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Aeroacoustic analysis of mufflers with flow reversals

V. B. PANICKER®* Axp M. .. MUNJAL
Department of Mechanical Eaginecring, Indian Institute of Science, Bantgailore 560 012, India.

Abstract

Mutllers with reversals of the direction of flow of exhaust gises are analysed. The transfer matrices
relating the aeroacoustic variables across flow reversing clements are derived. The head 10ss factors
at these elements required in the energy equations are determined experimentally. The noise reduction
spectra of mufllers with flow reversals are determined experimentally and compared with the predicted
results. The predicted results of noise reduction characteristics of experimental mufflers agree very weill
with the measured values. That corroborates the validity of the derivation procedure and exactness
of the transfer matrices, so obtained.
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}. I[mtroduction

The theoretical analysis of exhaust mufflers has been restricted to the straight-through
tvpes till recent times, Of late, in several commercial designs of mufflers, reversals
of the direction of mean flow of exhaust gases have been introduced. These designs
have shown an overall imp-ovement in the¢ attcnuation characteristics over those of
the straight-through types. Consequently, muffiers with flow reversals have become
popular in commercial use, There is a move in Europe in favour of ad-ption of reversed
flow mufflers in place of the absorbing typcs used at present’,

Reversed flyw mufflers have many variations as shown in fig. 1. The direction of
flow of exhaust gases is reversed once or several times inside the muffler and elements
such as Helmholtz resonators, concentric resonators and reversing end chambers are
connected at intervals. In addition, controlled cross flow among different tubes 19
often allowed which produces attenuation perhaps by virtue of the f'acf th§t the sound
waves cian progress by alternate palhﬁ of different lcnglhs resulting mn interference.
Reversed flow mufflers, however, generally increase the back pressurc and consequently

the engine performance suffers.

* Presently with the Department of Mechanical Engineering, N.S.S.  College of Eagnecring,

Palghat 678 008, Kerala, India. 21
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la) Mutfler with single flow reversal
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{b) Muffler with two flow reversals
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[} Reversed-flow muffler with restricted
cross flow

{d] Muffler with three flow reversals ond
» side resonator

Fia. 1. Vanations of reversed flow muflers.

2. Review of previous work

On account of the difficulty experienced in the formulation of explicit (non-iterative)
mathematical model: characterising the acoustic bchaviour of muffler elements with
cross fl.w and multiple flow path:®4, the devel: pment in the analysis of such mufflers
has been rather slow. Two types of flow reversing elements have bheen censidered in

this paper., They arc :
(i) Reversal-contraction, and

(ii) Reversal-expansion.
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Figure 2 shows these elements indicating the locations of reference points for the
purpose of derivation of the relations of the convective or aeroacoustic state variables®.
Making use of the equations of mass continuity, momentum balance and encrgy rela-

tions.with and without acoustic perturbations, Munjal and Bapat® derived tramsfer
matrices for both the flow reversing clements. Assuming

M2~ N~ NMCI
where
M—flow Mach number,

N—area ratio = Arca of inner tube
Annular area of the outoer tube

they obtained the following transfer matgix rejations

(1) Reversal-coniraction

¢ pr,l
| (H

vl" 1

pr,l - :
vl, & Z

whe,e p, and v, ace the ae,oacoustic p,essure and mass velocity respectively®, related |
lincarly with classical acoustic variables p and v

Z,= — iYycotkl,

i o=

Y, =c¢'S,

¢ = acoustic wave velocity

S, = area of cross-section of the reverding end chamber
k =oc

o = 2nf

f = frequency, //z and

I, =length of the flow reversing ¢nd chamber,

(i) Reversal-expansion

The coiresponding transfer matrix yelation obtained in 1ef, 6 1S

I+N—A(N-—a,) a,MgYS P, 1

pr,ﬂ 1 _'___+__}f

- e 2)
ves |  TH+N-NAQ +a) 7 1 0,1
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(a) Flow reversal -cum -contraction
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(b) Flow reversal-cum-expansion

Fi1G. 2. Flow reversing clements,

where
N=3J5,5
MY,
A= 5

and a, is the head loss cocflizient exp.cssed as the rativo of the loss of total pressure
to the dynamic head in the smaller tube at reversal-cum-cxpansion.

Munjal and Bapat® suggeited that the value of a, might be between 2 and 3 which
was, however, not supported by experimental evidence. Thawani™ adopting this
value, predicted the noive reduction characteristics of experimental mufflers and reported
a faicly satisfactory agreement between the predicted and measured values.

The transfer matrix for flow reversal-cum-contraction given by eqn. (1) presumes
that tnc pressure in the end chamber (at point 2 in fig. 2) is equal to the total pressure

upsticam (at poipt 3) and that the latter is equal to the total pressure  downstyeam



ATROACOUSTIC ANALYSIS OF MUFFLERS —11i 25

(at point 1).. l.n practicc, however, some losses occur in the total pressure
area discontiruity on account of the change in the direction of flow and a sudden change

in the cr}‘ssﬁ-scuu)nal arca. In terms of the aeroacoustic pressure  (which represent
perturbations on total pressures®) the above statement means -

across the

Py < pfl' (3)
Further, it can be shown from the momentum cquation that
p.! > pl‘l' (4)

In the present paper, transfer matrices are derived incorporating the losses in total
pressurc across the fl.w reversing clements. The accuracy of the new transfer matrices
is verified by comparing the theoretical noise reduction of certain  test mufflers with
experimental results, It may be seen that the simplification N2~ NM < 1, made in
refs. 2. 3 may not be valid always.  So this has also been avoided here,

3. Transfer matrices for flow reversal clements

3.1. Flow reversal with contraction

Figure 2 (a) indicates the locations of points 1 and 3 across which the acroacoustic
variables p, and v, are t> be related by a transfer matrix. While the condition upstream
of the area change can be considered to be isentropic, that downstream is accompanied
by an entropy change. Mungur and Gladwell® have suggested that the entropy fluctua-

tion at the downstrcam section is given by .
0
g = — —— (5)
P,T(}' - 1)
where

5 is a dissipation parameter which depends on viscosity and heatconduction
pe = the density of the unperturbed medium,
T = temperature, degrees Kelvin,

y = the ratio of specific heats,

Accordingly,

Pa™ f; (6}
and

pl = P + 5 (7)

cd

where p is the density perturbation.
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As explained in ref. 9, the relations gorverning aeroacoustic variables across the

junction are :

(@) Energy relations
pr,a = p‘:‘ g anl Ylvl = Pnl + a, fu‘l Ylvl; 1 (8)

o
=Pe1 = G )

where a, is the head loss facter expressed as the ratio of the loss in total pressure

across the reversal-cum-contraction element, to the dynamic head in the smaller tube,

(b) Mass continuity

M
Ve,s & Ve, +vg + o Yll' (10)

where
vy, = P2, (L)

and

Z, = the equivalent impedance at section 2 of the end chamber which is
given by

z: _ iYg cul k’g-

(¢) Momentum balance

Pe,s + MsYyv.,3 + N(p,y + M, Yv,,;) + SNM$ = Nayp, (12)
where

N =358 = /Y, = M[ M, (13)
and

N’n - S:J'FS:';. (14)

It may be noted that on account of the finite thickness of the inner tube,

Ns#1 + N (15)

as was assumed in refs, 6, 7.

Solving eqns. (8), (9), (10), (11) and (12) simultaneously one gets

_ | + N
Ve, N23 - ANE [_"_z;' P, + (NEB + A (N + ad))vnl] (16)
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where

el A (17)

Equations (8) and (16) can be combined to yield the required transfer matrix Telation

1 aeMIYI

Pe, "
A o 1+ N Ny + A(N + a,) ol ; (18)
Vs Z3(Ney — AN?) Ny — AN® 4y
If N? ~ AN?< 1, then Ny ~ | + N and henee, the transfer matrix can be writlen as
l a'l‘fl Yl
1 AWN+a) | (19)
v | + N

If the flow revessal is made ideally smooth, then ¢, - 0 and the matrix (19) would
became .
I 0

j .
] + AN |
Z, + A .

Comparing the matrix (20) with (1), it is clear that the extra term * AN’ in the second-
row second-column element is the result of the pressure in the end chamber not being
equal to the stagnatirn pressure upstream cr downstrcam of the area discontinuity,
The value of a, has been experimentally determined from the static pressure traverses

taken along the length of the tubes as indicated in fig. 3 (a).

(20)

'
i
— == e g —
' L or l__,..n"
L

Traverse A 2

[raverse B

fal Lratic pressure traverse for reversal-cum-contraction

|

Traverse A -

- :.J - e ————

Traverse BT )
T !

(b} Static pressure traverse for reversal -cum - expansion

- i M i n Of a 3nd 4.4
Fic. 3. Static pressure traverse for flow reversing elements for evaluatio o
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A typical static pressurc pattern IS shown in fig. 4.
The calculated value of the head loss factor a, is plotted against I/ N in fig. 5.

From fig. 5. it may be seen that for area ratios that are normally used in mufflers
(N < 0:25), the value of @, would bhe ncarly I — N;2 as is the case for contraction

v p—300— ' VIR
C ] — ———ﬁg
% === == - 30-4 ID

S e L ]
ATy

79.6 1D Annular_area . ¢, »g 380 0D

Inner tube area

Traverse

8.
My = 0.0624

o h MHead loss factor ac = 0.45
L
g A Traverse Q)
S

0 :
= T - ! _l—_a_l_'
o Traverse
S 96 ]
7
o hy Mq = 0.0798
f‘_; b4 Head loss factor ac =04
= L
—
M Traverse (A)

. 200 400 500 800

1000 1200 1400
DISTANCE, mm

Fia. 4. Satic pressure traverse for flow reversal-cum-contraction (f; = 300 mm).
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HEAD LOSS FACTOR, ac

0 b 8 12 16 20

Annular area =1/N
Inner tube area

FiG. $. Head loss factor for flow reversal-cum-contraction vs 1IN —— M =065, ===« Al =
0042, —--- —, (1 — N)/2.

without reversal, and is morc or less insensitive to the variaticn of flow Mach numbers
normally found in exhaust mufflers. As should be cxpected, in the limiting case of a
stationary medium (M, = A; =0, 4 =0), thc matrix (19) reduces to

i 0
LA ¢ (21
Z,

3.2. Flow reversal with erpansion

The transfer matrix for flow reversal-cum-cxpansion element can  be derived with
reference to fig. 2 (b) on the lines similar to that of reversal-cum-contraction.

The energy equations (6), (7) and (9) are valid for this case also whilc the consarvation
of energy cquation (8) is to be modificd as |

(11
o

Pey3 = Poy + a,M;Y0, 4

where a, is the head loss factor expressed as the ratio of the loss of total head across

the reversal with expansion element to the dynamic head at the smaller tube.
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Continuity cquation 1s

vl8=vtl+v2+§—ﬂ'ﬁ' (23)
’ ’ L .
o /
Momcertum cquation gives ! K
N(Pos + MyYsv.,5) + ey + My Yive, + 0M5 = Nupy (24)
where
=S (35)
N =5 v, M, H ;
Noy = : 26)
: .
vy =% (27)
3
and
Z. = — iY.cot ki, (28)

Solving cqrs. (9). (22), (23), (24) and (27) simultancowsly and assvming MY ~ M35 < |,
(as is typical of autemative cxhaust mufficis) cre gets the desired transfer matrix rela-

NEI—A(N_I'I,) R.M3Y3(N21+AN=)
pr.l o 1 ) . |+N pt,l
~ N,—AN(l +a,) g N+ AN? v,

vr,l

tion

(29}
where

A = 5!3}'3 Zz.

If NM ~ M* ~ N*& 1, then Ny > 1 4+ N and the transfer matiix in eqn. (29) would
reduce to

(30)

| 1 + N - A(N=a,) (1 + N)a,M,Y,
I + N = AN(1 + a,) L | + N
£,

Experiments were conducted to cvaluate the head | ss fact r q, using static pressure
traverse as indicated in fig. 3 (h), at different arca rati s ranging fiom 1:9725 to
16-55 and flow Mach numbers up to 0-2076. A typical pressure pattern is shown in
fig. 6.

The computed values of a, are pl..tted against the mearn Mach numbers of flow in
the smaller tube in fig. 7,
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F1G. 6. Static pressure traverse for expansion-cum-flow reversal (fz = 300 mm).

It cap be seen that the value of a, is approximately unity as against the value between
2 and 3 suggestzd in refs. 6, 7.
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Fis. 7. Head loss factor for expansion-cem-flow reversal vs Mach number.

Cempasirg the transfer matrices (2) and (30), it is observed that the sceond cofumn
clements arc modificd by a facter (1 + ~). This would mean that p., in ref. 6 was
slightly over estimated.

For a stationary medium, A =0, M, = M; = 0 and hence, the transfer matrix wo uld
recduce to

1 0
[ L G1)
Z

as 1s expected.

4. Expcrimental verification

The validity of the transfer matijces derived above has been verified experimentally,
though indirectly, by comparing the thecretical and experimental spectra of noise
reduction across two ¢xparimental mufflers fabricated for this purpcse, The dimen-
stonal details of the mufflers are shcwn in fig, 8.

Noise reducticn was measured as the difference in scund pressure levels at two pomts
marked | and 2, one near the exit end and the other upstream of the muffler with and
without mean flow at a number of frequencies ranging from 90 Hz to 1250 Hz. The
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lay-out of the experimental set-up i1s the same as that employed in ref. 9. Since
the noise reduction with mcan flow relates to the acroacoustic pressures, a total pres.-
sure p;obc was used for the direct measurement of p,. The noise reduction spectra
are predicted theoretically for the muffler configurations (shownin fig, 8) by making
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Fig. 8. Noise reduction for expyansion chamber muffler with reversals of direction of mean flow.
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FIG. 11, Noise reduction characteristics of muffler with flow reversal, with mean flow.

use of the 'tran.sfcr matrices by means of a FORTRAN program which takes into account
the rgdlgtlop impedance and tube attenuation constant as modified by the convective
and dissipative effects of mean flow, and are plotted in figs. 9 to 13 for different Mach

numbelts of mean flyw. - The measured values of noise reduction are indicated in ths
respective plots,

*
T, W™
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Fia. 15. Correction in noise reduction (NR-NR’) vs frequency for a muffler with flow reversal.

Figure 14 shows the effect of flow on the theoretical noise reduction spectrum. If
wall static pressures arc measured instcad of the aeroacoustic pressures, the calculated

values of noise reduction would be in error.

The probable error in the theoretical
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noise reduction predicted if sound pressure levels were measured by wall static pressure
probe, is shown in fig. 15, The scheme of calculation of error is given in Appendix
of ref. 9,

The results indicate the following:

1. Experimental values of noise reduction are in grod agreement with the results
predicted by the use of the transfer matrices, thereby confirming the validity of
the transfer matrices.

2. The three-dimensional effects become predominant only at higher frequencies,
which are very much lower than the classical cut-o ff values for reasons explained
in ref, 9,

3. The error involved in the noise reduction if SPLs are measured by wall static-
pressure probe instead of a total-pressurc prebe, w.uld generally be small (of
the order of 0-2 dB) except at resonance frequencies where the error wi uld be
higher depending on the l w Mach numbers as shown in fig. 15.

4. The effect of mean fluw on the noise reduction spectrum is to flatten out the
resonance pcaks and troughs with slight shift in the resonance frequencies.
This is evident from fig. 14, Measurements of SPL at frequencies corre;-
ponding to the peaks of noise reduction curves were difficult and unreliable
as the SPL at the downstream station was below the ambient noise level due to

flow turbulence.

5. Conclusions

The present theoretical analysis brings about a number of improvements in the transfer
matrices of flow reversing elements suggested by earlier investigators®’, In parti-

cular,

(i) the effect of tube wall thickness in the formulation has been taken into consi-
deration in egns. (18) and (29).

(i) the head loss factors for the reversal clements with contraction ansl expa.nsio'n
have been estimated experimentally as 1 — Nj2 and 1-0 respcctl:ily. This
eliminates the previous assumptions of zero and 2 to 3 respectively™ "

(iii) the scheme of derivation of the transfer matrices now suggested makes the
analysis of reversed flow mufflers simpler and conceptually more tractable.
The changes incorporated into the transfer matrices make only a ma::glpal dg:‘cre:._c;
up to 1dB in the noise reduction except at peaks and troughs where 1t 1s su t::'lcilal
(up to 5 dB) for a muffler with only on¢ flow reversing chambelj. Fcir comm
mufflers employing 2 to 3 chambers the difference would be considerable.

L1.Sc.—4
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