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Abstract: In this study, a plate heat exchanger (PHE) was designed to meet the ventilation requirements in a small dwelling by 
performing heat recovery. In the Taguchi analysis performed by selecting three-level four effective parameters, L9 orthogonal array was used. 
In the analysis, the optimal levels of the design variables were determined by using Computational Fluid Dynamics (CFD) results in order to 

maximize the combined thermal and hydrodynamic effectiveness (CTHE) selected as the performance parameter. The CTHE was defined as 

the multiply of thermal effectiveness and flow effectiveness of the PHE. The 3-dimesional CFD models of the PHE were designed to include 

the effects of the local change in the flow cross-section, which will occur at the inlet-outlet of the air flow channels. Thermal and hydrodynamic 

computation of PHE models were obtained by finite volume software. In Taguchi analysis, design variables and levels that maximize CTHE: 

sub-channel number-6, channel height-3 mm, average air flow rate-2 m/s and plate material is paper. When the CTHE predicted from Taguchi 
analysis was compared with that solution of the CFD model generated using the optimized design and operating parameters, the difference 
was determined to be less than 1%. In addition, in order to calculate the CTHE based on the design variables, a mathematical equation was 
obtained in a 90% confidence interval. 

Keywords: PLATE HEAT EXCHANGER, TAGUCHI METHOD, HEAT RECOVERY VENTILATOR, COMPUTATIONAL 

FLUID DYNAMICS, THERMAL AND HYDRODYNAMIC EFFECTIVENESS 

1. Introduction

Ventilation systems of buildings, integrated with heat recovery, 

is an energy-saving and environmental friendly concept. It is not 

always easy to create ideal indoor conditions in buildings and other 

indoor areas, so it usually requires a significant amount of energy and 

is costly [1].  

Different heat exchanger technologies are being developed in 

order to maintain the desired indoor conditions based on heat 

recovery at the lowest economic and environmental cost. Heat 

exchangers transfer heat energy from one fluid to another. In 

particular, they are devices that transfer heat energy from exhaust 

gases or fluids carrying waste heat directly to another fluid for a 

useful purpose. These devices are widely used in the industry and in 

many other applications such as motor vehicles and household 

refrigerators [2, 3].  

In air-to-air PHEs used in ventilation systems, fresh air and stale 

air streams are separated by a plate. As the temperature difference 

between the two air streams continues, the heat energy in the hot air 

stream is transferred to the cold air stream through the plate between 

the fresh air and stale air stream, according to the first law of 

thermodynamics. Thus, the heat in the hot and stale indoor air, which 

must be removed from the building, is transferred to the cold and 

fresh outdoor air which must be taken into the building. Heat transfer 

may also be in the opposite direction in term of seasonal conditions. 

A very cold or very hot air flow, while blown through a heat recovery 

ventilation system, discomfort to the people indoor. In other words, 

the temperature of the air supplied from the heat exchanger is 

desirable close to the indoor air conditions. On the other hand, a heat 

exchanger's supply of air at the right temperature does not mean that 

it works effectively. If sufficient heat recovery is not ensured, 

sufficient savings cannot be made economically [1, 4].  

With the slightest improvement in the efficiency of a heat 

exchanger, very high energy savings can be achieved during the 

working time. However, it is aimed that the temperature of polluted 

air to be discharged from the heat exchanger where the heat is 

recovered is the same as the outdoor temperature, and the temperature 

of fresh air to be supplied to the indoor is the same as or very close 

to the indoor temperature. In heat recovery ventilation systems, the 

heat energy lost during the ventilation between the fresh air and the 

stale air is recovered, while the room temperature changes caused by 

the ventilation can also be adjusted. Thus, provided a comfortable 

and fresh interior. In conventional ventilation systems, large amounts 

of additional heating and cooling loads are caused due to the fresh 

air. Heat recovery devices reduce these loads which must be met by 

the air conditioning system, thus saving considerable energy [5, 6].  

Nowadays, buildings are very well insulated in order to prevent 

energy loss. The construction technologies developed in recent years 

have also ensure a more airtight building structures. For this reason, 

ventilation systems have become an indispensable mechanical 

installation component in buildings with glass facade and curtain 

walling systems. The importance of ventilation has become more 

prominent due to the adverse effects of global warming as a problem 

of our age. While low-quality indoor air with high concentrations of 

carbon dioxide and other harmful gases and vapors is exhausted, 

recovery of that high or low temperature thermal load is very 

important in terms of reducing energy costs. When fresh air, which 

is passed through heat recovery device, is fed to the indoor, 

approximately 70% of the energy of the waste polluted air can be 

recovered [7, 8].  

In the heat exchangers used in ventilation systems, criteria such 

as the mass flow rate of air inlet and outlet should be equate (balanced 

ventilation), no leakage and no mixture between fresh and stale air 

streams, the heat transfer surface area is as large as possible and both 

air streams interact with each other as much as possible, the 

distribution of air streams in the flow channels should be equal and 

uniform, there is no heat loss from the channel walls, minimizing 

materials, manufacturing, installation, maintenance and operating 

costs, should be considered for high performance [9]. 

In this study, it is aimed to design a cross-flow air-to-air PHE for 

use in the ventilation system of a small dwelling. Dimensional and 

operational characteristics of the PHE to be designed in the flow rate 

range of 50-200 m3/h were determined based on the CFD and 

Taguchi method. In Taguchi method, number of sub-channels, 

average air flow velocity, channel height and plate material were 

selected as four effective parameters with three levels. The CTHE of 

the PHE in the Taguchi method was chosen as the performance 

parameter and the level of design parameters were determined to 

make high that. CTHE, which were estimated by the Taguchi method 

and that calculated by CFD analysis, were compared for optimal PHE 

design.  

2. CFD details and methodology

The aim of the study is to investigate the effects of structural 

design and operating variables on the CTHE of a PHE used in 

ventilation systems and heat recovery devices. The aim of 

maximizing CTHE is both obtain a higher heat transfer and a 

minimizing of the flow energy to be consumed in the PHE. The 

dimensional values and operational variables that would maximize 

the CTHE of the PHE were determined by the Taguchi method and 

CFD. 
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In the design of the PHE by the 3-dimensional CFD analysis, the 

fresh air and the stale air are in balanced ventilation conditions and 

cross-flow. In addition, the PHEs are in the form of a flow channel 

block formed by the sequential stack of separate thin plates and 

assembling them. The symmetrical boundary condition was used for 

both the fresh air and the stale air side, due to the periodicity of the 

thermal and hydrodynamic conditions. In the design of the 3-

dimesional CFD model, half of the fresh and stale air channels were 

modeled to shorten the solution time. The volumes of the solution 

domains for both air streams were extended so that evaluated inlet-

outlet effects to the PHE channels. ABS (Acrylonitrile Butadiene 

Styrene, k= 0.15 W/mK), aluminum foil (k= 202.4 W/mK) and paper 

(k= 0.09 W/mK) were also selected for the plates with heat transfer 

surface. The thickness of the plates is 0.2 mm.  

Structural mesh was used in PHE numerical solution. Although 

the Reynolds number at the highest average air flow velocity in the 

channels is low enough to remain in laminar conditions, it is in short 

channel length and thus in developing flow conditions [10]. 

Therefore, in order to obtain a fine mesh distribution, the boundary 

layer mesh structure was used in regions close to the surfaces. The 

boundary conditions and mesh structure of the PHE were given in 

Fig. 1 [11]. The results of the study of mesh structure independence, 

which were performed at the highest average air flow velocity for 5 

different mesh structures, were given in Fig. 2. 

Standard k-ε (epsilon) turbulence model and Enhanced Wall 

Treatment wall function were chosen to evaluate the inlet-outlet 

effects of PHE channels. Navier-Stokes and turbulence model 

equations used in numerical solutions discretized and solved in 

Fluent. Semi-Implicit Method for Pressure-Linked Equations 

(SIMPLE) discretization scheme was selected for the definition of 

velocity-pressure coupling [12, 13]. The default Under-Relaxation 

factors are pressure: 0.3, momentum: 0.7, turbulence kinetic energy: 

0.8 and turbulence dissipation rate: 0.8. 10-3 convergence criteria for 

the continuity, components of velocity, k-ε equations and 10-6 

Fig. 2 Mesh number independence studies for (a) outlet temperature and (b) pressure drop. 

(a) (b) 

Fig. 1 (a) Schematic representation and boundary conditions and (b) mesh structure for PHE [11]. 
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convergence criteria for the energy equation were used. The 

numerical solutions were converged at an average of 210 iterations. 

In the numerical solution, it was assumed that the velocity and 

temperature profiles at the inlet were uniform, the pressure at the 

outlet was constant (pressure outlet = 0), the stale air inlet was 298 K 

and the fresh air inlet was 283 K, and the difference between the inlet 

temperatures was 15 K. Thermo-physical properties of air were taken 

from Ref [14]. According to the numerical solution mentioned in 

Section 6, conservation of mass for both flow and energy 

conservation equations between stale and fresh air streams: 

ṁinlet= ṁoutlet (kg/s) 
(1) 

Einlet= Eoutlet  (kJ) (2) 

According to the results of numerical solution, the flow effectiveness, 

which is the flow energy consumed per recovered heat energy, and 

thermal effectiveness were calculated as follows [15]: 

εf=  Q
rh

Pfan⁄ (3) 

εt=  Q
rh

Q
max

⁄ (4) 

The recovered thermal power, fan power (flow energy to be 

consumed to overcome the pressure losses) [15, 16], maximum 

thermal power and CTHE: 

Q
rh

=ṁcp(TçTg) (5) 

Pfan=2× (
∀̇

3600
×∆p) (6) 

Q
max

=ṁcp(Tsa,i-Tfa,i) (7) 

εCTHE=εf×εt  (8) 

was calculated as. 

3. Taguchi method and details

The Taguchi method is used to determine the main (important) 

parameters showing the greatest effect on the response parameters 

investigated. Instead of changing one factor each time with this 

method, all factors are changed simultaneously according to the 

design array and also the change of response values according to the 

selected performance parameter is observed. It is also possible to 

evaluate several factors with the minimum number of experiments or 

numerical solutions by Taguchi method. Therefore, an important part 

of the method proposed by Taguchi and also a list of experiments or 

numerical solutions, orthogonal arrays have been proposed.  

In the PHE, the following four-staged examination was carried 

out to achieve the targeted performance parameter with the Taguchi 

method. 

− Determine the optimum structural dimensions and operating 

conditions for the design of the PHE, making the performance 

parameter the highest. 

− To estimate the effects of each of the influencing factors on the 

CTHE, which is the performance parameter. 

− To estimate the value of the performance parameter for the 

optimum PHE design. 

− To verify the Taguchi estimation for the optimum PHE design by 

using CFD. 

By examining the effects of each parameter on the design, the 

optimum design sub-level of design variables are determined and the 

effect of each design parameter on the performance parameter is 

shown. ANOVA (Analysis of Variance) analysis is the most 

commonly used statistical process in determining the percentage 

effects of each parameter in a given confidence interval. ANOVA 

also achieves determine which of the parameters should be checked 

[17]. The steps in the Taguchi method are as follows: 

(a) Defining the performance parameters and control factors to be

evaluated. (b) Determination of numbers and values of control

factors. (c) Selecting the appropriate orthogonal array, assigning the

factors to the array and making numerical solutions. (d) Analysis of

results and determination of optimum levels of control factors. (e)

Checking the validity of the results to verify the optimum levels of

control factors [18].

3.1. Selection of control parameters and 

orthogonal array 

Factors affecting the PHE design have been selected as number 

of sub-channel, channel height, average air flow velocity and plate 

material. As a result of preliminary calculations based on the 

literature in PHE design, the control factors and their sub-levels given 

in Table 1 are selected. Each of important factors for CTHE, which 

is chosen as performance parameters in the design of the PHE, are 3-

levels.  

The L9 orthogonal array has been used for 4 control factors, each 

with 3-levels. The minimum number of CFD models for L9 

orthogonal array and PHE design was obtained one less than degree 

of freedom. In this study, the degree of freedom is 8. Thus, 9 different 

models were generated for PHE design using CFD and the list of 

these models were given in Table 2. In the Taguchi method, which is 

performed in this study for the optimum PHE design, “the larger the 

better” was chosen as the performance category [18].  

S N⁄ = -10 log (
1

n
∑ 1 y

i
2⁄

n

i=1

) (9) 

In the above statement, y is the observed data and n is the number 

of observations. The negative sign is added to the expression to 

ensure that the operation yields an optimal numerical result for the 

maximum performance parameter value.  

Table 2: 9 different designed numerical PHE models according to Taguchi 

L9 orthogonal array. 

Numerical 

run number 

N 

(number) 

H 

(mm) 

u 

(m/s) 

M 

− 

1 2 2 2 Aluminum foil 

2 2 3 2.5 Paper 

3 2 4 3 ABS Film 

4 6 2 2.5 ABS Film 

5 6 3 3 Aluminum foil 

6 6 4 2 Paper 

7 18 2 3 Paper 

8 18 3 2 ABS Film 

9 18 4 2.5 Aluminum foil 

The CTHE obtained according to the results of the numerical 

solution were converted to the S/N ratios in “the larger the better” 

performance category. The sub-levels of the parameters to be 

selected for the PHE design with the high performance were 

determined according to the S/N ratio. A new numerical PHE model 

was generated using these optimum sub-level of parameters not 

found in the L9 OA given in Table 2. With the results obtained from 

the solution of this model, the maximum CTHE that can be achieved 

was determined, if the sub-level of parameters are used to maximize 

the CTHE. The next step in the Taguchi analysis is to determine the 

optimal levels of control factors for the optimum PHE design. 

In this study, CTHE is chosen as the performance parameter to 

be optimized and this parameter is aimed to be the high. The optimal 

conditions of the performance parameter were obtained using the S/N 

table of the control factors and the combination of sub-level of factors 

Table 1: Selected 3-level control parameters and their sub-levels. 

Level 

Number of 

sub-channels 

N (number) 

Channel 

height 

H (mm) 

Average air flow 

velocity 

u ( m/s) 

Plate 

material 

M 

1 2 2 2 
Aluminum 

foil 

2 6 3 2.5 Paper 

3 18 4 3 ABS Film 
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which gave the high S/N ratio was determined. According to 

Equation (10), the optimal value of the performance parameter can 

be estimated using the additivity law [19]. 

OPT= Κ+ ∑ (Xi-Κ)

n

i=1

 (10) 

4. Results and Discussion 

In this study, it is aimed to design a PHE with the high CTHE for 

use in heat recovery ventilation systems. The PHE has been designed 

with the CFD and Taguchi approach considering the fresh air flow 

rate for a small residential building inhabited for three to four people. 

With these approaches, the dimensions and operating conditions of 

the PHE, which are the required optimal sub-level of effective 

parameters, have been determined for the high CTHE. 

Table 3: Response table for S/N ratios. 

Level N (number) H (mm) u (m/s) M 

1 39.68 38.62 42.79 39.47 

2 39.79 40.28 39.33 39.55 

3 39.06 39.63 36.41 39.50 

Δ (max–min) 0.73 1.66 6.38 0.08 

Rank 3 2 1 4 

Using the mean of S/N ratios, the significance levels of the 

factors were determined according to ANOM. In the Taguchi 

method, ANOM results for “the larger-the better” were given in 

Table 3. The delta in Table 3 is the difference between the highest 

and lowest values of the mean S/N ratios for a factor. Delta 

determines which control factor affects the performance parameter 

more, as well as explains the significance level of this effect. The 

importance rank of factors for CTHE in Taguchi was determined as 

1-average air flow velocity, 2-channel height, 3-number of sub-

channels and 4-plate material according to ANOM. As seen in Table 

3, the maximum change in delta is for average air flow velocity. The 

effect of plate material on PHE performance is not significant 

compared to the other three parameters. However, the effect of 

decreasing the average air flow velocity to the lowest value of 2 m/s 

is 6 times more than the other two parameters (number of sub-

channels and channel height). In addition, changing the channel 

height is 2 times more effective than the number of sub-channels. 

Therefore, the average air velocity is 3.8 times more effective than 

the channel height. 

Fig. 3 shows the S/N ratios obtained for the optimal PHE design 

from the ANOM results for maximum CTHE. For maximum CTHE, 

Taguchi’s predictions for the best combination of sub-level of control 

parameters in “the larger the better” category were determined as 

sub-channel number-6, channel height-3 mm, average air flow 

velocity-2 m/s and plate material-paper.  

According to this PHE design combination, the temperature 

distributions on the plate surface and the symmetry plane of fresh 

side obtained from the CFD results are given in Fig. 4. Fig. 5 shows 

the velocity and pressure distributions, in which the inlet-outlet 

regions are also included, in the plane of the symmetry on the fresh 

side.  

4.1. Validation Test 

Table 4 shows the optimal design combinations for PHE with 

high CTHE. And also, the optimum value of the performance 

parameter was predicted by the Taguchi method. In order to confirm 

the Taguchi performance prediction, the numerical solution was 

repeated with the optimal PHE design parameters combination. In the 

optimum PHE design, the difference between CTHE obtained from 

Taguchi and CFD analyzes is only 0.25%.  

 

 

 

 

Table 4: Optimum PHE design parameters for CTHE. 

N: Number of sub-channels (number) 6 

H: Channel height (mm) 3 

u: Average air flow velocity (m/s) 2 

M: Plate material Paper 

f: Flow effectiveness 320.99 

t: Thermal effectiveness 0.486 

Predicted optimum value for  CTHE (Taguchi)  156.44 

Confirmation run for  CTHE (CFD) 156.07 

Percentage deviation for CTHE (%) 0.25 

Fig. 3 S/N ratios of effective parameters according to CTHE. 
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4.2. Analysis of Variance 

ANOVA analysis is performed to evaluate the quantitative effect 

of factors affecting PHE performance using the results of CFD 

analysis. With this analysis, the importance of control factors 

affecting the dependent variable selected as performance parameter 

are easy to rank. Table 5 shows the results of ANOVA analysis for 

the 90% confidence interval and the percentage contributions of the 

factors affecting the PHE design on the performance parameter. 

Thus, it is possible to decide which control factors are the most 

important to the aimed performance parameter in PHE design and 

which control factors should be changed. 

Control parameters with a P-value less than 0.05 were considered 

to have a statistically significant effect on the targeted performance 

criteria. The last column in Table 5 gives the percentage contributions 

of the parameters on the targeted performance. The highest 

contribution was 91.39% with average air flow velocity, while the 

other parameters had an effect of 2.12% for the channel height, and 

less than 1% for the number of sub-channels and plate material. For 

this reason, it was obtained that the average air flow velocity and 

channel height are the most predominant control parameters in terms 

of CTHE. These results were also confirmed by ANOM analysis. The 

mathematical equation to be used in the calculation of the CTHE was 

derived in the 90% confidence interval, taking into account the design 

variables for the designed PHE.  

εCTHE=C-0.268×N-5.46×H-71.6×u   (R2=94.39%)

CAluminum foil= 261.6,  CPaper= 267.0,  CABS film= 264.2 
(11) 

Table5: Analysis of variance for the CTHE in the PHE design. Categorical predictor coding (-1; 0; +1). 

Parameter 
Degree of 

freedom 

Sum of 

squares 

Mean sum of 

squares 

F-Value P-Value Percent 

contribution (%) 

Number of sub-channels 1 29.98 29.98 0.19 0.003 0.36 

Channel height 1 178.57 178.57 1.13 0.079 2.12 

Average air flow velocity 1 7697.63 7697.63 48.85 0.000 91.39 

Plate material 2 43.92 21.96 0.14 0.140 0.52 

Error 3 472.72 157.57 - 0.896 5.61 

Total 8 8422.82 100 

F0.1,1,3= 5.54 

(a) (b) 

Fig. 5 (a) Velocity contour and (b) pressure contour on the symmetry plane of fresh-side for optimum PHE design. 
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(a) (b) 

Fig. 4 Temperature contours for optimum PHE design on the (a) plate surface and (b) symmetry plane of fresh-side. 
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Another important result according to ANOM and ANOVA is 

that the number of sub-channels and the effects of the plate material 

on the performance parameter are extremely low. If the designed 

PHE has two sub-channels instead of six sub-channels, the difference 

between S/N ratios is 0.73% compared to ANOM and the effect of 

number of sub-channels is only 0.36% according to ANOVA. In 

other words, a PHE with two sub-channels may be preferred in the 

design. This choice will provide ease of production, as well as 

material and energy savings.  

5. Conclusion

In this study, a cross-flow PHE with fixed plate sizes and total 

height for a small dwelling is designed by using CFD and Taguchi 

method for maximum CTHE. In Taguchi analysis, 4 control 

parameters each with 3-levels were selected and numerical analysis 

were derived for designed 9 different 3-dimesional CFD models. In 

the heat exchanger designed for a dwelling with a flow rate of 50-200 

m3/h and three to four inhabitants, the number of sub-channels, 

channel height, average air flow velocity and plate material effects 

are investigated for maximum CTHE. In the optimal PHE design 

combination, the CTHE predicted by the Taguchi method was 

compared with that obtained from the CFD model solution of the 

optimal PHE design, thus the Taguchi estimate was confirmed. In 

addition, a mathematical equation which is the function of the control 

parameters was derived in the 90% confidence interval for 

calculating the CTHE. The results obtained from this study are as 

follows: 

− For the maximum CTHE, the combination of the optimal sub-levels 

of the effective factors according to ANOM is the number of sub-

channels-6, channel height-3 mm, average air flow velocity-2 m/s 

and plate material-paper. 

− According to the results of ANOVA analysis, the percentage shares 

of the selected design parameters for CTHE of PHE are 91.39% for 

average air flow velocity, 2.12% for the channel height and less than 

1% for the number of sub-channels and plate material, respectively. 

− When the optimal levels of the factors are used for the maximum 

combined thermal and hydrodynamic effectiveness, the flow 

effectiveness of the designed PHE is 321 while the thermal 

effectiveness is obtained as 48.6%. 

− By using the optimal levels of factors for the maximum CTHE, the 

difference between CTHE predicted by the Taguchi method (156.44) 

and that obtained from the solution of the new optimum PHE 

numerical model (156.07) under the constant boundary conditions is 

quite small (0.25%). 

− When the design parameters of PHE with the maximum CTHE 

obtained by the Taguchi method and numerical solution were used, 

sufficient air flow rate to meet the need for fresh air in the dwelling, 

which is the main aim of the study, was achieved with 115 m3/h, 

while 280 W (6.7 kW-h/day) of thermal power was recovered. 

− In the case that the average fresh air flow rate per person is 

approximately 20−25 m3/h, it is possible to meet the fresh air 

requirement of 5 people with the PHE design obtained by aiming the 

maximum CTHE for this small dwelling. 

6. Nomenclature

E - energy (kJ)

ṁ - mass flow rate (kg/s)

∆p - pressure drop (Pa)

C - constant

cP - specific heat (J/kg K)

CTHE - combined thermal and hydrodynamic effectiveness

OPT - optimum S/N ratio

K - arithmetic mean of S/N ratios

P - flow energy (W)

Q - thermal power (W)

S/N - ratio of Signal to Noise

T - temperature (K)

Xi - maximum S/N ratio of each parameter

ε - effectiveness

∀̇ - volume flow rate (m3/h)

Subscripts 

f - flow

fa - fresh air

fan - fan

i - inlet

max - maximum

o - outlet

rh - recovered heat

sa - stale air

t - thermal
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