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Abstract: The present work aims to investigate the newly modified transfer matrix method (MTMM)
to predict an automotive exhaust muffler’s transmission loss (AEMTL). The MTMM is a mixed
method between a 3D-CFD (Computation Fluid Dynamics in 3D), namely AVL FIRETM M Engine
(process-safe 3D-CFD Simulations of Internal Combustions Engines), and the classic TMM for the
exhaust muffler. For all the continuous and discontinuous sections of the exhaust muffler, the Mach
number of the cross-section, the temperature, and the type of discontinuity of the exhaust gas flow
were taken into consideration to evaluate the specific elements of the acoustic quadrupole that define
the MTMM coupled with AVL FIRETM M Engine for one given muffler exhaust. Also, the perforations
of intermediary ducts were considered in the new MTMM (AVL FIRETM M Engine linked with TMM)
to predict the TL (transmission loss) of an automotive exhaust muffler with three expansion chambers.
The results obtained for the TL in the frequency range 0.1-4 kHz agree with the experimental results
published in the literature. The TMM was improved by adding the AVL FIRETM M Engine as a
valuable tool in designing the automotive exhaust muffler (AEM).

Keywords: automotive exhaust muffler design; transmission loss; modified transfer matrix method;
3D computation fluid dynamics

1. Introduction

Mufflers are commonly used in a wide variety of applications. Industrial flow ducts
and internal combustion engines frequently use silencing elements to attenuate the noise
levels carried by the fluids and radiated to the outside atmosphere by the exhausts. Design-
ing a complete muffler system is usually very complex because each element is selected
considering its exceptional acoustic performance and interaction effects on the entire sys-
tem’s performance. For the frequency analysis of the muffler, it is very convenient to use
the transfer matrix method (TMM), as stated by the authors of [1], whose paper presents
a detailed overview of the TMM’s use two decades ago so as to analyze the mufflers’
acoustics properties and the TL. Articles [2,3] shed light on the transfer function method
and realistic models to predict and measure the sound propagation in ducts. Mechel
presented and developed, in general, the mathematical relations for the TMM [4], while
Munjal in [5] (pp. 104–152) dealt with the aeroacoustics of exhaust mufflers designed for
internal combustion engines. An early review of theory and experiments concerning the
subject was developed in [6] by Sridhara and Crocker, modeling the AEM as a lumped
source muffler termination. In [7], Kumar carried out experiments on the acoustic level
of mufflers using a two-source location technique and a two-load technique. Pal, in his
master’s thesis [8], dealt with the design of hybrid mufflers using finite element analysis,
respectively, ANSYS. Yasuda et al. developed in [9] the prediction of the acoustic behavior
of an AEM using computational fluid dynamics (CFD). Suwandi et al. developed [10] the
TLT (transmission line theory) to predict the TL of a muffler by computations. Kalita and
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Singh studied in [11] the prediction of TL based on ANSYS software. Mohammad et al. de-
veloped in [12] an experimental setup to measure the muffler TL using an impedance tube
and 1D simulation. In his thesis [13], Olgar developed TMM and finite element modeling
(finite element method—FEM) to predict the TL for industrial machinery. He also studied
the TL measurement techniques, such as the Chung–Blaser, two-source, and two-load
methods, similar to Kumar’s [7]. Fu et al. studied unique muffler structures to improve
TL in the frequency range 0–3 kHz [14]. Using the finite element analysis (FEA), Fu et al.
obtained an increase in TL over the frequency range 0–3 kHz, except for the low-frequency
ranges 650–800 Hz and 2500–2700 Hz; this aspect represents a limitation of using FEA
in muffler acoustic performances. In [15], Zhang et al. developed an experimental and
theoretical investigation of TL and vibration transmission for mufflers based on impedance
tube experiments and analytical simulations. Patne et al. studied in [16] the TL of a reactive
muffler using COMSOL software, employing FEM. Fan and Guo [17] investigated the TL
of a silencer using 3D-FEM coupled with CFD. Puthuparampil, in his master’s thesis [18],
studied the acoustic optimization of mufflers using single-objective and multi-objective
optimization based on TMM and FEM. Xie developed [19] a genetic algorithm for the
optimization design of an AEM. In [20], Bowden studied experimentally the TL of muffler
exhaust systems for maritime diesel engines based on a test bench. Mohamad developed a
review concerning the methods and materials for AEM based on an analysis of the effects
of internal flow for engines with internal combustion using CFD [21]. Babu et al. optimized
a hybrid muffler through the prediction of TL based on FEM models in ANSYS [22]. In [23],
Liu et al. developed a TDSM (time-domain simulation method) to evaluate the insertion
loss of a muffler using CFD. Damyar et al. studied the muffler with a double chamber
based on assessing the muffler’s TL in the frequency range 0.1–7.0 kHz [24]. In [25],
Das et al. developed a method of minimizing the muffler’s TL by introducing a baffle
plate in each chamber. To achieve noise reduction for a muffler in the low-frequency band,
Cheng et al. [26] employed the FEM to simulate the non-reflection boundary condition and
to solve the TL. The paper [26] reveals an increase of more than 11 dB for the average TL
and 18 dB for the maximum TL. Cui et al. delve into [27] the boundary element method
(BEM) coupled with the three-point and four-point methods to compute the muffler TL.
The four-point method represents, in fact, the basic TMM; therefore, in this article, the
authors have developed a mixed method BEM-TMM validated through experiments in the
frequency range 0–2700 Hz. Another BEM-TMM method was developed by Vasile in [28]
for stationary non-dissipative mufflers in the frequency range 100–3100 Hz.

As can be seen from the literature, the methods used to predict the muffler exhaust TL
in the last decade are FEM-TMM and BEM-TMM, which have limitations in the frequency
range 0–3000 Hz. Therefore, the enlargement of the frequency range is needed to provide
accuracy of the data used by the TMM, which includes the velocity and temperature of the
exhaust-flowing gas. Therefore, when dealing with automotive muffler exhaust, the first
step is the computation of velocity, temperature, and pressure of the flowing gas in all the
internal ducts of the internal combustion engine, meaning a 3D-CFD approach, combined
in the second step with the TMM for the muffler elements to calculate the TL based on the
results of the 3D-CFD approach.

The present paper deals with the fundamentals of the modified transfer matrix method
(MTMM), which is, in fact, a new mixed method that links the 3D-CFD AVL FIRETM M
Engine [29] (that predicts the gas flow speeds and the temperatures in all elements of the
internal ducts from the intake to the exhaust) with the classic TMM for the muffler exhaust
gas flow, which is applied to a specific muffler configuration to predict transmission loss.
This is the main purpose of the paper: the design of a more precise method for the prediction
of TL based on the 3D-CFD AVL FIRETM M Engine and the classic TMM. The method
considers all the following aspects: the Mach number of the cross-section, the instant speed
flow, the temperature, and the type of discontinuity of the muffler exhaust gas flow. The
3D-CFD AVL FIRETM M Engine provides accurate physical–chemical models based on
the internal combustion engine 3D-CFD, which, “backed up by AVL’s methodological
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knowledge, enable a broad user group to carry out simulations of the combustion process
at the highest level” [29]. The 3D-CFD simulations of internal combustion engines generate
meaningful results for each process element, such as velocity, temperature, and pressure
gas flow.

2. Modified Transfer Matrix Method

The MTMM consists of two major elements of the computation of process simulations:

- The 3D-CFD of AVL gives the first element [29] dedicated to the modeling, simulations,
and calculus of internal combustion engine phenomena, starting from the initial air
intake and finishing at the burn gas flow exhaust, computing all the velocities and
temperatures of the gas flow through all the internal duct elements.

- The second element is given by using all the values of the velocities and temperatures
of the gas flow through the final muffler gas exhaust in the classic TMM to compute
the TL of the AEM, which has a specific geometry and structure.

The first element of MTMM consists of a 3D-CFD AVL FIRETM M Engine [29] based on
the following steps: good reproduction of realistic geometry by discretization, physically
feasible boundary conditions, operating conditions applied to the model given by boundary
conditions, and the best-suited physical models.

The second element of MTMM is the classic TMM, which is used to compute the TL of
a specific AEM using the data already determined with 3D-CFD AVL FIRETM M Engine,
respectively, the velocities and temperatures of the gas flow through the muffler.

For plane wave propagation in a rigid straight pipe of length L, constant cross-section
S, and transporting a turbulent incompressible mean flow of velocity V (see Figure 1),
the sound pressure p and the volume velocity v anywhere in the pipe element can be
represented as the sum of left and right traveling waves. The plane wave propagation
model is valid when the influence of higher-order modes can be neglected. Using the
impedance analogy, the sound pressure p and volume velocity ν at positions 1 (upstream
end) and 2 (downstream end), as in Figure 1 (x = 0 and x = L, respectively), can be expressed
by the following equations

p1 = Ap2 + Bν2, (1)

ν1 = Cp2 + Dν2, (2)

where A, B, C, and D are called the four-pole constants.
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Figure 1. Plane wave propagation [1].

The four-pole constants for the non-viscous medium are expressed, as in [1], in the
following mathematical form:

A = exp(−jMkcL) cos kcL, (3)

B = j(ρ c/S) exp(−jMkcL) sin kcL, (4)

D = exp(−jMkcL) cos kcL, (5)

C = j(S/ρ c) exp(−jMkcL) sin kcL, (6)
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j =
√
−1, M =

V
c

, k =
2π f

c
, kc =

k
1 − M2 , (7)

where M is the Mach number, f is the sound frequency, c is the sound speed, ρ is the fluid
density, S is the cross-section area, and L is the length. Equations (1) and (2) can be put into
the following matrix form: [

p1
υ1

]
=

[
A B
C D

][
p2
υ2

]
, (8)

where the second matrix relates the total sound pressure and volume velocity at two
points in a muffler element, such as the straight pipe discussed in the previous section;
thus, a transfer matrix is a frequency-dependent property of the system. The reciprocity
principle requires that the transfer matrix determinant be 1. In addition, A and D must be
identical for a symmetrical muffler. In practice, different elements, such as a perforated
tube, are connected in an actual muffler, as shown in Figure 2. However, the four-pole
constant values of each component are not affected by connections to elements upstream
or downstream if the system elements can be assumed to be linear and passive. So, each
element is characterized by one transfer matrix that depends on its geometry and flow
conditions. Therefore, it is necessary to model each element and then relate all of them to
obtain the overall acoustic property of the muffler.
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Suppose several muffler elements, such as sudden expansions, contractions, extended
tubes, and perforated tubes, are connected in series. In that case, the overall transfer
matrix of the entire system is given by the product of the individual system matrix. For
example, the muffler shown in Figure 2 includes an extended straight tube (1 in Figure 2),
sudden expansion (2 in Figure 2) and extended inlet (3 in Figure 2), uniform tube, sudden
contraction (4 in Figure 2), concentric resonator with a perforated pipe (5 in Figure 2), and a
straight tailpipe (6 in Figure 2). All the blocks presented in Figure 2 are designed to increase
the global TL of the muffler. Then, for this muffler, the total transfer matrix of the system is

T = T1T2 T3T4T5T6. (9)

For continuous cross-sections, such as extended tubes, the transfer matrix has the form

Ti = e−jMikc li

[
cos(kli) jYi sin( kli)

j
Yi

sin( kli) cos(kli)

]
, Yi =

c
Si

, (10)

while for discontinuity cross-sections, such as sudden contraction or expansion, the transfer
matrix has the form

Ti =

[
1 0
j

Yictg( kli)
1

]
, Yi =

c
Si − Si−1

, Mi = 0. (11)
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When Mi ̸= 0. the computation of the transfer matrix is more complex based on the
parameter elements of the transition section up-stream and down-stream flux, considering
the equation of continuity [30]:

C1S1 + C2S2 + S3 = 0, (12)

where the constants C1 and C2 (see Table 1) are selected to satisfy the mass conservation
equation across the transition.

Table 1. Parameter values of the transition elements for discontinuity [30].

Element Type C1 C2 K
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For an AEM, as illustrated in Figure 3, the general scheme is presented in Figure 4,
representing a triple-chamber muffler with perforations. The blocks mentioned in Figure 4
represent the following parts: 1—inlet straight tube; 2 and 8—sudden expansions (2 and 8
in Figure 4, discontinuities); 3—extended inlet (3 in Figure 4); 4 and 10—discontinuities as
sudden contractions; 11—outlet straight tube; 9—constant inlet; 6—resonator with multiple
perforations (discontinuity); 5 and 7—part of the discontinuities of 4 and 8 of the inlet duct.
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The 6th region of the muffler presented in Figure 4 is illustrated in detail in Figure 5.
For the triple-chamber muffler shown in Figure 4, the continuous regions are 1, 3, 9, and 11,
and their transfer matrices are expressed in the mathematical matrix relations.

T1 = e−jM1kc l1

[
cos(kl1) jY1 sin( kl1)

j
Y1

sin( kl1) cos(kl1)

]
, T3 = e−jM3kc l3

[
cos(kl3) jY3 sin( kl3)

j
Y3

sin( kl3) cos(kl3)

]
,

T9 = e−jM9kc l9

[
cos(kl9) jY9 sin( kl9)

j
Y9

sin( kl9) cos(kl9)

]
, T11 = e−jM11kc l11

[
cos(kl11) jY11 sin( kl11)

j
Y11

sin( kl11) cos(kl11)

]
,

Y1 = c
S1

, Y3 = c
S3

, Y9 = c
S9

, Y11 = c
S11

, c = c0

√
1 + t1

273 ,

M1 = V1

c0

√
1+ t1

273

, M3 = V3

c0

√
1+ t3

273

, M9 = V9

c0

√
1+ t9

273

, M11 = V11

c0

√
1+ t11

273

,

(13)

where the mean gas flow velocities Vi, i = 1, 3, 9, 11 are computed based on the mass
conservation Equation (12) across the transition; the temperatures ti, i = 1, 3, 9, 11 are
calculated for each region considering an adiabatic flow of the burn gases through the
muffler; and c0 is the sound speed at standard temperature (T0 = 273K, p0 = 0.1013MPa).
The blocks illustrated in Figure 5 have the same significance as those mentioned in Figure 4,
where Figure 5 provides details for the elements 4–8 in Figure 4. For the discontinuity
regions 2, 4, 8, and 10 (see Figure 4), the transfer matrices are expressed in the mathematical
matrix form.

T2 =

[
1 K2 M3Y3
1

M1Y1−Z2

S2Z2−M3Y3(S1K2−S3)
S2Z2+S1 M1Y1

]
, K2 =

(
S3

S1
− 1

)2

, Z2 = −jY2ctg(kl2), Mi =
Vi

c0

√
1 + ti

273

, Yi =
c0

√
1 + ti

273

Si
, i = 1, 3, (14)

T4 =

[
1 K4 M5Y5
1

Z4−M3Y3

S4Z4+M5Y5(S3K4−S5)
S4Z4−S3 M3Y3

]
, K4 =

(
0.5 − 0.5

S5

S3

)
, Z4 = −jY4ctg(kl4), Mi =

Vi

c0

√
1 + ti

273

, Yi =
c0

√
1 + ti

273

Si
, i = 3, 5, (15)

T8 =

[
1 K8 M9Y9
1

M7Y7−Z8

S8Z8−M9Y9(S7K8−S9)
S8Z8+S7 M7Y7

]
, K8 =

(
S9

S7
− 1

)2

, Z8 = −jY8ctg(kl8), Mi =
Vi

c0

√
1 + ti

273

, Yi =
c0

√
1 + ti

273

Si
, i = 7, 9, (16)

T10 =

[
1 K10 M11Y11
1

Z10−M9Y9

S10Z10+M11Y11(S9K10−S11)
S10Z10−S9 M9Y9

]
, K10 =

(
0.5 − 0.5

S11

S9

)
, Z10 = −jY10ctg(kl10), Mi =

Vi

c0

√
1 + ti

273

, Yi =
c0

√
1 + ti

273

Si
, i = 9, 11. (17)

The 6th region of the muffler, presented in Figure 4, represents a resonator composed
of two concentrical ducts of cross-section area S6e, S6i (one external, one internal); the inner
flow duct has the lengths l6in, l6p, l6out, l6 = l6in + l6p + l6out, where l6p is the length with
perforations, and l6in, l6out, are the lengths without perforations. The transfer matrix for
this discontinuity is computed as for a concentric-tube resonator [5]. Such a resonator has
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the geometry of the perforations illustrated in Figure 6, where C is the distance between
perforations and dh is the diameter of a perforation, yielding, as in [5], the relations.

T6 =

[
1 0

1
Z6r

1

]
, Z6r = Z6p + Z6c,

Z6p =
Y6p
σ

[
0.0073(1 + 72M6) + 0.000022j

(
1 + 51t6p

)
(1 + 204dh) f

]
,

Z6c = −jY6c
1

tg(kl6in)+tg(kl6out)
, Y6p =

c0

√
1+ t6

273
S6p

, Y6c =
c0

√
1+ t6

273
S6c

,

M6 = V6

c0

√
1+ t6

273

, S6p = 0.25d2
h, S6c = S6e − S6i, σ =

S6p
C2 ,

(18)

where Z6r is the concentric-tube resonator; Z6p is the acoustic impedance generated by the
perforations; Z6c is the acoustic cavity resonance; σ is the porosity of the perforated area;
t6p is the thickness of the perforated tube; C is the distance between perforations; and dh is
the diameter of a perforation.
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thus yielding the AMETL  for this special acoustic muffler with triple-chamber and perfo-
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1 11 11

20 log 0.5 .AME

Y T Y
TL T T Y T

Y Y Y

    
 = + + +   
     

 (20)

Using Equations (13)–(20), the transmission loss of an AME was computed using, as 
a first step of computations, 3D-CFD AVL FIRETM M Engine to calculate the Mach num-
bers, the mean gas flow velocities, and the temperatures for each element of the muffler 
exhaust. After this stage, these values were inserted into relations of the classic TMM ex-
pressed by the abovementioned Equations (13)–(20) to determine the TL for the AME. 

3. Results and Discussions 

Figure 6. Geometry of the perforations [1].

The global transfer matric for the automotive’s exhaust muffler (AME), considering
the relations (9), (13)–(18) is

TLAME =

[
T11 T12
T21 T22

]
=

11

∏
i=1

Ti, (19)

thus yielding the TLAME for this special acoustic muffler with triple-chamber and perforations

TLAME = 20 log

[(
Y11

Y1

)0.5∣∣∣∣0.5
(

T11 +
T12

Y11
+ T21Y1 + T22

Y1

Y11

)∣∣∣∣
]

. (20)

Using Equations (13)–(20), the transmission loss of an AME was computed using, as a
first step of computations, 3D-CFD AVL FIRETM M Engine to calculate the Mach numbers,
the mean gas flow velocities, and the temperatures for each element of the muffler exhaust.



Computation 2024, 12, 73 8 of 15

After this stage, these values were inserted into relations of the classic TMM expressed by
the abovementioned Equations (13)–(20) to determine the TL for the AME.

3. Results and Discussion

Based on Equations (13)–(20), we used MATLAB Software to compute the transmission
loss of an automotive muffler exhaust TLAME for the muffler having a triple-chamber with
perforations (see Figure 4), designed for an automotive having a standard engine of 90 kW.
Based on specialized software for engines 1D-CFD (computation fluid dynamics in 1D),
presented and developed in [31] (pp. 44–184, 240–290), the speed flow of the exhaust
gases entering the muffler was calculated for an internal combustion engine of an Audi
1.4 TSI having the power 90 kW, with values in the range V1 ∈ [60.0–102.0] m/s and the
temperature of the exhaust gases at the muffler in the range t1 ∈ [60.0, 135.0] ◦C. The
geometric characteristics of the muffler are presented in Table 2, knowing that S1 = S5 =
S6i = S7 = S11, S3 = S6e = S9, l1 = l11, l2 = l10, l3 = l9, l4 = l5, l6in = l6out, l7 = l8
from geometric construction. Based on the dimensions in Table 2, Figure 7 illustrates the
technical drawing of the muffler exhaust.

Table 2. The dimensions considered in the first stage of computation.

S1 [m2] S3 [m2] l1 [mm] l2 [mm] l3 [mm] l4 [mm] l6in [mm] l6p [mm] l7 [mm] dh [mm] C [mm]

0.003318 0.031416 80 45 120 50 65 50 50 3 10
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Figures 8–11 illustrate the transmission loss of an automotive muffler exhaust TLAME
in the frequency range [10, 4500] Hz. For different engine rotation speeds, states are
characterized by different values of the speed flow of the exhaust gases and other values of
the temperature of the exhaust gases at the mufflers in the previously mentioned ranges.
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Figure 8 illustrates the results of the transmission loss of an automotive muffler exhaust
TLAME in the frequency range [10, 4500] Hz, disregarding the exhaust gases’ temperature
for the value of the speed flow of the exhaust gases V1 = 68 m/s. Comparing these data
with those illustrated in Figure 9 for the temperature of the exhaust gases t1 = 60 ◦C, it can
be determined that the minimum of the transmission loss of an automotive muffler exhaust
TLAME is manifested at the frequency of 1957 Hz compared with the previously 1890 Hz.
Also, this transmission loss value is slightly different from 7.276 dB to 7.296 dB. Thus, it can
be concluded that the temperature of the exhaust gases influences the frequency range and
the transmission loss values in the modified TMM algorithm.

Figures 10 and 11 illustrate the results of the transmission loss of an automotive muffler
exhaust TLAME in the frequency range [10, 4500] Hz for the speed flow of the exhaust gases
V1 = 86 m/s and V1 = 96 m/s, whereby the corresponding temperatures of the exhaust
gases are t1 = 80 ◦C and t1 = 120 ◦C, respectively. It can be remarked, upon analyzing
these figures, that the increase in the speed flow of the exhaust gases and the increase in the
temperature of the exhaust gases induce a boost for the frequency’s value, which reaches
the minimum value of the TLAME.

The results obtained and illustrated in Figures 8–11 are compared with data published
in the literature [32], and agreement was found in the frequency range 1800–2500 Hz.

Based on the 3D-CFD AVL FIRETM M Engine, it was computed, for the same inter-
nal combustion engine of Audi 1.4 TSI with a power of 90 kW, the velocity flow of the
exhaust gases entering the AEM (see Figure 7) and the velocities in all the continuity and
discontinuity sections of the AEM, as well as the temperature at the AEM’s intake and
the temperatures in all the continuity and discontinuity sections of the AEM. Figure 12
illustrates the 3D discretization of the exhaust tailpipe and the cylinder head of the internal
combustion engine used by the software AVL FIRETM M Engine to compute the exhaust
velocities and the exhaust temperatures of the flow gas.

Based on the input data values for the flow velocities and the temperatures of the flowing
gas through the AEM and the MATLAB software, which were built on Equations (13)–(20) to
compute the TLAME in the frequency range [0.1, 4.5] kHz, the results for the exhaust muffler
illustrated in Figure 7 (geometry details are presented in Table 2) are further illustrated in
Figures 13–16.
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Compared with Figures 8–11, Figures 13–16 illustrate the results of TLAME at different
engine rotation speeds n for the internal combustion engine of Audi 1.4 TSI with 90 kW
of power.

Analyzing the results presented in Figures 13–16, it can be remarked that increasing
the engine rotation speed in the range 1500–4500 rpm decreases the mean value of the
TLAME by 10 dB in the frequency range 100–1400 Hz; by 14 dB in the frequency range
1500-2500 Hz; and by 12 dB in the frequency range 2500–4000 Hz. The results obtained and
illustrated in Figures 13–16 are compared with data published in the literature [33], and
agreement was found in the 100–4000 Hz frequency range.

An important conclusion of this study is that using the 3D-CFD AVL FIRETM M Engine
before using the classic TMM to compute the TLAME instead of 1D-CFD, presented and
developed in [31] (pp. 44–184, 240–290), enlarges the frequency range from 1800–2500 Hz
to 100–4000 Hz for the MTMM. A limitation of this study, however, which uses this final
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MTMM (3D-CFD AVL FIRETM M Engine linked with the classic TMM) to compute the
TLAME, is the frequency range 100–4000 Hz, as this is a disadvantage. It is particularly
needed to accurately predict the TLAME in the frequency range 100–8000 Hz. Concerning
the accuracy of TLAME predicted with the MTMM, compared with the accuracy of the
data published in the literature [33], several aspects of the data predicted and illustrated in
Figures 13–16 are noted:

- In the frequency range 0.1–4.0 kHz and for engine rotation speeds in the range
1500–2500 rpm, the predicted values of TLAME are 1–4% higher than the experimental
ones mentioned in [33], while for engine rotation speeds in the range, 3500–4500 rpm,
the predicted values are 4.5–8% higher than the experimental ones mentioned in [33].

- For the frequency range over 4.0 kHz for engine rotation speeds in the range 1500–4500 rpm,
the predicted values are at least 11% larger or even smaller by 14% than the experi-
mental ones mentioned in [33].

4. Conclusions

The present work aims to investigate the employment of the new MTMM, based on
the dedicated FEM 3D-CFD AVL FIRETM M Engine, to calculate in detail the velocities of
gas flow and the temperatures of the gas flow in all the process phenomena of the internal
combustion engine from the air intake to the gas exhaust through the AEM, coupled
with the classic TMM for the AEM, to predict the TLAME. For all the continuous and
discontinuous sections of the AEM, the Mach number of the cross-section, the temperature,
and the type of discontinuity of the exhaust gas flow were considered to evaluate the
specific elements of the acoustic quadrupole that define the MTMM. The perforations of
intermediary ducts were considered in the new MTMM to predict the TL of an automotive
exhaust muffler with three expansion chambers. The flow chart of the MTMM consists of
the following:

a. The use of 3D-CFD AVL FIRETM M Engine (based on FEM in 3D) to calculate the gas
flow velocities and the gas flow temperatures of all the internal ducts of the internal
combustion engine (taken into consideration, respectively, the internal combustion
engine of Audi 1.4 TSI with a power of 90 kW) in all the process phenomena, from
the initial air intake through the air filter to the cylinders, compression, ignition,
detention, and burnt gas exhaust, from the cylinders to the exhaust manifold, gas
flow through the catalytic muffler, and the exhaust through the AME.

b. The use of the data results for the gas flow velocities and the gas flow temperatures
obtained using 3D-CFD AVL FIRETM M Engine in the classic TMM for the given
AEM (see Figures 13–16) to compute TLAME.

The most important conclusion of the present study is that using the 3D-CFD AVL
FIRETM M Engine before using the classic TMM to compute the TLAME instead of 1D-CFD,
presented and developed in [31] (pp. 44–184, 240–290), enlarges the frequency range from
1800–2500 Hz to 100–4000 Hz for the MTMM.

From the results of the predicted data for the TLAME, another conclusion is evident:
the new MTMM is sensitive to the temperature of the exhaust gases and to the engine
rotation speed n. The results obtained in the frequency range 0.1–4.0 kHz agree with
the experimental results published in the literature [32,33]. In this way, the MTMM was
improved as a valuable tool in designing the automotive exhaust muffler based on the
3D-CFD AVL FIRETM M Engine.

The MTMM must also be developed for the reverse-flow discontinuity elements of
the AME (the present study deals with the cross-flow discontinuity elements of the AME),
extending in the meantime the frequency range to 0.1–8.0 kHz to predict the TLAME accurately.
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