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ABSTRACT 

A thermoelectric generator has drawn significant attention for heat recovery from an engine exhaust, which 

contributes for enhancing the fuel economy of the engine. A heat exchanger is an important element of the heat recovery 

system such as a thermoelectric generator. The thermoelectric generator performance is affected by the heat exchanger. So, 

it is needed to improve the average surface temperature, temperature uniformity, and back pressure of the heat exchanger. 

In this study, different types of internal structures were used and compared under different operating conditions. Taguchi 

method was used to find the design of the experiment. Several experiments have been conducted based on orthogonal 

arrays L25 with two parameters and five levels. Analysis of variance was implemented for finding the significant and 

parameter contribution. Finally, the optimum operating condition of the surface temperature, temperature uniformity, and 

back pressure have been obtained. The predicted and actual values of all the parameters are in good agreement. The 

optimum combination of the engine load and heat exchanger has been obtained by using Grey relational analysis. 

 
Keywords: analysis of variance, grey relational analysis, Taguchi method, thermoelectric generator, waste heat recovery. 

 

1. INTRODUCTION 

About 30-40% of combustion heat is released as 

an engine exhaust. Generally, it is dumped into the 

atmosphere as waste heat. If this waste heat is recovered 

and converted into useful energy, the engine efficiency can 

be improved (Kumar et al. 2011). Waste heat recovery 

technology has become significantly important for 

enhancing overall efficiency and minimizing fuel 

consumption of internal combustion engine (ICE). 

Thermoelectric generators (TEG) have attracted 

considerable attention for recovering waste energy. TEG 

has the potential to recover waste heat and convert thermal 

energy to electric energy. Heat transfer and heat capacity 

govern the power output and efficiency of TEG (Su et al. 

2014). The heat exchanger provides preliminary heat for 

the TEG, and the effectiveness of heat exchanger depends 

on the shape, size, and material. (Bai et al. 2014; Hatami 

et al. 2014). A more-effectiveness heat exchanger extracts 

more amount of heat from the engine exhaust (Lu 

Hongliang et al. 2013). The heat transfer is linked with a 

back pressure for a heat recovery device. An ideal heat 

exchanger recovers more heat from the vehicle exhaust at 

the cost of permissible back pressure. The temperature 

uniformity over the upper and lower sides of the 

exchanger is very important for a TEG. Unequal 

temperature stresses make rough contact at interfacing of 

the thermoelectric module (TEM) and heat exchanger. It 

produces permanent damages to the TEM (Deng et al. 

2013).  

A location of the heat recovery device between 

catalytic converter and muffler has shown higher surface 

temperature and lower back pressure (Liu et al. 2014). The 

design of the slopping block at the inlet and outlet of the 

exhaust heat exchanger makes temperature distribution 

more uniform than without slopping block (Hsu et al. 

2011). A brass material accordion shaped heat exchanger 

could reduce the thermal resistance and achieved a 

uniform temperature distribution and higher surface 

temperature to enhance the TEG performance (Su et al. 

2014). A smaller exhaust inlet channel improves the heat 

transfer but increases the flow resistance, and therefore a 

moderate channel size is required (Niu et al. 2014). The 

heat exchanger’s heat transfer rate is increased by 

incorporating the fin structure, inserts, and heat exchanger 

configuration (Tzeng et al. 2014). The introduction of ribs 

or internal structures in the exchanger, results in a more 

unrequired back pressure in the exhaust system, it is not in 

favor of the engine efficiency. It is important to know for 

thermoelectric generators, how to improve the rate of heat 

transfer and controls the pressure drop in the system 

(Yiping et al. 2014). Thermal point of view, the thickness 

of fins and thickness of heat exchanger wall should be 

small (Marvao et al. 2019). Wang et al. (2018) introduced 

heat exchanger with dimpled surfaces to increase the heat 

transfer rate with low back pressure. Vale et al. (2017) 

investigated plain fins and offset strip fins configurations. 

It was observed that the smaller offset strip fins show 

improvement in heat transfer rate, but more power is 

needed for pumping. Therefore, that the plain fin 

configuration is the best selection for the heat exchanger. 

It is difficult to determine the parameters effect 

on the heat exchanger performance. The Taguchi method 

can give a systematic approach for the experimental 

design. The optimum condition of the system is found by 

using Taguchi method, but very few researchers used the 

Taguchi method for experimental design and heat 

exchanger optimization (Chen et al. 2015). The Gray 

relational technique is applied for converting the different 
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performance characteristics into single performance 

characteristic (Cabrera et al. 2012).  

The quantity of heat absorbed from the vehicle 

exhaust, which supports the system of power output and 

conversion efficiency. Various type of heat recovery 

systems with tabulators are used to improve the rate of 

heat transfer and temperature distribution. The aim of this 

current work is to enhance surface temperature and 

temperature uniformity, through tabulators, such as an 

empty cavity, inclined plate, serial plate, fishbone, and 

accordion-shaped structure. Prototypes of exhaust heat 

exchangers (EHE) with inserts were fabricated. An 

experimental setup constructed to find temperature 

distribution and back pressure over different operating 

conditions. The optimum conditions for maximizing the 

performance of the system were obtained by using the 

Taguchi method and Gray relational grade (GRG) used for 

finding single performance characteristic. 

 

2. EXPERIMENTAL SETUP 

 

2.1 Exhaust heat exchanger with different internal  

      structures  

The exhaust heat exchanger has three sections: 

front section, exchanger section, and rear section. The 

photographic view of the heat recovery device or EHE is 

shown in Fig. 1. Various kinds of internal structures were 

proposed; such as the empty cavity, inclined plate, serial 

plate, fishbone-shaped, and accordion-shaped structure, 

shown in Fig. 2 (a), (b), (c), (d),(e) respectively. The heat 

exchanger with no internal structure was called an empty 

cavity. For the inclined plate structure, nine fins of 32 x 20 

x 5 mm size were fixed at an angle of 25° on both sides of 

the horizontal axis of the heat exchanger. The fins were 

arranged series-wise, on both sides of the serial plate heat 

exchanger and the length of the fin was increased from the 

front side (45 mm) to the rare side (60 mm). For the 

fishbone-shaped structure, fins were arranged in an 

inclined position with the horizontal, and angle of 

inclination increases from front to the rare side of the heat 

exchanger. The accordion-shaped structure shows that the 

different sized fins were set randomly to disturb the 

exhaust flow, which gives more heat to the upper and 

lower surface of the EHE. All structures were fixed in the 

same heat exchanger shell, for the comparison purpose. 

The heat exchanger shell dimension was 110 x 210 x 20 

mm. Aluminum material was used to fabricate the heat 

exchanger and all the internal structures. The working 

surfaces (top and bottom) of the heat exchanger can be 

removed to clean the internal part of the system. There is 

no need to use a different shell for different internal 

structures.  

 

2.2 Test setup 

A test setup was built to check the effect of the 

internal structures on average temperature of heat 

exchanger surface, thermal uniformity and back pressure. 

A schematic layout and photographic view of the test 

setup are shown in Figure-3 (a), (b) respectively. It was 

divided into three parts: heat source as engine exhaust, 

heat recovery system as the heat exchanger with different 

internal structures and measurement. An engine provides 

high-temperature exhaust as a heat source to the heat 

recovery system. The engine specification is given in 

Table-1. The pressure gauges (2 nos.) were fixed at the 

entry and exit position, in the direction of exhaust flow to 

measure static pressure. Thermocouples (K-type, 8 nos.) 

were placed on the lateral, and inside zone of the top 

surface plate. Positions 1, 2, 3, 4 were marked on the 

lateral zone and positions 5, 6, 7, 8 were marked on the 

internal zone of the top surface plate of the EHE, as 

presented in Figure-4 (a). All thermocouples were fixed at 

all marked positions (1-8) on the surface plate and stuck 

with Aluminum tape to ensure measurement accuracy, as 

shown in Figure-4 (b). 

Data acquisition system (NI USB-6210, 16-bit, 

250kS/s) is used to record and save the performance of the 

diesel engine. Cartage type thermocouples were used to 

measure the exhaust entry and exit temperature. The 

temperature of engine exhaust varied with engine load. A 

bypass gate valve was used to bypass the excess amount of 

engine exhaust. The insulating material, glass wool is 

applied over the heat recovery system to resist heat loss to 

atmosphere.  

 

Table-1. Engine Specification. 
 

Particular Specification 

Engine Make Kirloskar 

Type Single cylinder 

Stroke 4 stroke, Diesel 

Power 3.5 KW 

Constant Speed 1500 rpm 

Stroke 110 mm 

Bore 87.5 mm 

Engine 661 cc 

Compression Ratio 17.5:1 

 

2.3 Operating conditions 

The diesel engine was at the constant speed (1500 

RPM) with 17.5:1 compression ratio and it was running at 

different loads such as 2, 4, 6, 8, and 10 kg. Approximate 

60% of the engine exhaust was taken as the heat source for 

the experimentation and the balance was released into the 

atmosphere. The engine exhaust temperature depends on 

the engine load. The engine provided approximately 

113.6°C exhaust temperature with 0.0077 kg/s mass flow 

rate at no load (0 kg) condition and 216.6°C exhaust 

temperature with 0.00838 kg/s mass flow rate at full load 

(10 kg) condition. During the experiment, the heat 

exchanger surface plate was kept dry, clean, and exposed 

to the ambiance with 28°C temperature. 
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Figure-1. Photographic view of assemble exhaust heat exchanger. 

 

 
 

Figure-2. Photographic view of the heat exchanger with internal structures (a) empty cavity, 

(b) inclined plate structure, (c) serial plate structure, (d) fishbone-shaped structure, and 

(e) accordion-shaped structure. 

 

 
 

Figure-3. Experimental setup/ Test rig (a) Schematic layout (b) Photographic view. 
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Figure-4. Photographic view of the top surface (a) with temperature measurement points 

(b) with thermocouples. 

 

3. EXPERIMENTAL RESULTS 
The exhaust heat exchangers with five different 

internal structures/tabulators were compared to observe 

temperature uniformity, average surface temperature, and 

pressure drop under various operating conditions. The 

thermal uniformity of the EHE was very important for the 

thermoelectric module, used for power generation through 

TEG. A non-uniform thermal stress generated in an 

uneven contact between the heat exchanger and 

thermoelectric module. The thermal uniformity coefficient 

is λ, which is applied for finding the thermal uniformity of 
the EHE. For finding of thermal uniformity coefficient, the 

equation no. 1 is used (Tang et al. 2015). 
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1

( )1
1
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i mean

meani

t t

ty





  

                                            (1) 

 

Where is number of thermocouples fixed on 

the surface of EHE,  is the temperature at position  and 

 is the average temperature of the EHE plate. is 

the thermal uniformity coefficient, varies 0 to 1.  

When , it indicates uniform thermal 

distribution over the surface plate of EHE. 

The exhaust temperature varies with engine 

loads, and the approximate maximum exhaust temperature 

was 214.6°C at 10 kg (full load condition) load and 

minimum temperature was 113.6°C at 0 kg (no load 

condition) load, as shown in Figure-5. The accordion-

shaped structure shows maximum average surface 

temperature (166.38°C) at all engine loads conditions, as 

illustrated in Figure-6. The empty configuration shows the 

minimum average surface temperature at all the engine 

loads (except 2 kg) compared to other configurations 

because the exhaust flow suddenly expanded and 

contracted at the heat exchanger  inlet and outlet, and 

exhaust flow passed with high velocity through the central 

zone of the heat exchanger. There were no obstacles in the 

empty cavity configuration to break the thermal boundary 

layer, at the wall of the heat exchanger. The remaining 

configurations show the intermediate surface temperature 

of accordion shaped and empty structure. 

Figure-7 shows, the temperature uniformity 

coefficient ‘λ’ of the surface at the engine load 2 to 10 kg. 

As shown in this illustration, the temperature uniformity 

coefficient of all the configurations gradually increases 

with the engine load. At full load condition, fishbone 

shaped heat exchanger shows higher temperature 

uniformity (0.93). The fins and its arrangement played a 

vital role in directing the exhaust flow in a manner to 

enhance temperature uniformity. The fishbone-shaped 

structure and accordion-shaped structure showed better 

temperature uniformity than other configurations. 

 

 
 

Figure-5. Exhaust gas temperature increasing with 

engine load. 

 

 
 

Figure-6. The average surface temperature of the heat 

exchangers at different engine loads. 
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Figure-7. Temperature uniformity coefficient of the heat 

exchanger plate at different engine loads. 

 

 
 

Figure-8. The pressure drop variation with engine load. 

 

4. PARAMETER OPTIMIZATION 

 

4.1 Design of experiment and Taguchi Method 

Taguchi method is mostly used in engineering 

analysis. In the present study, the Taguchi approach was 

used for designing experiment and to find the parameter 

effects on the heat exchanger performance. Taguchi 

method minimizes the number of experiment/trial run and 

also reduces the effects of uncontrollable factors. The 

Taguchi method uses a loss function for finding the 

variation of the desired values from experimental values. 

The loss function is transferred to a signal-noise (S/N) 

ratio (Kivak, 2014). Signal to noise ratio is the ratio of 

desirable value (signal) to the undesirable value (Noise). 

In the S/N ratio analysis, three types of quality 

characteristics are there, such as smaller-the-best, higher-

the-best, and nominal-the-best. For the optimization, the 

following S/N ratios are used (Mandal et al. 2011): 

The S/N ratios for smaller-the-best (minimize) 

response is obtained by the equation (2): 
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The S/N ratios for larger-the-best (maximize) 

response is obtained by the equation (3): 
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The S/N ratios for nominal-the- best response is 

obtained by the equation (4): 

 

2
/ 10log

y
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                                                            (4) 

 

Where y is the obtained data under experimental 

conditions (under experiment no. i ),  y  is the average of 

obtained data, 2
sy  is the variance of y , and n  is the 

number of observations. The responses considered in the 

experiment were average surface temperature and 

temperature uniformity, which are having the larger-the-

best characteristic. For the back pressure, smaller-the-best 

characteristic has been considered. 

 

4.2 Analysis of S/N (signal to noise) ratio 

In this work, the research objective was to 

maximize the average surface temperature, temperature 

uniformity and minimizes the back pressure of the EHE, 

so the larger-the-best quality characteristics was used for 

average surface temperature and thermal uniformity, and 

the smaller-the-best quality characteristics was used for 

back pressure. In this study, the two factors/parameters 

(heat exchangers with internal structure and engine loads) 

and five levels were used, as shown in Table-2. The most 

appropriate orthogonal array L25 (5
2
) was chosen in the 

current investigation to find the optimal parameters, as 

presented in Table-3. The test was conducted as per the 

experiment plan and the experiment results were converted 

into the S/N ratio (Turgut et al., 2012), illustrated in 

Table-4.  

The S/N ratios help to find the parameters which 

are more effective on the performance characteristics. In 

this analysis, the largest S/N ratio was selected for finding 

the best level of each control factor. The aim of the 

Taguchi approach is to maintain the low effects of 

uncontrollable factors (noise) and the more effects of 

controllable factors (signal). The largest S/N ratios 

represent the optimum parameters values. Analysis of 

control factor effect on the average surface temperature, 

temperature uniformity, and back pressure was performed 

with S/N response table. The average values of S/N ratios 

are presented in Table-5. These S/N ratio values were 

presented graphically, as shown in Figures 6, 7, and 8. The 

best level of control parameter was obtained as per the 

highest S/N ratio. The S/N ratios and the parameter levels 

give the best average surface temperature value were 

identified as a factor A (level 1, S/N = 41.73) and factor B 

(level 5, S/N = 42.99). In other words, an optimum 

average surface temperature was obtained with an 
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accordion-shaped heat exchanger (A1), at engine load 

(B5) 10 kg. Similarly, the S/N ratios and levels for the 

factors give the best temperature uniformity were 

identified as factor A (level 1, S/N = -1.364) and factor B 

(level 4, S/N = -1.240). According to the matching 

conditions, the optimum temperature uniformity value was 

obtained with an accordion-shaped heat exchanger (A1), at 

engine load (B5) 10 kg. The optimum design parameters 

for the back pressure were obtained as factor A (level 5, 

S/N = -52.45) and factor B (level 1, S/N = -54.86). An 

optimum back pressure value was obtained with an empty 

cavity heat exchanger (A5), at engine load (B1) 2 kg. 

 

4.3 ANOVA (analysis of variance) 

The statistical method, ANOVA is used to find 

the individual contribution of all the control factors in the 

design (Kivak, 2014). ANOVA was used for analyzing the 

heat exchanger effects and engine loads on the average 

surface temperature, temperature uniformity, and back 

pressure. The result of ANOVA for average surface 

temperature, temperature uniformity, and back pressure is 

shown in Table-4. This analysis was conducted at 5% 

significance level and at the 95% confidence level. The 

significance of control parameters in ANOVA is obtained 

by comparing the F values of each parameter. Table-4 

gives the % contribution of each parameter which 

represents the degree of influence on the performance. As 

per Table-5, the percent contributions of the A and B 

factors on the average surface temperature were obtained 

to be 16.68% and 78.92% respectively. Thus the most 

important parameter affecting the average surface 

temperature was an engine load (factor B, 78.92%). On the 

basis of this analysis, the % contributions of the A and B 

factors on temperature uniformity were obtained to be 

39.96% and 38.66% respectively. This indicated that the 

most effective factors on the temperature uniformity were 

the type of heat exchanger with different internal 

structures as well as the engine loads.  Similarly, the % 

contributions of the A and B factors on back pressure were 

obtained to be 70.61% and 27.80% respectively. This 

indicated that the type of heat exchanger was the most 

effective factor for back pressure. 

 

4.4 Estimation of optimum average surface      

      temperature, temperature uniformity, 

      and back pressure 

According to the Taguchi optimization techniques, 

confirmation experiment was essential to be carried out to 

validate the optimized conditions (Turgut et al. 2012). The 

estimation of optimum average surface temperature, 

temperature uniformity, and back pressure, equation (5), 

(6), and (7) were used respectively. 

 

1 5( ) ( )opt ST ST STST A T B T T    
                                  (5) 

 

1 5( ) ( )opt TU TU TUTU A T B T T    
                                (6) 

 

5 1( ) ( )opt BP BP BPBP A T B T T    
                                 (7) 

Here, A1B5, A1B5, and A5B1 indicate the 

optimum level average values of average surface 

temperature ( ST ), temperature uniformity ( TU ), and back 

pressure respectively ( BP ) as shown in Table-5. STT , 

TUT , and BPT  state the total mean of all the ST , TU , and  

BP values got from the experiment study. As a result of 

the calculations, it was calculated that optST  = 167.3°C, 

optTU  = 0.92, and optBP  = 194 Pa. 

 

4.5 Grey relational analysis 

In the present work, gray relational analysis 

(GRA) was applied to find the optimum design 

parameters. Gray relational analysis is a new approach for 

optimizing the design parameters. In the GRA, first the 

results of experiments are normalized in between 0 and 1, 

which is known as grade relational regenerating (Turgut et 

al., 2012).  

The experimental (normalized) results are 

presented as follows. 

Higher is better: 
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Lower is better: 
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Where = 1, 2,…, ; = 1, 2,…, . is the no. of 

experimental observations and  is the no. of factors. 

indicates the original sequence, is the 

sequence after data pre-processing, 0min ( )ix k   and 

are the smallest and highest value of , 

respectively. The normalized values achieved for average 

surface temperature, temperature uniformity, and back 

pressure are shown in Table-6. 

The grey relational coefficient (GRC) can be 

determined after normalization is performed as follows 

(Yiping et al. 2014): 
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Where  is the deviation sequence of reference  

sequence and equivalent sequence 
# ( )

i
x k . is the 

differentiating coefficient with  (0, 1), generally value 

of ξ = 0.5 is used. is the largest value of  and 

 is the smallest value of . 

In the grey relational analysis, the GRG is 

adopted to find the relation between the reference and 

equivalent sequence. If both sequences are equal, then the 

value of the GRA is equal to 1.  

The average value of the GRC is called as GRG 

and it is defined as follows: 

 

1

1
( )

n

i k j

k

w k
n

 


 
                                                          (14) 

 

Where, n is the no. of process responses, kw represents the 

normalized weight value of th
k performance characteristic. 

The results of the GRG and GRC are shown in 

Table-3. For analyzing the results, average analysis has 

been used and is tabulated in Table-4. It was presented 

graphically in Figure-9. The optimum level of the 

parameters is the level with the largest value of GRG. 

According to the results are obtained from Figure-9, the 

optimal parameters achieved are heat exchanger at level 1 

and the engine load at level 5 for achieving better average 

surface temperature, temperature uniformity, and back 

pressure. In this work, the optimal solution A1B5 (heat 

exchanger with the accordion-shaped structure at 10 kg 

engine load) was obtained. 

 

4.6 Confirmation tests 

The confirmation tests should be performed after 

the S/N ratio analysis, ANOVA analysis, and F test. For 

the confirmation test, the optimum parameters are 

selected. The improvements of performance characteristic 

are predicted and verified by using these parameters. The 

equation no. 15 is used to find predicted S/N ratios. 

 

Table-2. Response table for means parameters. 
 

Level 

Control factors 

Average surface temperature Temperature uniformity Back pressure 

A B A B A B 

1 125.10 77.05 0.858 0.790 975 625 

2 101.29 84.65 0.842 0.748 850 755 

3 102.68 99.35 0.748 0.770 750 880 

4 100.43 119.44 0.806 0.834 1440 1020 

5 92.85 141.85 0.756 0.868 465 1200 

Delta 32.25 64.80 0.110 0.120 975 575 
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Table-3. Result of normalization of the response variables the deviation sequence. 
 

Ex. 

No. 

Normalization Deviation sequence 

Average 

surface 

Temp. (°C) 

Temperature 

uniformity 

Back 

Pressure, 

(Pa) 

Average 

surface Temp. 

(°C) 

Temperatur

e uniformity 

Back 

Pressure, 

(Pa) 

1 0.312078 0.349432657 0.538713749 0.687922418 0.6505673 0.4612863 

2 0.435857 0.349432657 0.644628054 0.564142735 0.6505673 0.3553719 

3 0.659166 0.594381042 0.708006142 0.340834348 0.4056190 0.2919939 

4 0.847256 1 0.753247321 0.152743610 0 0.2467527 

5 1 0.757289486 0.794543080 0 0.2427105 0.2054569 

6 0.071678 0.385740630 0.465543151 0.928321724 0.6142594 0.5344568 

7 0.206049 0.421592498 0.571457456 0.793950851 0.5784075 0.4285425 

8 0.433061 0.560652198 0.630868266 0.566939431 0.4393478 0.3691317 

9 0.560517 0.594381042 0.708006142 0.439482611 0.4056190 0.2919939 

10 0.792773 0.850745191 0.731164992 0.207227387 0.1492548 0.2688350 

11 0 0.312655453 0.379006213 1 0.6873445 0.6209938 

12 0.174819 0 0.465543151 0.825180620 1 0.5344568 

13 0.315198 0.041010126 0.571457456 0.684802030 0.9589899 0.4285425 

14 0.718181 0.312655453 0.602091838 0.281818888 0.6873445 0.3979082 

15 0.846324 0.456998103 0.753247321 0.153675842 0.5430019 0.2467527 

16 0.162351 0.560652198 0.753247321 0.837649222 0.4393478 0.2467527 

17 0.221289 0.312655453 0.813920447 0.778711448 0.6873445 0.1860796 

18 0.363829 0.275399174 0.867713678 0.636170598 0.7246008 0.1322863 

19 0.498278 0.456998103 0.931091767 0.501722040 0.5430019 0.0689082 

20 0.796825 0.594381042 1 0.203174768 0.4056190 0 

21 0.100163 0.312655453 0 0.899836859 0.6873445 1 

22 0.137168 0.041010126 0.136543222 0.862832431 0.9589899 0.8634568 

23 0.288539 0.275399174 0.273091909 0.711461274 0.7246008 0.7269081 

24 0.464834 0.275399174 0.465543151 0.53516586 0.7246008 0.5344568 

25 0.637168 0.594381042 0.602091838 0.362832431 0.4056190 0.3979082 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table-4. Calculated GRC and GRG. 
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Ex. 

No. 

Factors Grey relational coefficient 

GRG Rank 
A B 

Average wall 

Temp. 

Temperature 

Uniformity 
Back Pressure 

1 1 2 0.420902908 0.434568218 0.520136431 0.458535853 17 

2 1 4 0.469861780 0.434568218 0.584541032 0.496323677 15 

3 1 6 0.594647449 0.552108583 0.631318027 0.592691353 7 

4 1 8 0.765997540 1 0.669565726 0.811854422 1 

5 1 10 1 0.673209805 0.708760501 0.793990102 2 

6 2 2 0.350061188 0.448728558 0.483345439 0.427378395 20 

7 2 4 0.386413440 0.463646626 0.538478288 0.462846118 16 

8 2 6 0.468630164 0.532284207 0.575286784 0.525400385 12 

9 2 8 0.532207828 0.552108583 0.631318027 0.571878146 8 

10 2 10 0.706986196 0.770113665 0.650334590 0.709144817 4 

11 3 2 0.333333333 0.421107758 0.446032802 0.400157965 22 

12 3 4 0.377307057 0.333333333 0.483345439 0.397995277 23 

13 3 6 0.422011431 0.342702858 0.538478288 0.434397526 19 

14 3 8 0.639534306 0.421107758 0.556849822 0.539163962 11 

16 3 10 0.764905122 0.479385514 0.669565726 0.637952121 5 

17 4 2 0.373790073 0.532284207 0.669565726 0.525213335 13 

18 4 4 0.391018631 0.421107758 0.728778460 0.513634950 14 

19 4 6 0.440074757 0.408296311 0.790780985 0.546384018 10 

20 4 8 0.499140460 0.479385514 0.878876365 0.619134113 6 

21 4 10 0.711060782 0.552108583 1 0.754389788 3 

22 5 2 0.357184479 0.421107758 0.333333333 0.370541857 24 

23 5 4 0.366882963 0.342702858 0.366714962 0.358766928 25 

24 5 6 0.412724708 0.408296311 0.407528488 0.409516503 21 

25 5 8 0.483014384 0.408296311 0.483345439 0.458218712 18 

 

 
 

Figure-9. Graph of Gray relational grade (GRG). 

 

 

 

 

 

Table-5. Grey relational grade response table. 
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Parameters Average gray relational grade 

Level 1 2 3 4 5 Max-Min 

A (HE) 0.6306 0.5757 0.4819 0.5917 0.4319 0.1987 

B (EL) 0.4363 0.4459 0.5016 0.6000 0.6916 0.2552 

 

Table-6. Result of the confirmations experiment for Average surface temperature, Temperature 

uniformity, and Back pressure. 
 

 

Initial 

Parameters 

Optimum parameters Error, 

(%) Prediction Experiment 

Level A1B1 A1B5 A1B5  

Average surface temperature 90.25 167.3 166.38 0.55 

S/N ratio (dB) 39.1 44.42 44.47  

Level A1B1 A1B5 A1B5  

Temperature uniformity 0.78 0.92 0.90 2.22 

S/N ratio (dB) -2.15811 -0.72 -0.91515  

Level A1B1 A5B1 A5B1  

Back pressure 700 194 225 13.78 

S/N ratio (dB) -56.9 -45.75 -47.04  

 

1

( )

n

i mm

i

   


  
                                                    (15) 

 

Where m - mean of total S/N ratio, i - the 

mean of S/N ratio at the optimize level, and k - the no. of 

the main design factors that affect the performance. 

Table-6 shows that confirmation tests results 

which were carried out with the optimum design 

parameters. It is found that the actual and predicted values 

of the average surface temperature, temperature 

uniformity, and back pressure are much closer to each 

other. The comparison between S/N ratios of the initial 

and the optimum parameter shows that the improvement in 

the S/N ratio of the average surface temperature, 

temperature uniformity, and back pressure values are 5.32, 

1.44, and 11.15 dB respectively. An average surface 

temperature and temperature uniformity are approximately 

1.85 and 1.18 times increased, and the back pressure is 

approximately 0.28 times decreased. 

 

5. CONCLUSIONS 

The performance of the heat exchanger with 

internal structures has been investigated experimentally. 

The experiment setup was built to test the heat recovery 

system, i.e. heat exchanger with different kinds of internal 

structures such as the empty cavity, inclined plate, serial 

plate, fishbone-shaped, and accordion-shaped on the 

different engine loads. The average surface temperature 

and the thermal uniformity depend on the inserts. The 

experiment result shows that the exhaust heat exchanger 

(EHE) with accordion-shaped structure has a maximum 

average surface temperature at all the engine loads. At the 

full load condition, the EHE with accordion and fishbone-

shaped structure achieves maximum temperature 

uniformity. The heat exchanger with serial plate structure 

shows maximum back pressure at all the engine loads. The 

optimization was needed to find the best combination of 

the EHE with suitable tabulator/internal structure and 

engine load. 

In this work, the effect on the average surface 

temperature, temperature uniformity, and back pressure of 

the EHE was optimized by using Taguchi method. The 

combination of an optimum parameter for the maximum 

average surface temperature, thermal uniformity, and the 

minimum back pressure was obtained by using S/N ratio 

analysis. The ANOVA was carried out for finding the % 

contribution of the parameters. The optimal combination 

of the EHE with internal structure and engine load has 

been found by using Grey relational analysis. At the last of 

this work, the confirmation test checked the validity of 

Taguchi approach.  According to the obtained results, the 

following conclusions were made: 

 

 The optimum parameter levels for maximum average 

surface temperature, and temperature uniformity 

determined as A1B5 and A1B5 respectively. The 

optimum levels of the parameter for less back pressure 

determined as A5B1. It indicates that these parameters 

(heat exchanger with internal structure and engine load) 

have more influenced on the optimal conditions. The 

most important parameter on the average surface 

temperature was found as an engine load. Similarly, the 

heat exchanger with internal structure was the most 

important parameter on the temperature uniformity and 
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back pressure. The most optimal combination of the 

parameter as A1B5 was determined by Grey relational 

analysis. 

 The confirmation test was used to compare the 

experiment results carried out to optimal levels of 

parameters and the predicted values by Taguchi 

approach. It was seen that the experimental and the 

predicted values are much closer to each other. These 

results proved that the Taguchi approach was 

successfully implemented for finding the optimal 

parameters in the EHE with the internal structures. 

Hence, the optimum conditions were obtained from the 

Taguchi approach can be used in real/practical 

applications. 

In the future, this work would be a guide for 

designing more efficient heat exchanger with internal 

structure to recover waste heat from vehicle exhaust. 
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