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Abstract 

The article describes a method for calculating 

analysis of the exhaust gas cooler, designed to work 

as a part of the thermoacoustic module of an 

automobile engine for realizing a thermoacoustic 

effect to reduce the noise of exhaust gases. In the 

technique aimed at modeling the thermophysical 

processes in the exhaust cooler, the influence of the 

metal foam on the heat transfer coefficient between 

the exhaust gas and the tube wall was considered. 

The results of calculating studies of the cooler are 

presented, including its main geometric dimensions, 

heat transfer coefficient and aerodynamic resistance 

to the exhaust gas flow.  

The results obtained showed that an increase in the 

number of pores per inch (PPI) of metal foam leads 

to an increase in the coefficient of heat transfer and 

undesirable growth of aerodynamic resistance. It 

was studied that with PPI ≥ 20, the intensity of the 

increase in the heat transfer coefficient reduces and 

further increase in PPI is inadvisable. 

Keywords: exhaust gas, metal foam, 

heat exchanger, heat transfer.  

 

1. Introduction 
One of the important problems of modern 

megalopolises is acoustic pollution of the environment. 

Noise occupies the third place on the negative impact 

on the human among the known harmful factors [1]. 

The percentage contribution of the noise of the 

exhaust gases to the overall level of the external noise 

of a passenger vehicle is from 4.8 to 22.9% [2], which 

proves the relevance and prospects of the work for 

improving the exhaust system. 

Currently, various noise silencers maintained in 

the exhaust systems are used to reduce noise 

emissions of exhaust gases to existing and promising 

standards. 

Recently, a promising method of noise reduction, 

based on the thermoacoustic effect, has become 

increasingly widespread. According to the method, the 

acoustic pressure of acoustic waves decreases with 

decreasing exhaust gas temperature [3]. It is necessary 

to use the thermoacoustic module of the car engine, 

installed in the exhaust system and containing the 

exhaust cooler. It is established that the application of 

the thermoacoustic module in the car engine exhaust 

system makes it possible to reduce the noise by about 

2 dB when the exhaust gas is cooled by 100 °C [4]. 

The thermal power transferred to the cooler 

when cooling the exhaust gas is dissipated by means of 

the internal combustion engine (ICE) cooling system 

and, if necessary, can be used to accelerate its warm-

up and to heat the passenger compartment of the 

vehicle. 

Acceleration of warming up of internal 

combustion engine allows reducing the negative effect 

during its cold start [5]. According to the assessment [6], 

at a motor oil temperature of about 20 °C, the 

frictional losses are more than 2.5 times higher than 

the value obtained for the heated engine oil. It was 

found that a cold start of the engine at a temperature 

of 0 °C leads to an increase in fuel consumption by 

13.5% [7]. Technical solutions for heating engine oil 

using thermal energy of exhaust gas are presented in 
[8, 9]. For example, using the heat of exhaust gas can 

increase the efficiency of the vehicle in general, since 

the power costs for heating the passenger 

compartment of the car for various ambient 

temperatures (from -20 °C to +40 °C) range from 1 to 8 

kW [10]. In addition, the reducing of the warm-up time 

of the engine can significantly reduce emissions of 

harmful substances from the exhaust gas in the first 

minutes after a cold start of the engine [11]. 

According to the existing research and 

experience of practical application, it is recommended 

to use a shell-and-tube heat exchanger in the 

construction of thermoacoustic module of the car 

engine for cooling the exhaust gas. In the exhaust gas 

cooler, the use of elements made of metal foam is used 

to intensify heat transfer and increase the area of the 

heat exchange surface, which is a promising solution 

and is confirmed by studies on heat exchange 

processes between the coolant flow and metal foam [12]. 

 

2. Methods 
The basis of the calculation methodology for 

the parameters of the thermoacoustic module of the 
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car engine is the modeling of physical processes for the 

purpose of calculating the heat transfer and the 

characteristics of the exhaust cooler in the 

aerodynamic resistance of the internal space of the 

heat exchange tubes. 

Table 1 shows a list of parameters that are the source 

data for conducting computational studies.  

Parameter Notation Value 

Exhaust gas consumption (coolant), kg/h Geg (Gf) 300 (3600) 

Exhaust gas temperature at the inlet (outlet), °С teg1 (teg2) 550 (200) 

Coolant temperature at the inlet, °С Tf1 90 

Heat conductivity of the heat exchange pipe material, W/(m*K) λw 22 

An average density of exhaust gas (coolant), kg/m3 ρeg (ρf) 0,558 (967,3) 

The average heat capacity of exhaust gas (coolant), J/(kg*K) сeg (сf) 1149 (4218,4) 

An average thermal conductivity of exhaust gas (coolant), W/(m*K) λeg (λf) 0,055 (0,709) 

An average kinematic viscosity of exhaust gas (coolant), m2/s νeg (νf) 5,672·10-5 (2,909·10-7) 

The average coefficient of thermal diffusivity, m2/s аf 1,692·10-7 

Internal (outer) diameter of heat exchange tubes, m d1; d2 (D1; D2) 0,028; 0,021 (0,032; 0,025) 

A number of tubes (heat exchange sections), pcs. n1; n2; (nS) 20; 4; (3) 

Table 1: Source data  

 

In the design of the exhaust cooler, metal foam 

with porosity [epsilon] = 0.933 is used, PPI = 5, having 

a fiber thickness and length t = 0,5·10-3 m and l = 

1,913·10-3 m, respectively, and the heat transfer 

surface density [alfa]sv = 299 m2/m3. 

 

 Basic equations of the computational analysis  
Figure 1 shows the design of the exhaust gas 

cooler. 

 
Figure 1: Design diagram of the exhaust cooler 

 

The heat exchange part of the exhaust cooler 

consists of three shell-and-tube heat exchangers 

installed consistently and connected by a cooling 

circuit. 

The average temperatures of the exhaust gas 

teg and coolant tf, are determined from the following 

functions: 
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where the indices "1" and "2" are the 

temperatures of the heat carriers at the inlet and 

outlet of the heat exchanger. 

In the case of counterflow motion of heat 

carriers, the average temperature difference Δtav in 

the heat exchanger is determined considering the 

average temperatures (1) and (2): 
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The value of the thermal power N, withdrawn  

when cooling the exhaust gas, is determined by the  

 

expression: 

 
21 egegegeg ttcGN    (4)

 

The required coolant flow Gf through the heat 

exchanger, sufficient to drain the heat output N (4), is 

determined by the function: 
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For calculation of heat exchange processes, the 

parameters presented on the heat-exchange tube 

design diagram are used (Figure 2). 

 

Figure 2: Design diagram of the heat exchange pipe. 

Movement of exhaust gas and coolant

 

The average flow velocities of the exhaust gas 

[omega]eg through the heat exchange tubes and the 

velocity of the coolant [omega]f in the shell side are 

determined by the formulas: 
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 - total area of 

the cross-section of the bundle of heat-exchange tubes; 

D - the inner diameter of the heat exchanger housing. 

The hydraulic diameters of the metal foam Dh1 

[13] and the shell side Dh2 are determined by the 

formulas: 
849.0
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The values obtained allow us to determine the 

Reynolds criteria for exhaust gas and coolant: 

 




eg

heg

eg

DG 1'
Re   (10)

 

 

f

hf

f

D



 2
Re


   (11)

 

The parameter G'eg is the specific mass flow 

rate of the exhaust gas and is defined as the ratio of 

Geg to Seg. 

Heat transfer coefficients [alfa]eg [13] and [alfa]f 

are determined by the formulas: 

t
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criteria for exhaust gas and coolant;
43.08.0 PrRe021.0 fffNu   - Nusselt criterion for 

coolant. 

The coefficient of heat transfer К of the heat 

exchanger is determined by the formula: 
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Calculation of the area of the heat exchange 

surface F is carried out considering the assurance 

factor k = 1,2 according to the formula: 
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Then the length of the heat exchange tube Lt 

is: 
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An aerodynamic resistance of the heat 
exchanger 

To determine the aerodynamic resistance of 

the metal foam, resulting from the motion of the 

exhaust gas flow, the coefficient of friction in the metal 

foam is determined [13]: 
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Specific and total aerodynamic resistance of 

the metal foam are calculated by the formulas: 
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3 Results 
Using the initial data from Table 1, the heat 

transfer coefficient values [alfa]eg = 464.9 W/(m2·K) 

and [alfa]f = 671 W/(m2·K) were determined, which 

allowed calculating the heat transfer coefficient K = 

267,9 W/(m2·K). The length of the heat exchange tubes 

was Lt = 0.102 m, which, using the metal foam with 

the specified parameters, determined the value Δp = 

15580 Pa/m. 

Figures 3 and 4 show the results of a 

calculation demonstrating the change in the 

parameters under study depending on the PPI values 

of the metal foam. 

 
Figure 3: Graph of the area of heat exchange surface of 

copper foam dependence on the length of the heat exchange 

tube from the values of PPI 

 

 
Figure 4 : Graph of the dependence of [alfa]eg and ΔPΣ on PPI 

values 

 

 4 Discussion 
The obtained results made it possible to create 

a graph of the heat transfer coefficient [alfa]eg 

dependence and the total aerodynamic resistance ΔpΣ 

on the values of PPI (Fig. 4), which shows that an 

increase in PPI leads to an increase in the value of 

[alfa]eg. At the same time, the total aerodynamic 

resistance ΔpΣ increases, which is undesirable. 

Note that at PPI ≥ 20, the intensity of the 

increase [alfa]eg decreases, which allows us to make a 

conclusion about the inadvisability of further PPI 

increase in this statement of the problem. The use of 

metal foam in the heat exchanger makes it possible to 

achieve high values of the coefficient of heat transfer 

from the exhaust gas to the wall of the heat exchange 

tube 400 ... 500 W/(m2·K). 

 

5. Conclusion 
As a result of a computational analysis, the 

efficiency of using metal foam in the exhaust gas 

cooler for the thermoacoustic module of the car engine 

is shown. 

International Journal of Pure and Applied Mathematics Special Issue

2629



The results of the work can be used to create 

compact heat exchangers for various applications, as 

well as to develop algorithms for operating these 

devices under conditions of unsteady flow and 

temperature characteristics of heat carriers. 

We note the importance of further 

development of the computational method since the 

accumulation of experimental data and the use of 

empirical dependences will reduce the number and 

weight of assumptions made during the conduct of 

computational research. 
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