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ABSTRACT

In this research experimental work was carried out for measuring the silencer noise intensity of a turbocharged
OM314 DIMLER diesel engine at various engine speeds, namely 1200, 1400, 1600, 1800 and 2000 rpm. At each
engine speed, the torque varied from 20 to 100 N.m, in an interval of 20 N.m. In each test, the noise intensity level
was measured at the exhaust of a dissipative muffler with and without a heat exchanger. The results were analyzed
by utilizing the exergy method and imreversibility, based on second law of thermodynamics.

The results show that increasing the irreversibility of the dissipative muffler (silencer), when a comparison is
made between the silencer with and without heat exchanger at similar operating conditions, causes a significant
reduction in noise level.
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INTRODUCTION

Noise pollution is increasing in the populated and industrial cities. This environmental
poliution is of vital importance in human life, so use of suitable silencers in automobiles and
factories can cause a substantial reduction in noise pollution. The car manufactures are
confined to design instruments for decreasing the engines’ noise level and other elements
that cause noise pollution [1].

Silencers are widely used to reduce the exhaust discharge noise. There are two basic types of
muffler or silencers: reactive and dissipative [2, 3, 4]. Dissipative silencers are widely used to
attenuate broadband noise emanating from fluid moving devices such as internal combustion
engines and fans. The silencers vary considerably in size and shape according to their
applications, for example automotive exhaust silencers are relatively small whereas many Heat,
Apr, Ventilation and Cooling (HA VC) applications require much larger silencers [5, 6].
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The most important factors for generation and development of noise in an internal
combustion engine are the unsteadiness and compressibility of flow. The emitted noise of
air intake and exhaust system is caused by impulsive pressure and flow noise. Impulsive
pressure is generated by periodicity of aspiration and discharge process and is emitted by
open end of each manifold. This kind of noise is called impulsive or gas dynamic noise. The
flow noise is caused by geometrical discontinuities which create turbulence and vortex in
passing flow. This type of noise is called acrodynamic or gas flow noise [7, 8, 9].

Silencer in the path of gas exhaust creates back pressure to the engine that causes an
increase in the pumping friction in the engine [10].

The most important acoustic property of a muffler is s Taasmission loss which is
defined as the difference between the output and imput moise amplitnde for a given
frequency [11].

Exergy is a method for estimating the available work losses, using the second law of
thermodynamics, which is known as availability amalysss [12, 13, 14].

Exergy analysis is a combination of the first and secomd law of thermodynamics which
allows finding the amount of available work owtpst losses, location and its reason for the
losses [15].

In order to estimate the system efficicacy, comsiderations of processes in the system and
its outside for calculating the work posestial losses are necessary. Only in this condition the
system efficiency can be calculated [16).

This research has tried to find a rclatiomship between irreversibility and noise intensity
in the silencer of an internal combustion eagime.

In this experimental research work a sillemcer with a heat exchanger with water as
coolant fluid is employed in order to estimmte the different kinds of irreversibility such as
total irreversibility, irreversibility of hest wamsfer aad internal irreversibility, using exergy
analyses in the silencer with or without hest exchanger at various engine operating
conditions. In each state, the external noise imtemsity of silencer is measured.

1. EXERGY AND IRREVERSIBILITY IN THE SILENCER WITHOUT
HEAT EXCHANGER

The exergy and irreversibility equatioms im the silencer without heat exchanger, using
the control volume, can be driven according to Figmre 1 [17}:

do,,
dt

In this equation, d((l;"" is the nonflow exergy change of the control volume (C.V.), i.e.

=Z(I>.Q+2n;iy/i—2m.ewe+l;.,—;.- 6))

zero in the steady state process.
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Figurel. Silencer without heat exchanger.
Since T; =Ty, therefore
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The work is zero, so

w act = 0
We have

mg =M;i =M

Substituting the equations (2) and (5) into (1), the exergy equation becomes

Towt = m;y, —m,y, = mg('//i —¥.)

Also, the flow exergy equation is
2
74 =h+“i‘2—+ gZ —Tos—(ho—Toso)

Substituting equation (7) into (6), the total irreversibility can be obtained as

. . 2 2
Tt = mglhy +2+ g2, ~Tos) = (h, +=+ gZ, ~Tys,)]

Kimetic and potential energy change is negligible and thus equation (8) becomes

Tame = my[(h, ~ 1)~ Ty (s, - 5,)]
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Also we have
mg =m,+m; (10)

1.1. CALCULATION OF THE ENTHALPY CHANGES IN THE SILENCER
To calculate the enthalpy changes (Ah = h, — h;) between the two sides of the silencer,
equation (11) can be employed
dh=C,dT an
Integrating this equation gives enthalpy changes in the silencer. Also the specific heat
variation should be considered. The specific heat of gas is
Com =21Cpi =C o (T) (12)
Since the equivalence ratio in diesel engine is less than one, the comlbmstion products
can be assumed as an ideal gas (air). So C,, can be given in term of T [16]

C, =28.11+0.1967x1072T +0.4802x10°T? -1.966x10° > (13)

Substituting equation (13) in (11) and integrating in limits of the istermal temperature
and external temperature of silencer, the enthalpy changes of silencer cam be obtained.
Tiown Liown
fan=|c,ar =

T Ty

1 _
Bivum—Pp = Eaz_9.[28.1 KT toun—T,,) +0.9835x107° (7%~ T, 2) + 0.16x 1032 -T.)

7 a9
—0.49x10‘9(z;,4;,,,—7;,4)]

1.2. CALCULATION OF THE ENTROPY CHANGES AND THE TOTAL
~ IRREVERSIBILITY IN THE SILENCER

4
& ,;’I

e
« 1 . ; .

Figure2. Element of the silencer

For calculating entropy changes in the silencer (Figure 2), the combustion products are
considered with variable specific heat. Therefore,

450

T = m,h - k) -1
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where the total ir
T =Ip+1,

1.3. CALCUL
HEAT TR

The irreversib;
volume

1o =76 op

Also we have
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For Calculating
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From equations (9) to (15), the total irreversibility can be obtained as

Tuoat = mg[(h, — )~ To(s, = 5,)}= -m;[(m:—g[zs.n(rm -7,,)+09835x107°(T;2, - T;2)

(16)
+0.16x 107 (T ~ T3~ 0.49x107(T L, 1.0 - ]},(—2—2;—9—[28.1 1L TTL) +0.1967x107*(Ty,,, ~ T,,,)
g up
+04802x10°%(72,, —T2) - 0.655x107°(T2,,, ~ T.,)] - RLn(Edmm 3}
pup

where the total irreversibility consists of two parts

[ ] [ [ ]

1 otal =IQ+ICV amn

1.3. CALCULATION OF IRREVERSIBILITY CAUSED BY
HEAT TRANSFER IN THE SILENCER

The irreversibility due to heat transfer occurs in the region between ambient and control
volume

Ig=Tyop (18)

Also we have
M ) 19

For Calculating O, , the heat transfer from silencer to environment should be obtained.
We have

- . T“P .
Q,=[60,=[dh= [m,C,dr (20)
Tdawn
Also the transferring heat from silencer to ambient is
Tp
Q,=Qy= [mgc,dl and T, =T, 1)
) Tdmvn
From equations (19) and (21)
c O D hmCAr 1 -
=3=2=- | =4+=Z=- ] =——4— [m, CdT 22
%=-1I ri,"T I = J myCy (22
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T,
Tas= | <22 pinPem) (15)
Tup T Pup

From equations (9) to (15), the total irreversibility can be obtained as

ot = rr;x[(h,- —h)~To(s; ~ 5= —m;[(ﬁ[Zs.ll(Tm = T,p)+0.9835x 107 (132, - 7,.%)

(16)
+0.16x 1075 (T, 1.7y - 049x 107> (T, — T ) - Tl 5 ; 9[28.11Ln{%"’4)+0.1967x 102 (T g — Top)
- up
+04802x107%(7 2, — T2 )= 0.655x107°(T2,,, - T.2)] - RLn(Laeen 3)
up

where the total irreversibility consists of two parts

[ ] L ] [ ]

Liotat = 1g+ 1oy a7)

1.3. CALCULATION OF IRREVERSIBILITY CAUSED BY
HEAT TRANSFER IN THE SILENCER

The irreversibility due to heat transfer occurs in the region between ambient and control
volume

Also we have
. Qj
0 p (19)

For Calculating O, , the heat transfer from silencer to environment should be obtained.
We have

. . L TI'P .
Q,=[60,=fdh=[m,C,dT (20)
Tdawn
Also the transferring heat from silencer to ambient is
T
Q,=Q= [mgc,dl and T =T, 1)
J Tm
From equations (19) and (21)
hd ) Ly , ) Ty ”: Cdr 1 Iy »
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Calculating the above equation by using equation (18), the svevenibillly due ® the heat
transfer is

L]
T m,C,dT ™

Ip=Tyop=-T, | -—gT—"—+ [mgCar (23)
Tdmm T‘-
6 wabex ‘“ s
e

Te

combustion _,_
prodncts

C - -

)
i
i
+

=
comtrel /

velmme

iy
Figure 3. First contrel velune of sllssssr

1.4. THE EXERGY AND THE IRREVERSIBILITY DQUATINNS
IN THE SILENCER WITH HEAT EXCHANGER
Consider two control volumes. First the equations far iniisll
(Figure 3) which include only the silencer. Using the
transfer is among the control volume, the ambicnt and the u-*-h

T 0o=] (1-7"->5QM -] (l—T—°>aQn+ i (1—,—')aQn+ [a—,—)n.slﬁﬁinn. @4
1 J 1 0 2 - 3 L = “&
From equations (4) to (9) and the entropy equation, the total incvenhilliyagaianizas Hllowed
. 3 T 3 *
Toats = [(1 ‘}9‘) 80y +my[(hiy —hy)—To(sg — S} (25)
2 w

The total entropy generation due to heat transfier im the first contnll wallmme equals to the
entropy generation due to heat transfer from 7;t0 7, plus the catsngy gaammiien duc to the

heat transfer from T, to T, plus the entropy generation dac o the hest tmmnfior fiom 7,107, .

. - . . T4Mg Cpg g IJ(QB Q]_Z+Q’. (26)

=01+ + I
00,1 1it02+03 = 1
10

Now, the equations for second control volume (Figure 4) which camtains the water
stream and the external wall of the heat exchanger are done as
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Figure 4. Second control volume of silencer

Note that the heat transfer in the second control volume is between the exhaust gases
and the ambient.
Having the above equations and external work which is zero, we obtain

) L) . e 3 T * 6 . T . °
Loaiz = Y @ + Ymy; - Y my, = [(1--2)80y + [80,(1--2)+ Y my; - Y myp,
2 b 5 To @8)

3
=-fa “%0‘)@23 + i, [(Byy — ) = To(Siy = Se)]
2 w

In order to calculate the entropy generation due to heat transfer in this system, only the
system that intermediates the heat transfer with the ambient is considered and the entropy
generation due to heat transfer in the system that intermediates the heat transfer with the
silencer is calculated as

. 6 6 L] 6 6 L] L] b 5 -
co2 =I ?56 _‘.' 2?ss _ QTsc _]‘ TQ56 29)
5 0 w 0 5 0

So in order to calculate the total entropy generation in the silencer with heat exchanger

the following equations can be employed

Lo = 110101,1 + 1‘014L2 = mg[(hig - heg) - TO (sig - seg)] + mw[(hiw - hew) - TO (siw - sew)] (30)
where the total entropy due to heat transfer is

ap=0gi+0p>= |

. o T4mgcp,gd7é+.“3(a3”&g6)%gz+g4+g6

)
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If the first law of thermodynamics is applied to the control volume in the Figure (5), then

8 0= 8 Qs = mu T, (32)
dQ.,

R S

@m'
[ .
Y

Q.

Figure 5. Element in the heat exchanger

Considering the first law of thermodynamics applied to the control volume which
contains the silencer and the heat exchanger (Figare 6), we get

YO, =Y h+3w (33)

=y, €

Tew Q"r To 5
r1a

°\,Luf [ iR

)

1 1]
Te \Ln ] %o
e "o - ]

— T — — - - - — >

Figure 6. The control voiume of silcacer sad hest exchonger

L] - - . . . rl - -
2w=0=30,; =Zhj =01 + 03 +0s = I"'s Credly +moc, (T ~To) 34
T,
Considering the equations (31) to (34)

° _ T4 Mg cp,ngg 6 Mw cp,wdTw 1 T e -
oco=|, T + ] r. )+70[ ijg Cppdly +muc, T -T,) (35
4

2. EXPERIMENTAL APPARATUS AND TEST PROCEDURE
In order to measure irreversibility in the silencer and its relation to the exhaust noise
intensity, the following experimental apparatus were set up (Figure 7).
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1. Input air
2. Air intake manifold
3. Input Fuel
4. Diesel engine OM314
5. Magnetic tachometer
6. Torque meter
7. Dynamometer
8. Dynamometer loading
lever
9. Inlet water path
ofdynamometer
10. Outlet water path of
dynamometer
1 1. Exhaust manifold
12. Thermocouple
before thesilencer
13. Interface board
14. Computer and
monitor

2.1. DIESEL ENGINE

t5. Thermocouple after the
silencer

16. Pressure gauge

17. Inlet water path 1o heat
exchanger

8. Mass flow rate control
valve

19. Thermometer for heat
exchanger inlet water

20. Heat exchanger

21. The silencer

22, Outlet engine coolant
water thermometer

23. Outlet water path to heat
exchanger

24, Exhaust manifold

25. Digital Noise meter

Figure7. Experimental apparatus

The turbocharged OM314 DIMLER diesel engine was employed for the test procedure.

The engine’s characteristics are shown in Table 1.

Engine type 4 stroke diesel engine
Number of cylinders 4

Combustion chamber Direct injection

Bore x stroke (mm) 97 x 128

Piston displacement (cc) 3784

Comprettion ratio 171

Maximum power (hp) 85

Maximum torque (N.m) 235

Maximum speed (rpm) 2800

Mean effective pressure (bar) 6.8@2800 rpm

Table 1. Specifications of Diesel engine OM314

2.2. TEST PROCEDURE

A heat exchanger was used in order to increase the irreversibility due to heat transfer.
hese experiments were carried out for five speeds (1200, 1400, 1600, 1800, and 2000 rpm)
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s far each speed five sieps were taken. The First step in each speed started with the torque
of T =20 Num and continued with the torques of 40, 60, 80, 100 N.m. The torque applied to
e eagime by a dymamomcter was as follows:

L The emgine started, after ten minutes the water temperature reached 70 °C.
2 By using a crowbar, the engine speed was fixed and the torque applied by a
dynamometer. Torque started from 20 N.m and reached 100 N.m after five steps.

In each step (speed and torque were constant) the water flowed in the heat exchanger
for ten minutes until the Steady State Steady Flow (SSSF) process occurred. Data like
temperature, pressure and relative humidity of the ambient, engine speed, engine coolant
water temperature, oil pressure, engine torque, inlet and outlet temperature of the silencer,
inlet and outlet pressure of silencer, inlet and outlet temperature of water in the heat
exchanger, mass flow rate of water in the heat exchanger were measured. Then, the water
flow was blocked and drained from the water jacket until the silencer reached SSSF and
the previous parameters were measured.

3. RESULTS AND DISCUSSION

From the results shown in Figures 8 to 12, it is clear that when the heat exchanger is
employed the irreversibility increases, but noise intensity level decreases.

( N=1200rpm
121.5 o . [ - mn e e - [ —
121 // —
1205 | —e—withoutthe

120 / / xchanger
& 1105 / / —a— with the heat
119 // / exchanger
118.5 / ——‘
118 / \’

1175

0 100 200 300 400 500 600

1 .(W)

Figure 8. Noise intensity verses the total irreversibility in two states of with and
without the heat exchanger in the constant speed (1200rpm) and different torque
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e ™
N=1400rpm
1235 1 -
123 /’
1225 /
122
@215 s

I1..%)

0 100 200 300 400 500 600 700 800

Figure 9. Noise intensity verses the total irreversibility in two states of with and
without the heat exchanger in the constant speed (1400rpm) and different torque

( ™~
N=1600rpm
55
2
o
25 / / —=— ko tle
(=29 /‘ / e.::‘ltalg 4
; b ad ‘J / —a VR e
7 7 e
exhasp s
s yd
- Vd
&8 - v
3 200 0 a0 @0 [ ]
L 1 (¥
y

Figure 10. Noise intensity verses the total irreversibility in two states of with and
without the heat exchanger in the constant speed (1600rpm) and different torgue

N=1800 rpm
127 -

1285 /

128 /

Rl 4

|~ Wit the
¥ / heat
1245 / o
124
1235
200 1000

60 800
1)

Figure 11. Noise intensity verses the total irreversibility in two states of with and
without the heat exchanger in the constant speed (1800rpm) and different torque
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F
N=2000rpm
1285 - :
;
- ! { —s— Without the
128 heat

/ : exchanger
1275 <
// —a— Wit the
127 +— heat
/ / : exchanger

126.5 /

126 — v r : : 1

4] 200 400 600 800 1000 1200

1.0W)

(d8)

Figurel2. Noise intensity verses the tofal irreversibility in two states
of with and without the heat exchanger in the constant speed (2000rpm) and different

At constant speed, as shown in Figures 13 and 14, increasing the torque causes a
substantial increase in noise level while at constant torque, the increase of speed causes a
considerable increase in noise intensity.

Without the heat exchanger
129 e N

{dB)

60 80 100 120
N T(Nm) B

Figurel3. Noise intensity verses torque in the different speed and in the state without heat exchanger
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With the heat exchanger
129
128
127 o M
128 / pr—
125 ¢ ] ——
124 ;,-/ / ;| =t~ 1400rpm
a / i
s 3 ——— e 1600/pM
12 e —5¢~1800rpm
21
___k—/“/
120 - // —o—2000rpm
119 {
118 — ;
17 r - |
0 20 40 60 80 100 120
TN.m)

intensity level to increase.

Figure 14. Noise intensity verses torque in the different speed and in the state with heat exchanger

Figures 15 and 16 also show the results at constant speed. By increasing the external
temperature of the silencer, noise intensity increases, while at constant temperature by
increasing the speed, noise intensity will increase.

At constant torque (Figures 17 and 18), increase in mass flow rate causes the noise

129

P
-

w 1>
|
123
| g
[ oM
12
19

18

g,

./‘._.r""— —
""/ —o— 4400tp
r/ wch —a $800p
Pl e 18001p
/ /n —a— X)00p
L o
of/ /./
4,,/

50 7.0 9 1O 130 13 170 190 T(C)

-

Figurel5. Noise intensity verses the external temperature in the different speed

and without the heat exchanger
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( With the heat exchanger A
129
13
e (?dd)
1 o —a— 1200Ipin
i /f —o— (400pm
[~ / e Ll
123 —a §300IPIN
= /‘ —a— 20001pm
@ Vo
m-.—_,&"]/
o o
13 /
"w S ——

50 Y0 S0 1K 1D 150 0 190
. T(C)

Figurel6. Noise intensity verses the external temperature in the different speed and with the heat exchanger

Without the heat exchanger
128
126 [Tt |
—e— T=4ON.M
[} | ~—A— T=60N.M
@ 124 o
—a— T=100Nm)|
122 T //(/
120 "‘“7
118 = - . <
003 004 005 006 007
L mass flow rate (kg/s)

Figurel7. Noise inteasity verses exhaust mass flow rate in the different speed and without heat exchanger
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With the heat exchanger
10+~
128
126 i
i |—o—T=208m
124 - - weone TeAONM
a | | ~—4—T=60Nm
° | | ——T=00Nm
12 ~em—— T=100N.M/
120 -
118 +
116 T T a {
0.03 0.04 0.05 0.06 0.07
mass flow rate (kg/s) )

Figure18. Noise intensity verses cxhaust mass flow rate in the different speed and with heat exchanger

CONCLUSIONS

Experiments on a silencer connected to a diesel engine indicate the effect of
different parameters such as speed, torque, mass flow rate, temperature and also
irreversibility due to heat transfer on variation on noise intensity level. An increase in
torque, speed, and mass flow rate causes a considerable increase in the irreversibility
and noise level.

It is also concluded that noise level is a function of speed, torque, mass flow rate,
silencer outlet and the temperature as well as irreversibility due to heat transfer of
exhaust gases.
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