A Theoretlcal FEvaluation of Rigid Raffles 1in

Suvpression of Combustion Instability

by

M, R. Baer - Sandla Laboratories,

Albugueraque, Wew Mexico

and

C. E. Mitchell - Colorado State niversity

Ft. Collins, Colorado

(NASA-CR-149167) A THEORETICAL EVALUATION N77-12158
OF RIGID BAFFLES IN SUPPRESSION OF
COMBUSTION INSTABILITY (Colorado State
CSCL 21B Unclas
57418

Univ.) 43 p HC AO3/MF AO1
G3/25

This work was supported by a YASA Grant

* %%

No. NGR-0£-002-085.




A THEORETTCAL EVALUATION OF RIGID
BAFFLES IN SUPPRESSION OF COMBUSTION INSTABLLITY

By

M. R. Baer and C. E. Mitchell

September 13, 1976

Backup Document for ATAA Synoptic Scheduled for
Publication in the ATAA Journsl, February 1977

Sandia Leboratories
Aerothermodynamic Division 1333
Albuguerque, New Mexico 87115



ABSTRACT

An analytical technique for the predictionﬁof the effects
of rigid baffles on the stability of liguld oropellant combustors
is presented. Thls analysis employs a three dimensional combustor
model characterized by a concentrated combustlion source at the
chamber injector and a constant Mach number nozzle. An eicenfunc-
tion-matching method is used to solve the llnearlzed vartial 4if-
ferential equations describing the unsteady flow field. Roundary
layer corrections to this unsteady flow are used in a mechanical
energy dissipation model to evaluate viscous and turbulence effects
within the flow. An integral stability relationshiop is then
employed to predict the decay rate of the oscillations.

Results of this analysis agree qualitatively with exverimen-
tgl observations and show that sufficient dissipation exists to
Indicate that the proper mechanism of baffle damoing 1s a fluid
dynamic loss. The response of the dissivation model to varying
baffle blade length, mean flow Mach numbef and oscillation aﬁpli—

tude is examined.
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Nomenclature

speed of sound

coefflclent matrix for velocity potential

in baffle compartment

coefficient matrix for veloclty potential

in main chamber

mechanical energy dissipation

unit complex

bessel function of first kind of order m

chamber length

mass generation rate

steady state mach number
interaction index

total number of baffle cormpartments

bressure

velocity

radial coordinate

chamber radius

surface area

baffle blade thickness

time

boundary layer edese velocity
axial coordinate
baffle blade length

circumferential coordinable at baffle

tip

il

blade



Y ' ratio of specific heats

€ wave ampllitude

n = n¥*/R¥ coordinate normal to surface covered by

boundary layer

6 circumferentlal coordinate

A = A¥R¥ /g% decay rate

3 afdme(,
Agm £th root of EF-L———-(Rer)} =0atr=1
Age Rth root of <= Jm(xlgr)] =0at =1
u, = u%/ﬁ*é*R* viscosity coefficient

p = p¥/p* density

T = T¥a*/R* time lag
] velocity potential
v stream function

w = w¥R¥/3% complex freguency

L = C#/R¥ radial coordinate near baffle blade tips
6m,ﬁ kronecker delta )
Subsecripts
B ' baffle quantity
C main chamber quantilty
R real part
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Superscripts

B baffle quantity

c main chamber quantity
steady state quantity

dimensional quantity
designates a particular mode

perturbation quantity

Mathematical Symbols

complex conjugate

< > time average

O(‘) : order

() 9 a - T total derivative



INTRODUCTION

Increased liquid propeilant combustor performance has
necessitated the use of hiphly enersetic cronellants and inlector
designs that promote more efficlent combustion. These influences
tend to encourage the likelihood of the phenomena termed combus-
tion instability. Instead of altering these corbustion charac-
teristics, mechanical damping devices have often been incorporated in
combustor designs. Two such devices have been successfully used

to suppress instabllity.

One of these devices is the acoustic liner which is a2 series

of Helmholtz resonators or circumferentisl slots that a2re nlaced
or machined on the veriphery of the chamter, Jet losses are primarily

responsible for the damring that is produced by this device.
Fxperimental verification of this mechanism has been estabtlished
- and a strong theoretical basis Tor desisn cof these
devices has been established in several combustion instability
2,3

analyses. - e e R e R e Y =
ever, designers are reluctant to use this mechaniczal darmring
device because 1t creates local hot svots on the chamber walls
and heat transfer becomes an Immortant considerastion.

The other device.is termed a baffle. The vaffle was first
proposed in 195Ui4 S ~ ... and consists of a serles
of biades attached to the injector surface protrudince axially down

the chamber. Several baffle confirsurations have been concelved by

desirners partlcularly with resvect to blade arrangement and blade



shape. However, utlilizing these deslgns requires expensive and
time consuming full scale tests. Heat transfer aspects of thils
device are alsc of importance but because the baffle is an inter-
nal device separable from the combustor walls these conslderations
aren't critical as far as the structural 1ntegrity of the chamber
is concerned.

Sufficient experimental verificationf;nw_wwwwmww»wwwof the
stability improvement of combustors with baffles has been produced,
however total reliability of this device has been limited slnce a
few combustors have falled to gain stabllity imorovement with the
addition of a baffleicwwmwmfm«wwmwmwnmA theoretical treatment
of baffle damping is needed to aveoid these anomalies and aid in
design. Unfortunately, no satisfactory theorv exists and
design of the baffle has remained a black art which utilizes several
empirical rules that may or may not be applied effectively in a particular
engine configuration.

The purpose of thils work is to investisate 2 possible fluid
dynamic mechanism for the damping produced by taffles. An znaly-
tical model 1ncorporating viscous and turbulence effects 1s then
to be used 1n a stability evaluation of baffled combustors which
are modeled with a concentrated combustion source a2t the injJector

and a short nozzle.

T

N ﬂﬂ{\iﬂ

THEORY

Three dlimensional small amplitude oscillations are studiled in

a combustor modeled as a right circular cylinder. The baffles



enter the problem as discontinuities which rigidly protrude axially
downstream of the injector end of the chamber. The chamber 1s then
split into multiple equal angle sector compartments which are ter-
minated at the baffle ends by a single main chamber (refer to
Figure 1).

Combustion and nozzle influences enter the problem as gain-loss
boundary conditions. The combustion 1is assumed to be concentrated
at the injector face. Support for this assumptilon is based upon
experimental observation that the majority of the combustion processes
are frequently completed very near the injector of the chamber. This
model for the combustion also overestimates the energy input to the flow
and thus represents the worst condition for stabilitxﬁ

The unsteady model for combustion mass generation used here is assumed to

é
be only pressure dependent according to the Crocco n - 7 lag theory.

At the opposite end of the chamber is a "short", quasi-steady nozzle.
Due to the restrictive nature of the flow within this nozzle, a comstant
Mach number condition exists at its entrance. The choice of this type of
nozzle is made for simplicity in this analysis. The effects of finite iength
nozzles on three dimensional linear oscillations have been well studied ?
i b e @NIA &re not critical to the baffle damping
mechanism proposed.

Periodic oscillations are treated for a thermally and calori-
cally perfect gaseous flow. The concentrated combustion assump;
tion permits the gas dynamic flow fileld to be represented as a
sinrle constituent, product pas with no heat transfer or diffusion

processes taking place. The core flow wlthin the chamber 1is charac-



terized by a constant Mach number steady flow and is assumed to be irrotational.
Consequently it is consistent to assume a velocity potential exists for the
core mein flow. Corrections to these assumptions are made by making boundary

layer adjustments at the appropriate surfaces.

One final assumption 1is made with regard to this solution.
Entropy variations are neglected in this analysis. This assump-
tion is consistent with the small overall influence they produce
on the problem}ﬁ

Before mathematically describing the preceding flow, a non-
dimensionalization of the thermodynanic vagiables and the velo-
city field with respect to their steady state values is made. Be-
cause of the concentrated combustion assumption, the steady state
thermodynamic varilables and gas veloeity are snatially indepen-
dent and are represented as constants.

The nondimensional conservation equaticons governing the flow

are given by the following relationships. -

Conservation of Mass:

Conservation of Momentum:

UifIGiNAL PAGE g
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Homentroplc Conditilon:

The veloclty potentlial assumptlion allows the velocity field

o have the following representation:

The state variables are then represented as power series

expansions in an amplitude parameter (eg), i.e.

S+ o' + 0(e)

©
1]

1 + €P' + 0(52)

d
"

With these expansions a first order linearization of the

conservatlon equations is made which yields the following egustions:

P! = ypo!
t
2., 8% _ . 3% . .2 3%
Ve IR e vl 5
at “ dz (1)

(2)



Since standing and traveling wave solutions are examined in
this analysils, 1t 1s consistent to assume exponentlal time depen-
dence of the perturbations. The perturbed pressure and veloclty

potential thus have the forms:

p' = P(R) eimt and ¢' = ¢(§) eimt

where w = W, + 1) 1s the complex frequency and A 1s the decay rate.
Substitution of this time dependence transforms ecuations 1 and 2

into the following forms:

2

n
N
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€
Q
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+
=
—
n
K

726 + wlé

The gain-loss boundary conditions at the injector gnd nozzle
entrance surfaces are formulated, resvectively, with the sid of
Crocco's n - 1 time lag theory and the "short"” nozzle approxima-
tion. The combustion boundary condition 1s mathematically
expréssed as:

m' = ﬁn{P'(t) - P'(t - ?)}

or



2=0 2=0 (5)

where n 1s the interaction index, (a measure of the amplitude
dependence of the mass generation on the vressure), and T is the
sensitive time lag, (a time phasing of the mass generation with
the pressure). |

The "short” nozzle (constant entrance Mach nurmber) approxi-
mation allows a loss boundary condition which 1s expressed mathe-

matically as:

a_¢ = M (Y - 1> »
97 z=1I, 2Y z=1 (€)

On the remaining surfaces of the chamber and on the baffle
blade surfaces hard wall boundary conditions are used. This is
expressed by a zero normal component of velocity.

With the partial differential eguation for the first order
velocity potential and the linearized boundary conditions a
sclution is then obtained. Because of the discontinuous geo-
metry of the problem, a separation of variasbles solution can not
be direétly obtained and a more sovhisticated method 1is necessary.
This method calls for separate solutions in the baffle cavitiles
and the maln chamber. A matching of these solutions 1is made at
an artificial interface between these regions thus producing the

complete solution.



The solution within the baffle cavities (0 £ z < zB) is
found by separation of variables and utilizes the injector and

‘hard wall boundary conditlons. This solution takes the form:

29 & 8 e1B1 8% 4 CgeiBZ,BZ
¢1—‘ =Z Z Agmwlm(r’e) iB z L iR zZ
m=0 2=1 e 1,B"B + CRe 2,B7R
where
B \ = mM B -5
Yo (r,8)= cos B52 Jr%q (x;.r) 2r(p-1)= @ < o

/

B Lm
1,B =
’ (1 - m9)
| 2 1/2
Wi = (mgwg + (" 1) (a5 - ug)) .
B - 2m
2,8 (1 - )
. -fwT
"o Bl)R+Myn(1—e )-—ll(w+t’,1,?\}
B -
-1
BZ,B + MlYn(l - e wT) - 1](m + BQ’R)-

and N refers to the total number of baffle cavities.

(7)



Within the main chamber (zB < z s L) the perturbed velocity

potentlal takes the form

e 1B, (z-L) 1B, (z-T.)
¢ = }E: z :Rz y c(r’e) e 1,c + e ?2,c

m m iR (z.-L1) in (z,~-L)
m=0 %=1 e’ "l,c*7R + Cce 2,c "B ‘ (8)

where the standing wave solution 1s made by specifying:

(r,8) = Cos m# Jm(kzmr)

and

im
B, = -
e (1 - w?)
> 1/2
WM + (u) W e (- 1) (A8 - w2))
B, , = § =
?2,C (1 _ N!r_)
A Bl,c + M(y - 1)(w + Rl,c)/Q
© PoLe 4y - M(w + 3, )2
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The complete solution 1s then obtained by determining the
proper set of %Agmg and ;Bzm . The continulty of axlal veloclty
and veloclty potentlal at the maln chamber-baffle compartment
interface produce the conditions necessary for the speciflcation
vof the elgenfunctlon coefficients.

With the ald of the' orthogonality properties of the series

the following matching egquations are obtained:

0
o=y (5)
and
1B, iBl,c(ZB_L) + iB, OC eiB2,0<ZB_L)
B, , C i S 2%3 e -
2im 1By o(2p=L) 4 ¢ 1B, (2p-T) )
C
© @ © : iB z iB Z
Z ‘ml,Be 1,8°B + 1B, .Cpe’ 2,B nl )
iR z iB )
ha £ | e'”1,8%8 + c e’"2,8%n i (10)
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)

2y 1
7 ) ./. w%m(r,e) ve, 1 (r,8) raras
0

/f wg,m,(r,e) ¥$, . (r,8) rdrae
0

Equation 9 is the representation of the matching of velocity
potential and Equation 10 is the matching of axial velocity at
Z = Zp - It is recognized that the solution to this problen
satisfies a homogeneous differential ecquation with hcmogeneous
boundary coﬁditions and as such poses an eigenvalue problem.
Since the amplitude is arbitrary in this solution, & normaliza-
tion to a particular mode within the main chamber is made. This

gives an additional relationshivp that 1s used to compute the

eicenvalue (frequenéy). Mathematically this is exoressed as:
Bn = 1
or
in (z,-L) ir (zo=L)
‘iBl,ce 1,¢' 7B +18, CoeT 2,0 "3 I _
- T
‘ iBl,chB L) + Cc 1B2,C(ZB L) j

Q,
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o [ iB 2z iB z
Z Z iBl,Be 1,B“B + iBZ,BCRe 2,B B X
1B Z iB Z
=0 o1 e”"1,B”"B + CBe 2,B”B (11)
( 27U
i Y e vee
g - ( ) i Wlm(r,e) Wﬁm(r,e) rdrd6
- = -1)Y0
< gu M \
m 2T 1 ¢ :
n=1 / / ven (r,e) ‘l’zr?l(r,e) rdrdf
0 0 - /

A ~ -
where m and 2 respectively specifies the dominatineg transverse

and radial modes in the main chamber.

A successive avproximation technicue 1s used to solve

Ecuations 9, 10 and 11. The first aonroximation chosen for this

method uses the unbaffled chamber velocity votential solution,

i.e. Rzm = 8§ A 8, ~ . With this approximation a calculation of

mm “%,%
u

the*baffle compartment coefficients 3A2m$

'y

is made using Ecuation 9.

These coefficients, iIn turn, are used to recalculate the main

chamber coefficlents :Bg I from Equation 10 and the eigenvalue

my

Equation 11. The procedure 1s then repeated until convergence

1s obtalned. This 1teration scheme converges very quickly and

produces frequency predictions which have less than 5 percent dif-

ferences after approximately 5 iterations.

In investigating the convergence of this solution,

the match-

ing relationships are checked by examining the velocity potential

and axlal veloclty predictions at the Interface (z = zp)

’ 1
of Cesaro summation of the series expansions ,-e—— ——

A\

i

reasonable

. With the use
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agreement is obtained. Figure 2 depicts these matchings for a three

compartment baffle configuration. This figure also indicates large unsteady

ras velocities at the baffle blade tilvs (z = z In these regions

o)
the eigenfunction expansions fall to accuraﬁely represent the
flow fileld.

It is therefore necessary to characterize the velocity field near the
baffle blade tips using a different approach. To treat this problem a polar
coordinate system is set up at the blade tips and an expansion of the wvelo-
city potential is obtained (refer to Figure 3 for the coordinate
system).

If a proper orderineg of the solution is made with resvect to

an asymptotic form, 1l.e.

¢ = z5%a(0) + X

where 0 <7 << 1 and s » 0, it is found that the mean filow cor-
rectlions to Eguation 3 are of the orders 0(z!) and O(ﬁg). Also
the w2¢ term in Equatlon 3 is a term of O(cz). These terms are
very small and are neglected to produce the asymptotic solution:

¢ = acl/zcosa/Z + K + 0(z)

z << 1 (12)

This solution 1ndicates the singular behavior of the velocity

field, 1.e. 39¢/37z »» and 1/ 34/30 »=; 7 0 . The constants a and



14

K are @etermined by matching this asymptotic solution at some Kc with the outer
eigenfunction expansions. Matching is required at two values of « for the fixed
radius, Eé. The:a values are chosen to produce the best overall angular match with
the eigenfunction solution. Proper choice of % is made so that a region of proper
matching with the outer expansions is realized.

With this representation of the strong flow near the baffle tips serving
as the outer inviscid flow model, a calculation of energy dissipation due to molecular
viscosity and turbulence in the boundary layer on the baffle blades is then made.
Boundary layer predictions of the velocity profile are necessary. This prediction

12
for a laminar, periodic flow is given as:

UR,t) = Uln = 6,£)(1 - e~SoM) (13)

~

(1 + i)(m/2uv)1/‘

wn
]

where U(n = 6,t) is the periodic outer flow transverse velocity

given by the combined asymptotic-eigenfunction expansion solutionaand 1 is the normal

component to the boundary surface (refer to Figure k).

An estimate of the mechanical energy dissipation within the

boundary layer volume is then calculated from the following inte-

13
gral :

» 5 1/2
U - M0
Eqy, z/ “v(ﬁ) dnds = y/g(_‘z’«) P(n = 6,t) as (14)
v .
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Steady flow corrections are neglected 1n this calculation
since these correctlions are an order of magnltude smaller than
the unsteady flow velocitles. The second order influence of
acoustic streaming 1s also neglected 1In the disslvation calcu-
lation. These corrections willl lncrease the energy dissipation
so the model gives a conservative estimate.

A time average of the above relationship will then nhysi-
cally represent an average quantity of mechanical energy that
is transformed irreversibly into heat.

With the presence of combustion a highly turbulent flow
situation must be realized and the existence of turbulence pro-
duces more energy dissipatiogu~¢w-~a~wm»wm e T gecount for
this dissipation, the Boussinesq avoroximation is invoked which
uses a stress-strain law for the time averaced turbulent flow.

4 "turbulent viscosity" which is a function of the local flow con-
ditions 1s then necessary for the model. Many relationships exist
for this parameter, each having limited applicability,‘5
I<@mwwm~mmwwwvw~ww~“—These relationships require a steady flpw
(apart from the turbulent fluctuations) far from the boundafy
surface. Models incorporating unsteady outer flow are nonexlis-
tent and must be created from existing steady flow theories. An
effective viscosity model created by Spaldingle

is used for this analysis. Thils mecdel 1s chosen because of its
simplicity and its qualitative accuracy with respect to other com-

o
bustion flow problems, =<=- -+ — v oo This model gives a

*
representation of Merp 88

Riﬁrﬁ?\;‘é\lg
OF po 0OR s PAgR IS
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2 - ¥2.1/3
T
ueff * * mgU )

*
FF 070
where the F and 0 subscriptsrefer to the fuel and oxidizer guan-
titles. In order to be consistent wlth the single component gas
assumption of this problem, the fuel and oxidizer velocitles are
‘assumed to be representable by the product gas velocity, i.e.

- * *
~ 1 ~ T .
UF = LO = U, The equation for Mepp then reduces to:

% LA
“eff P |L ]

where lU*l is a r.m.s. value of sveed in the entire turbulent
field.

An incorporation of the periodic flow velocity into the model
is then made by time averaging the r.m.s. !U*I to zive the final

form of ueff:

, = )1/? .
-0 w2 4 G2 U

turb) - 2 (15)

Hepp

Geometrical corrections to this ecuation are neglected since
they have a weak influence in the model. Spaldine susgests a
proportionality constant (Cturb) of the order 0(0.05).

This model 1s then used to calculate the turbulent dissivation.
By assuming that the turbulent velocity profiles are simllar to
the laminar predictions oiven by Fquation 13, the followlng inte-

13
gral relatlion for the dissipation 1s obtalned:



U oald
T . ( eff ) >
Bays = J/. Y\ 2 U as

Sy (16)

The Importance of the exactness of the turbulent velocity profile
is secondary since a global, Integral quantity is evaluated. Fow-
ever, 1t 1s experimentally observed that turbulent proflles are
steeper in shape than the laminar flow profiles and consequently
this dissipation calculation could be underestimated.

One final correction is necessary for the dissipation calcu-
lation. A physically impossible infinitely thin baffle blade
would create an infinite amount of energy loss because of the sinzu-
lar behavior of the velocity at the tip. A baffle blade of finilte
thickness wlll therefore be used 1In this prchlem.

To account for this thickness a neighboring streamline is
used to represent the baffle surfaces. This elimlinates a reworking
of the solution to correct for the baffle shave since the norrzal
component of velocity vanishes along a streamline. !ear the tivs

-~

of the blades the streamlines are well represented by

Y = cl/zsina/2 particularly for 7 << 1 and n/2 < o = 31/2 . This
ranpe defines the geometry of the blade tips%# This streamfunction
is Peta;ned to describe the rest of the baffle blade surface but
because the veloclty decreases substantially away from the blade
tips this surface description 1s of secondary Importance in the

dlssipation calculation. Mathematlcally thils surface 1% represented

as:
# Note that this assumption causes the tips to have a rounded profile, which is

typical of the expected vortex flow region at the tip (See Figure L).



t1/259na/2 = (TB/u)1/2

where TB 1s the blade thickness.

A calculation of the tip loss 1s now possible using Eoua-
tions 14, 15 and 16. Rather than correcting boundary conditions
to account for this dissipation, as 1s dcne in acoustic theory,

a more direct method of stability prediction 1s applied. An
integral time average of the energy eguation, derived by Cantrell
and Hartji= : - ~— 1s used to estimate the
global stability of the flow within the combustor. Stability
behavior (a calculation of decay rage of the perturbations) is
examined by accounting for the energy inouts or extractions at the

various surfaces of the chamber. Yathematically this relatlon-

ship, correct to 0(82), is stated as:

2A\fgpg_-+yg—a' - g +T-'TU'P'$ av

- (17)

where X 1s the decay rate that 1s 0 (e).

UR LUH\IAL P AG
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Evaluating the right-hand-side of the previous equatilon
over the baffle surfaces results 1In a term representing the
mechanical energy extracted at the surface. This can directly
be equated to the dissipation intesral Fquation 16. Ry applying
the appropriate boundary conditions, the Cantrell and Hart inte-

gral relationship has the final form:

- —
_ Mn(l - Coswt) »'p' sa My + 1) PP
A= / 2 PoE d“inj * 2y 5~ oz

S

inj Snoz

Mere® y'y| | o'p > 157 l
ot > 2 %e [ vy T 29° ]3‘
Y |

The first term in the numerator represents the enerogyv asdded

a+

o<

(1%)

to the unsteady flow by the combustion, the second term~the energy
extracted by the nozzle, and the third term the energy dissipated in
the strong flow surrounding the baffle blade tips.

Stability calculations usineg this mathematical znalysis were
coded 1n Fortran and evaluated using a CDC 6400 comouter. Inputs
to the propgram include combustor seometry, baffle configuration,

mean flow Mach number and oscilllation mode character.
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RESULTS

Previous investigations b'ased on wave alteration as the possible
ﬁechanism for the damping produced by baffles have failed to correctly
20,21

s

predict stability trends.

Cﬁaa;;e studies ha&é“all negleéted‘viscous and turbulence effects in the
flow. The incorporation of these effects is of major importance in this
problem and is necessary to describe the stability behavior of baffled
combustors.

Linear stability predictions are examined in a particular
chamber with a length to radius ratio of L/R = 1.5 . A three

bladed, evenly spaced baffle configuration with blade thickness

TB = 0.05 is used in the dissipation calculation. Three dimensional first

transverse mode oscillations in the main chamber are studied

with an unsteady combustion input which use n = (y + 1)/4y and

T = H/XE% . A neutrally stable unbaffled combustor is referenced
with these parameters. )

Before examining the stability trends, the effects of blade
length on the normalized frequency, (freaquency of the baffled
chamber/frequency of the unbaffled chamber), are examined. Filgure
5 shows that the frequency decreases when a baffle 1s added to a
chamber. Furthermore, an increase in blade length further depres-
ses the frequency. Thils prediction 1s 1in agreement with the
experimental data provided by Aerojet—Generalf@

It 1s also found that the normallzed freaquency 1s reduced with an

increase In mean flow Mach number.
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The principal result of these calculations i1s the prediction
of combustor stablllty. Decay rates are calculated for varlous
baffle blade lengths and chamber conditions. Decay in decibel/

cycle 1s deflned as follows:

]
. _ P (t)
Decay in decibels/cycle = 20 loglo [P'(t s on/m )]
r

With the exponential time dependence of the oscillations in this

problem this definition reduces to:
Decay 1in decibels/cycle = SM.SYSA/wr

where X 1s the decay rate and W, is the freguency.

Decay rate predictions are shown in Figure 6 for z combustor
with no mean flow and no combustion or nozzle influences. Two
wave amplitudes, (¢ = 0.1 and € = 0.2), are shown in this figure
and indicate the stabilizing behavior of baffles. It 1is 2lso
noted that the damping ability of the baffle iImproves with an
Increase in wave amplitude. This implies that the baffle 1s most
effective 1In damping moderately large amplitude waves and that a
baffle can be designed (in a conservatlive sense) with respect to
a small amplitude theory#

Flgure 7 shows the stabllity precdiction of a cylindrical
combustor which has a mean flow (M = 0.1), combustion and nozzle

influences and 1s experiencine oscillations with amplitude € = 0.1.

#

It is also evident that this analysis is in the spirit of existing acoustic liner

damping predictions in which nonlinear (amplitude dependent) damping mechanisms are

combined with linear wave motion models.
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Two types of oscillation are possible for this combustor:

standing and traveling wave oscillations (refer to Figure 7). Without dissipation
influences, it is seen that these solutions predict the same destabilizing

: 22
influence for the baffle (consistent with the Rayleigh criterion ). With

the inclusion of the mechanical energy dissipation in the model, these results ere

reversed and show a stabilizing influence for the baffle. It is seen that the travel-

ing wave solution 1s most affected by the presence of the baffle
and produces decay rates that are greater than those of the
standing wave solution. This is a critical result because the
traveling wave 1s most common and 1s the most destructive. It 1is
also apparent‘that the phasing between the oscillatlons in the
main chamber and the standing wave oscillations in the baffle cavi-
ties produce different stability results. This observation was
made in Wieber's d experimental results.

Mean flow influence on decay rate is shown in Figure 8.
This predlction 1ndicates that a particular baffle blade length
becomes less effective with an increase in mean flow Mach number,
providing ¢ 1s constant. The Mach number dependence of ¢
due to combustion response has been neglected from this result and as such
underpredicts the dissipation for large Mach numbers.

The sensitivity of turbulent viscosity model to the selection
of Cturb 1s the final parameter examined in this study. Figure 9.
shows that an 1ncrease in Cturb gilves an lncrease 1n decay rate.

Thls parameter has been treated as having secondary 1lmportance

since only qualltative results can . at this time be predicted.



More rellable turbulence data 1s necessary to assure the oroper
model for the turbulent viscosity or a vrover value of Cturb .

CONCLUSIONS

A theoretical study of the stability of flows within combus-~
tlon chambers with evenly spaced baffle configurations 1is examined.
For the first time, a stabllizing influence for baffles has been
properly predicted in an analytical model which incorporates the
influences of a concentrated combustion source at the injector,

a "short” nozzle terminating the chamber, and mechanical ener

a9

Yy
dissipation at the baffle blade tips. A summary of the results
is as follows:

1. The addition of a baffle to a combustor in many

situations will improve the stability of

joy)
@]
o
3]
°y
&3
D
]

2. A fluid dynamic loss created by the effects of
viscosity and turbulence comprise the dampin; mecha-
nism of the haffle. This enerecy dissipation orcurs
locally at the baffle blade tips.

3. Without the effects of mechanical enerzy dissivation,
wave alteration oroduced by the addition of a baffle
to a combustor causes a destabllizine influence.

b, The baffle 1s most effective in damping the travel-
ing transverse modes of oscillation.

5. The bafflé is most effective in damping moderately

large amplitude oscillatilions.

ORIGINAL PAGE IS
OF POOR QUALITY
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Longer baffles may be requlred for combustors which
contain an lncreased mean flow.

The additlon of a baffle to a combustion chamber
depresses the osclllation frequency.

A linear theory may be effectively used in the design

of a baffle.



10.

11.

12.

13.

14,

25

REFERENCES

Zinn, B. T. (1972). Liner Damping Theory, In Harrje, D. T. and Reardon,
F. H. (Eds.), Liquid Propellant Rocket Combustion Instability, NASA

SP-194, pp. 400-L10.

Tonon, T. S., Tang, P.
Acoustic Liner Design

K., Sirignano, W. A. and Harrje, D. T. (1971).
from a Fluid Mechanis Approach, ATAA/SAE Tth

Propulsion Joint Specialist Conference, ATAA paper No. 71-757.

Mitchell, C. E., Espander, W. R. and Baer, M. R. (1972). Determination

of Decay Coefficients
NASA CR-120836.

Male, T. and Kerslake,

for Combustors with Acoustic Absorbers.

We R. (1954). A Methed for Prevention of

Screaming in Rocket Engines, NACA RM E54F28A.

Wieber, P. R. (1966).
Combustors, NASA TN D

McBride, J. M. (1972).
Reardon, F. H. (Eds.),

pcoustic Decay Coefficients of Simulated Rocket

-3k425,

Baffle Blade Design. In Harrje, D. T. and
Iigquid Propellant Rocket Combustion Instability,

NASA SPI94, pp. 395-399.

Baer, M. R., Mitchell,

C. E. and Espander, W. R. (1974). Stability

of Partially ILined Combustors with Distributed Combustion. ATAA Journal,
Vol. 12, No. 4, pp. 475-480.

Crocco, L. and Cheng,

S. I. (1956). Theory of Combustion Instability in

Liguid Propellant Rocket Motors, AGARDograph No. 8, Butterworth, pp. 19-24,

Crocco, L. and Sirignano, W. A. (1966). Effect of the Transverse Velocity
Component on the Nonlinear Behavior of Short Nozzles. ATIAA Journal,

Vol. 4, No. 8, pp. 1428-1430.

Mitchell, C. E. (1970).

The Effect of Entropy Waves on High Frequency

Pressure Oscillations in Liquid Rocket Motors, Combustion Science and

Technology, Vol. 1, pp. 269-274.

Evans, C. M. (1970).

Cesaro Summation of Series in Boundary-Value Problems.

Journal of the Franklin Institute, Vol. 289, No. 3, pp. 185-191.

Schlichting H. (1968)

Boundary Layer Theory, McGraw Hill Book Co.,

6th Edition, pp. 411-427.

Landau, L. D. and Lifshitz, E. M. (1959), Fluld Mechanics, Pergamon Press,

pp. 299-302.

Townsend, A. A., (1956) The Structure of Turbulent Shear Flow, Cambridge

University Press, p.

L3.




15.

16.

17.

18.

19.

20.

21‘

22.

26

Launder, B. E. and Spalding, D. B. (1972). Mathematical Models of

Turbulence, Academic Press, New York, Chapters L, 5, 6.

Gosman, A. D., Pun, W. M., Runchel, A. K., Spalding, D. B. and Worfshtein, M.
(1969). Heat and Mass Transfer in Recirculating Flows., Academic Press,

New York, pp. 207-212.

Tou, P. R. and O'Hara, J. (1974). Experimental Determination of Turbulence
s b

in a GH,-GOX Rocket Combustion Chamber. NASA CR-134672.

Schlichting, H. (1968). Boundary layer Theory, McGraw Hill Book Co.,
6th Edition, pp. 659.

Cantrell, R. H. and Hart, R. W. (196L4). Interaction Between Sound and Flow
in Acoustic Cavities: Mass, Momentum and Energy Considerations. Journal
of Acoustical Society of America, Vol. 36, No. 4, pp. 697-706.

Reardon, F. H. (1972). Injector-face Baffles. In Harrje, D. T. and Reardon,
F. H. (Eds.), Liquid Propellant Rocket Combustion Tnstability, NASA SPIOL,

pp. 156-159.

Oberg C. L., Evers, W. H. and Wong, T. L. (1971). Analysis of the Wave
Motion in Baffled Combustion Chambers. NASA CR-72879.

Rayleight, J. W. 8. (1878). ©Nature, Vol. 18, pp. 319.



27

Fipgure Subheadings:

Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure

The geometry of the baffled combustion chamber

The axial velocity and velocity potential at the main chamber-

baffle interface, (and r = 1), in a chamber with a three

compartment baffle of length 7 = 0.3.

The polar coordinate system at the baffle blade tips.

The unsteady boundary layer over the baffle blades

Normalized frequency vs. baffle blade length (z

The effect of wave smplitude on decay in dec1be§s/cycle

vs. baffle blade length.

The standing and traveling wave predictions of decay/cycle

vs, baffle blade length.

Mean flow Mach number effect on decay in dec1be1s/0Jclp vs,

baffle blade length (wave amplitude €= 0.1)

The effect of the turbulence coefficient (C on the
s S s turb )

stability predictions.
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