanger, with the dimensions stipulated through Table 4 in 
the work of reference, is represented in Figure 18. 

4.3.1. Results for CPHE-3 Using the Media Area of CPH-1 
Table 6 and Table 7 present theoretical and experimental results associated with 
the CPHE-3 plate heat exchanger. 

Table 6 presents experimental values obtained for inlet and outlet temperatures 
of the cold and hot fluids (columns 1-4). Columns 5 and 6 present values obtained 
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through the bisection method, and columns 7 and 8 present values obtained 
through the application of the thermal efficiency method for CPHE-3. 

 

 
Figure 18. Chevron Plate Heat Exchanger—CPHE-3 [1]. 

 
Table 6. Theoretical and experimental data obtained for the CPHE-3 heat exchanger using 
the area of CPHE-1. 

hm  Kg/s hiT  ˚C ciT  ˚C hoT  ˚C 
Exp 

coT  ˚C 
Exp 

hoT  ˚C 
Bisec 

coT  ˚C 
Bisec 

hoT  ˚C 
Effic 

coT  ˚C 
Effic 

0.190323 51.07 26.42 33.60 44.31 33.11 44.39 33.22 42.28 

0.346374 43.47 28.16 33.56 37.88 33.63 37.95 36.77 34.82 

0.506394 37.71 26.65 31.02 33.26 31.34 33.02 33.60 30.76 

0.693315 58.24 41.88 48.69 51.41 49.52 50.59 52.82 47.29 

 
Table 7 presents percentage errors obtained for the bisection method and the 

thermal efficiency method. The percentage errors obtained using the bisection 
method are between 0.20% and 1.70%. The percentage errors obtained using the 
thermal efficiency method are between 1.10% and 9.60%. It can be observed that 
the errors increase with increasing mass flow rate. 

 
Table 7. Percentage errors obtained by the bisection method [1] and the efficiency method 
using area of CPHE-1. 

hm  Kg/s hoT  ˚C 
Bisec % 

coT  ˚C 
Bisec % 

hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

0.190323 1.46 0.20 1.10 4.60 

0.346374 0.20 0.20 9.60 8.10 

0.506394 1.03 0.72 8.32 7.52 

0.693315 1.70 1.60 8.50 8.01 

 
The differences observed in the errors in Table 7 should be attributed to the 

difference in heat exchange area between the CPHE-1 and CPHE-3 heat exchang-
ers, and not to the methods analyzed. However, the deviations, in this case, are 
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relatively high, since the areas between the heat exchangers are significantly dif-
ferent. The deviations observed for the thermal efficiency method are greater than 
those observed for the bisection method, as expected in this case. 

4.3.2. Results for CPHE-3 Using the Real Area 
Table 8 presents theoretical results obtained through the application of thermal 
effectiveness and thermal efficiency methods. As expected, the results obtained for 
the fluid outlet temperatures are very close to the experimental values, with equal 
values for both methods analyzed. 

Table 9 presents the deviation results obtained through the application of the 
thermal effectiveness method, for the two conditions analyzed: area equal to CPHE-
1 and actual area for CPHE-3. When the areas are the effective areas for CPHE-3, 
the deviations are significantly smaller, below 2.0%. 

Results obtained for thermal effectiveness are presented in Table 10, for com-
parisons between two stages. The results obtained reflect the differences related to 
the areas under analysis: higher values for larger heat exchange areas. 

 
Table 8. Theoretical and experimental data obtained for the CPHE-3 heat exchanger real area. 

hm  Kg/s hiT  ˚C ciT  ˚C hoT  ˚C 
Exp 

coT  ˚C 
Exp 

hoT  ˚C 
ε-NTU 

coT  ˚C 
ε-NTU 

hoT  ˚C 
Effic 

coT  ˚C 
Effic 

0.190323 51.07 26.42 33.60 44.31 33.97 43.52 33.97 43.52 

0.346374 43.47 28.16 33.56 37.88 33.71 37.91 33.71 37.91 

0.506394 37.71 26.65 31.02 33.26 30.77 33.15 30.77 33.15 

0.693315 58.24 41.88 48.69 51.41 48.71 51.41 48.71 51.41 

 
Table 9. Percentage of error obtained using the efficiency method for the two stages for 
CPHE-3. 

hm  Kg/s hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

0.190323 1.10 4.60 1.01 1.78 

0.346374 9.60 8.10 0.45 0.07 

0.506394 8.32 7.52 0.81 0.33 

0.693315 8.50 8.01 0.41 0.00 

 
Table 10. Comparison between effectiveness for two stages for CPHE-3. 

hm  Kg/s ε 
Area 
m2 

ε 
Real area 

m2 

0.190323 0.538 0.168 0.694 0.3265 

0.346374 0.436 0.168 0.638 0.3842 

0.506394 0.371 0.168 0.600 0.4267 

0.693315 0.3308 0.168 0.582 0.4742 
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In this case, it should be noted that the actual thermal effectiveness is still low, 
reflecting the relatively average configuration of the heat exchanger and the pos-
sible moderate viscous dissipation. 

4.4. Analysis and Discussion of the Theoretical Results Obtained 
for CPHE-4 

The CPHE-4 heat exchanger, with the dimensions stipulated through Table 6 in 
the work of reference, is represented in Figure 19. 

 

 
Figure 19. Chevron plate heat exchanger—CPHE-4 [1]. 

4.4.1. Results for CPHE-4 Using the Media Area of CPH-4 
Table 11 and Table 12 present theoretical and experimental results associated 
with the CPHE-4 plate heat exchanger. 

Table 11 presents experimental values obtained for inlet and outlet tempera-
tures of the cold and hot fluids (columns 1-4). Columns 5 and 6 present values 
obtained through the bisection method, and columns 7 and 8 present values ob-
tained through the application of the thermal efficiency method for CPHE-4. 

 
Table 11. Theoretical and experimental data obtained for the CPHE-4 heat using area of 
CPHE-1. 

hm  Kg/s hiT  ˚C ciT  ˚C hoT  ˚C 
Exp 

coT  ˚C 
Exp 

hoT  ˚C 
Bisec 

coT  ˚C 
Bisec 

hoT  ˚C 
Effic 

coT  ˚C 
Effic 

0.190134 51.24 29.53 34.22 46.06 33.80 47.01 39.57 41.22 

0.378567 42.26 30.34 33.65 38.82 33.68 38.92 37.24 35.37 

0.567252 39.18 30.73 33.41 36.46 33.62 36.30 36.19 33.72 

0.630819 59.35 44.52 49.21 54.62 48.68 54.19 54.21 49.67 
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Table 11 presents percentage errors obtained for the bisection method and the 
thermal efficiency method. The percentage errors obtained using the bisection 
method range from 0.00% to 8.90%. The percentage errors obtained using the 
thermal efficiency method range from 7.51% to 15.63%. 

 
Table 12. Percentage errors obtained by the bisection method and the efficiency method 
for CPHE-4. 

hm  Kg/s hoT  ˚C 
Bisec % 

coT  ˚C 
Bisec % 

hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

0.190134 1.22 2.06 15.63 10.51 

0.378567 0.00 8.9 10.67 8.89 

0.567252 0.62 0.44 8.32 7.51 

0.630819 0.85 0.78 10.16 9.06 

 
The differences observed in the errors in Table 11 should be attributed to the 

difference in heat exchange area between the CPHE-1 and CPHE-4 heat exchang-
ers, and not to the methods analyzed. 

However, the deviations, in this case, are relatively high, since the areas between 
the heat exchangers are significantly different. The deviations observed for the 
thermal efficiency method are greater than those observed for the bisection 
method, as expected in this case. 

4.4.2. Results for CPHE-4 Using the Real Area 
Table 13 presents theoretical results obtained through the application of thermal 
effectiveness and thermal efficiency methods. As expected, the results obtained for 
the fluid outlet temperatures are very close to the experimental values, with equal 
values for both methods analyzed. 

 
Table 13. Theoretical and experimental data obtained for the CPHE-4 heat exchanger real 
area. 

hm  Kg/s hiT  ˚C ciT  ˚C hoT  ˚C 
Exp 

coT  ˚C 
Exp 

hoT  ˚C 
ε-NTU 

coT  ˚C 
ε-NTU 

hoT  ˚C 
Effic 

coT  ˚C 
Effic 

0.190134 51.24 29.53 34.22 46.06 34.50 46.27 34.50 46.27 

0.378567 42.26 30.34 33.65 38.82 33.73 38.87 33.73 38.87 

0.567252 39.18 30.73 33.41 36.46 33.44 36.47 33.44 36.47 

0.630819 59.35 44.52 49.21 54.62 49.23 54.64 49.23 54.64 

 
Table 14 presents the deviation results obtained through the application of the 

thermal efficiency method, for the two conditions analyzed: area equal to CPHE-
1 and actual area for CPHE-4. When the areas are the effective areas for CPHE-3, 
the deviations are significantly smaller, below 1.0%. 

Results obtained for thermal effectiveness are presented in Table 15, for com-
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parisons between two stages. The results obtained reflect the differences related to 
the areas under analysis: higher values for larger heat exchange areas. 

 
Table 14. CPHE-4 percentage of errors obtained using the efficiency method for the two 
stages. 

hm  Kg/s hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

hoT  ˚C 
Effic % 

coT  ˚C 
Effic % 

0.190134 15.63 10.51 0.81 0.46 

0.378567 10.67 8.89 0.24 0.03 

0.567252 8.32 7.51 0.09 0.03 

0.630819 10.16 9.06 0.04 0.04 

 
Table 15. CPHE-4 comparison between effectiveness for two stages, for different areas. 

hm  Kg/s Area 
m2 

ε ε Real area 
m2 

0.190134 0.168 0.539 0.771 0.4834 

0.378567 0.168 0.422 0.638 0.3842 

0.567252 0.168 0.354 0.680 0.6519 

0.630819 0.168 0.347 0.682 0.6780 

 
In Table 15 it should be noted that the actual thermal effectiveness is relatively 

high, reflecting the relatively high configuration of the heat exchanger and the 
possible low viscous dissipation. 

4.5. Final Considerations about the Results Presented for CPHEs 

1) The differences observed between the errors obtained for attributed areas 
equal to the CPHE-1 are a possible difference in heat exchange area between the 
CPHE-1 and others CPHE heat exchangers, and not due to the methods analyzed; 

2) Thermal effectiveness are higher when the dimensions of the heat exchangers 
increase; 

3) Thermal efficiencies are very close to unity, due to the values of the thermal 
capacities associated with the fluids, which in all cases analyzed are very close to 
each other; 

4) Analysis of thermal and viscous irreversibilities, through the Bejan number, 
if performed, allows for study related to the cost-benefit associated with the heat 
exchangers. 

5. Conclusions 

This study and comparative analysis utilizes four theoretical methods to solve heat 
exchange problems associated with four heat exchangers. It presents a practical 
and low-cost procedure for the preliminary prediction of the thermal perfor-
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mance of chevron plate heat exchangers (CPHEs), also pointing to broader design 
and research topics—such as the relationship between pressure drop and heat 
transfer, geometric optimization, irreversibility, and advanced working fluids—
that can be explored beyond the base case. 

It can be concluded that the methods used are compatible and present very sim-
ilar values related to heat exchange for CPHE-1. However, when the areas assigned 
to the other three heat exchangers are made equal to the media area of CPH-1, for 
analysis and discussion, the errors become significantly more pronounced. These 
latter results can be attributed to the larger area of the other heat exchangers. The 
deviations between theoretical and experimental values, in these cases, range from 
1.1% to 15.6%. 

When actual heat exchanger areas are correctly assigned to the others heat ex-
changers, the errors between the effectiveness (ε-NTU) method and the thermal 
efficiency method, when compared with experimental values, range from 0.00% 
to 1.01%, demonstrating the consistency of the two theoretical procedures. 

It is worth noting that the study carried out can be used as a teaching tool to be 
replicated in courses on heat exchangers. As an additional exercise, in this case, 
an analysis related to the relationship between thermal and viscous irreversibili-
ties, represented by the Bejan number, can be useful to determine the cost-benefit 
relationships associated with the thermally analyzed heat exchangers. 
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Nomenclature 

transA  heat transfer area, [m2] 

pC  specific heat, [J/kg K] 

C  thermal capacity, [W/K] 

minC  minimum thermal capacity, [W/K] 

*
min maxC C C=   

Fa  fin analogy 

K  Kelvin 

cm  mass flow rate of the air, [kg/s] 

Q  heat transfer rate, [W] 

T  temperatures, [˚C] 

oU  global heat transfer coefficient, [W/(m2 K)] 

Greek Symbols 

Tε  thermal effectiveness 

Tη  thermal efficiency 

T∆  a difference of temperatures, [˚C] 
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