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ABSTRACT

~—3Many rules for scaling turbojet and gas turbline combustion
chambers have been developed in the past ten years, but none has been
accepted as a general rule,

order to find possible scaling rules for such a cambution system.

A scaling theory with respect to nonhomogeneous combustion of droplets
under Jet flow 1is suggested primarily to check various existing model
scaling methods. On the basis of the suggested theory, the author

finally proposes some new scaling rules and also offers conclusions
for reference use in future studies.(‘)

This paper describes various methods in R 3
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MOLEL SCALING EULES FOR TURBOJIT AND
GAS TURBINE COMPUSTION CHAMBFRS

Tan=shih Ch'en

ABSTRACT

Many rules for scaling turbojet and gas turbine combustion chambers
heve been developed in the past ten years, but none has been accepted
as a general rule, This paper describes various methods in order to
find possible scaiing rules for such a combustion system. & scaling
theory with respect to nonhomogeneous comtustion of droplets under jet
flow is suggested primarily to check varicus existing model scaling
methods, the basis of tbe suggested theory, the author finally

proposes scme new scelirg rules and also offers conclusiona for reference

use in future studies,

I. Introduction

In order to keep abreast of rapid developmenis in jet eagines and
gas turbines in civilian use, design and testing of combustion chambers
higve obvioualy bevome very importent probiems. Since combustion is a
cemplex process, most combustion chambers designed i{n the past were
based on experlence alone, Construction of a high-perfo;mance protoiype
generally requires a seriles of experiments and adjﬁstments cnd wastes
lurgs amounts of manpuower and saterlais. Thia 15 considared uncconomical

as far as savings in preoduction and promotion of design techrology are
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concerned. Thus, thc; search for an applicable rule for combustion
chamber scaling has become a practical problem,

Progress has been made in studies cn combustion chamber scaling
during the past ten years, with acaling theories and rulsz continually
pv'.lhlisl'uw.itl:l '[9]. The existing rules can be classified fundamentally
into. two categories, In the first category, actual combustion chambers
are treatsd as a humogeneous gas reaction .eystem, as for example %he
model gcaling rules developed on the basis of turbulent combustion
velocity theortes 53(6) and those dertved from G, Demkohler's five
similerity critertal31(4] (8], Combustion characteristics of ilquid
fuels are disregarded under this categery, and only empirical zerrection
ind{ces such as expsrimental indicesb}[é] reiated to the assumed order
of reactfor and mixing factors ere introduced in the final analylical
results, The second categery is based principaily on combustion of
droplets in jat flow, with careful attention to cermstion characteristics
of 1liquid fuel wad to scaling requirements for gas'reactian, as for
example the scaling tules described by Stawart[ﬂ and by Herhertiﬂ,
thosef_ﬂ £alling butween Stewart's and Herberi's, snd those esteblished
purzly by supposition through experimeata‘-:ion[9]. To sum up, there ave
numerous forms of exisding scaling rules, which differ gx:eatly from one
another, It has not yet been possidle tc reach a unanimsus viewpolnt and
understand tneir inherent comnectiore, Thus, how to ¢lassify the
exdsting rules, vhelner o> not there arev other possibls achemes, and how

to investipgate these schemes are worth furtner investipgation,
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The key approach used in this paper o investigate model scaling
laws controlisd by droplet combustion under Jet flow is through the
simdlarity snd combustion theories, bec&u‘se the processes in the
combustion chambers of most Jet engines and fuel-burning gac turbines,
vith the exception of those in a few vaporization-type and gus-burning
combustion chambers, are controlled by thermsl diffusion in droplet
Jet flow, Their working characteri{stice arc closely related and very
sensitive ‘o atomizaticn, mixing, vaporization, and combustion of liquid -

fuel. Much of the literature, including{71(8], reports that various

working conditivns of an actual nozzle can be almilated by using a

geries of small nozzls models, and this is an obvious exampls,

i

II. Theoretical Data for Model Scaling

Combustion of liquid fuel 15 charucterized by the foilowing
compohent procegsas: atoeization, mixing, vaporization, and sambustion,
In order tc make the actual comtustion ~ceess end that in a mods:
similar, in addition to the Lecessary geometric sim!larity in combustion
chambsrs and their major components (incluciag sprayers aunc ficme
stabvilizers), similarities must be obtalned to 3atisfy as far as possible
these component processes ard also the mozodromy conditions of cambustion
systews. As for the intsrmal heat-trans es and combustion ges cooling
proviems, genmsrally speaking they are relatively easy to soive, and

thus further discussion is uirecessary,

W
!
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1. Atomization
To make the atomization processes in two similar combustion

chambers identical, the same law governing the size and distribution

~of droplets in both comustion spaces must be applied. Fineness of

atomizetion in jet flow cen be designated by the mean droplet diameter
dg. According to dimensional analysis[m][n] , the “imensionless mean
droplet diameter can be expressed by the rollowing dimensionless func-
tional relation:

T N 3 eeennd)s (1)
g

dg _ f;
Ej-- f(hej’ wej’ r];’ ’ d:j

<
Y g

v
(4

where dj is the fuel nozrzle orifice diameter; 21, 22, 23, etc, are
Feonetric nozsle dimensions; Rej = J_;'(Iﬂ and Wey = _GJ;_LdL are
Reynolds mmber and Weber number, respectively; {, M> V,and &
represent censity, viscosity, velocity, and surface tension coefficients,
respectively, with subscripts ] and g to denote liquid and gas; and g

is the injection angle of jet flow, The injection angle is related
primarily to the structural parazcters of the nozzle[m] . Although @

is influenced slightly by the combustion pressure and fuel injection
pressure, these effects can be disregarded in approximation, Equation

(1) for two geometrically similar nozzles can be written as

ds _ L #
a-i.- f(Rej, Hej, P‘é, ,E::.’ ). ()

oy b

The applicable function form of the above equatior has not yet been fully
developed, If the same fuel and the same inlet temperature are taken,

then the quantitative relationship comparatively suitable for a centrifuga.

-4 -




nozzle is

d 21 1
E:‘;i = (a+ bRej)Wej J{5)5, (3)

ou b

where a and b are coefficlents, According to referencellz] y& = 23.5 and

b = 0,0004, This shows that the Reynolds rumber for jet flow has only a

slight effect on —‘di?. Since the effect of velocity ratio :% is not
involved in the equation, it is desirable to maintain the same ratio
value in model scaling.

The penetration depth of adroplets in (et flow is also an important
index of atomization. Theoretical analysis shows that penetration deptn
S of droplets is directly proportional to the square of diameter dg and
injection velocity vl. Thus the approximate quantitative equation[17[7J

is
Sxdslogf-onllbvl 0.9T-0.055. (L)

2, Mixing

Mixin;; of fuel and air in the combustion chamber of a gas turbine
is through turbulent diffusion, Using a combustion system with the same
kind of fuel and same temperature, similarity in mixing is obtained under
the following necessary c¢ondition:

Rey = constant, (5)

where Regy = gﬁggE is the Reynolds number of airflow. L is the scaling
dimension of the combustion chamber,

The combustible mixture system fcrmed by droplets existing in both

liquid and gas phases satisfies only the equivalent Reg condition, and

-5 -
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is inadequate to warrant mixing similarity, which includes similarity
iv final mixing results, i.e,, sizilarity in the concertraticz Tields.

Thus, the supplementary condition is

2
= constant * &V -d36 = tant 6
v_glL.z‘_’.;_! constant, (6)

f' = constant, (6a)
where f 1s the overall fuel-to-air ratio and f' is the fuel-to-air ratio
at an arbitrary point in the combustion space. Notation C in equation
(6) denotes the flow coefficient of a fuel nozzle, The flow cosfficient
obtained by dimensional analysis is

C = f(Reg). (7

The applicable quantitative relatdon::hipngl may be taken as

Cc= mRej-']; s (7a)

To satisfy the conditions in equation (6a), in addition to similarity
in configurations and arrangements, the ratio of the nozzle aesign
dimension to the combustion chamber scaling length must be constar*,
or a3

T = constant, (8)

3. Vaporization
Vaporization of droplets in a combustion chamber is a very complex
process, because droplets change speed and temperature constantly after
injection from the nozzle, At the 3ame time, exiernal condilions and

influencing factors also vary constantly with droplet movements, In

-6 -




approximation treatment, however, droplet vaporization can be taken
a8 a process consisting .of a nonsteady stage and a steady stage.

Droplets move with constantly declining speeds and rising
temperatures during the nonsteady period, as full entry into the main
stream has not yet been attained and flame has not yet started mnearby.
Thus, droplets undergo pure vaporization during this perlod under a
forced convective condition,

When droplets enter the main stream, their velocity relative to

that of the main stream is taken as approximately zero., After passing

- through the nonsteady period, droplets have gained a surface tempera-
ture to reach thermal equilibrium for steady vaporizstion, Entry into
the hot combustion reglon with flame nearby also enables the droplets
to reach a state for steady vaporization as well as for combustion,

As for temperature field similarity, the principal similarity
criterion governing nonsteady vaporization in combustion systems
producing reactants or the same composition and characteristics should
be the droplets' own Reynoclds number Rej. In order to make nonsteady
processes simllar, the same Reynolds number must be used for average

droplets in two similar jet flows, or

Req = EE‘%ESE = constant. (9)
4

It is generally believed that the nonsteady vaporization period
is much shorter than the steady combustion period, and this is
especially true for heavy fuels. Nonsteady vaporization becumes
relatively more ;lxnport.‘.u'rt.[161 in combustion of droplets under high

pressure.
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4. Steady Combustion
Vaporization and oombustion occur simultaneously under a steady
combustion condition, In order to make combustion processes similar,
the ratio of combustion time t,, to the retardation time ty of droplets
ip the combustion chambers must be kept constant, or

t
=2 - constant, (10)
tr

According to a series of single-drop combustion tests and theoret-
1.caJ. mlyses[r’]—tzo] » the law governing combustion of droplets is
é? = & - xt, (11)
where d 1s the droplet diametes and K is the vaporization constant,
Recent i.cerature [Zﬂ [22] reports that the above equation is also ap-
plicable to various droplet sizes and comparatively homogeneous distri-
bution of dropleis in jet flow and to combustion with multiple dripping.
Under the last condition, d should be the mean droplet diameter and K
the mean vaporization constant, According to combustion theories [17] [18.],
vaporization constant
. Koot ln(1+3) , (12)

vhere ;‘8 and C, denote the coefficient of tnermal conductivity and
specific heat of gas, respectively, and B is a dimensionless transfer
parameter, K approaches the same value under f-7entical fuel and tempera-

ture conditions, The effect of worling pressurs pg in 2 combustion

chamber on vaporization constant X is =301 ivniclorainete, According
{20}
to the only experimentsl report!<-,
“u
Kaspé . {13}

-8 -°
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According to the nonsteady combustion theory[iéj for combustion of

droplets in a high-pressure combustion chamber,

'Koc'u% . (14)

Since the pressure effect on combustion velocity or combustion time is
still unclear, it is desirable to disregard this factor in model scaling.
If equation (11) and tp = ‘_}‘E are substituted in equation (10),

then

8 = constant, (15)

s
b

5 Stability of Combustion

Flame blowoff characteristics of 1 combustion chamber often serve
as an important index of simulation, and are comsidered in scaling scheme
selection, A flame stabilizer is gererally installed in the combustion
chamber of a gas turbine., Since the temperature in the combustion gas
circulation region in the rear section of a2 {lame stabilizer is rather
high, it 13 believed that complete atomizztion of droplets occurs in
this region and the following results can be obteined from a homogeneous
gas mixture system [18]=

vl (16)

where Vpo 1s the critical flame blowoff veiocity and n is the assumea
order of reaction, Equation (16) shows trhat the blowoff velocity cav be
lowered in a reduced scale model with the working pressure remaining
unchanged, Under such & coandtion, it is aifficult to obtain an airflow

velocity in a model higher than that in a real object without the aid of

-9 --
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a flame stabilizer, In addition, the model hss a very parrow working
simulation range, To make the blowoff characteristics similar, it is

necessary to satisfy

L'
09 _ onstent. (17)
Ve

Since combustion is a very complex process, it is still iwpossible
at present to derive an appropriate similarity criterion strictly by
resorting to a system of equations describing a process. Similarity in
the actual performance of important component processes can be cbtained
only on the hasis of scaling requiremesnts,

III. Analysis of Existing Model Scaling
Schemes

The writer analyzed and calculated the existing scaling schemes on
the basie of the theory suggested above, Analysis was carried out in
two major steps, Step I was checking of the necessary conditions of
dimensionless similarity parameters in the processes, and 5Step II was
comparison of actual principal working parameters or important technical
indices with those of modelc. Calculation results are tatulated in
Table 1.

Scheme I in Table i is actually the so-cailed Stewart scaling rule,
Calculation results in the tatle show that various 'ndividual dimensionless
similarity parameters of that scneme in atomization are rather unsatis- |
factory, as 'vlej and % are not identical, particulsrly the severe effect

of Weber number Wey for jet flow on the broakdown of liquid in the

- 10°-




later perlod, The mean droplet diameter increases with the declining
WeJ value as the actual dimensions are reduced in scale, These two
opposing factors, however, nearly cancel each other as combustion

pressure increases, Thus, the final results in atomizationm, 1.e.,

d
—5M sl n70'02 and gﬁ/%ﬂ = m20'13 are still able to attain approxima-
djM dyH H

tion, Mixing in Scheme I is comparatively satisfactory, First, the
overall fuel-to-air ratios are identical and the Reynolds rumbers for
air flow are also identical, Secondly, although the noncentration fields
cannot be kept strictly aimilar due to nonconformity in geometric scaling

of the nozzle and the combuztinon chamber, the condition is not considered

"serious, Moreover, the nozzle orifice dlameter has not been reduced to

acale, and this practice makes construction even easier. The most serious
drawback of Scheme I 1s.that dimensionless combustion time %? in the model
and in a real object camnot be identical, as the model has a much longer
combustion time, As a result, similarity ic combustion of droplets cannot
be obtained, for combustion efficiency in the model may be higher. Ancthsr
drawback of Scheme I is that the blowoff velocity in the model is lower
than that in the real object, because the effect induced by a reduction

in flame stabllizer geometric dimensions is greater than the effect induced
by an iacreass iu pressure, Thus, th;'blowcff charscteristics are also
dissimilar., This schene, however, exhibits superior sim.lation quality

as compared with the other achenes,

Scheme I has beer supplemented by Hersert and Bamrord[71, who

belisve that simllarities 1n atomization and 4n ~cubustion can be chtained

-11 -

_ s rn % SR M e AT SR Y A L N LUORY

AU WS I —————p— I TR

muw...n—nitmm_ o




——— .ullg -Io

£L°T=4 .ucmumcoouHNAqa e “ppmumcon\.\H\ﬁw
¢so7zzoU pUB SIoqueYd UcFyshqmos uf sajgjluiiugs |
djxjeuwoad Y fqueqsucd=y °¢ {S0l}81I0%

-oBaBYO TONJ [BITIUSPT 2 fquezsucd=Cy °T

-MVN'O.HBH@ QN» mlml\,x ﬂ\r o@

£L°T=u ‘que3sUCDLTy /ud °§ mvcwumnoo\S\ﬁc
f5672z2Z0U PUB SISqWBYD UOT3ISNQUOD UF S8 F3TIBTTUES B
rTaqemoad *Y {qUE}sUNd=] °f {SOT3SLIGYOBIBLD

L4

Tongy TBOTquepf *z fqumqsuco=°] °{

11X

. *queysucof]/bp ¢sv1zzou pus szoqueyo
uoTysnquoo uf £4IIBTTWIs ofazewoed °4 1 /S0%p *9
macapmnoolbb\? *¢ fqueysucd=da °*¥ fqumqsuodId °¢
§50195TI9908BIBYD [N TBOTIWGPT °C fqumqsuod=CL °1

II

.p:dpmc.ooum> 20l *q

fqueqsuodld *¢ €507220U PUB SJI8QUWEYD UOTYSTQUWOD
uf soT3[IRTIW]S OlIjew2ed °Y quBISUCI=y] ‘€
§80Ta ¥ eq0BIRYD TONJ [BOJUSPT °Z f3uBsu00=0] °T

o8l
LqTooTea
9ATIBTRY

notTy et
JoJ Jequmu
JoqepM
aAT38TeH

notg 9o}
J0J Jequnu
spToudey
8AT3BTOH

€

4

L

U674 92 FWORY

§6900Jdd 8Yyq Ul £J93}oWBIBd S65TUO[S
-uewWp J0J SUOTITPUoS AIBE6od0N

eTni Sujyreos Tedioulad

empUL

s88 JoJ someyos 3urwos Jupyeixe Jo ssATBUY

Joqueyod UOF3ENQqWOD SUFAING
*1 e1q%L

- 12 -




LIRSS Bty s

*AT64T305dS8I *308[q0 186X pusd {epod oyjy aqousp H pus i
s3dTa0sqns exaym ‘Jupreos olajewosd s« wOTpUT o1qEY SYG Uf H/Wi= lu wojqugoN

v

2304

O T = E-Ejdm. g—lm,, - 4 m

*Tedofquep}
2Q 0} poumss® oa®v 406{qo B3I 5Yq PU®B [APCNM 8Yq Y30Qq UF SOFOUITOTIJe
Jossaxdmod puw seanysisdusy qaTut ‘A1ddns afe woxy ssol Jemod Juijernoled ul

e

93¢

o
S}ITmaY

*I998a1d yonm

29 TTE" UOIBTNOT®D U} <2 joundogosIp ueyg ‘pedopsucd S} 3083jje STy} IT
"PPIBINOTED 21® J puw AT £omayo§ Joj Sowlj UCFFENQUod SSOTUCTSUDUID OATIVLNL : i
UaYA papIRdersIp £ Y quw|su0d wofqkzLiodRA U0 Jequnu ] Jo 40 pll .

-

*L°T = u uojynead

JO I9pI0 9Jaym ‘T .,d=0%p uo psseq pagwinorEo S ©dp £910070A ggorolg 3T 930H

] : *. /rToA °9
“pzdamcoouwbn o ma:camcocna\wmrmmmﬂuncn
PUB SISQWBYD UCT}SNqUWOD U SajqIIeTiwis |G
Ol1qemwced ‘Y fqueqsucOozy *f £S0JqE[I0q0BIBYD !
Iong TBOTqUsp} *Z f3ueqsuod=Cg °T :

HT H) A

" Ry +7e/%% °9
fquvgsuooa d ¢ fserzzou A
PUB SIoqWBYO UOJ3SNQWOD U} ST TIR[TWS |
OfIqewosd *y {qUBYSUCO=] ¢ {SO[4SII}0RIBYD
1ong [B2TuUapT ‘2 fquegsuco=Cy °T
* (pe8uryoun sanssoad hw_&»ﬁn
T9NJ) 3UB3SUCO= L *, ¢T38 ‘g {quwysuoo="d °¢
munﬁumngémqnv fs97220U pu®R CIBqQWBYD UOT}ESNQWOD
U} S0 3BT OLIjewosd °% fquBlsUOD=] °f
{80738 18908IBYD TN TBOTJUSPE *z fqueqsuoo=Cp °1

~13 -




Pty S i
e A O s SN IO s Rl s AT :
gL e b CARPENNYAZA Tt

= -

4
5 L e
4 SWi3 GOT3 ; ROTJ] o135 3ded
< -Snquoo Joqum 138 JI0J neTdosp |uofyeajeusd
gsaTuo s | sproudsy o038 Jauuna | oF3Bl IR sse §89T ofger olges

-uewyp | 3eydoxp |Argemosd | spyoufsy | -03-T8TJ | ~UOTSUSHIP -uojsuewip | £376005Ta | Aqysusp
eajaeTod | PATIWTRY [9AT3ETSY [ SATIRTAH | SATIETEH eATyeTaY eATyeIey | 2AT3BI6YH @bﬂ.o.—.m&g
b - 5

(44 Tt 7] 6 8 L 9 4
6135000
pus uolgeziLodes FURXTH uo upaaﬁuso.w.q

TEO[UOJFUOWp X0J 54O [3 jPUOD AJIBSSOJON

E8000J0 B8Y)} U sxejewWal




RSB RA AS

22 = T N — . - — - = PR » W
§
"\
~
1
. Aq10012A
- JJjonoTq
B80T
£q100704 [I5qemBTp | £300T84A sanssaxd I3qoweTp { A3FO0[PA | -UC [SUSUTEP
Jjomotg | qetdoag| morJIIy juofysmque] | 8TLJTJI0 81zzo;}l ZOH% 38p wbﬂMMHmm
T ST T
61 81 L1 9 TSERsTa
woqshs Uy Ul SoT3BI Joqewedsd Ted[OUTL __eweyy

B e = T~ e

FTT7 PR ey s



—c ——— - — - ————— S - — e eemn o

Xyddns 31w
w3Bp WOl S0 Iemod | ACTJIIY

Teud a0 e oz -

Jo edanog

- 16 -




by using a centrifugal nozzie in the combustion chamber, as the mean
diameter of droplets injected by the nozzle in a model or in a real
object must be directly proportional to the square root of the combus-
tion chamber design dimension, Data for Scheme II are obtained from
Scheme I revised by supplementation, Because of the effect induced by
the coefficient of nozzle flow on droplet 3ize, which i. takea into
account by the theory suggested in this paper, and of the variation in
relationship between pressure and combustion velocity at an index of %,

the fuel-to-air ratios f thus obtained are not identical, and the

dimensionless combustion times are also nonidentical. To sum up, the
results obtained do not differ greatly from those of Scheme I; but if

the pressure has no effectqigiyombustion velocity as assumed in k 1

reference [7}, then similarity in combustion can be closer than that

o

shown in Scheme I,

Scheme IIT 45 ﬁ?ﬁvalent to the scheme described by Way[zj, vwho
assumes reaction in a combustion chamber on the basis of homogenecus
gas reaction, According to this assumption, the relationships of the
working pressure in a combustion chamber with airflow velocity and
design dimensions for scaling can be obtained by Damkonler's five
similarity criteria. Scheme I{;b in the table is obtained on the basis

" Way's assumption by taking n = 1,7 to calculate various relative data,

O A SO0 W40 A AL S AN AL O A M

Scheme IIIa is obtained on the basis of the nonhomogeneous drop control

theory, using Way's original data in calculation. When the theory

suggested in this article is svplied, the relative dimensionless combus-

A SRR

tion time will not be equal to i. In other words, the same combustion

9
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time cannot be maintained when the process is controlled by a non-
homogeneous reaction, according to the Way scaling rule., It must be
poipted out that the Way scaling method uses the injection velocity
as the design velocity for calculating_retardation time, and the writer
believes that the airflow velocity should be used as the design velocity.
Calculation results in Scheme III show that similarity in atomization
varies greatly from those in Schemes I and II; not only is it impnssible
to keep dimonsionless parameters for the process identical, especially
velocity ratio %, but final results for atomization also differ greatly.
The model has a lower combustion efficiency, as the dimensionless droplet
diameter 1s much largev end the dimensionless combustion time shorter
than the values in a recal object, Thus, according to theoretical analysis,
Scheme III is inferior to Schemes I and II,

The principal scaling rule for Scheme IV is suggested by Lebedev (8],
In fact, this rule is merely Damkohler's first similarity criterion

D = %’2 (where tj 1s the reaction time) and the Re mumber is assumed for

3
a "gelf-scaling" [Translator's note: May mean dynamically similar or

self-similar] condition (i1t is doubtful whether or not the experimental
cordition regorted by that paper actually attained a self-scaling condi-
tion)., This scheme 1s thus based entirely on homogeneous gas reaction
without taking mixing factors into sufficient account, Ref erence[8]

does not describe the experimental sceling ccnditions for a +czzle fully,
but only briefly mentions invariable supplied oll pressure and reduction in

dimensionless nozzle orifice diameter with the geometric characteristics

-18 -
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of a nozzle in the model remaining unchanged. The writer made calcula-
tions for such a condition on the basis of his own theory., From the
calculations 1t 18 revealed that if initial conditions are maintained,
the nozzle orifice diameter 1n the model 1s reduced (IM/LH)L 59 times

as compared to that in a real object. Although the mean droplet diameter
is reduced LM/ip times from its actual value through geometric scaling,

the dimensionless droplet diameter still varies greatly with the reduced

. nozzle orifice diameter; thus making it impossible for atomization

processes to reach similarity. As the retardation time of droplets in
the real object and that of droplets with reduced diameter in the model
are the same, the relative dimensionless combustion time, not to mention
similar!ty in various mixing parameters, also differs greatly. The writer
belleves that the Lebedev gas scaling rule at Pg = constant and seclL
1s groundless, because fineness of atomization was not checked in the
original article for satisfactory explanation of rapid droplet varporiza-
tion-into gas and rapld mixing of the gas with air in a model or under
actual conditions; thus the role of the similarity criterion controlling
atomlzation is rendered unimportant.

Briskin[9) applied a scaling 1ule in tests conducted under the

following requirements: PgVg = constant, éam =/§% . E%, and assumption
15 n L

-

£

i

of Reg in the self-scaling region of a comoustion chamber, He falled,
however, to check the droplet diameter before combustion tests were
conducted. Nozzle scaling conditions were nct clearly described and the

supplied fuel presgsure at 40 kg/cm2 was orly vaguely mentioned, Scaling

conditions were suggested, but not theoreiically explained in detail,

-19 -
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Finally, he c.nsidered that working similarity in combustion chambers
can be obtained with conditions verified by tests, Arother noveworthy
phenomenon was the comparatively narrow working range obtained in the
tests. The coefficient of excess air'dl varied onl; between 1.3 and
1,7, The reason for such a narrow working simulation range is not
explained, According to the Briskin scaling conditions (assuming

V) = constant and de/de = Ly/Ly), the caiculation results shown in
Scheme Va of Table 1 are obtained, The scaling methcd is characterized

by having nearly identical dimensionless combustion times, Atomization

and mixing results as well as variocus similarity parameters are un-
satisfactory, The blowoff characteristic in the model is far inferior
to the actusl condition, This may be the main reason for the narrow test
range; irabllity to keep the processes in both systems similar during
; changes in operation may also limit the working range in tests. Scheme Vb
: 1s Va revised by assuming thut the injection velceity is vzoCL1°8. The
pressure ratios governmed by the law of change thus obtained may be closer
to Briskin's test data,
IV, Search for Possible Scaling Schemes {or
' Combustion Chambers cn the Basis of
Theories Governing Nouznomogeneous Droplet
Combustion
It can be seen from the theoretical analysis in the preceding

E sections that the optimum scheme among the uxdisting scaling schnemes is
the one using pL = constant as a scaling ruie. For further discussion

of scaling schemes and dependence relaticnships between parameters under

a glven necessary scaling condition, investigation of the following

- 20 -
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aspects is made on the basis of the theory suggested in Section II,
According to the theoretical data for controlling droplet combus-
tion in jet flow, the writer takes 1) fuel inlet temperature T, = constant:

2) 1dentical fuel characteristics; 3) fuel-to-air ratio f = constant;

L) geometric similarities in combustion chambers and nozzles, but dj/L

not necessarily identical; 5) Reg = constant; and 6) dimensionless
combustion time tp/t, = constant and other conditions to be considered

as necessary scaling conditions for the problems under discussion, The
first three conditions simplify theoretical analysis greatly, because

many effects induced by physical parameters can be largely eliminated when
the same fuel (1nc1udipg f = constant) and identical reaction temperature
conditions are used in a model and a real object, Geometric similarity

of nozzles is especially necessary for scaling under condition 4; other-
wise difficulties are involved in obtaining identical atomization charac-
teristic parameters such as injection angle § and distribution of various
droplsat sizes, To make requirements less rigid in construction of nozzles
for a model, dj/L need not necessarily be a constant, In scheme selection,
suppose the injection angles are identical, the Reg mumbers of the
principal similarity criterion controlling zixing are equivalent, and the
mean dimensicnless droplet diameters and pernctration depths in both systems
can be made as nearly ldecntical as possible. Then similarity in concentra-
tion distribution will not be seriously affected, even if the geometric
dimensions of the nozzle and combustion do rnot strictly concur, The most
important similarity criterion is tp/tp = constant, because it determines

similarity in steady vaporization and corbustion of droplets in jet flow,

- 21 -
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In scarching for posalble schemes ir addition to these five necessary
scaling conditions, the atomization effects must be kept as ciosely
identical as poaaible,‘ first by making ds/dj = constant and then by
giving more attention to the velocity ratio ;Zé, becauce the latter plays
an important role in atomization concerning the mean droplet diumster,
Nonsteady vaporization is not a deciding factor, as its duration is very
short as compared with the steady state., The blowoff characteristic is
& comparativeliy imnortant simulation index under certain conditions, but
can be disregarded when certain equipment is used, Nevertheless, the
blowoff limit may oftei:: bscome a parameter determining the selsection of
a scheme, because many schemes have varlous equally satisfactory indices,
but a lov dimensionless blowoff velocity, These schemes cannot be
applied unless a special flame stabilizer is installed,
A system of fundamental equations for sclving various problsems can
be developed on the basis of the above conditions sand the theory in Section
II. ‘ '\
1) Overall fuel-to-air equatior {from equation (6)}:

(%{%)WH ( )‘8/9<i< )2, (20)

gn Ly

2) Atomization equaticn [fr'“- scuasion (j)J:

2/% l ‘2/3 By- l/3 .
(21}
iy de ) ‘

3) Equation for combustion of dropiets in jet flow [obtained from

-

equations (10) and (11)]:




duy = (L}‘)&/Z(_L),/z(p\ \y (22)

deg Ly P’

where x is an index determining the effect of scmbustion pressure on ccmbus-

tion velocity or vuporization rata, If we 1ot l(a:pl/l’ from expression (13),

then x = 1/8 {n the ahcve squation, If pressure has mo effects on vaporiza-

e

tion rate X, then x= 0, I we lst Kap=1/3 as in sxpressiop (14) for drop-
1let combustion under Migh preseurs, ther x = -1/6. Ia the writer's opinion,
prez3ure must have affects ox vapcrization veloeity, particularly when the
vorkirg pressure in a real object differs greatly from that in a modsl,

When the working pressure exceeds the critical pressure dquring droplet

vepcrization, the vaporization mechanism may undergv a pronounced change.

NS A

Twc separate results are zhcwn in the following calculations by taking
x as 1/8 and as O, ¢

4) Mixing ejuation (Rey = constant):

NIRRT LM ATk W, YL MR TR RSP TR b RIS

Yol Py, Ly _
- B L (23)

Six parameters, i.s,, ..L. M LT P 1535., and .:‘f.'l, are iocluded im
dsg iy "gn Py “d

the four fundawental equaticms, If { Ly/Ly} is taken us & kaown parameter,
one of tne five uzkmowns mist be teXen as an independent variedble, leaving
the varlation relationships of the other four depauisat variables to b
deterzined,

Thus, a set of function reilations can ove cerived {rom eguatioms {20)

and (23) at x = 1/% as follows:

L I A R P

M= (0T e, (24)
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Siallarly, at x = ¢ vhen the combustion time is not affected by preasure,

another set of function relations is ohrtained as foilows: .

and

FH - (LM)-o $925( L1k -1u 4

T (2:3)
K=Y Ing =0, 08 v ‘1.4
&= (2 (-}-‘5‘) , (25a)
VeH VIK
e = (0452 %3407 (26a)
dBH Lﬂ 1n i
G OATIE e, (o)

455 ’ MEATITS!
P 0I S IIDPIERNEERSPOIAlONOcOC 00O g0

e
l..(O.l‘clll“‘."l.vl'Cr"l‘.’..l, eb.

Inlection velucity is used as a varietle in caleulation oy this set of

equations, and tre complelu results sre scown in Talles 24 and 2B, wrere

the injecticn veiccity varies fron « ol o s, Tevle 24 3n0ws vhat

dirensicnicss ¢roplet. dlameter and nenetration depth ratios are close to 1

¥
-2 -



KR ... L e T it e e essaee S e g .

WA R PR A UL Y WA M A N

R R S e

‘UOT7IpUOD qUEERUCO = 13/47 oR% U IRVUGD 30U S90p 3T g
.mﬁpﬁws»cﬂvmoswﬁpcﬂmﬂ.mosm:om.uogoamzomaagmgmmxe.co.r..f.maauoohomxmm.gm. _

e

*SaWsYos JO uosfIaduwov Ul QuUnoOOE oqul UANBG b J2387 943 Anq ‘uo ppRInaTes Ul
papasdaasp 51 1830wBTp jordodp £88TUO FSUSMIP TG ws.\r.. ctawl AqluoTes Jo 209310 8yl ‘¢

2

‘d1ysGoF3EYsS SA4LVRY
UoT3BIIBA 03 (}-) xepuy Supmsse Aq pagvesy s} WI3 UOTIENQUDY 48 [dodp ue Zoqumyo :
uofq8quod oYy ny sanssoxd Bupdom Jo 408330 oyq ‘afawy sIY3 JIoJ uUoltuIno Ry Uil T |
: A Sl 3 e
£T
7T
i)
ot
6
B 1A . i i azmammmmm‘b«m.drﬁp_rxl.

220 queqeucdZd 1 g '

) B ||. 0 aueqsuco= (A | & 9

- AT 3 .
4
7
€

& ;
| ,

£4100T24 n%
uoyyoefay [ond | @
oz 61 {81 AT 9% ST 9T €1 2t It Or 6 5 &L 9 § 7 € ¢ . ®

A.v\cuaox 3upyy pur ‘quuieuod = I3/93 fquejsuod = mom fLealgoadsax ‘uBywge :
= J S[ROTHUOLT

.mﬁﬁcﬁpc&omw §91z2ZoU usjqoeful 1ong PUR SIGQUEYD UOTFENQUOD £ qUBIEU0D =
SO0T)STIAIORIBYD ToNJ ¢ [8OTR3ARDT Loanguledwey QOTUT  $5IW SUOTF pusd JuTieas jevdTouidd)

£9§q}0019A UOT309ful [enJt
snolaea 4w sasjemered Aufyuos Jo suofylpuod sJusyo 3ulpuodsexzo) Vg siqul
p

P e S




: *zaded &343 uj
c7sLyvun [®0139J05Yq U0 posBq PSUTYIQO 9J% IJWAYLS 4BYG JO BB CUOTIBp  °*8Tqvu3 8yg
U paonpolqui sT ‘g awoyog Jo0 ‘smeyos pIojurey pur 3I3qisy ouj ‘uoslaedwod Jo w)ws Jod ¢

.mmsw:omuosomﬂmmaoonﬂ@mmmzcmﬂvmﬁ .Guvwm mvﬁﬁ..cowvwﬂzoﬁwvnﬁvwmﬁmmwu »
~GIp €} Jogoumip 30Tdodp UvemW Sse[UOTSUSWEP Wo JA/’A OF3BI £3100T64 JO 308332 oyl ‘g [SiIvuwsy

*sanssexd jo quopuedspuf

s ¥ AuBqsuod uofqezirodes ‘s 3BU3 f{BWIq UOTasnquod qeTdoap uo £9083J8 ou 3aABY
09 peumss® §] JaqWeld UoTysnqued ayjz uf asnssexd Bupqaom ‘eTqe] STUYF J0; UOFRBTNOTEBO Ul T

id
) £t
(44
0t
. 16
) T3qEL I[P T4ueyEuoo L A% '
8ag quezeuoo=id | @ N
FUEREUGCO = & | /, % :
9
7
€
4
— 1t
w
; LyjouToa | S
w_ﬂ uojzvafuy tend | B
i 02| 6L |8l 4T OT ST 7t €L et 1L O 6 8 &4 9 & 7 ¢ 2 1 &

(~oanseexd Jo

quapuedeput } Sufxyeq puw {juB3sUOd = <3/43 {quUElFUCD = 8oy fs1eapyosdaer fasTiMIs
£1TeolIqewoed se{zzou uciyoefuf Yeny PUB EIGGWBYD UCTISTA@OC {quUeqsuod = 7 {TEviquep}
8076 TI00RIBYD TON] {T®OIUep| Selnjuiedusq 90TUV SUOTRTPUOO JUTTeds Talfouiad)

§90J3100T2A Uolgoefur 1ern; SnolIvA 39
s1oqowerwd 2ujTece JOo SUOF3Tpuod aluwyo Supuodsearo) €2 o1qel




T TR TR TV TRy g, Ve

when ) varies from Ll/8 to L'I/B. The velocity ratiocs of the model and

the real object do not exceed 0,85 gt IM/Lg = %. The nozzle orifice
diemeter relative to the injaction veloeity chakges between (LM/LH)O.47

and.(IM/TH)O'59. Therefore, it 1s pcssible to obtain similarity in combus-

tion conditions, if this roglon is used for scaling. Scheme 7, in which

v} = constant, happens to £all in this region, Scheme 8 (Stewart scheme)

18 alzo inserted in Table 24 ospeclally for comparison. From a theoretical

viewpoint, the Stewart scheme 18 not a unique possible scaling scheme,

The rext scheme, hovever, “ses the same fuel injection and air inlet
velocities %o el{minatn the effect of velocity ratio on atomization results,
and 1ts hlowof: characteristic 1s superior to that of Schemes 5~10 in
Tabtle Z2A.,, As noted from the blowoff characteristic, 1t is a di sadvantage
to use an injection velocity in the model higher thar that in the real
cbject; otherwise, the applicability of all the above scaling schemes can-

not be ensured,

Curves showing the variation of relative dimensionless similarity
peranaters and of principal scaling indices with Injection velocity at a

geametric scale of m, = %¥ = 4 are plotted in Fig. 1 and 2,
H

F1g. 1 shows “hat all dimeasionless slzilarity parameters obtained
at the ;{% = 0.34~1,09 variation range (equivalent to the vzai L"l/8
H

region) are ratter satisfactory. The most seriously impaired is the
blowoff characteristic, -Blowoff veloecity in the model w..er the above
scaling conditions ic always lower than tha: in g real object; thus 1t

is dirficult to make (Vbo/vg) & constant uriess the alr inlet velocity

is greatly reduced. It is possible only by naking ;LM equal to 0,8, or
lH
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equivalent to about vzcclf}. As noted, the optimum scaling region should

be in the na L*._')H = l.l‘l rqge. Various important scaling indices
relative to this variation reglon may be obtained from Fig. 2 or Table 24,
The dotted 1lines in Mg, 1 and 2 indicate vz in the variation region from
vzcr-l'.* to vzzL"*. Paraneters deviate greatly outside this region, with
similarity in processes seriously impaired and, especially, reduction of
blowoff velooity in the model, As a result, similarity in combustion can-
not be realised unless a flame stabilizer is installed in the model, Since
it 1s still difficult to evaluate blowoff characteristics in a combustion
chamber jquantitatively, the above analysis can be used only as a qualitative

_reference,

.Suppose pressure has no effects on vaporization rate (see Table ZB);.
conditions are then slightly different, First, with other important
scaling conditions identical, a higher working pressure is to be applied
to the model, . Secondly, :tha optimum scaling scheme deviates slightly, but
the region in which similarity of processes may be maintained remains at
vlotl'.l/ 8—720: I.'l/ 8, and is optimm at variations between V)& Ll/l € and
vz¢l’..1/‘l 6 |

[ ]
-

Therofore, regardless of whether or not pressure has effects (mot
counting negative index effects; on combustion velocity, the optimum
soceling scheme ocours in a region where injection velocity is a constant
o> 1s slightly lower than that of a real object, If scaling 1s carried
out in or nsar f{his range, there i1s a possibility of obtaining satisfactory
results, If the flame stabilization capability and similation performance
of a model vith variable working conditions are to be improved, it is

- 28 -
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7ig. 1. Variation relationship betwecn relative
dimensionless parameters and fuel injection
velocities at a geometric scale of 132

1 - Dimensionless droplet diameter ratio (as/dj) ;
2 - dimension penetration depth ratio (S/L); 3°-
dimensionless blowoff velocity ratio (\'rbo/vg) :

4 - dimensionless droplet Reynolds ratio (ﬁed/dj) 5

5 - dimensiocnless nozzle geometry ratio (aj/L);
and 6 - dimensionless velocity ratio (Trl /vg).

. (Ordinates on the left are used for curves 1, 2, 3,
and 6; ordinates on the right are used for curves
4 and 5)

Dotted lines indicate the yariation region at injec-
tion velocities from v,ocL to vlac L™4,
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Flg. 2, Curves of principal scaling parameters in a
model and a real object versus injection velocity
ratios at g geometric scale of 1:2

1 - Nozzle orifice diameter (de/de); 2 - blowoff

velocity (VboM/"boH)i 3 - airflow velocity (ng/ng');
4 - combustion pressure (pM/pH) ; 5 - droplet diameter

(Ordirates on the left are used for curves 1, 2, and
5; ordinates on the right are used for curves 3 ang 4)

Dotted 1ines indicate.the variaﬁion region at injection
velocities from vy Lé to vlcr.L o
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necessary to select a lower injection velocity, a correspondingly
reduced airflow velocity to match, and an appropriately higher working
pressure, The latter, however, is disadvantageous to power loss from
air supply. Under the above scaling conditions, the blowoff ratio

does not vairy with the changing injection velocity, but power loss

increases with increasing combustic+ pressure, Therefore, regardiess

of whether scaling is carried out according to the rule with pL =
constant ‘or to the rule suggested in this section, the pressure in a
modei 18 to be higher than that in a real object, This is applicable
only to models having a low init;‘al working pressure, as in the case
of scaling an aircraft combustion chambers ; otherwise, elaborate air
supply equipment is needed,
V., Investigation of Approximate Scaling
Schemes under Isobaric Condition

The application of a high-pressure scheme for scaling a large
complicated gas turbine engine with high-compression ratio has thev
following two‘ di sadvantages: )

1) The combustion pressure in the original engine is already
high, If the working pressure in the model is further increased, then
it 1s necessary to use a compressor having a higher compression ratio
than the actual equipment, and this is disadvantageous to test condi-

tions,

2) The effects of combustion;pressure on vaporization and combus-

tion are as yet unclarified at present, and test data on combustion under

high pressure are still scarce, The vaporization and combustion

-3 -
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mechanisms mar undergo a pronounced change when the working pressure
in a model e¢xceeds that in a real object.

0 the basis of the above principles, it is best to use an
isobaric scaling scheme (the same combustion pressure for model and
real object)., It is difficult, however, to obtain the same Reynolds
number for airflow by applylng the isobaric scaling method when
geometric diﬁensions of the model are reduced. As analyzed above,
the airflow velocity in the model may exceed the blowoff velocity

permitted by the flame stabilizer. When scaliug under the isobaric

condition is carried ocut, leniency in mixing requirements 1s inevitable.

In other words, Reg cannot be maintalned strictly identical, and the
atomization eriterion also loses its offectiveness,
Comparison of caiculations shows that a rather satisfactory

approximate scaling scheme under the isobaric condition 1s: 1) T, =

constant; 2) fuel properties idertical, f = constant; 3) vg = constent;

and 4) tp/t, = constant., The corresponding important scaling indices

are:
v IM.0.21. diM _ ,IM0.96 M. Ssv _ In.0.5. Gy Ly
Mo (MOl JM o 0090 (o el o 2000, Oy 2
VIH (LH) ’ K (LH) z(hH“ sy \LH ’ (GH) (LH)
v i d Ly, -0.4( , 3. 1,0.09
() =@0-H; () = TS = &5
vg Ly dj L L Ly
d - Vierw  Ia
(4 = (_:1.1‘4_)'0-04; (Re,) = (f.l“.), b
L Ly e Y VboH Ly

Suppose airf{low velocity in a model i3 lowe than that in a real

object, Then the atomizatvion, vaporization, and mixing conditions will

e e g

g v




be less favorable. Further increass of the airflow velecity in a

model will affect the blowoff condition even more seriously. i

As noted, an isobaric scaling scheme is applicable only to high-
flow engires having a high compression =atio, Reg, even reduced in
the model, can still remain in the self-scaling region, Decause the

Reynolds number of the airflow in the resl object is very high,

VI, Conclusions
l, The approximate scaling rule for a combustion chamber is not

unique, Under conditions analyzed in Section IV, satisfactory approx-

mation may be obtained with fuel injection velocities in the region
from vzm L—" to vy L'1/16. !
2, Variation of fuel injection pressure and nozzle outlet diameter
has a great effect on approximation in scaling. Thus, a scaling rule F
obtained by coincidence in a single test without clearly designated
working conditions for the nozzle is undependable, Even the accuracy
of an established scaling rule can be affected by a slight error in i

nozzle construction,

3. Among the existing scaling rules, a rule with pL = constant is

the most suitable, particularly for scaling of jet engine combustion
chambers,

A A L

4. Nothing prevents testing high-flow gas turbine enginas having

a high compression ratio with the approximate scaling scheme, Similarity

"
1
.
d
L]
3

in combustion conditions may be obtained by the scaling rule using

p = constant, vg = constant, vy Ll/ 5, and djilL when the Reynolds number

FTD=HT-23-1483~67 =33.=
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for airflow in a real object exceeds 4 x 102, Low-pressure simulation
tests conducted under low Reynolds numbers can only be used as a rough
check on performance sensitivity,

5. The theoretical analytical method in this paper may »e used to

evaluate scaling materials qualitatively for reference in future studies,
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