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This study presents the methodological aspects of combustion instability modeling and pro- 

vides the numerical results of the model (sub-scale) combustion chamber, regarding geometrical 

dimensions and operating conditions, which are for determining the combustion stability 

boundaries using the model chamber. An approach to determine the stability limits and acoustic 

characteristics of  injectors is described intensively. Procedures for extrapolation of  the model 

operating parameters to the actual conditions are presented, which allow the hot-f ire test data 

to be presented by parameters of  the combustion chamber pressure and mixture (oxidizer/fuel) 

ratio, which are customary for designers. Tests with the model chamber, based on the suggested 

scaling method, are far more cost-effective than with the actual (full-scale) chamber and useful 

for injector screening at the initial stage of the combustor development in a viewpoint of  

combustion instabilities. 
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Nomenc la ture  
Ath : Nozzle throat area of  rocket engine 

C : Sound velocity 

C* : Characteristic velocity 

f : Frequency 

idem : The same as the actual condition 

K,, : O / F  mixture ratio (:~no/~n:) 

L : Length 

M : Mach number 

: Mass flow rate 
n; : Total number of  main injectors 

p : Pressure 

Q : Volumetric flow rate 
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q " Dynamic head ( =  p U 2) 

R ~ Stability margin 

U : Injection velocity 

W : Molecular weight 

Greek Symbols 
a i Excess-oxidizer coefficient 

ann : Eigenvalue variable 

/-/l : Dependent stability parameter 

/-/2 : Governing (or independent) stability 

parameter 

p : Density 

r : Characteristic time 

Subscripts 
A Nominal  or design operation regime of 

actual combustion chamber 

a Actial (full-scale) chamber or condition 

ch Combustion chamber 
chem:  Chemical reaction 
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c y l  : Cylindrical  part of  combustion chamber 

(c) : With a closed end 

f : Fuel  
fm : Auxil iary injectors for film cooling 

i : Per injector orifice 

ig  : Auxil iary injectors for ignition 

L : Longitudinal mode 

liq : Liquid 

m : Model chamber or condit ion 

m i x  ~ Mixing 

m L  : The m-th  longitudinal mode 

n o z  : Nozzle part of  combustion chamber 

02 : Oxygen 

o : Oxidizer 

(o) : With an open end 

tot  ~ Total  

1. Introduct ion  

High-frequency combustion instability that res- 

ults from pressure-wave amplification is often 

called acoustic instability, which has long gain- 

ed significant interest in propulsion systems. Un- 

der acoustic instability, pressure oscillations are 

amplified through the in-phase heat addi t ion/  

extraction from combustion. It may lead to in- 

tense pressure fluctuations as well as excessive 

heat transfer to the combustor wall in combus- 

tion systems such as solid and liquid propellant 

rocket engines, ramjets, turbojet thrust augmen- 

tors, utility boilers, and furnaces (Harrje and 

Reardon, 1972; McManus et al., 1993; Culick 

and Yang, 1995; Seo, 2003; Sohn et al., 2004). 

Accordingly, it has caused common problems in 

the course of  engine development, i.e., thermal 

damage on the injector face plate and combustor 

wall, severe mechanical vibration of rocket body, 

unpredictable malfunction of  engines, etc. 

Combustion stabilities as well as engine per- 

formance should be checked by engine designers 

and especially, the impact of candidate injectors 
on stabilities should be examined for injector 

screening at the initial stage of  the combustor 

development, and thereby the suitable injector 

specification will be selected. For  the purpose of 

validation or prediction with elementary hard- 

ware component,  it is the best and most reliable 

way to conduct an experimental test using the 

actual (full-scale) combustion chamber. But, it 

is a rather exhaustive method in the viewpoints 

of  cost and time. Especially, considering the re- 

cent economic constraint applied to the space- 

technology program, it is required to find cost- 

effective ways to validate each hardware but 

without losing essential part of  its characteris- 

tics. One of them is to use a model (sub-scale) 

chamber instead of  an actual chamber. Thus far, 

there have been reported lots of  sub-scale engine 

tests in various aspects (Fisher et al., 1995). But, 

its application to injector screening at the initial 

developing stage cannot be found. 

Regarding injector screening, the present study 

suggests a scaling method to investigate stability 

characteristics using a model (sub-scale) cham- 

ber equipped with injectors. And one example of 

scaling practice is proposed here for better un- 

derstanding of  the present method. 

2. Bas ic  Cons iderat ion  on 

Approx imate  M o d e l i n g  

of  S p o n t a n e o u s  Osc i l l a t ion  

The objective of hot-fire model tests with 

injectors consists in determination of the operat- 

ing regimes where acoustic oscillations are excit- 

ed. A multiple of such regimes form the instabi- 

lity region, which is separated from the steady 

regimes with the stability boundary. The remo- 

teness of a simulated actual operating regime from 

the stability boundary reflects the stability mar- 

gin. The comparison of  the stability margins of 

various injectors will make it possible to choose 

the most optimized injector configuration in view 

of high-frequency combustion stability as well 

as to identify the effects of certain design and 

performance parameters on the stability. 

2.1 General principles and rules of approxi- 
mate modeling 

In hot-fire modeling, there is no other possi- 
bility than creating a model to examine only the 

main feature out of actual physical phenomena. 
The physical model should not only describe 
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adequately the actual process under study, but 

also should be far less sophisticated than the 

real object itself. The comparison of  the model 

test data with the full-scale test data is most con- 

venient to perform, if the scale factor of  modeling 

of  key parameters is chosen to be unity. 

Based on the above principles, an approach 

should be used to allow a successful approxi- 

mate modeling of  combustion instability within 

a combustion chamber. It is associated with the 

need of invoking physical notion about the 

complex process under study such as high-fre- 

quency combustion instability. Combustion in- 

stability is a result of  interaction between the 

acoustic oscillations within a combustion cham- 

ber and the phenomena such as atomization, eva- 

poration, mixing, and chemical kinetics (Harrje 

and Reardon, 1972 ; Sohn, 2002). The accuracy of  

approximate modeling depends on estimation- 

correctness of  the influence of all these pheno- 

mena on combustion stability for a specific com- 

bustion chamber and the accuracy of the selected 

governing phenomenon under model conditions. 

According to the similarity theory, the necessa- 

ry and sufficient conditions for similarity of two 

objects (phenomena, processes, systems, etc.) are 

to provide (1) geometrical similarity of  the actual 

object and its model, (2) proport ionali ty of  the 

corresponding parameters involved in the geome- 

try of the spatial area, values of  physical cons- 

tants, initial and boundary conditions including 

flame condition, and (3) equality of  determining 

criteria for actual object and its model. 

Hence, in order to build a model in which the 

process behavior is similar to that in the actual 

object, we should select parameters of  the model 

from the theory of  similarity and provide equa- 
lity of  determining the similarity criteria, adding 

the boundary and initial conditions to the deter- 
mining similarity criteria. 

2.2 Major concepts of physical model for the 
combustion process concerned 

The modeling technique developed here is 
based on the following major concepts of  physical 

model for the combustion process within a com- 

bustion chamber. 

(1) From all the integrity of in-chamber pro- 

cesses (atomization, evaporation, mixing, and 

chemical kinetics), propellants mixing is assumed 

to be the first governing process with respect to 

susceptibility to acoustic oscillations. This as- 

sumption seems to be quite natural, since what- 

ever mixture formation scheme may be used, the 

possibility of chemical-kinetic interaction of 

propellants (combustion) is realized only after 

mixing oxidizer and fuel in the vapor phase. 

(2) From the qualitative considerations (Dex- 

ter et al., 1995), delay effects in the combustion 

zone are governed mainly by the mixing time 

rm~, of which reciprocal indicates the mixing 

rate, which is the main limiting phase of  the 

combustion process. 

(3) Substitution of the gaseous fuel for the 

liquid one in the model combustion chamber 

results in acoustic oscillations generated by heat 

oscillations, rather than by the mass of material 

(Natanzon, 1986). 

(4) Excitation conditions are assumed to be 

governed mainly by the processes in the initial 

section of flames stabilized near the injector exit. 

(5) Bi-propellant  injectors are assumed to op- 

erate independently. Combustion zone under 

actual operating conditions comprises a large 

number of separate identical flames established 

at the injector exit. Main features of the combus- 

tion zone pattern are governed by the processes 

occurring at its initial point with slight inter- 

ference of  flames of  adjacent injectors. 

(6) High reactivity of the propellants in the 

combustion process under actual operating con- 

ditions extremely reduces the duration of  chemi- 

cal reactions, rchem. In this regard, the use of 

actual propellants in modeling is considered to 
be advantageous, but not strictly required with 

respect to qualitative comparison with each 
other for injector screening. But, it is important 

to ensure selection of  such parameters of  model 

gaseous propellants (for example, by varying 

their temperature) as to make the duration of  

chemical reactions rchera as small as possible, in 

order to satisfy the actual condition, (rchern+ 

rtiq) <<rm~x, where rtiq denotes the duration of 
l iquid-phase processes such as atomization and 
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evaporation. 

2.3 G e o m e t r i c  s i m i l a r i t y  

Geometric similarity with injector is provided 

primarily by using actual injection elements. 

Many peculiarities in mixing and combustion 

processes are connected with geometry of a par- 

ticular injector. Therefore, any attempt to manip- 

ulate the geometry of an injector in modeling 

appears to be unpromising in practice. On the 

other hand, when selecting the dimensions of the 

model combustion chamber, a cylindrical cham- 

ber or resonator is considered. The resonator 

specifies a series of acoustic frequencies of lon- 

gitudinal and transverse (tangential and radial) 

oscillations interacting with the combustion pro- 

cess. 

Since the modeling scale with acoustic modes 

should be unity for accuracy, the geometry of the 

model chamber is selected such that natural fre- 

quencies of acoustic oscillations of the model and 

the actual combustion chambers coincide, i.e., 

fch = idem.  
The face plate of the model injector head com- 

prises a blind plate with a hole which accom- 

modates an injector or a series of injectors under 

study. Thus, the face plate of the model and ac- 

tual injector head exhibits an acoustically clos- 

ed end. In order to simulate the conditions of 

acoustically closed end at the model chamber 

outlet (as it is the case with the actual combus- 

tion chamber), the outlet section of the cylin- 

drical chamber should be closed with a cover 

fitted with an orifice or a slot of the flow area 

being equal to actual one. 

During hot-fire model tests of injectors, the 

combustion chamber is normally installed nozz- 

le-upwards on a plate, which is an injector head 

simulator. In order to facilitate the test opera- 

tions, the model chamber may be used without 

a cover at its outlet. In this case, the chamber 

outlet will serve as an acoustically open end with 

the range of natural frequencies of longitudinal 

oscillations within a model combustion chamber. 

These are actually different from actual ones 

since calculation is actually made for a tube of 

length tch.m with one closed and the other open 

end at the sound velocity being Cch,m. The natural 

frequency of the m-th  longitudinal mode, f ~  are 

calculated by the equation of 

fmL__ 4 Cch,m, where m = 1, 3, 5, 7, --. (1) tch°tn 

In the meanwhile, calculations of the longitu- 

dinal oscillation frequency in the model chamber 

having a cover are made for a tube with both 

acoustically closed ends as in the case with the 

actual combustion chamber by the following 

equation, 

fmL-- m Cch,m, where r n = l ,  2, 3, 4, -.. (2) 
2 Lch,m 

Condition of the equality of longitudinal oscil- 

lation frequency values fL with the actual values 

(for example, for the first mode, flL = idem)  can 

be fulfilled by the combustion chamber without 

the cover if its length is selected 1.5 times larger 

than that of the chamber with the cover (if sound 

velocity in both chambers remains equal, i.e., 

Cc^,m=const). Thereby, the frequency of the 

longitudinal oscillations of the second mode in 

the chamber with an open end, fzL(o~ will be 

numerically equal to flL(c~ in the chamber having 

an acoustically closed end and to the actual 

first-mode frequency flL,a. It is demonstrated in 

Fig. 1. 
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Acoustic modes at the first longitudinal- 
mode frequency with closed end, fiL(c~ and 
the second longitudinal-mode frequency with 
open end f2L(o~ at outlet 
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In this case, however, longitudinal oscillations 

in the model chamber with Lch(o), equal to 1.5 X 

Lob(c), may be generated with the first longitu- 

d ina l -mode frequency, fiL(o), which is less than 

the actual frequency. Therefore, when comparing 

the results of model with the actual tests, the 

effects of flL(o) generated in the model chamber 

must be taken out of  consideration so as to 

eliminate the spurious information for the actual 

combustion chamber. 

2.4 Flame-condition similarity 
Besides providing geometrical similarity in- 

cluding acoustic boundary conditions throughout 

the combustion chamber/resonator  (acoustically 

closed ends at the inlet and outlet of the com- 

bustion chamber, rigid lateral walls),  a similarity 

for the flame condition applied to combustion 

zone should also be provided in the modeling. 

A required condition for similarity of velocity, 

concentration, temperature fields, etc. in the 

corresponding cross-sections and points of  the 

initial section of the flame is the similarity of 

distribution of  oxidizer and fuel flows, equal 

mass exchange rate, and the self-similarity of 

the physico-chemical transformations. As applied 

to full-scale injectors employing oxygen and 

hydrocarbon propellants, these conditions can 

be satisfied with two following requirements : (1) 

equality of  velocity ratio, U= Uo/Uz=idem ; 
(2) equality of  density ratio, p : p o / p 1 = i d e m ,  
where the subscripts o and f denote oxidizer 

and fuel, respectively. Throughout these require- 

ments, the equality of criterion governing the 

relation of the dynamic head of oxidizer and 

fuel streams is ensured automatically, i.e., q :  

UfZ= idem. 
In case of diffusive combustion of the pro- 

pellants separately supplied through the injec- 

tors, the actual value of the excess-oxidizer co- 

efficient in the model chamber (as one flame 

condit ion),  i.e., a : i d e r n  is preferable, but not 

strictly required, since chemical reaction in the 

flame (at its initial point being most sensitive to 
disturbances) occurs mostly on stoichiometric 
surfaces ( a : l . 0 ) ,  and deviation from the strict 

requirement of a=idem,  does not noticeably 

distort the regime-parameters on the stability 

boundary. 

2.5 Criteria for spontaneous oscillation 
conditions 

Qualitative comparison of operating parame- 

ters of  model and actual combustion chambers 

on the stability boundary must be performed on 

the basis of  the equality of  the dependent stabi- 

lity parameter, l I l=idem,  with the equality of 

the selected governing stability parameter (for 

example, l I2=idem) being assured. In graphical 

demonstration of the stability boundaries, the 

dependent stability parameter is plotted on the 

ordinate axis and on the abscissa axis is plotted 

the governing stability parameter. That is, the 

plot is made on the coordinates of HI and 112 

as shown in Fig. 2. The point "A"  in this figure 

denotes a model nominal operating condition of 

the actual combustion chamber and the shortest 

distance from this point to the stability boun- 

dary in the form of vector R denotes the stability 

margin. By dimensionless cri terion-parameters 

on coordinates //1 and /-/2, stability margin may 

be presented as follows : 

Al-I1 2 , / AI12 \2] 

The best injector configuration in terms of com- 

bustion stability features the greatest stability 

margin R. 

l-I 1 

Fig. 2 

• k , .  Unstable 

: : S bt, 
n2,.  i = 
] LA-, 

Stability margin R plotted on the coordinates 
of criteria parameters, _F/~ and 112 for a nomi- 
nal operating regime "A" 
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3. Scaling Methods 

3.1 Analysis  of actual  conditions for the 

combustion process in combustion cam- 

ber 

The full-scale combustion chamber adopted 

here as a sample, employs a l iquid-liquid scheme 

injector with the propellants of hydrocarbon fuel 

(kerosene) and cryogenic oxidizer (liquid oxy- 

gen). The detailed schematic diagram and basic 

geometrical dimensions of the combustion cham- 

ber can be in Sohn et a1.(2003). Major opera- 

ting parameters for this combustion chamber are 

listed in Table 1. 

3.2 Calculation of injector operating para- 

meters for model conditions 

In actual conditions, liquid oxygen and liquid 

kerosene are supplied through main bi-pro- 

pellant injectors. Under model conditions at at- 

mospheric pressure, instead of liquid oxygen, 

actual propellant (oxygen) is used which is fed 

into injectors in gaseous form at the room tem- 

perature and atmospheric pressure (+20°C and 

0.1 MPa). Model oxygen density is po2=1.288 

kg/m a. 

In a similar way, instead of actual hydrocar- 

bon fuel (liquid kerosene), gaseous hydrocarbon 

fuel is used for a model combustion chamber 

which would provide the same as the actual 

density ratio of oxidizer and fuel. Density ratio 

in actual condition is ~ = p o / p : = l , 0 3 0 / 7 9 9 =  

1.289 (Sutton, 1992). Consequently, the density 

of model gaseous fuel must be p:,m=po.m/~ = 

1.288/1.289=0.999 kg/m a. Application of the va- 

porized actual propellant (kerosene) as a model 

fuel is impossible, since kerosene vapor density of 

Pvapor.kerosene=2.95 kg/m 3 exceeds the required 

density by a factor of three. 

With both model gaseous propellants being fed 

into the injectors at the same temperature, the 

density ratio is the same as the ratio of propellant 

molecular weights, that is, ~3= Wo/W: ,  where Wo 

and W: are oxygen and fuel molecular weights, 

respectively. Combination of two gases may be 

regarded as gaseous hydrocarbon fuels such as 

methane and propane whose molecular weights 

Table 1 Main parameters of the actual combustion chamber 

Parameter Symbol Unit Value 

chamber pressure Pch MPa 1.4 

total mass flow rate of propellants fntot kg/s 58.4 

mixture ratio for main injectors Km - 2.39 

excess-oxidizer coefficient for main injectors a -- 0.7 

oxygen and kerosene mass flow rates per injector 

oxygen and kerosene volumetric flow rates per 
injector 

Qo,, 

kg/s 

l/s 

0.189 

0.079 

0.183 

0.0989 

ratio of oxidizer to fuel volumetric flow rate Q.=Qo,JQ:i - 1.85 

oxygen density Po kg/m 3 1,030 

kerosene density p: kg/m a 799 

ratio of oxidizer to fuel density P=Po/P: -- 1.289 

m/s Uo velocities of oxidizer and fuel discharged from 
injector orifices U~ m/s 

24.13 

24.61 

ratio of oxidizer to fuel discharge velocity / J=  Uo/U: - 0.98 

estimated temperature of combustion products Tch K 3,388 

estimated sound velocity in combustion products Cch m/s 1,205 
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are 16 and 44kg/kmol ,  respectively. Molecular 

weight of  the fuel required for injector model 

tests is W:,= = Woz/~=32/l .289=24.8 kg/kmol.  

It is evident that the model hydrocarbon fuel 

with such a molecular weight may be provided 

by mixing 31.5% methane with 68.5~o propane. 

With actual injectors used in the model com- 

bustion chamber, the mixing process will be 

governed fully by two parameters : density ratio, 

P : P o / P :  and velocity ratio, U = U o / U : .  For  
injectors of actual geometry, the parameter U is 

adjusted by the ratio of volumetric flow rates of  

oxidizer and fuel through injector orifices, ( ) =  

Qo,i/Q:,~. At this point, it is to be noted that 

one more condition is required, which is Uo = 

idem,  to preserve the same characteristic time 

of disturbances caused by propellant jets in mo- 

del chamber as in actual chamber (Dexter et al., 

1995). Consequently, Qo, i=idem,  Q : , i : i d e m ,  
and U : = i d e m  are automatically satisfied. 

According to the equality of volumetric flow 

rates, it becomes Qo,~m=0.183 l /s  and Q:,i,m: 
0.0989 l /s  from Table 1. Subsequently, propellant 

mass flow rates in model chamber at the room 

temperature are 

~no,i,m = Po,m" Qoa = 1.288 × 0.183 =0.236 g/s  (4) 

m:,i,m = p:.m" Q:,i=0.999 × 0.0989 =0.0988 g/s (5) 

Mixture ratio in injector flames is Kra,m=~no,m/ 
m: , ,=2 .39 ,  which is the same value as that in 

Table 1. 

3.3 Calculation of model-chamber geometry 
for hot-f ire tests  of injectors 

Procedures for selecting the geometry of the 

model combustion chamber acting as an acous- 

tic resonator with a variety of  oscillation natural 

frequencies, f~h consist in choosing such geome- 

tric dimensions as to provide the equality of 

natural frequencies of both model and actual 

combustion chambers, i.e., to satisfy the condi- 

tion, fch : idem.  
From the condition of the equality of transverse 

oscillations frequencies, f c h = i d e m  for actual 
object ("a")  and model ( "m") ,  we obtain 

C c h  a " "2 a , , ~  ( 1 -- M~h,,, ) 0.5 
l J c h , a  (6) 

C c h m  / [  • 2 \ 0 5  
= C [ m n ~  - - J V J c h , m )  " , 

where am, is the eigenvalue variable depending 

on each acoustic mode and M is the Mach num- 

ber (Zucrow and Hoffman, 1977; Natanzon, 

1986). From this equation, the diameter of  model 

chamber can be determined as follows : 

- M~'h.,,, )0.5 n - n  C~h,m { 1 2 
l J c h , m  - -  L I c h , a - -  - -  M~h,a Cch,a \ 1 z (7) 

If the model combustion chamber with acous- 

tically open end (without a cover) is accepted for 

operations, then the frequency of  its second 

longi tudinal-mode oscillation has to be equal 

to the frequency of the first longi tudinal-mode 

oscillation in the actual combustion chamber (as 

described in section 2.3). Accordingly, the length 

of the model chamber cylindrical portion is 

obtained from the following equation, 

Cch,a (l--M~2h,,)--  3Cc^.m (1--M~h, , ) ,  (8) 
2Le:y,a 4tch,m 

where Leyl is the effective length of the combus- 

tion chamber including cylindrical and nozzle 

parts, and calculated by Lcyt+bLnoz, where the 

empirical value of  b is about 2/3. From this 

equation, the length of cylindrical model chamber 

can be determined as fol lows:  

1 z 
Lch,m = 1.5Le:l,a-Cch,m --Mgh,m (9) 

Cch,a 1 z - -  M ~ h , a  

For the model chamber with acoustically closed 

end, the coefficient of  1.5 should be deleted from 

the equation (9). 

3.4 Scaling-up (extrapolation) of model-  
test  data to actual operating conditions 

A method to extrapolate the model operating 

conditions to actual ones is based on the postulate 

that with model propellant parameters chosen, 
there must be equal volumetric flow rates of oxi- 
dizer and fuel per b i -propel lant  injector installed 

in the model or actual combustion chambers, i.e., 

Qo, i= idem and Q: , i~ idem.  Scaling-up proce- 

dures are suggested as follows. 
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(1) With oxidizer (liquid oxygen) density at 

the injector inlet of  actual injector head, i.e., 

Po,a known, we determine the total mass flow rate 

of oxidizer through the main injectors : fnoa, a = 

Qoa:,'po,a'ng, where ng is the total number of 

main injectors. 

(2) With fuel (kerosene) density at the injector 

inlet of actual injector head known, we determine 

the total mass flow rate of fuel through the main 

injectors : ~ ' l . e , i , a = Q t ,  i ,m. Pe ,  a ° h i .  

(3) Determine the total mass flow rate of 

propellants supplied into the chamber:  r o t o r :  

moaot + ~t:,tot =mo, i,a + ~h:,i,a + 4n~t + re:m, where 

m~ and m:m are mass flow rates through auxi- 

liary injectors for ignition and film cooling in the 

actual chamber, respectively. 

(4) Determine the mixture ratio, K., : K i n :  

4no,tot/ rn,.tot. 
(5) Determine the combustion chamber pres- 

sure:  Pch=mtotC*/Ath,  where C* and Ath de- 
note the characteristic velocity (Sutton, 1992) 

and nozzle throat area, respectively. 

To determine the stability margin of the pro- 

cess for the injector of any configuration, it is 

desirable to use customary coordinates for conve- 

nient presentation of stability boundaries, i.e., 

total mass flow rate, ~'~tot VS. mixture ratio, K,, or 

chamber pressure, Pch vs. mixture ratio, Kin. 

When the parameters of Ha and //2 presented 

in Fig. 2 are replaced by Pch and Kin, respecti- 

vely, stability boundary can be plotted in a func- 

tional form of  P c h : f  (Kin). The point "A" deno- 

tes the nominal operation regime of  actual com- 

bustion chamber. The letter R denotes a mini- 

mum distance from the nominal regime to the 

stability boundary. Stability margin is expressed 

in non-dimensional  form, 

R ~  2 2 0.5 (Rpo, + R~m) , 
zl n LIKm where Rpch =.=Pc~ and 
Pch,A 

(~o) 

4. Concluding Remarks 

The methodological aspects of combustion 

instability modeling have been presented for the 

determination of  combustion stability boundaries 

using the model chamber. The results of calcula- 

tion of model (sub-scale) combustion chamber 

regarding geometrical dimensions and operating 

conditions have been provided. An approach for 

determining stability limits and acoustic charac- 

teristics of injectors is described in detail. Pro- 

cedures for extrapolation of  the model operating 

parameters to the actual conditions are presented. 

They allow the hot-fire test data to be presented 

by parameters of the chamber pressure and mix- 

ture (oxidizer/fuel) ratio, which are customary 

for a designer. 

Tests with the model chamber are more cost- 

effective than with the actual (full-scale) cham- 

ber and useful for injector screening at the initial 

stage ofcombustor  development in a viewpoint of 

high-frequency combustion instabilities. In the 

present study, only the scaling method has been 

proposed conceptually, and experimental results 

using the model chamber, based on the method 

suggested here, will be introduced as a future 

work. 
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