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. This paher presents a review of various-techniqies exployed in the T

. sizuletion of ¢ jer exhaust in ground test facilities, A brief suwvary .- -7~

of the chareSteristics of a jet exhaustisz into botk quiescent and =

- ) Soving cedia is presented, Thée imporisfice of dz.pliczung tae inftial - -

o7 . * inclinetion engle of the jet, Sf . zhen condusting simuiztion stidies =
" . is pointed out, Varidus scaun,. paraselers are enuzerated, A requirc-

- . : ent for the suplicetion of the jet pressure ratio, jet monentua, and the:-

' . : mra.-e..ers 7. asj ’,‘3 and (RT), is indicated, Expefizental data are als:é

- . . resented "whick verify the 1mnan e cf these m'-smeters in sizmtlatd

T T : Ut ° s‘ud*es, “Caz fethod of selecting the gecaatry £nd test conditi&is for n

) sulaticd Sodel in order to sccount foF a du’fere 1ice in ber.:een -

. . <. mael ‘end full scale and sti11 duplicate the important siniiari:: ;:su
e - . beters, I8 presented;  ° 7 .

o T - S8YXAIRE . .

-

Ce penier piésente une revye de diverses tec!miques mployee« dans -
1a s*m.lntior. de 1° echapbe“ent du jet, ea esSais & terre, Un bref
i ’ ’ sozmaife dés c..ra.terist.iques de 1° écheppenesit du jet en milied ulu
- . et agits est préseiité, L imporiencé de. doubler Y inclineison inftisle -
du jet 3y dens I”étude de la simulation est ponctuée, Diffirents .
paratétres d’ éehelle sont énumérds, Tae condition pour iz duplication
. du repvort de pression du Jet, de son Zoeént, et des paranitrés
. ) . PO ,."’j et (FTiy est indiquée, i)«é résultats ex:éri:emé.n qui
L wruxe.... 1* i=pbTtanze de ces psre..m fes en études sipuides sopt sussi
: . présamntés,  Aussi es i)raser.tec une methode qui permet de choisir la

géoodiiie et les conditidns da test piur wse sirulation 2fin de tealr

compte 4 une d‘;-.’.rerce dens 7, eatre codile et pleine echelle, tout
eq cependant cxubinnt les pafemeirfes similaires {rportents,
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JET SINULATION IN GROUND TEST FACILITIES

M. Pindzolas e

T. INTROBUETION - . . Lo

Shortly after the iaception of the use of jet propulsion for air véhicles, 1t £
observed that significant changes were realized between the jet-on and jet-off" casa 4

on the aemcyr‘a.axc and thetrodynante chnractpristics of the vehicle, Esrly sum_-ig
of these effects aré presented in Refefences 1 and 2 foF aircraft and missile coa=
figurations respectively, Since thesé summaries were publisiied, many adsitional-
ifivestigations Lave been concducted in order to more gccurately define the jet inter<
actions. Some of the more recent studies are listed as Referénces 3 to 10 in this
Repolt. Eaéh of these references in turn lists the cost recent work in the respectivef :

-fields of study, . N

dp s o s

The pu :rpese of this Beport is to summarizé thé var 1ous teckhiques which are-used ’ § m
td obtain the jeton characteéristics, Results of such investizations will be quote &
only- to show thé meérit of thé technigues éxployed. . S :

I =

The diséussioh will be limited primarxb to an xisymetric. ander-expanded- je i t B
A short review of the characteristics of such & jét ere presented in Section II. 15 %‘ A
réview is separated into the categories of = jét exhausting inté a mediwm at rest- and H f

jnto a moving stream, It should be realized that even with a vehicle in motion; .-
poftions of the jet exhaust for certain base configurations can be typitied as though
exhausting - into a medium at rest.

P

I

_ In Section III, séac of the scaling laws of particular concern to the subject S =
mitter are presented, No discus$ion of the Rore usuzl fluid dymanic and themmodynamic: . E

» ooy

similarity paraheters such as the Reynolds and Prandtl numbers is presented,

Methods 6f jet simulation used in ground test facilities are next presented in.

Sectien 1V followed by 2 presentation of typical test results using these techniques . ’
in Section V. The more important gspects of thesé results are discussed in Section V1. ) -4
* . N
Thé bibliograshy at the conclusizn of the Report.is.cetegorized according to the B
subject matter of the various sections of the Report, . ¢

11. JET FLOW CHARACTERISTICS

The study -of the characteristics of the flow of a jet of g2s into 2 ‘suzrrounding
mediun hes received much sttention since the work of St. Vensnt and ¥entzel in 1839,
& comprehensive Sumnary of these studies up to 1934 is given by Pai in Reference 11,
I order to kéep the references inthis Report xithin tounds, those listed in pai’s
" publication will not be repeated here, .o

34RO, Inz., USAF Amald Eagineering Developzent Center, Tullchosa, Tennessee, U.S.A,
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Thé initial structure of aa axisrwmétric jet consists of a core surraundéd by an-.
annular sfixing region. Farther duenstreem, the entire jet is a mixing region, -
Theories to predict this jef structure have been devéloped under the assunption of
either inviscid or viscous cossiderations. : . .

For jets in which the ratio of the pressure at the exit of the jet nozzle to-the.
azbient pressure of the surrousdizg deditn is low, inviscid theories based on tle
i linearized equations of fluid flow (Refs.]2 td 13) are’used to describe the jét
charaéteristies; Since thesé défivetidns are not applicable at high exit to asbigat:
pressure ratios; reésort is msde to the method of characteristics (Refs,20 to 23)-or:
to approximate solutiocss based oa varidus assumptions (Refs.24 to 29). N )

fin

Although the inviscid theories have béen fairly successful in-predictiag the jet - =

structure irmediately downstrean of the.jet exit; resort cust be made fo viscous = 5

: theofles (Refs.30 to 37) to obtain jet characteristics further downstresa. In these e
. cases, the fluid flow equations based on the bdundary layer approximations are tised: E

assuming either lawinaf or turbulent mixing,

Various éxpefizental studies (Refs.38 to 45) havée also been made to détertine o
structure of jets and to serve-as-a chéck on the validity of the theoretical analyses: . -
From both the analytical and expéridental studies of gas-jets, the folloxing informas °
tion is derived. ] . -

1. JETS EXUAUSTING INTO A EEDIUN AT REST

A sketch'of the generaliZed flow pattern of an inder-expanded (ovez‘-preséureq) C
axisymnetric jet exhausting into 2 médium at- rest 1§ shown below: .

Ve ) g

Jet Shock-\/

e

s A T St

Jet Boundary-- /sR'éﬂected Jet Shock

BTy e

Z’Mc‘:ch Disc oo :

As the Jet emerges from the nozzle, it expands to the pressure of the surrounding 2
medium &0 the jet boundary, The condition of constant pressure 2t the houndary causes
the curveture of the boundary to tend back towerd the axis of the riew.  The jet shock 3
is formed by the coslescense of the cozpression waves resuired to turn the fice at the | E
boundary. For a slightly under-expanced jet, the jet shocks neet to fom a shock
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o S - _— . diemond. However, as.the.fozzle pressure ratio is.increased, a Magh feflection. ;
‘,;23 = oceurs in thé jet forzing a Yach or shock disc. A reflection of the-jét shock occuirs
)‘ o4 3 in either case, snl the-pattemn is repeated at the intersection of thé-reflected shock
" % gE | B} and the jet boundary. ’ S -
3 El . - :
N % . : ioans sy icaot
e The study of the jet stiuctufe thus.iavolvesthe prediction of thé above
| as influenced by the various virisbles such as the nozzle pressuré ratio, J
i‘ number, retio of specific heats of the jet, and so forth. Near the-éxit.c.
5 nozzle, the effects of viscosity &re small and inviscid theories déscribi £1
. reasonably well, However, further downstreas frem the exit the miX g-re ‘bétween-
| the jet and free stream predonminates and viscous theories are requiréd. -
% 1.1 TInitial. Inclisation of the Jet Boundary
;;; - - *  In exhausting from the préssure ut the exit of the nozzle, py.. to-a
e presstre, D, the jet will initiall¥ uncerso a two:dimensional expefiSic
3 nozzle lip. This expension is governed by the Prondtl-tieyer equations, 1din
3 frox 2 Nach nuzber of 1.0 to a highéf Mach nusber, ¥, the relatichship:bétween the-
; tuining angle ¥ and M is givén by ’ ’ .
N - : v = 7 == arcten 7—“ B - drcten 8;
) . ry=1 Y+1 .
* The angle required for expansion from some initial supersonic Mach cusber;
some higher Mach number, M, , iS sicply-the differénce in the valués-6f :u-:a i
3 : ) two dach numbers, i.e, . -
) | LAy .= vy >y, . o {1122y
s‘i‘ ¥ . The ratio of the final to initigl static préssures is given by
‘ ; * . . - _5
13 =z - : < - ~ z
' = P; 2 + (y-1u3|Y . -
0 2 = |Em==z=h (I13) |
: P, 2+ (y-1)M3 = :
3 4
% For & jet exhsusting into n medium st rest, the jet exit conditidns (dén@tég‘i:; the
+ sebscript j) becoze the conditfons before the expension (subscript 1)-2hd-the free- E
- strean pressure. pp {is the pressure after the expensicn, p, . For values of ¥
. * equal to 1,657, 1.38. 1.25 end 1.123, an explicit relationship for :Ay i’x}_“;é_ms of
; ;31 end py/p, can be detemined. For these valués of 7 , Equaticns (II31) and
. (11-3) reduce to the following: :
- For 7y =5/3 = 1.€67.
Z A o
= tany = - (11-4)
- . 4 + 38
- /0,
B ={2) F+o-4. (11-5) =
\D, =
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| Intems of B and Py/Dy .« Equations (11:¢) and (II-5) can be.coubined to give
O ) ) = - ) E:
Y M : . p e.s 3/2 . 0.3 - £
N . P i3 . 5. fo,) ; A 7 E
~ ‘ [/;i B+ 9 - 4] 8 +4) = 3 :-’-) & + 28] + 85 A
o . tany = N/ N SIS N/ SR s - 3
S ) . : (AT Tasz e 08 N T - E
R . fs) Fra= 4J B+ a(—’) (B} + 35 +4) 2838 + 0 |
- - \"®, s y Jf . i
Ll ' ’ (11:6)- .
e For 7y =29/21 = 1.38 o - ’ -
o ' ey ¢ B LINEI e eSS
5“ - - . o (6.25+ 457)(6.25 + £97 + 11,255 +15.625 - 8° .
‘";’-\} H . ) B ’ ’ ) ' ‘.
;i\é- - D p <276 e n N . . - ‘_;
223 ‘ . }3§ 2 (ﬁ-——‘j (B} +6.25) ~ 6.25.. (11:8):
- . ; 2 . - . _;::
T Fof y;=35/45 1.25 T :
8P : e
e T s 188 ar-9)-
. S . . S ;33 0.2 o o : . - E
- B = (;.) B+9-9. o (a0 -
- . . \P2 . :
.- For vy =17/15 = 1133 S : 3
' . B0 -8y
tay = =D ara-
256 + 16032 - 158% .
2 . [P 0,1177, - :
£ = (f) BFErie)=16. = - - (11-12).
2 ‘

U UHN

Curves showing the effects of jet Mach number, M’ , &nd pressure reatio, p’/a, .
on the tuming enzle of the jet flow, Awv, for the shove values of % . are presented
in Pigures 1 and 2, )

The limiting values of Av which represent the turning angles ehen exhausting into
8 vecuun are shown in Pigure 3. Tnese velues of Av are approached when m’.‘zgidering
problems associated with the explorstion of space (see Ref,43 for example).

In addition to the parexeters mentioned ebove (i.e,, Py /Poy ¥y 20d M), the Initial
inclination angle of the jet, Oy , also depends on the nozzle eXxit engle and s :

given by:
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Sj = By + Ay (11=13) .

Thus a fourth paraieter is available and often used to obtain matched condn.iom
of the initial inclination aBgle of a jét, - -

end the jet exit static pressure can he

AU LA RSN L AN AN AN A A AN AN AT AV AT UVIATL A WA W% P00 VNI T W N UM A W sl u
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. e

x

thé ratio.of the free sStreanm statlc pm*are
expressed by the following series~ -

. For.sma!l values of the angle, Av,

P . : {y, + DY} &8“
Yoz 2N (Av) + 4] ’—---—--———-—-—7-‘ )f ot -
'Dj ﬁj .4483 .
5 u2i5 : 52 - : -
il o, STy =20y : .
'--—-—."L 6 Ej - 6 -J >
3 i

the curves of Fizure 4. The curves labeled lst 2nd and 3rd are obtamed by ret
the correspcndhg terms.of the equation. . . B .

1.2 Jet Eoundary Shapes

The shape of the jet boundary for the first féw diemetérs doRistredi-6f- the mzle
exit can be uzssumed to be affected only slightly by viscous effects aid re fOY
be determined by inviscid.soleticns, The rethod of cqarac..eris..ics is-
used as an ‘exact’ solutich for the jet bouadary end verlous epproxizaté tecrniqna
are exployed to duplicate the cheracteristic solutiom,

bkpproxirately 3020 boundaries determined by the rcethed of che:aﬁteristius over the
range of the paremeters used in the previous distussica of initial ansl 25 £Te
presented in Reference 20, A few of these &re reproducéd in Pigures 5, .6- and
order to siicw the effects ol the parameters,

713

It s shown In Reference 20 that e circuler src of constest radiiis, By e p*o"xda
en adequete approximation to the jet boundary uvp to the peiz:: of caxicus- dismter
provided this point can be detercired in edvesze, However, ho suitehie Beinod. ;6r
eccurately predicting the maxicuz jet dismeter end its location hes S Fot besn
detenzinéd. )

Tne reselis of a spresdirg study of ¢ air et ot high altitudes repc"ted 4n-
Reference 27 ipdicite that o a,.wox-..‘e:e locatlon of the et bounder? CER be 6otained

Sr.&\-Ch creriez!, eftdF deter=iing

by the following technique, Victh Teference to the
the initiel inclinetion e::sl- cf the jet from Egustion (TI-12), a line is construsted
perpendiculer 0 this tanzent 1o the let boundary., Tie boundary radiug, P . for
V = 1.4 is deterzined {ro= the follewing equation:
R Xs 15, e
-2z 324 — = —— 5k, (I1:15)
Ty uy y -
- e -
S > _‘\ \. Cw ' b g
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Thi$ redius is located alorg the perpendicular end the jet boundary is drawn as & . j
circuler are, Assuniag that the redius ratio is proporticnal to s./u’ for 7 E
other than 1.4, - R, for other 75 c¢en be obtained by using the 7, = 1.4 radius
ratio as 3 refereace value at e particular vj and substituting into the following
quation (Sée E3n. (19) in Ref.27): E
R ] ) o
B 2 71 DG + 8 (a1-i8y- . _ :
ry. vv +6(yy = l)u} E
Other epproxiucte tenhniques for calculsth.g the Jet boindary exheusting into 8 medlua
at rest are suzderized in Reference 28,
’ 1.3 Interceptivg Shock Bouadary
The jet boundary calculetions in Reference 20 by the mathsd of cheractesistics s180
defined the Jet or intercepting shock boundary =ithin the jet bousdzry, This boundery
{see previous sketeh) isinitially tm-sc rizl tothe final Mach iineof the expaneicn fan
end 18 then formed by the reflection of the expznsichn fen waves from the jot boundary,
In Refereace 28 & circuisr are eporosinstioca for the intercepting shock (se2 sketch)
is given =ith the radius of curvature given by
Ra = R, cozn (11-17> )
s I I AR OIS O O TS R ey N ) “ K N AN A O N NN ) AN ik
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) where ’ g = aresin — ., , g
- “2 .
.. This, again 4f & méthod of deteininirg Ry 1s available, an approxization to the fet
$hatk bouRdaFy can be obtained readily. ) )
A 1.4 Pritafy Wavelength of the Jet - : w 5
- o Hany $nvest!gators have sttespfed-to derive an amalytical expressica for the primary: - « .
: ) wavelength of & jet, j ‘that is, the length of the first periodic jet structure. . L ::3
5 -For vaiues of py/py <2 the equation gwen by Pack!® which is based on lirear thedry - - = . %, %
L applies satisfac{orny.. i.e - ) ' SRR
. S L : = 2.65 J/ \ <1 205 . (11-18); g
N . . . d i L PR S
) . N ° - 3 - ] g 4
- ] . For higher pressure ratios, purely analytical deteminéuons of the wevelength have: ST
.. been tnsuccessful. In Reference 20 en empirically ‘deteimined equition for the primry - £
- S - wavélefigth is given by . ) ) . - ot
. P N .. T B
' : : 4 = 152({) +—1.55[(294, =1j)i= x]- ) ) i
- ] . . d P - - T s
- . ) . g : ‘p C15 . ' ) ; .
: . . = 0,558, + 0.5¢&==l{=d = -1}, . - (1=19)7 - H
- ) ] 3 1.55 ( )ﬁi LR e i g .
- Inis equation was derived from a large ansunt of-experimental data obtained vith high . ) .
pressure sir jets expending into still air st atiospheric préssure or lower with R o
} . Dy/p5 > 2 . It nes shomn i Referénce 20 that the jet nozzle exif engle, 6O , had - t
1itzle effect ¢n the primary wivelength.
1.5 Dictazée to the First ¥ach Dise . - )

A pethod for calculating the distance from the nozzle exit to the first Mach disc;
L.d . has baen given in Reference 25, The assumntion 1s mede that the sieti. presspre.
iozediately uomstrcu of the ¥zch disc or nommel shock is equal to the s=bient
pressure of the surroundings, p, . Thus if the centeriine Mach nuxber =nd pressure
- distribution, which are identicsal up to the shock for eny fixed nozzle, are known; the
shock position can be cocputed,

BN s e g e
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Jet %ixing Eogloa

.
Bt iy,

gualitztive picture of thé nixing regions of the jet exhaust can be obtained by
eferring to the mretch overleaf, Imnediately downstreaw of the nozzle, an annular
srrouads a core of potential flow, Rezion III consists of an

;g region, I, sur
ely torbrlent mixing zone in wiich the velocity profiles ecross the jet are -
ar. PRezlon I1 in turn represeats a transiticn zone between the conditions at %
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£t S : A mean velocity distribption of the flow in the mixing zofte of Region I1I:éihisbe- - 3
A S S ‘abtained by using an error function &5 the veloéity profile. This is given'by 4
3 i - A ) = = =1 +erfioc= . © - (11520)- 3
- E . ) . ) u o 2f ¢ x - . < z
3 . ) where iy, = the jét ffee Streea veloeity - ' S
i e 5 Z.spréading raté parimeter ) ' Sy o
A : % ; T : S ?
I R | ' ’”(’ t) =2 e Lo Ce :
2\‘.% § - x v ‘ . | - o E
W . ] v 3
;i%q /‘; . . [] . E
' -4 To account for the cozpressibility of t:he jet fluid, Tripp has suggested the=following 5
Proci Tz . relationship for the spresding rate parameter: 3
K = . o T 12+ 2.758¥ . . (11-21) E
A ) ‘ ’ E i
: he veive of O =12 has bees esteblished for the cese of incompressible flow; An
: evaluation of the spreading rate parazcter is-presented in Refererce 30 (sée Fig,8)
] in =hich Tripp’s relationship is shoan to underestimste the value of o above. .
¥y = 1.8 exd overestizate the velue of the paraceter below this Mach nucHers
1.7 Jet Noise ) ' .
’ . %ith thke incressed use of jet sircroft, euch more attenticn is being tociiEéfg,on the E
probles of jet nolse (see Refs.9 end 10). The total radizted seoustic power-of & §ub~ 4
sonic jet has been shewn to correlate with the Lighthill parchcier, that is E
. PeAgu} I 4
(s P (11-22)

e
e
¥

in exzovle of such correlation is presented in Figure S. These restlts showiug the E
: sound poser pradiced by a sthsonic jeot exheusting into a medium &t rest at various
) Jel temperatures were obtained frox Reference 41. - E
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- ’ i For z supsrsonic jet,.attimpis heve been tede to correlete the sound powel bY :
- . adding o suiiadle factor o the Lighinill parazeter to account for the noise generated
‘n the supersonic portion of the jet. These cerrelations are still not very setiss 2
fectory,.. - - %
: 2. JETS EXHAUSTING INTO A ¥OVING STREAN - )

The generallzed flow pattein of anunder-expanded axisyzxetric jet with an‘ i
nozzle dlaveler equal to the base dlaseter exhausting into & sirean coving fas er
than the gpead of sound (X > 1) i€ showa in the Sketch below: . . :
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Tronsmitted Shock -

thence in the éxternal
2ty fust aft of ’hf— nozzle
f the shack Fave
asm of the expahsica :
2y, Py . 2180 varies ;
the three-diménsiounsl

3] e:ergi
flow producing an ex z shock, Tne pres
lip, P, . is a balance belween the e::t
ceused by the deflection engle, Sj . 25 u
fan thoough the angle, &1, The pressure slong the jei bound
in this case because of the cha’*g!ng siope of t.'s:e boundary and
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ficw eff2cts. The jet shock rexzins in the forn of 2 shock ¢izncnd et pressure ritios

hizher than for the case of the enbient mediun becsuse of the incresse in présiure

et ths jet boundary. ©Oepending on the conditiors in the teo streams the jet shock IS -
partially refiected 2 the bovndary., The pericdic structure of the jet is xuéh less :
defined ead in nost ceses oot preseat at all,
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10 . . .
As a Tirst zosroximstion, the flow petiern in the viciaity of a blunt-bnsed bod: -
= goving streca can be considered £5 4 soobinaztion of & sherp base jet exneusting .
& cditm 21 rest £ad a moving stresam. Up to & siresziine sepersting the moving

o= the gquiescent modium in the base reglod, the flox pattem is similar to
+ exhausting luto the pecdimm ot rest. Beyond this streasiine the extérnal

rtesces 53 exit shock resulting 4n a flow pattern as described above, The -

pressurs ai ée of the medel is of fodrse dependent uypon the jet and free-stlead-~ .-
conditions 14 t& determined by the fethods qutlined in Reference 5 when an -
fccurate represzntztion of the flow patiern is desired. -

2:1 Initial Inciination of the Jet Boundary - .

Coacitions =t the jet boundary imsediately dosnstrean of the nozzle exit are
depicted in tze following sketch: .

Con2itions In the jet or expinsive flow zre still .governed by Egzoations (II-1), (1153)
end (I1-3). For the ext€imal or compressive fiow, conditions zre govemed by the
folloring equation:

<

o gh

o ' o :
. i-) 2.-'::."!;‘;(:‘%—1)-(754'1)?‘—;[ ) :
e, - B ) ”

taad, =

o 2 (pz \ 53y P2

')’:_5._._,-‘.._-1 ("n{»;)_“_-;-(‘y:—"_l)
\pa /. P

shich for Y, = 7/5 = 1.4 reduces 0" .

= . (11-20) -

*+a
T 2 [0 .\
w52 1\ 6 =21+1
Vo / Do /
S.=2_ =0 ther Ay and 8, musy be eguel snd the conditicns existing at the
by eqgunting, for eawssie, Lmmaticas (II-6) and £i1-2%).
for verjeus ‘et eonditlols exkauysting into & siresn

T

AT IS x%\szﬁn\c Vo Ly TR VARSI 8 =
YA T P U - 'A-’,'.:Jﬂ_',“_'."_\.\?} M‘?‘:}i‘.\i




L L L WU R W L I T R s X M Ml P P N P A R MO A A RS A RO AL AL IACN I WY

T el R 8 -y, oy e 2 e . - -
TUTTR TR e en ST WY LN TN D R ATMae W v W UM e e swpmian e aex P .
Tl z B . z - s -
.« s - N
s . . . g e e €S sl -
a2 e = r M e e F s smm SN s - e T i aer wluasad b e Tl Sne e T e
.
e - [ -w - - - = ew - -

i e A N s e

N

shoeing the eflects of the varices jet and free streem conditions ere shown in
Pigures 10; 11 mod 12 .

E
E
&

’ For s=rii ra2lves of the asgle, Sj . the ratio of the pressures across the shock -
-in the externel flow is given by o ) .

e
ot

= = 143 | (11-25) -

(11:26)
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. To the first order (see Eca.(I3-14)), ‘Conditions in the expénsive flow are relatéd -
to v by the expression B -

3
=
P
£

il

. ) Py = p; . o
B : LR et L T ’ -7

- Py Y S

' Euating the exprassicas for 5, end Av gives the following réletionship for the T
’ cocditicns existing at the-mozzie exit. . ) - D

i V . . Py - P2 . By -4

i . z 2 = : (11-28) .
- P:=ds DL -t e
2.2 Jet Dosadary Siepes . . i B
As in the case of = jet expanding into 2 guiescest medium, the method-of chevacfers i
istics can te used to detersine ths boundorfes for e jet exkrusting into a streaa
woving wita ¥, > 1. For 2 jet expending into & ooving sires», conditicns at the B .
boendary crnmot be considered under a covstant pressure but cust be determized by the )
intersccion of the jei =3 extermel strezm:  1f the strees fior is hypersonic, the
Newionian sooroxizetion cex B2 usad to d2tercite the jet bLoundssy pressure., This .
cenditicn is Tepresented by

= = g 2 2in?8, + 1. (11-29)

3 b > o S
Represeatstive tounderies obiainzd froz ikis Repsrt sre reproduced io Plcure 13.

in spproxizsle technique ozplcrian this scme boondary cordilicn is prasested In -
Feference o In this peihad, cre-dinmensicn:l fiom theory in conjusetficn ol . !
Keveonien theary §s uszd Lo &fine the jel stristvTe. & comprrstive bonndsry with :
$has obizlasd by the sethod of chovecierictics is sieen g5 the dached csrve in . :

the sbeve Tatbols represest the dividing
Sormerises sith erparizentel -

|
4]

. rx ghstezresk in -
smit. Iz ordar to K
ks be coomuied from the E
T2, Toée zoiked consists of detersining g
point for the let fiow. T=e E
g2t location. Th2 Tesuits of such )
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2n ensiysis as obtained £:%a Referance 25 mre shomn in Figure 150 The flow field is - ToE
fepresented by the photogreph and fet beundsry shown in Figure 14.. As is =zpparent . - 3
e the plot, 2 close approzimation between the czlculated and experimental jet ;!
shock is obtained, - ) 3

4

2.3 Jet pixing Begioa

Por the case of & jet exhausting intc a moving strees, the velécity' profile in the
mixing sone corresponding to Equation (31-18) ceén be ezpproximated by, ’

PSS S

"
J
1

A el e Tarhak ry el B WKL war g

: v +u{ u, - ¥ . ) Z
] u grth 825 s :—) (11-30) T3
. 2 "j_‘!’ uo‘ \» b . :;;
shere v, = the jet free streaw vilocity - . . . ) j
u, = free stread velpcitr of the coving stream, ~ * - " . 3
The value of “o suggested by Golix®? is given by . . E
' 12 . ~ : ©3
T = 2.758!’ - (11-31) T ' 4
. g, - . - i
. 1== - . ] A :
. i ) 7
ﬂlér! uj > Uy » ’ : ) -
2.3 Jet Shock Reflection . - o

2 the basis of linearized theory, the followxing parazeter was derived in Reference
17 to. indicate the strength of the trenscitted shock (see skhetch on p.9):

R
YiPEje

7@:”‘::51

3

(11-32)

¥hen K = 1 . the et shoch is not reflected at the jet boundary znd ro periodic 2
behavior of the jet Is moticesble, ¥hen the ratio facraases or decraases fron mnity a r2
refizcted zeve of incressing meznitude occurs., For k > 1, the Loundary exhibits a
gericdic behevior, ;g
et :j

A sizmiler pareneter is derived 12 Reference 19 ead is discussed in Reference 20 as o
the Kesusure parazeler given by o
A 1 B . 3

T ~sinu OS2 T e o . {11~33)

Y o’ o

The difference in the velue of this paremeler pelween the jet end free strear {lows =
deternines the chorzcter of the jet shock reflecticn. If 2, {s larger thsn Ag - . .
(xhere the valpes of the osreveter gre the locel voises =t he interiece) a conpression oo
wave reflects as e conpressicn sxe, wailedf A, is izsger then }.J a coapression SE
azve refiects as &n expension wave, 4
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z . I11. SCALING PARANETERS : : . - - 4
> - . ;
e . Ia ground test facilitics, it iS seny times necessary or more convenient to per-
3 7 forz i€t tests »ith test fluids of different cotposition end with test zmdels of :
) : different size {rcn these of the metwal vebicle. Thus, it becones necessaryito- detemnﬂ
N scaiing paraxetsfs for ‘b‘ch the resglts obtaized wita the test sodel are: smilar to -3
z those of the full scale vekicle, B
i- . i he e".:a:mns ;,me.-n"zg the behm.ior ot the ‘rtemtmg jct. a.nd 'm stta.. flows E
i - pefaneters s 1 t=v' A d m;zc«:».l aﬁa!xsxa. of all of t"e vari.bles mml ed (see
z . Rei.Z) lexds to aost of parewcisrs of shic In
” xhat foliows, therefere, aiy those sealing ﬂa*a:e:erg or nore accurate;y)e aleuce
z -sm:io'zsr.::s, ira S:acussed shich have been skown or intuitively eppéér to b:..inportsnt
. n the sizmulslisn of jer exhausts, . )

In 203 given problend, only certidin scaline rara—:c‘e-s -are h-.'nr‘.nt. Hor e‘nzple
akeh deterzining the effects of a jet exhaust ca base pressvre, the- :::xr*..f:g,
governing the shade of ths inftial portiecn of the jet are-rore ioporian ,
governing the jet shape fzr downstreen, Thus, &5 evaluatics sust be mdg of
obiectives of each-specific test in nrder to determine the extent. of. smxl&tion.
reqmred.

~3. JET BOUADARY SINULATION

In 2efereace 20 it was shoxn that, {n order to obtain jet boundery. s".m'ttim the
1’:.t:.! fnoiifation was the most {sporiant projerty that zust be du;:liceteﬂ. Simlt-

on of the initial portion of the jot boundary would be important in: stuiies §9
dﬂt.e —ine base pressure, base heating, or the effects of the exit siock ¢ z.jf.cent
surfaces or jets. . .

»

B gy 0 U9

a e flow turzing :
tarting with Equaticn (JI-14).:

For s:Jl turning engles, sinjlerity pare:.-eters which p
enzxle for the zodel and fill seale tests con be chralined =
ifz *‘-en cioicz of ooy of the three varisdles is oilewsd, then the fiTst-Grdir-ters
of Zgustion (1I-12) indicutes thzt the follcwing relztionship hezween fl'e £adal and

full sczle tests zust be satisiied to provide jdenticel fiow turning sngles, O :

. {( :ﬁ—g ( - —j—:’— an-n
\ 73 E

megty

t is assu—ed es In Reference 48 thot the jet Nech asver of the eodel, W,
is the same 2§ the jet Moch nunber of the {rl] scole vehicle, B . then the fol lor...:
) ship is cbtained: :

~
Ir vc\ 1] 7 =\

1-..

{_\ : L _;;};. (a11-2)
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. : : 1 instead, it is zssuzed thet the fatic of the static pressure et the norzle exit
to the free streen siatic pressurd is t}:‘- saze, for ihe ——-":1 &% fuil scaie tests, =
i i the sizilarity parsseter bLecoaes - N
- e ”2 -~ !: . -
s . .- Ve . b 4 o
i § DR £ § BN (X13-3).

,. B r"j_ 3 dy =

in Refarence 47, this saze sinilarity parazeter w28 obtain ned by starting with-the
'e.,.xi—e:z-..t. thar trhe static pressure change cuseu. br & cha."ze in c i

o I okl - | A4
- ' - éj » = ojfg. - ) B

- It w2s fufther postuisted that since Y, is nommally the size for model and fall - -

. scale tests, Y. chovid 2iso be m..;'ic:ed. Since ¥ is, hoaever, .usuzily el
_ betreea rodel aod £21% sczle !. of the apda} -3 4 be diusted sccordineg iB:
- Equation (11I-3) to satisly the above requiremen t.hnt. is . B
| . e B - T
| - : AR sy
. : * 394y 1 ‘ -
The extent to which the constent fot ¥uch rosher aad the cc:s"a*t je‘ res‘nn o

- ratio sicilerity paremcters duplicete the initisl inclinatis { .
- seen In Figures 16 nd 7 respectively. The values of the je: ::..g.e fsr-the nsta.nt

jet ¥ach pusher paraseiar are shoma for bedh e 1oe (3.72.< p, /o, < 5.0) and M;h
(3.4 < 95!;!2 < 53.0) jet pressvre ratis. As is resdily = ,.:.rnt the sin ihr!t.v
parazeter dzscd on & constant Jel pressure ratio gives oore neerly equal vaiuss of

- the jet angle % st using & ceastant et Yech puxder, - -

3]

1
&

For the 2ose of & jet cxhousting iato 2 2oving stream, 2 sisilerity perazeter csf
o chiained ':.i-' stare £ the recies 2

2 - -
ing with Bqeatien 131 2:).
-2ic

for.the nodel and 511 scale tests sre ¢op
is ohteined: - -
A, £t —59'.-3’ {H .
_ Sl S R AN a11-8)
: RS B XA

Turtherwore, 1f the free <tzexs conditions ) r,..; ¥, for th m-sel tests zre
{dentice) o thosa (o free fE‘:}t {=Xich is usozily the cose;, the sizilacsity ;:srazettr

reduces to that given by Equalisa (311-2) for & fet exhaa S:-uz into & guiescent gedivm;
$. JET SEGCY SIVULATION . -

In soce cascs it s nerossery to Suplicote (e strutture =nd sirength of the sk
and expension roves In the flox fieid eyend the intersectinn of the jot etk wdd
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. ) the jet beundsry, Such sizulation guires the depiizazton of the perz rasetér g!vnn in R
Equation (I1-32). The sinulution paraceter thus obtalaed is given byr . 3
L] e ) ' ST ,
Y‘j')j-!jm PV - . N, 3
) . : 4% 12 = - s 7‘C ° - . ('III-’) bt
, - Pdater; | D&?'ir‘m 1 : . =

Uzing the ussunption that the free stream éonditions for 7, end M, for the mdel

tésts aré identicel to those in flight, the parameter redices to }

. ’ ’ YA 1 B p‘ykfl' L

. . ,}J“{;‘.‘ = "Lj;i. - - (1118) E

57y 1y PSE,J! ) - P E

: N : ’ . F E
- If the assurpiion is also made that the model and full scale static pressire Fatio is- q

patched, this parameter also reduceS to that given by Equation (111-3) or that. ghcn =,

by thé Kawezura paraseter,” Equation (JI-33). . E

: 3: SISULATION OF JET FLO PARANETERS
. 3

. In this section rﬂlationshlps are defined vhxch govern the simulation of the various
- jet flow paraneiers (sce Ref.48). The expressions are derived by "e"ating the: jet E
e . flow paraneters to similar free Strean-paraneters.
) 5.1 Jet Mass Flow

The simulation parameter for the mass flow characteristies is obtained by relating
the jet mass flow to a representative free sireas mass flow. .In equation- fom,

%

' (euyy 1’1“173‘“?’;{‘1
Ciha P YHRTIA,

i RN 6 3

The resulting similarity paremeter is therefore

Ll R S g s

ATpIYiH] (RT), Alpiryf (D)
. :“) N Aapc/d"ca(m)d ) "'gpb:ny‘::;(m)j £

(1i-10) 3

In addition to the paraseters favolved in the sizulation of the et boundary and Jet
shock, 8 reguirement thot (RT)J of ihe model be related to that of the full scale
engine is obtained.

R
)

5.2 Jet Kinetic Encregy -

Duplicaticn of the kiretic eneryy per unit oass is obtained by si’nulatton of the
velocity retio of the jet end free streazs, In egquation fom,

(T

[ P

o
15
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ik j v,y :
\ o B sy 111-11 :
’2’3. ' W kD, (=

n

O 80 D YA A Dt e o e 1 YN N L SR A N T A T "‘”\‘E



’%’?pﬂ.hz...}ss? ‘{sw,\@sé‘hﬁ.w?}u.mg.«_.‘:.:u\.ass.‘b.:u LA £ H MO 2O S0 M OO I UL S ALK AT KA M AT AV ARV % 4 1

ye_puar, - e q‘np\.‘-"lb’\bp,' ,f—\s‘_-&-—.—"\-».rp{—'*_—r—_‘m ety vem s dpre sesage e -....4
" T

i s
TR A - e cooSEE L o fo AT v T = ~
S K VIR SV e 4 28 P S~ AU Y E AU U S SRR WA P g S .y

4
B R ad ek et il

U P R AL R AR od

18

N a o The resulting similarity paraseter becomés

AR T

T LA
g W g

fo

. e =

yhan | e,

YD V(M|
=1 ]

et

b

"

(111-12)

f:‘"»

4t Sl Rl

-

- B

i For matched conditions of the free strexn Darumeters. the parameter reduces to
Ay o ' Ui, |
4 .

vi S 5.3 Jet Internal Encrgy N .

12

PR e

plpt e

Pagang] . )

, L
sk dmde L

: ) . Duplicuation of the *ntemal energy per unit wass is obtained by simulating the
" =L . following relationship:

@v ' - . - o1y | D@Dy o e ST
ar S o T eDe  (3-DED, ' A -

3
H
L

4
+
H
f
I3
v

v vy 1ol Ko

W - ’ . which gives the following. sifulstion paremeter: = . . . ) : T
o : 1) (RT) AED,] L o
G . . . (’Z“ ,_V)V(mu)j = (70' ),L‘)j R - (1!1‘1';) .
. oD EDe| L O0§FIRDe] .

5.4 Jet Enthalpy
Duplication of the enthalp.v per unit mass is obtnined by simulating the following

relationship:
LT 1\(??), ' (111-16)
(c T)Q 7" 7¢ (m)g ;

which gives the following s:mla*.lon parezeter:

1)y (BT -1
ey eyl [0 mtm,'] ‘ .
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3.3 Jet Lozentusm

¥
H
«
.

The simulation parzmaster for the jet rmementim is obtained fron the reletionship:

n?h), #2A
Kdbied R 1A (111-18)
(Puilg PoVMohe

giving the stnilarity parazeter:

I 2. 2
Py KAy pmazjaj . x
= °——, W . (111-19)
»«ch:—‘*ﬁa P;,’) 2l 7
X AR ~\. P “( 4.- e
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3 ) . 5.6 Jet Thrust - ' ST e o
! The relaticnship for the simu‘at'on of the.jet thrust is obta.lned oy starting with ,
-1 the jet thmst coefficient détined by . E
¥ ;
£ ) E
1 AT - - oy
B G T -
O ) Where the thrust is glvén by ) ;
R .:} ; ) Fy = (uA)y + 05 ~ Do)y . C o A{111:21)
fé" . A - ' . Thé sisulation parsieter thus obtained is given by T,
il- ke B - “ R - X - d;— . .
% ﬁ ) : A_’ ﬁ ’ B AJ p’ -l 3
Ny S : - (HVM—! = (1+7u) (m-m
. * - N - . . 7 ('C.“‘ 373 n 7 ‘1029 3 J B f B A

€. BASE HEATING SIKULATION PARAMETERS

acieted xith the base heatinv of rocket-pouered mdﬂls.
tbe icportent sizulstion parensters is présentéd in Reférence 49,
those porembters already discusied weré the jet enissivity, Jet-to-basa-
- engine efficiency, nozzle wall cooling effects, fuel distribution pattern;. nwe speed
end ignition delay characteristics of the entrained fuel and other associatod -propertiess

m'lzﬁ.ty paremeters conceraing the base flow pattemns -are derived irl Référénée
47. ‘The resulting relstionships are réferred to as an exce*:s puzping Lass pe.rsmeter

» 3
Av ), md? u d L
oY o,y | P odr (113:23) -
V, {(su)g AB R (pu)j dj H
b . E
snd a jet boundary streesline total pressure head parameter | BN ‘
pe(ry) A fuerpl?
= - (IXI-24)

U p A

shere r, refers to the sireznline within which the maes flow is equel to the jet
pess flow end the velocity end density profiles sre defined by some distribution such :
as that given by Equation (11-20).

: : 7. JET HIXING SIKULATION

very littie work hes been done in the derivation o

{ sizulntion pereseters for the
mixing processes clong the jeb boundary, These process

sir
£

4
s gre governcd by tha



i Ba-'&’..{""
i

P

i
Hanl 32 4

a,‘o‘"t‘:"”"l’.‘-“ v'
T Al

T AL

Zu
.

-
&t

=
g

f

-

o

Lés

ey
--""-w

: ¢
S

- u"

i,

oy *

P

-
»
LT

Y

vy, dw—rw‘—:-. e A e, —— - g
PRy L ‘ S rpvw R 23 -w;{\.v«w« ~r-y.»g e /.7\4-- Bt e q«.....-ex,....,.m,,‘

18 * - * . B . . : = - :‘ =

viscosities, moeentuzs, ard heat transfer mta of the- local e}.emens of tke tlov at: .

the jet bourdary, It would appear therefore that sirulation of the mixing proces i
would be governed by-the degree of simulation of the jet flow parameters-discuSsed

An Section 111-5. . . i S

0 a

»
ant

8. JET NOISE SIKULATION L - AT

Thé sisulation parazeter for the noise generated in the far field of a subsonic: -
jet and a portion of- the supersonic jet can be derived from Equstion (11-22). ‘rhe
following parameter is obtained for the correlation ot sound power: . -

. “*1pA ﬂ] (m)j 2 lpa 7;-1 ._@i_ . . (iﬁ{ﬁ)
177 2 el 3 I ISR o He SRR

For matched conditions of the free streas ¢onditions the parexeter reduces t.o
E\p".ej (a”)j] Ej‘r‘u; (a‘r‘)}] . . (ﬁfsi’ﬁi

Thus, under these conditions the jet soy.u\d poxer is proportioml to the Jet kinetic“
energy. . .

A summary ot‘ the sceling paraseters discussed in the preceding paragraphs is.
presented in Table I, An éxzdination of thé genéral simulation paremeters for the: N
various jet charhcteristics reveals that the pressure ratio function varies apprgcie.hly
azang the relatioaships. It would appear therefore that & matching of this parame
batvesn model and full scale tests is essential for go6d $iculetion, t

previously, the free streaz conditions 6f 7, end 1, for the full scale article an !

be duplicated with relativé ease for a model in ground tést facilities, If 1t 13
further sesuved that the other free Sirezi conditions are matched, thé sfmulation
percreters reduce to th:se shosn in the.second colusn-of Table I. tnder these condi-
tions, besides zatching the initisl inclisntion mngle of the jet exhzust, &, ;
simuiation of the pe.raze;ers 73-3/!3_1- E Aj and (RT)y between model and iull Scale
tests -appears desirsble, .

as rentioned in the introduction to this section, s cozplete sizulatlion of a1l of
the parsneters listed in Teble I §s not reguired for s}l et tests, In the follow!nx
sections, the jet effects sre separated into exit effects end dosmstresn effeets,
Conditions at the base of the model would afpear to depend prirarily upen the inttial
sht':pe of the jet ot the Bozzle exit., Thes duplicetion of the initial inclinetion
engle of the jet, &, ., would suffice for base pressure studies, In addition, for
base heating (tesperature) studies, dunlication of tha jet tempareture would be
required. 1In studies in vhich rodel surfaces arz locsted within or pear to the jet
streaen duplicetion of the jet fiow properties would heve to be considered., Thus a
thorough exenination of the test objeclives is required in order to specify which
sizulaticn paraseters gust de duplicated,
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IV. METHODS .OF JET SINULATION » L .-

to an almost exact duplication of the tull sca1c jet
. required depends on the particular problem under imestigaumn. Soze of t
. . . which havs bean euployed or, proposed are discussed in the following parag
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Approxirate values for the properties of turbojet renjet, and mcact exk aTe
listed in Teble XI. The ramjét properties are also typicel of spzfiér-bu th drbojet, H
4s will be discussed in the following secticns, the simulatfon of.these properties:is e
the goel of the othér medis listed in the Table. . ) e
.9. COLD GAS JETS : . A E
The use of a cold gas for the simuleticn of a jet e:haast has the prix:ary ‘;j
of rélative sirpiicity insetsup and cperation, Cold gases are particnle.r}; 5 .z
when the Sinulation of jet temperature is considéred 6f little fmportence. =
9.1 Alr S - - R -
’ ) Since Kigh pressure air supplies aré post comsonly availsble, the-use of- '
has found wide application for jet Studies, As seen in Teble II, only the E
R is in the seme range of the properties of the jet exhausts which must be-dnpliuted. ﬁ
9.2 Helimm ' . - :
Cold helfun has been used in peny.studies (see Refs.51 to 53) decause the high E
value of its gz3 constant, . &llows for an elmost exsct sizuletion of th ¢
(RT)y for a ranjet or atter!gurﬁmg turbojet. AS shown in Section II-5, the g;_..@a- E
ticn of (R7); is itportent for the duplicetion of jet- fiow porsscters, Thé hish-w $
of the ratio of specific heats for cold helfus, however, is a prize n.sadvantzi:a. E

9.3 Carbca Dioxide

The value of the ratlo of Specific heats of carbon dioxide zekes its use attrastive E
for a simulation medius. The low valuc of its gus constant 13. however, @ diseSruntage,
This sedivm wes used in the studies reported in Reference 54 at a tu-persture of
580% so thet its value of 'y matched that of = hot jet of burning hydroged ahd afr
at 2660°2. :

LY T DTV L

feaDULLL

B . 10. CCid GAS KIXTURES

In the studies reported in Refercnce 53, a cold mixture of hrdrogen and carboa
dioxide ¥zs used os the jet fluid, The nixture used (.46 H, and .54 00,) provided
duplication of (R“f}j for the raxlst conditicna es did the use of helium, The valce
of the rztio of specific hests sithorsh lower than that of the helium jet, was still
hoxever zhove thst requiregi for exact simulatian.

R A T e o ot T e IR P e D Ay AT e S L A A o o]



'J(.W LR A e B S T M M2 R TR N e S Rl e S R e R L L e e R S G U LA A W R OA LR SR AN RSN D n.x-w}!.au’tmn

e . . N e - ——_— A A T e A T R e i e e g
e Y SR e AP eSS Af e amome Sk e e e e I e Ao h . : - g
- %

o L N e
S SUP RN S S PRFPUU S D ARS Y SU Sp S P S SO MU VS W URC TP WUOR SO S Ve S PRRY SUSONEL G I 230 e S Sy

The proportions of hydrogea and carbon dibxide required to simulate (RT) 4 fora
trbojet exlaust were cosputed and listed in Table 11. For s rockét exhaust the
<elue cf 1RT) is almost fcentical to fbat of cold hvdrogen. In each case, however,
the value of 'y’ for the sizulation fluid is higher tban that of the cngine exh:uat.

willy e hl

0wl ¢

In the study reported in Reference 55, it was shown that by the addition of a th!rd
€23 to.hydrogen end carbon dioxide both the (RT), and ¥, of a turbojet exhaust could ;
be siculated. Por the cese cited in Table II,ethané, C o ¥aS used as the third gas,
it %as stated iz Réfzrence 53 thet the upper texperature linit for which comp‘ete ; ‘ -
simaletion 1S possiblé with 2 cold (T, = 530°R) gus mixturé iS on the order of mso"n.
By heating the mixture suseahat,, sisulation for higher teaperatures could bé achieved, i

5 SR i

a2 ‘ i1. AOT 6AS JETS- . P ‘ -

. The properties of a jet exheust can be sicuiated much nore closely with a hot
- _ rather then a éold gés stresm, However, the cozplexity in providing = hot gas jet is
- increased. considembly over that of a c:ld gas jet

- .-

1.1 Hot Air

he propert!es of 2 hot air jet at a tempersture (3'209"?.) correspo’adinz to that ot
a ?a::ht or after-turning tu:bojet exhsust are shomn in Table II, As & result of . .
heating the =ir, the ratis of specific heiats approaches that of the jet exhaust guch o

sore closely than does that of & cold air jet giv-Z close simuletion of (RT); and
% - _ . .2

11.2 Rydrogén sud Afr . ) ’

The use of a burning mixture of hydrogen and =2ir was used in the studies reported
in Refersnces §3 253 54 to dupllicate. the properties of en efter-burning tnrbojet.

Since the resuiting jet propérties st a texperature of 3200°% are typicsl ot those of-
8 ranjet or efter-turning turbojet, they were chosen to represent the propérties of a . E
remjet exhsust in Teble II, . ) e

11.3 -Eydrogen Peroxide . : . :

Tue develomerxt of’a hydrogen peroxide simulstor for jet exhoust tests is describved
in Refcrence 55, The charscieristics of tbe slnuletor exheust using hydroges peroxide
of 308 per cent ce:'cea..rsnon (10 per cext pure H,0) are stown in Tavle II, 4s pointed
out in Refereace 53, thHe srstem {5 nush :.z:;lv- end easicér to operste then & burning

2s. In adiftlon, the profucts of decosposition, steen and oxyszen, sre xuch safer to
hizdle in groun? test facilities,

11.4 Turbojet Sisulator

A simuiation gevice described in Peference 57 uses s turdojet.coczbustor for.the
duplication of a fel exhust, Such a Zevice, fracuently emnioyed, burns s pixture of
& tvarocarbon fuel znd elr, The fet properiies can be eljusted to closely sinulate
those of a turbojet or recjet e

n
e
xhaust,
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12. ROUKET MOTOR SIKULATERS i .

In order to achieve the cupiication of the high temperature of a rocket exhaist
(see Table 1I). resort ds made o the use of scaled rocket motors fof jet sizulation,
Both s0lid and 1iquid propellest engiies are used., Résults are présénted 'in Réference”
58 wherein a llquid propellest rocket engine operating on gaseous oxygen and:hydrogen -
wis used. A combination of iigeid oxyzen and jet engine fuels hes-31do° béen used 3
successfully. ' . ;

In References 48 and 59, turbojet exhaust simulators ere described ~herein: solid-
propellent rociiet motors ere used to simulate the exhaust jet. 7The-characteFistics
of one of these rocket £otors, z JATO unit, are shown in-Teble II. -

A nunber of methods are exsloved to introduce the simuletion fluids 1nts-the model,
The dost widely used method s to wount the model fron a side strut and use the insided;
of the stwut to duct the fluids, A secend technigue wherein high-préssure-¢ S 7]
ductéd through: a stisg support znd discharded in such-a wey es to duplicate a-jet
exhaust is described fn keferende 60. A similar technique developed for use-for short
na tice at hypervelcciiies is described in Reference 61. A third Sethbd (sBE-
Ref.£2) »hich can bé used for jet studles utilizes a duct extended thrdiigh the-wind
tuniél nozzle from the upstrean stilling chesber. %he use of a Strut.of & stisg is
Jws entirely avoided, Such s mothed is eppenling for transenic studies where strut
interference problezs are espzcislly troublesoze. For missile studies, the duét can

2156 be used to sirulate the vekicle body.

S

The recent interest in spece exploration has provided a reguirement for-a low
pressure enviroment for aa exerging jet and stinulated the develongent of such test
chezbers, Test cells using crsspuzping to provide mear vacuua conditichs are befng
daveloped at & repid rate. Asother novel techaigue (see Ref.63) using s exXisting :
wind tunnel utiiizes the low pressure envirorment existing downstrez of & blmt bese .
model mounted in a supersonic vind tuannel as the sizuleted test cheouher, .

V. EXPERIBENTAL RESULTS . . g

Runerovs siudies {Refs.3 to i0) heve been made to determine the effects 6i a jet -
exhenst on base prersure, stziility, draz, Interfercnce with nearby wings acd control
strfeces ond other aerodsyuenic sad thercoditasic phensmene veing the techaigues :
describeg in the preccling soztion, However, very few systezetic investiputions have -

-

o= 1
1P a
beea unlerizken to determine the reliebiliity of these techaiques for the pirtictlar
‘e 3

proslens under study, Ia the following scotiens, conly these deis ofe présented shfch |
indicale the sznsitivity of 32 jet flox properiies in sizuisting astusl floo condi-

ticas, :
13. SET EXIT E:FECT =
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13.1 1nitial Inclination of the Jet Borndary

Prediction of the iritial inéliRation of the jet boundary by the methods describéd:
in Sestion 1T has béen veri®ied by mweny experiméntal studies, As an exanple of such
verifi*at-o", values of the initial incdinatioa anzle of & sonic jet exhausting int.o
a Stresa of air woving at a Mauch nusber of 1.1 are shosn in Figure 18 as obtained
freo Refereace 54, In this favestization, made to confim ‘the procedure of using cold*
gas jets to sizulate a hot gas stresn, ai¥ at 5209 and cerbon dioxide at 580°R
{see Tetle II) wora ussd as the cold jet gases and a buraing aixture of hydrogen and: i
2iF AT 2600°] was Lsed for the hot jet gas. The inves::gat!on wes conducted in the .-
transonic Mach nucher range at jei préssure ratios 8p to six.

13:2_ Bsse Pressure -

* Resuits of thé effect of & jet exhaust on base pressure are Shown in Pigure 19:-
These Tesults were obtained frea Reference 64 wherein air and carbon dioxide at 540°R:
vere used 85 °the jot media. The dashed curve in the Fizure wus obtained from the eold

air ("’3 = 1.4) results using the assidption that nozZle conditiens t‘.xich yield the

stze vBlue of the initial inciination angle of the jet produze thé saneé base m-essnre,
Sinilar results pressnted 1o Reference €5 show that this size sdjustnent co*relates
base pressure dits- cbtuned xron hot nnd cold air jet tests, |

For the studies reported in References 58 and 67, bot and cold flow midels were o
designed based on the similarity pareteter given by Equztion (111-3). Base pressire ~
pessurezents in these fnvestigations correla..ed very »cll Detween the hot .and cold
flow models, . - .

13.3 Exit Shock Position

In References 52 and 53, studies were nade to determine to what extent agreement
wes chizined econg varlous gzsecus cedia in simulating iaterference effectson e

- mearhy surface. Alr, heliws, and a mixture of .46 H, aad .54 0, at 520°R (see

SR

Table 1T were used as the jet media, <The mterference p*o..uced by the exit shock
of the jets wes depicted by its effect on the pressure cocflicients measured by
pressure orifices on the surface as sho¥n {n the folloxing sketeh:

™ - - o

5
7 LTrot:smi ttod

Shock
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R ; The relative locktion of the shocks and boundaries were deduced froa the presére - .
aveel )

Y . . dsta, & typicel plot showing z'ae effect of the exit shock cn the pressure orifice

; - loceted 3,47 Jot Gizzelers doensirsan of the jet exit, as o biained from Refereat O
A § - . is stown in Plgure 25, The duShed curve is obtained froo the 7, = 1.65 resuits:

¥ - . usity the wssuriticn i%as wozzie conditions which yield t.ue sane -value of the: 1n1titl*
»: - - inciinetion angle of tke jer produce the sameé pressure eoct'icient.

) 14. GOINSTEEAM ZFFECYS ) . Lo

; Jet cheracteristics which would eppear- to be affected.by the xux.i.c at the jet
. ] ) - . bourdsry sre considersd in the followins paragraphs, . . .
SoE : 14.1 Trensaftted Shodk Fositios . . . ‘ o =

Iz A genher sis iZa. to that used to obtalf the effects of the ex'it shock (Soe,
:o-3 . N skelcy in Soction v = 3 deta wers also obtained ia Pexerence* 2 ard 52 to. ‘date
. rine the eff cts of the -dtted jet shock, . A typicad plot s.,Js:ng the effec‘

;oo : the tiansaitted shack

228
ths iet exit 13 shosy in ?-. gure 21, As the pressure rat tio 15 ,ncr‘*asw* the. sbcck .
- : Sovés frem a position uistresn to a position downstress of the pressurz orifice. -

beccuse of the incregse in the jet pricery wevelengtd, L, , with 2 resziting déériise

2} - = in thez pressure coeffizient. As showa ia Teble II, the value of ¥, is idedticz :
‘!3 for 2z2 air and H, + CO sixture, xikile the velue of (ST). is esséntially tha sa“

iy . t'.'x. heliws and B, c:\- n"*nres By correcting the helix.m résults to 3 7, -
,. ’ io 2cocomt for y. e d fierence iir the inftiel inclination engle of the jet. g{ves good:

:E:: . sgresmzat with the H, + 9, result:_s for shock positicn. Although the izitisl inc_;;;xi_gif'

tita exgles for the sir ned ®, +C0, mixture should be identical, the difference
- ) shex position is p:.\‘:-_ziy a result of the difference in zixing caused ty the large-
. difference in the veice of {(FT)4 betueen these medis,

14.2 Trenspitied Shock Strepsth

102 differsrce in the levsl of the values of the pressure coafficient.in Pigure 21 -
belore end nfter-the trxnmmitlied Stock pssses over the pressure orifice indicates a
i2ierence In the strength of this skock baixeen the heliun fet and the air and

. H, + (3, nixture Jels, IS¢ rotio of these differences for the cese shoam-is opHross
istzely preportionsl 45 the zstio of the valuss of the.sinflority perzssrer giveR by -

3 - Egeaticon (III-T). In the cose of ‘the heliu z jet t.° reflested shock. (sez sketch {a
Seotion ¥ - 13.3) is of creater magmitudé than thet of the H, + 00, =1 8ir jéis .
. thich in turn redeses the streagth of the ‘.:xs:itted sk}ck.

12.3 Tronssitted é::d Azzle

Ihe rosuile of Refercncses 81
Indicets that the -='-;:2e wicn

Y
o
.

L'."‘:'L"K‘a%%ﬁ:m" y

to 54 ’rten stress Mech puzbers of 1.3 to 2.02
'.?;f- i e transtitted shock mekes vith the ceczerline of the
ES jet is re.y nearly e c;* to the Hach angie based on the fres stress Nzoh mimber, It
%':_3 . shocid be noted, hovever, that these investisztions were lizited to jet pressure ratios

less than 19,
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14.4 3Jet 2oucdary Shave

The Telative loczricons of the jet boundaries for the Heference 52 recults shom

previousiy (see s¥etch in Seczion V - 13.3) cun be deduced frou the shock positions,
The B, + €3, Bixture borndscy would be iargest, followed by the air and helisd
bounds Fespecrively, The faci that the positions of both the jet sad the.tramss :
micted shook for tiz helium jet csn be cade to zzree with the poéitioi:s ot:t@éie

£ e ¥, + €9, nixcure by correcting for the difference is the initia) -
2gla of she Juts, indicates ther these boundsries vould be ideénffeal £ -
angle conditions. For thede jets; the values 6f gfff)j .
abe &spp ‘Sinee ¥, for the H, + 00, mizture and 2ir are ihe sme, .
the difference iz the jel boundary shepe is stiriixted to the differeace in (RT)y
botwsen Iba feis (sed Tadble IT). . ’ B
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" The resuits-ef-other In es':.igétion's (se2 Refs. 655 and 89) 21so indicate a g};zﬁf
increese i the rate of nixing es the va2lus of (?.T)J is ipcressed, :

. .

Jot forentoo Effects -

5
The lmforiface of éizgiating the et cozentun is discussed in Reference 62, .
Results obtzined fro.. subsonic teats sre presented shich fadicete that the doFizech

angle end the dre: of an eirfoil in the wake of a et exhenst ere both indejendeat-of
tecperature elien he conentim is mauintained constant,

¥I. DISCUSSTION . .

In kecping with the previsus Sectiea, the discussion of the results will be -
sepzreted into the caterorics of jet oxit effests snd downstress effects, These”
catecories can elso be thoucht of as those effects shich are not aflected by-jet
ni

ol
29
i
a e

these salch are afifscted by miking, -

153. JET EXIT EFFICTS

Az oointed cut in Beference

2
ticn encle of taz fet, &
.

inclias 1 ¢ I8 th2 oSt Izportant recuiressat ln order to
dupticete ot exit elfasts betretn 2 poded snd fell scslie Tohicle, The recolts of the
nreviors Sectlion and of many Jnvesticutions show that this sagle can be predicted
atsuraiely by the Pmandtl-X yer equciicos for 2 two-dinznslsnsl empansion (see

ection Il -

e preasure reeuits and dats

23 ko postitic £ t=sis conducted with verices
3 : rrele..icns & < £ tlxt nozzle conditions vhich
give the seze initisl inciinction ancle’of the fet produce identicel results,

ko matisfantors zimslarity pornsater hes exprzesion
reinti—z ail of the paratiteTy vufch 270 12 of a jet,
A frin oholee of togss porestors U5 osbind ver, by using E
drie L2im e pressTiad o FLeuTes 1,2,138 2zess in fet

- by
P e > . P R T NN -
e stufies has oesm cilliaved By dusiless
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nozle doat-t=il angle, 9,! ,.2ad the fred streea (luld propertics =nd uysing thé-sizi-
larity parszeter 7321};;53 ziven by Dquction (I1I-3) o0 account for the differeace-in .
Y5 ©f the let tedia, : . .

Prom the foregoing, thersfore, it coes appear that jet exit effects obtained-from
gl tests ¢an be used with sone mepsure of confidence fp- predictics full scale
- results, - -

16. DO¥NSTREAM EFFECTS -
The results presented in Section V. althosgh limited in scope, fndicate that

the jet inzlinatisn onzle and (AT), are satched the jet houndary &hepe =nd the:positiocn.
of the trenscitted shosk %111 be Suplicsisd, frovided free streas cenditions are-
netched, The strength of the treasmitted shock hes bzem showa to be a functio
Fexswura porcpeter, ,’33 8% . With 211 other eonditicad the sase, e increaseiin.
(EY}y . shich represents sa incresse in jet velocity, produtes #n incresse in the jet
boundury. - . :

_ Aithough naiching of (RT), eppears to provide a means of sizuvlaticg the ni: )
boundary, o correletion paremeters ers aveilebie for use im predicting full scale |
results froz dats obtained at mmi_t;c?ged conditions of (R‘:)’.

¥hen wing or tzi1 surfeces eré irmmersed in or pleced near to the jet exhaus
duplication of the jet mehentun hes been showa to be an impertant equivelence pereveter,
Although post of the jet properties such os velocity, tesperature and ress flow. vary
- downstresn of the fet exit, the jet acmelive rexuins constant and therefore zjipeass :
- to be the wost criticel jet ficw property for simulation, .

A

e by 1

17. ADBITIONAL EESARKS : . .

Pros the foresoing it is sffcrent thet althoush Bany theoreiical end experimental
stucics heve been uade to dafine th2 jet cherecteristics, few systematic 1uve£st§gau&"._; .
Lave.been sede L0 deterxine sirulstich psrematers and the feasibility of vericus
experinental tediniques, o the basis of the existiag dita, the jet pressure rotio
is ghown to have tho grestest effect on perforcancs charmzoteristics, Certsin charses
teristics 2re eifected by conditions in the inoZiste vicinity of the beee, Thésé ;

conditions in tumn zre shown to Be offected £0st by the initiel inclination aagle of
“the jet. Chorocieristics affected by dosustrean jet conditions era seen to be
dependest tpon the parsteters, 7{‘*";2/:‘33 end {¥7); and the Jet mozeatum.

Of the cold gos =edie 1isted in Toble II, simultenenus duplicstion of % and

(KT); is possitle enly with 2 3-component mirture, Use of sush a g2s5 would of course
230w exact Suslication of & jet ezhoust without the =djustent of aay of the re=ain-

ing vecielles tcocorzing to the scaling parameters, Nowever, tests with such mixtures
re reguired to obtein expcrisental verificaticn of thelr use, E

o

[s2 of the 1- or 2-coxponent cold gas z=dis dyes require an sdfusinent of other
varicsles ¢ socoont for the lack of duplicstion of doth vy = (T)gs One possible
cozhinzticn which would szticfy the most eritical simulation perenaters is to use the
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' Heliun . 520 1.66 - 385.0 . 200,000
Hydrogen 520 1.40 768.0 400, 009
Carbon Dioxide 520 1.28. . 3.0 i 18,200 -
Carbon Dioxide - . 580 . 3.29 "35.2 . 20,500
.15H, + .85 C0, - - 520  1.38 148.0 77,000
.46 H, + .54 0O, 520  1.40 374.0 . 195,000-
.14 H, + .29 €O, + .57 CH, 530 1.3¢ 147.0 78.000 1
Adr 3500 1,30 - 36.0 185, 000
H, + Alr (buming) 2600 1.29 57.0 148,000 -
H + Air (burning) 3300 1.27 59.0 185,000 °
320, (.10 1,0 1825 1.27 69.9 127,500 i
JATO 3420 1.27 71.6 245,000 . 3
10X + Jp 5880 1.2¢ 70.0 411,000 3

-, N“‘ i \: S I N \ SR ‘h J' - d
ti)a:t 's.kh‘h.;x" i’(\ ‘ﬁ. _A"i‘ J).,."‘- 14 .\«L i .t \ NV T n’s' . ‘L“ " ~. !L n " o 'J\"{&.{ ¢J‘¢‘I gt

183 ‘s.'\“-.\
ARt



¢
-
-
3
=
3
3
e
.
(]
d
5
.
L

( &
(3

RS hY

1

r

" ,,M-e’,uqli!; E——
Yo

¢
1] i
v
i
Y
P
A
i Am
g
[
I
¢y
P
Vv ,.w
"
!
.
B
' .
ﬂ, .
L4 ¥
to
k)
»
! |
1 .
.
¥
‘ .
t
.
b
LI
[
.
!
o
L
1
[l
H
]
v
. S
B b
H
1
e
"
¢
.
N

O e s e

[ T

b % A ge e o

R e

N
...: ..,
¥
143 K
-
=

VR

.
g e

oy

VIR gl T Py g T

. 3
.

' el w. 30 uﬁu,c-_, uoy

®4, la

, .09 Op oOf

9833 9. uMYpew » 3.:«..-:.3355
JUUTTSUT TRTATUF. 04 UO Jaqunu yOWN 3af JO 309333
L99°1 = £ (w)

AN

3¢

1°31d

ol

o2

ot

oe

1]

030°'nY

K e e -

LA
s T\ B

09

Ao,

T3

-

-

i :'

-{‘

2,

w

T

b4

oGy

3

e

B
“»

"
LA

3
¢

<

iy

<
e

- oa )Y

W

<.

\
>

7

g

LN

-— "

" oS
% .

o

. %

"N

A

.5
v.“
FRE A

T T
T A

ok &

<

e

w
3

f(‘

-




F\i Ara LB WIS SR UGS AW IT RS AT M T RN -Td A B A T o RN e e Rul el lalal iwlood vt sw® v - B i e T e B e Tt S |
°

.
+
i
»
»
"
.
!
i
’
¢
f
f
‘
.
.
v
i
‘
~
1
L
H
.
N
»
%
¥
1
i
y
L4
.
7
¥
i
H

.

e et e L 2 an e (AR R0 R U P S L AR P L3 £

2
20
2.5
30
0
80
100

Mj2i.0
!
L~
[ {]

P} /Pes

]
30 - 40

) \AVARWAW Dor
NN 5

/

/|
Vi
4/£

/

A
Z

Av,0E6

4

At e YA BNy P P 1 R "u’rw“- Dot oy G W ".1.'&‘, s.. N YL SCBARES
e ‘.,_;_hx_&..,xi e f‘:izgg‘}é’\ LSRR O e "\ NP L ‘f‘x“. AXAN L PN }}gz-s.t-\.wm PN AR ""m’i




e kA - - v
r‘g\? e e N o R N A T e N N 3 T e N D L L N e B M o T S M DO N o N N W WL T WL P " LRSI ASANA AL

R

R e el e e T —y w S A s B e i B
. ey tee at e x, #
vt men ot et At TR, e

. . . it e e ere T s 1
*0—‘—7,‘,-7-“ - ax o, Yo " - M ama s -t wa > e e e B - e -~ - x . - e fan

TR LI

£

L

e — - ——— " e et me . e o

Sl

[

36

9.~
100

L5
4.0
5.0

CI

K)j=10

N » o, . P I 4
O TP T TR X SN WLV SRR TN WA SR SPUE SUT Y I R YA ol Hk’h'n“'

]
—
_—
|

40 €0

gl
=
_—
——
L]
/ '
io 20
Continued .

//

/

9'/‘7
et

>

| —

6

({3 .= 1,26

g

"

LR R Ty I Y P LY P R S T .

s
~

a0
60
40
20
0

Av, o6

PG T et A T AL ) (O TS AR NASES G ST AN SAR LA ERS RSN ER COIIIARANEL (IR AR s |



-

B4

. e
R
- v

2d

,.‘
oA
d
4 &
£
Rorsalri

N wnAbaa A

2w Nk Sl R s

Y

e e f e -
= « 7 .
LT x ~ A
LT 9 . . «
T, A

v ——— 4 g

o

P VPP

- vas

S A en e mmmemn el |t

B
Adrase £

o mE e ¥d wm s
: 3 : 3

‘5 » e s

S L

diars

S e b R AT F A SMidmaeman - R A
ETie am w ® - 3 v Lo hETede i B e 4 oo oT

o = e S ————— . 8 88 2 T i
- . wo - 7 - -~

o
=,
- 8
Q\ w\io O\ 0
ggmun <\ s :
a \ o
ooy . o]
< ! \ o
\\\ o
<

Concluded

() 7 = 1,133

Fig. 4

A N R TN PR b Y
\ TRy 1’!5 i

iy

N W W W R A A A R e R M T D e LT L L AL R LR IR IR S L L S W e L e Ll el N AT

£ ’m-u'_"s"uwx‘n WL AT AT L e -
. |
i -~
-
i& e
' -

.

R

T TN AR T A IR A s

g

M e TR YL
ALY IR AR
AT T AT AT X



mmmmgmvm ity A, ot I Min A A tis Sn i fTas i 40 AF it 0 S04 R A N e N N N o R PR R K KO
-1
1

%

g o PO pe e ~—
Ve . e mae B ez e St m Tpim v Awe of R v me A e e T D ame A mw oo meew qmmevmoewemess s
P 'A.—u,‘, PR, ¥ S TP, S PP, [ S S S S SO N W Ae Lamowa Taa wom T o - . AL T TN S e 3
-3
£ . a2
.
. - . PO, .

AN S I UG

ERAAANE NI A R B AR

FEPTTITeY

so . o . = - hl i
. 7i = 1133
. Av,0E6

. 50 — : | /
‘ L~
//

5

fras iglon

2ok i e

40

WAV

”"m

20 30 40 69 0o

Pig.2 Effect of the ratio of specific hests cf the jet on the initial inclinsticm
engle of a fet exhausting into & redlum at rest

TR R alten .Fq - _- I R N ~_—. - LT G
> .',“b‘_ J‘,..vq' L ‘.(" .n“.‘. T -\ - '\\ e A5 -1' n.‘_ .-.._ = -.  3d
Mk-nﬁ‘fb L YIS TSNP P A S WS T AR T ‘




EE R WU WL, M DAL WL WNE W MR WV S DAE AARE s O LT oY LB D BIPRLEE B St e 2 B Sat a8 020 00 BB LT R R DR BBl e o R e Ry e e e R i R, T

q

- = . . = = e R e e T s co e = o -~ F3asd e et
P Oy A e FE I N SrmTE L LS TR TR MR ket e E v 2P O S
K
-
A e - R e
-
- .
.-
. .

3
1’,{1 ¥ . _ O E
*g:ﬂ,i L 7 a .
A ) ;
o ! i
b E . ] E
B 2 i g
- - B _to £ .
. < - z
. o
‘ F 3 -
= :
= [} ]
- . = .
" cil © - g
. o of 2 lo. <
. — i O Ee 19 &,_ -~ ‘: < &
- ‘g - - . BN i
— - -> H
* - = 4 o g,
- ) ~ ,2"% 5
g 7 i {0 JiE
: © I
. . 238 4
- 5
. £ .
< bs
: ¥
< - . o . B
: . - ﬁ ] °8
. b " a
- a2 -1
o x
- J
. <u
. oo -
B Q cﬂ R
/ ; E
- -
&0
’ ©
%3
. 'O 2@
] 7 ~ 5
/ 3
=
-3
A S
i H w -
4 et 9
o4
=
w0
o
—

Fl1g.3

300
200
150
100

AV ,DEG

') T T e T a TN a Ta e T . ¥, 3% T B g A N W WY g W ‘S N N o ) At ma ™ ¥ T W & W o e N T T
T AR LR R R A A GBI G (AR e SRS AR R R T (T 311 B, (S g S RO UE AR AN LS OY B R b e OOy |



AL LT 2 T L A AR AT e e Ll 2l e I ATt b W e d T A e 5 e S et A B R L R e R e LA S AU L B A A L s Al A S e L A AR SRS e S L e el e U N

ot

o ASFTENTITIIO L TETE IR A S e T AL Al PN Aas - —— . N Ee s aeh e e S

sl peng i

|
3
|
j
i
I
|
i
i
3,
[} WIRLATIN

B8

.
L)
Tt £ b

Lt

.
L R e L

Av,peG B ‘ TEY B

- . i . 24 - o - - . e

2nd'

!

!
.I’ ﬁ\—se.‘ Eq(2-3| L
!

.20

-
...D‘—’.

]
g, S,

- . ,- ,/ - ‘-‘ - . R ";-
- - : 1 Sce E£q.(2-4) - . 3
. . ,f N . ) :

[4

Mj=3.0
ri:i4

0 ' 2 4 s 8 . 10 ° 12
. . p, IPQ

Pig.4 Cozparisch of iritisl inclination sogple of 2 jet exiteusiling into ¢ eedivm at
rest celeuleted by aa exsct and &n spproxicete series solution

O T PO S SRR DL PO LD PL) AT A N RGN Y NS S
it%&":'ﬁ}{&{&‘:& LA (O o T PSR UEE C S AE E ELE AC, R




mhlz
Wi
A I
it

8-
Fre® ’
el o

LY

>
N - ;
5 1_’,
. . .
b1
L § -
» FN
-
z
z

.

+ £y
T ede? st ety

EB

v dld

NN T
Y33, NS
AT A R G

o Pha RSa B0, f0n 2 5 W

10.0

8.0

1.667

8.0

1,100

7.0

6.0

5.0

40

3.0

20

10

o v
N - -
# 6, P
o5 =z
=~ o
o
o

- -
o B}

'\"

b b SN K AR
NPT (0O

*, o~ '“\q- L)
- .,
N YAt ol S Bl

x/rj

R W iy Wy Wiyl M Wad 0y 21, |

11

the boundary of a jet

L. 43 -
§% T
- 4 <]
- 3
o & E
o k=
=25 ]
- ot s
PR :
o &
z o
- .
30
< b
= e :
- E
S
o -
b dhed
O o B
£s ’
a8 . :
=2 :
- ® -
o ® E
o E
b =
pr N z
o e
o E
-4
= -
- e
S E
o . :
- -
o
o d
bl
o~ - e
w <
Dy e
- :
- .
o E
LN
- 3




SHMLUBLUB LS LML BB i vl io e i e e e e 2T A e b s e e L e e e i e A e e A AL L L G AU S MG L At A L LR L i s e

- LT A ae o = L I S B - - -

g

Y

10.0

[
.
Wt

.
LEE P e

x/e}

10
4

+ 70

b} /P * 76.88

6.0

8.0
madiue at cvoat .

.
i

4.0

i

3.0

20

Pig,8 Bffect of the jet prosaure ratio on tho boundary of a jet exhausting into s

1,0

Mj ¢ 2,50

7= 1,20
IVERE- M

=

e

P e
B

8.0

<
<

6.0
2‘0

10.0
r/r}

TN VLTt gy ZA eyl S R SRR BT Bt

O W L WP W B P e T S T e i




30

' 43
- Q
24
(o}
[ J d
Now
\ nouwH .::
- 8= ~ 8
~NER L %3
=~ lo g
a )
© -
3
&
~d
] o g
¥ 3
o
|
L 4
+~
Q- a
© ”
Lo
o
o
g
Q e
n a3
=
-]
8
‘8
g 5
< E-]
E
=
[~
S
o
=
>
(-]
5
4
o
ey
(4]
]
4
:>]

o
oi
~
»
el
-
Qo
2 o
< o] !

2

R G2 R G R Pt G L D R N T R e N S U T O S N
LT A o Lt WA M Al o TS T R T A '\.&}A}Aﬁ&:kik (e dadn Ty Calafudy sy » ¢ 500




J_ x ) " N . T T T v
m
X . P
!
wm \ 1891 3% unmipow ¥ 03U}
W “ sugysnuyxa jof ® Jo Jojounivd 93wl Bujpards ayy uo Joqunu youw jof Jo 300338 8814
$
2 . . i
- : oy 9T 2E g2 . v 02 91 21 80 b0
3 . M 85.2+2) =@
v uoyjowixosddo :wecz sUdd] —~ — \QI..}J/L
m ‘ .
W . puvifioR jon ¢ | -
: ! |
7 N 1°0d @
% . -
3 ; |9 {8 wnicpoog [ o -
r; : . £y —-
¥ uajuiol o V-
3 _ o /]~
v. 0g 494 ©
w : v
i i
$ . : Piad
3 ,ﬂ —
) | 1
) i ~
] ‘ -
i ; . b
} : _
' ~
! -
} _
. ¢
; | /s
i )
.. -
i
:
)

. . s

e T R

€4

Sl

Lt

€2

g2

- n\;(:“-_‘\ v .

3!
¢

NN




< (}Y;P;?{Q':( J -:v;“«z:

WIAVATKEE (L KA VANATE S LK

00~

0

Wy
watts

Lot

Tt E AL AL g, i 1 LY - - R
@'T’?‘ﬁ'.\- qg‘?}‘}:‘?}‘:ﬁ't‘?‘?‘?i&ka-}. '-"5'&w-&‘:‘{s":!:'3:“}.”1’.&“‘.&‘.‘.}’;&“-\—; TNV N A AN AU ATANT AT R W t‘\ f sk T8 F.3

Jet
Tempercture
*R
840
660
260
1060
1280
1460

ApboOno

45

1 ] i J

S A 0 < AW ERES CH UL WIS, PR APE 00, 06 SR SN g Syt e

EREN

g£ffects on jet noise of a subsonic jet exheosting intd 2 redium et rest

t

108 108 107

B8/.5
E‘:F‘ikj/cm‘ watts

1

LA RN

i
i
R U N A S U T A e e ST O S L TR S
X SRR R A O A SR AR DN T A

.
TS S L INNAE L Nt Tt et




A ey e

LR R Bt PSR R R R N S R ARa A% 202 BV N IR R IR IR R T8 £, 0 1006, & &, SFLIPE, o'

CHRINN X

. ——tnem an w = e

PR DR (P SO g, S s Y,

AR LA LA TSI

B L T R

Mg ® 300

Yeo® 1:40

ri® .28

GN'OD' o]

200

9' /v

60 80 100

into a moving stream

46
AN
<
~
™
P T
T
~
o
" \
=
>
).
2>,
"u:
-,
%

20
Effect of jot Mach number on the initial inclination angle of a jet exhausting

.
3%

H

Av 0e6

<
LS
5
L&
M
0;1
{
K]

30
2%

B o, P D Dl BT T Cos
T e e B My

L1

e S\
PEIRVAT RN I

LA Y OE T T e P
Seodgee FAAS M
A‘:ﬁ.’i& e {L‘nﬁilz _—d

Fig.10

Bl WV $L8 %1 |

A




;ﬁ&’ﬁ}f:QE&’E&E'&‘QS'&‘&‘C&‘C&“"E‘Z"."EQE-{.";.*’.‘G-;'Z&'Ci“.':»."}‘;t-:?'f.‘JZ-L"’&"’_‘*.‘C-{.‘{‘.{QJ.‘:’.‘L‘t-i‘iiﬂ;ﬁé. AL LA LV LEE ERs B Ly L VLS SN LR BTN

03

¥, .
5--3"‘ e .o W et - . . . A .

—————mmarn st e rm - e - U O

- s o o b
t
LI
IS &
RN
.
,
.

Y
7o,
W Mo
tret
V‘A-
'S
-~
A

A
SO
e .
: .
pUXS: C:
.’t .
A5,
R\ S
s:‘ N . o «
i A v o=
Rah : © 7 . ':g
: f g8 8 - ¥ <
. z
P . o T N3g g S
L b A
2 8 4
9‘;}[: - . « e k
u’?’: o . l 5 f.
A e S :
g AN N\ §
'i =\ S ;-4; -
A, . = -
F n \ \ \ 2 he
2 ’ i 2 o
it - N\ 3 S8
A KR ELY . W = (-]
i p, < ‘ A = ke
AN ~ : °2 J
7:;-"(’-'; \ “
LA S
e v — = 3
PARS N -t
_{»"}, o >
] . . £ 0
L E
[
ar © q
) N, o S
J# 8 NG ~ TR
. Q
\ \ -3V
o5
- 4D
e
- 3
. B2
2] o
< ©
—~ e A
- hd (-2}
o™ 4
o 3
H
©
£~
- red
4
o
ey |
© |
A f
o i
~ w
\ —
S :
:-
2 8 3 Q ° E ° °”
" - -

Av,oro

A &) 4
: N LU A et ettt OO O M R At s N e e A R Lt 2 A RO LT AR AR (T L RS |



zI°2d

AN

[+]]

A

m M T T .a LT Ly v b L) ¥ DA SR MBI S et
m.m

m w8135 BUTACE ¥ 03UF BuTISTNNXD

ﬂ 39 ® JO a18us UOTITUTTIOUT [UIITUT 3YI JO Iaqunu YOoun ueallw d043 Jo 430az7a
7 . .

M g, by

4 oov 002 00t 08 03 OF oz o @ 9 v

m .

. o s 8gaNy

w. ovis 4

3 s21a {4

m oocs In .

: |

: 2%

! A

: \\\

\¥

11

.

N

<
NN

NN

[+ X

4
"

- WA RS W koo M W s MK U BV o WM W

AN

LE R

oR

030'nV

113

A\ .
N\

o

T L L )
P A Y
'L‘.\\l'.’.-.‘_' -2

o

-

A
.

Y (AL LA Vel Ny
NN RT

.\n
L)
Py

sy

-

AN

T

TR AN

-

g
Fs .
as

vy

*
} FAVAY .
Lo ¥

[

e
e
.7 g5

[}
I3
),

»
s
.
g
[y




r v T ™™ 7 L o M v T ¥ N N
o . e srr—Y Lt T 7

2 . ugalxqs Furaow

¥ Ojuy Bupsnulxe u.uﬂ ¥ JO Atupunoq i3 UC JIqUNU YOUW WEALYE 021F JO 300133  E£Y°BTd

. {isx ) )

. o'oz2 o8l [o3:1] o'bt o'Cl 00} o 09 oy (o) o o
: 0"

7 ‘nQ\s\
rl 5 °
'.\. 5 0°e
‘ . . ) W 4
) \
1 . 4
: .
&

\_\X‘

\
\

—1- o o'v f
’ — \ Ky
A=A s h
1 00 w\_\ 4 ..--J_
g S o .
b 82 4oy . o
s p 009
m ﬁ e oo's \ 09 _.Mam
{ . :
x 12 i 9 \\. \ . u.nc\m
b . . 0:8g: Ng s
2 ‘ \ 00'¥ = VW vz @l o
K 629 e |OU .......”.n.
H ¢
w . oog: Iw | .N.m
1 . 274 g
: ; . . . o'e 2
: , . o
m - " . A
. M . . P n
,m, , . uum.
“ ] 5
% . . 5
r * . el
B . A
: - _ i
e
bty
) /i
: . o
. T
! 4 !



(370 7 17 1M T LT 108 1 LT LML LW LW T LTV LR LW L U AT A LA A AT A AR TR AL A AL AN A

H i Rt RN

PRV

wa—t

AP TIY st e Mar® s et a i g e A A v = = o mad - r . .

f«,;, - — . - x e L o O

v e AN anoe

e werw Y A wm oy e

LR T

—

R

.

t

.i o '!n 'Sy V - . ‘b\ - -~
6 'ML A&A.&mb& P ECIN N AT

LA AN SIS

—— e et A e e W e ke v

— . P T T L POy PR —— e
2 v L v et rmne v e e3mime -
. - 3
B
. H
3
o ;
. 1 .
H S .
P .
- a b
* = E
~4
. > .
. o .
& h
. - ]
H K
3 o §
. Pr)
. . [ .
- » -t
20
=
~t 5
. - i
]
. 2 E
. e
=
®
@
-~
- [
- -
o
~
o
T % '
°- 2o
: 3
o E
el
2
=3
g
e
®©
-~
Pl
E:
-t
-] 5
o i
-t
g !
te
-+
. -
. i
ol ;
-—g
[X

?
B AT GO j




T e R L R L L L e L L L e e e L L L A A A A G L Al G A T U AN ke A K NS S Mu
% T T AR ST By TLADS IR T T I WA U TR LT LT it P e n AN LA AT eI T TULIKALIT IAT e SRAT TR M e RO LN ML LTI RSN | - v or
. .. —m—— e .
- -
R
- -

<
x ¥
53 .
. 29
'—!' = v o
i - . 1
: i A i j
A ; ) o ;
k] o - 3
; \J e 2
-
1 °© g _
3 2 e -
% *
ot B 3
. 03 9 E
o @ f

/
j/A

- "

b
=
-
43
o
3
o
L
»
(-]
-3
L
4
-
=
-4
E- 4
[
2
L]
42
L4
\ %5
. \ © -
) -~ 4
- /‘\ : <
r . ’ 5=
- Ll
— i s
[
2 gf
‘z.
: = ® °
' 3 3E
121 2
r E
5 ' E
P=3 ‘ii g
2
) - 2 - < 5
e . ‘ \
5t o k- -~
; ; s
- <8 &Y (-3 2
: M © e ;
- -] g 1
“ N E
; 8 .
€T N 9 o - 2 " . 5 ;
—_ Xy T N V\ L 1 zié' H
i ) a :!8 " t 3 Q; ’
e ey - 8 " . .
N o= €§ =T o - 3 :
hopd 1
-y 3 = ;
: ]
% , . ;
{3{: ) o o © < o S :
-, —
R o
A <
>3 - .
<5 . .
=% ) .

>

'y ) "

3 8. -;‘i?;-w;"; Te T » PR Rt B A R LT AR C Wy o g aWa P p® R TICRT Sy O U SR vt : ;i‘;"’,'_
e At T A L TN € 000 T e e S TSI S0 b N Y 5 ¥ S0 7 SR




B e A i aty T R R T Ty T M (0

“ . . .325.6.._ £3TVTIWES Joqunu youy 3o JUBISUCO B Juisn 3932
! 3® unjpow ¥ O3UF FUTISNUYXD 300 B JO STHUM UOTIDUITOUT [VIITUT AYI JO sanTUA  91°Pd

. e . .
! . ves =% .

i
i ) 1™ .
' , 0'S Sy ov ° e's o't e'e 02 L4} 01 .
: 1 9
' [e]]
m
| ; . vi :

..w ; !

" . ! . .

A “ “ [-]]

N0 = @4/ ld

, § H .

y r ; eLE ¢}

.i | ' : " . /

: ' ( / . )
- i, ¥ 1 J/ NN
k 3 \ . ™ / /

M ! .

--h 'y . -

$ Lo : Mo 8 92

; W

1 s . . .

f , . . 3¢ Ay

]

: LN _

’ k. ! - og
! '

r ) ! J

) . ¢

L v ! N .

L i \ . n . b

| o ' !

L , :

" 1! '

—m ‘;u_ ’

;e

. N

A U .

' .. .

¢

.

2 H

{

] }

1 ,r

X o g 9

] L]

] b .

Y _

. it . :

Y .

m H .

w w e oo .. ' . ......Z...,;.,I.pi,”}aea;.. P Lo R

Ky~ 200,

;



e
e

T e f_ _ -
0 ““_ , . .
A &
”. 4 ™ Jojounand £y pautiuge uc%‘:& Uoul 30 Junjeuod v 3usn 19ed
N . w 1% WRTPOW ¥ O3UY Bupjsnoyve 3af ¥ j0 a1sUe UOTIVUTIOUT (MIITUT QU3 JO santWA  P°Bi4 :
f 1 . .—..
o , T ee = fa -l @ :
P v | :
...m : tyy o o
N ' o's s o gt oe $2 oo e 01
(1]

N .
oo L . {
[N 1 - . _...r_
v LI ..f
_... i ' ' .n-.
J .._ / A 9-L
5 = os i
A 086 & Py w2
” 3
u ] / 1\-
S ; (

' /l[/_.e.w' "-n-w-

/
/1
/,/// /

rﬂ_ _ / r
™ - og
& . / !

»

{, . o 2

. %»,. . ‘ / .ﬂ-
, A '

: 030 ‘ay e
i . : . N ,
_s, »7 3 L
]

) ) : .1
—. H )

1 ' : &
_Jm M ! . (2] ] .W.
“J ! . r %
S . '
re ‘. : N&.
a4 | _ ,,

¢ : . s
Iy‘. bl . )

v '
1 . : .
w.., ’
|
3 ‘
i
w»
,,,m
1 .

SN

et Ay S




r :
X L .
i i ) ’ ) v e e PR
( ; .
m ‘ . 8°'¢ = q%\‘..z.x ‘109 numand 3?3‘33 0138X '
h - M ol ’
7 : . 39 WRTpaw ¥ 03Uy Bujjwnuyxe jof .a 30 aysum _“waaoun 901 JUNIRUCO B SuTEn Juel !
: ” WG UOIIVUTTOUT TUTITUT 943 JO seNfwA  Li°Bi4 . :
3o %7
- ) ®ds 1d . A
¢ 00109 __0Y oz o8 9 v _ 2 ¥
= : : ! o ihu
5o 2
1) ' o
" . >
2 : ' ....wh
hd , ' 2
SR ; . 7
5 o) 7
n‘ L} n
% e
g ¢
L : - : . X
ﬂ ¢ -h.‘-l_l
¢ 02 ..-,ﬂa
,.u / iu
¢ ‘ .. A
(w_ . P s\
.r.. h .wmﬂ
_\.. ¥
] !
5 .. N - os “
13
~- w "
: s o
‘. ] 3
oo e cfi S .
u.. . \o\\\\ o .. M
e . .. . L
’ ; i 21 K
s m . | "
' ' N X
’\h .'.-
N i ) A.._ « L os . .m
13 S - Iy
L]
v, t .
o K : 030 *
I ! ® v
_\.. , ' 09
i
[ '
I
# e peeat -t ou S98 -
o e - '
A ,
q |
r2 D
A 1
_f“ i . . '
7 - )
" 1 i
A ;

oag A PRI
Ll te! A PR
AN PN PO s
u..;-u ¥ AP Jod ﬂ S
AT W ™
: e I )
2.8 L T




3;, Deg

Fig.13

1.4

»enarten

-

12 - from Y ® i.4
;i;/FQ

10

8

B R 550 TR ATt 20 iy Wam Lo Bty o0 0e N iy g §To WVa PEa Rig g Pig FRe §ig 3Tg Yo Dop Doy SRy W0, 0 0, Gy iy Sy 080 ", NP0, N, S PiL  Er W  y

w -—
L
O &lr L<4O
C {9 L.29
O Het 129
20 Theory
————Thacry
0 | o
07/_5/
o]
! . ¢ 1 X 1 1

e i

S5

Co bt

n

t

=
?j /Peo

Initial inciination angle of 2 sonic jet exheusting

I
orr 4

DCOz 3
- 1.3 predicied

into a moving streaa

)

2

by
“‘.

5 X% AL Rt AN 1 .:_ iy S S I Bt s ! .‘,( "f - .q;_-: 4‘“* N et .'h‘ Mt .’.:‘
e T T T T R R A o N ST A AT i

S
Pj 47

Pig.19 Effect of & sonic jel exhsust on buse pressure

- maw MR

~R>

i~
" u - e .
W R T e e e e

6




S A T 2N e 4t

L T

~t amaa e ke <

of Re 2o

"]
5 bzt

.
!
W

.,
2;*:‘
.

CE e g e — e s Sk i o o,

-

- ..

T T AT e, ittt e e e vt .~ e

2

Fig.20

2

Pig.21 Ellec

“

N N T PV

S 0 DR S i A T E W F LN £, LN CE. VYR AT, S N A, yPI o R oS 2

S i e ol i S SRV U

%
G Air !.20
© H,+CO, 140
A Hsiivm 166

————y%=14 peedicted from

;=166 - /éj

e L S I IO O S ENFE F T A INTENY

- e ® e

ity T S R o~ m
P . - N P P L T e .
-~
-
.
-~ - F o m ——— e —aeahe ol ww s = -

L]

soint in a2 coving strean

b4

]
0 Alr 1.40

O H;4C0; 140

A Heliom 166

R,z 1.8

—===72= 14 predicted from =166

o]
gﬁ

7

| o

a—

o L

£lfect of the exit shock from 2 sonic jel ¢n the pressure coofficieat st a

of the trenss

N

-

Comam e ., oy,
oo e Lo a S

Ll




L A RN N BT AR A0t Rl RO MR BT A S PR S S R K e £ A0 K0, Bt 875, NS0 W, AL ARG, 000 0 Th oW ST o0 U 1S 080 ¥ oy B I o Tt R bR L e VAT R i o IS "1

N r SN, St gARR g RTF MR ey e S A R wwase % o ARRETRATRU Wy T e me Rt SN B g sa e Ten RN e I S O [STYECIN B T R e s TS L LR T “.,.\4
V. " - . F
PR W e At et e . [ L . * A L A N Tt
r
+
2 .
“ B
= . )
Bt - tememmams e e e

DISTRIBLTION E

'’

Copies of AGaaD publications m2y bLe obtained in the
various cni~tries at the addresses given below,

W Tl

On pel-t se procurer des exerplzires des publicatiozs
de 1"AGARD aux adresses suivantes,

st

BELGILY Centre Naticnsi & Etudes et de Recherches K
BELGIQUE Aéropautiques 3
. i1, rve d'Egment, Bruxelles .
. . CANADA Director of s»- exniific Ianforsation Servioe

Defense Researck Board
" Departuent of haironal Defense
‘A’ Building, Ctiawa, Ontario

DENHLRK Military Research Board
DANEARK Defense Staff - .
Kastellet, Copenkagen §

FRANCE O.N.E.R A, (Direction)
25, Avenue de lz Division Leclerc
Chitillon-sous-Bagneux (Seine)

: g ) GERMANY Zentralstelle for Luftfahrt-
g ALLEXAGNE dokumentation vnd -information
2 . Ninchen 27, Maria-Theresia Str. 21
- : Attn: Dr. H.J. Rantenberg
GREECE Greek National Defense General Staff
GRECE B, MED
Athens
ICSLAND Cirector of Aviztion
ISLANDE * ¢/o Flugrad |
Reykjavik
ITALY Hfficic del Generale Ispettore
R ITALIE del Genio Aeronaagico .
. Sinistero Difese Acronavtica !
23 Roa ;
K5 . ;
Sl UANTVEA staineble through Belgium
[I‘{‘\%’, UXLUENRG -
A AL
V5 NETH L LANDS NoLherlznas Solenelion to AGARD
IVE nig igh'ar dn T rtimmiz 10
Celft

Y Yo% Fris TN s J‘h’"s,h O RATOLTINE
Ji’i.;mA ‘;A;ﬁj AL& h‘u_a\u :r:‘ .\\.5-\_ \i’S‘ “"' A.J;{ﬁ:‘:'c -._(\" “J‘."\'} ~'.. ' ..‘k Iy '\" \'.Q 1"&.& > P «.“\‘ "' V. A :\\t h\"G": ‘H ""h F"\}\ d




AR A SN TR T T T AT N AW R W W A TR WD W X O T N O M TR MU A M R R ."L.‘-'!K’\{
|
e T A AN e s < LD emubrens semtepeen e wimrs W s, wwam pah s R I T R R L ._!
Wbt ae a4 Caam A dee e bn L e e o7 ah a Ceew L B el v ko meseee S aats e A s d —taats P -Ag
j
i
7
|
* A B A L M AL h et S nde Arh, ATy S BA G St A ..'. ..Mw Ay matv et T s = P S, = . j
;

.

-

. NORWAY

PORTUGAL

TURKEY
TURQUIE

UNITZD, KINGOOM
. ROYAUAE UNI

.

UNITED STATES
ETATS UNIS

Cunevadhaiy A o pheinie

»

TR Sl ot g

DL TR T

¥ o A e

i)

..h ML)
T R ’*u N ;’f\ﬂ"!x NrHUAL R R

“Mr, .0. Blichner

Norwegian Defence Research Establishment
Kjeiler per Lillestrom

Col, J.A. de Alp2ida Viama

(Delegudo Nacfonmal do ‘AGARD’)
Direcgao do Servigo de Material da F.A.
Rua da Escola Politecnica, 42
Lisboa

Ministry of Natjonal Defence,
Ankara
Attn, AGARD National] Delegate

Ministey of Aviation ‘ T
T.1.L., Room 00SA

First.Avenue House

High Holborn

London ¥.C:1

National Aeronautics and Space Administration -

(NASA)
1520 B Street, N.¥,
¥%ashington 25, D.C.

©

tmyccl Loieinp ond Bedeoduction Lid
Lie, =G Uhes Tetse S Lamdon, T

LIV O VORI

NSO SO

S




L s e e T o

JR—
v g " g e g e e e

LN i TV 7 reahieg

JU!
e

]
4

Y
*u

4 ¢ ;
£ . A -
w“ \ H . ——— — K
u ; i . 0'3'd ! ! A
» ' { ) : d : X
b ‘ 1 . i i . 049 93030uN4ud BUITOT SNOTINA ‘3RO pajujod 1 “ VJ_
5 T ) .o . o1 $31pN3e UOIIFINRIY FUTIINPUOD Uea * m “ef 04% BIUINMRING Ul T ¥ J00SIVL NG Drufed i
“ . . ' Y3 JO UL UOTIBULIIUL 1WFIIUT IYY ugqvoftdnp B} SOTPNIY UOLINTTALY v FINPROY USRS Voo ther _ A
5 . J0 eousTIGAe) Oyg ‘patudsaid S| BFPIM IJufAoM . O3 JO DI UeIWWUFLURL [FITES B4 ULyl 1en | K.
..M . . . pus JUIDEE AL 430G O FUFISNTYXD J9[ ¥ JO 118} 30 WUV IIOdNT ol CPu B ILOXY 2] MApIE JOTane 1“
5 +103002%YD MY} JO Lavmwng JOTAQ ¥ ‘¥IIIL[IOI ¥} PUB FRSUIFAD 3G 0u) Bugy W pf e as ol P
- . - puUnods Uy 38NULTS 330 ¥ Jo UGIVINALR & “212T NI O} SO L ITeutas SupQ ¥ Al ' M
£ : ; 30 UOTIVINR(E Sy3 UT pILOLUe t " L
) « + : 2ANDTUYIIY SNOTATY JO 8atAadl ¥ $uvsaad Jodwd 8fYL PR U W R I W ID Un il er Wity ot pg ]
.\" m i . . : HORD UGN ) UAV[IBA 4O Hafaal B w il deds _ W..N._
_\L.. . vu ) ‘8913 12 ¥ ‘$Ja2 g9 °‘Iouy ‘ad gg . . _ -u.\._
ﬂ ;0 . { €961 23quoaoN U1y 12 ¥ (eIl on C(aur g, ] .\.r.u
ﬂ.. i - : . vfozpuid °N Y , P
H f . ozd SIILIT10V4 1931 ONOOHD HI NOLLVINAIS 13r : ] ITHPTE S
v : : nuu ¢ ) | u9d018A3q U YIIWRUDY [UD}INUUOIIY 0 zozac SIL117210¥4 L1821 GNNOYH NI KOLLY 1 ar i A1
2 § : 1ae dno1p KI08[APY 'UOTINZFUNIIQ £IWIL JIUN[IY YILON u_“n . . TUSAL A DU Yoavonod (L) fe . LA
H noty £ . 310 :
N m “ . . ) L Yduasomyoy §°069°EES 1220°0°588 9 £2081APYV ‘UD|IRZIUNII0KINoL) .:Z._“ W e, _.y.-.
; ) ’ : : [(TAE LR e ! s
v ' . t vy
i : - ! e
ﬁ- ! . " .
. . 1
g 0L T e X
i N i h . 01t r
e : . ! L 0'L°d , P
“ ; 7 H ) ) _ ou.- vi12jauvied FUFIVIE SROTIEA  *INO pajuyod ' ',Ju.m
m _ H 41 SIIPNIT UOTIINULE BUTIONPULD YAgm ' tg  *jaf aly gI0jouvIvd MU INIR S005IEy CINO Py el 5 4
b Pl 843 JO S[3Us uojIBUTIDUT TBIIUT Y3 Furjedfldnp Uf £3EPIE VaPIEINRI BULIONPIOY Cous 5 tpoy e
w“ t - o R 30 eduwjaode} YL -PaUILIIC €] WIpIw FujAom ngy Jo el CQEIVUITOUL [y 3EUp AHY Rhpas vt o v -.J\A,
i M : ; . pus U208 (Nd Y10q 03U} FUFISNCYYI 331 ¥ JO SI[IN} 10 I0UVTIONRY BN, PRIRVSe] ¥ Wipe T » ..u
" ' - o $979%YD Y3 JO Kaswunk JOjQ ¥ ‘sa1iI1Ioe) 1899 - PG QUSSP AD YN O3E] AN NG 12 % g o L) X ..f\_
r: . . : puno1d ug unuyxd 33( v jo uojjuin CIDPIVINGD DG SU Gle .t Jagaq Y % ! "
4] i 3 pIvinags ayl Uy pakoldan ) PRIEL] BIRA AT
7 { . R uuzo::uu.a SRUTJIBA JO #aTAI % 83uotasd 39dud Sfyy _..._:.:u..: e 300 ¥ 30 UOLIRINGNG o J UGy o w..w:
w.u ) . WIAD{WIBI] SHULAUA JO AITAOT ¥ siuwdtd Ju. 't vy : R
iy N . ' . '8313 12 @ "9j92 @9 'lduy *tdd y : » 3!
i : . . . ; 4 $ . e
% ! : - . : ' L9061 33quvAoN CURIE TZ M UL Gpp LAY, ! ! ..\.-
v ! ” . . { wlozpuid ° ruLt h
4] ozpuid "N Ut [ oV
J , I mw:So-a.‘w_cu 1931 aNNOuD NI NOLLvIaWIS L13f¢ ' s31L1 o, ug ..w“‘
¥ i 3198 JUIWIO[IAI PUS YIIWasVY (VUD1INTUOIIY O] fozae 1LITID¥4 ISIL ONADUD I KCTLY v oA
! . , $N0ID £I0DTAPY *UDJIRZIUNIID A390IL DPIUSIIY YILON a14¢ oo £ UIRIL[AANY PUT WAUIEL TwTN et g . m
: : : i 6L Yduisoqr oy $°L69°€ES 12009 "€ES 0 ALOGTAPY ‘UGT B jua2a LIvadl 2P0 v, o ooF
" m { “ . 6L 4 12 N QJEA
F ' . H . B . T i ‘e
A Lo ! Co ‘ . .- S o 2 ..“.M
¥ m m . . N L4 -
A } : ;o X
o ! W ..”n-

R e ke aand
by
i
R
RS b

2 .
x ‘ . . ! \J
) , i . o
8 } . _ S
o .._ ] 3
4 ) .
5y .
0 F . X :
A B
By i ' ) o -
- { ' . - .
¢

| m . . . .
" t - .
. { " L ] - P
4 w ,j..«w..“.m.m..;dm_w«,.n.%ﬂ%ﬂﬁ.&wﬁnﬁs?, RIS [ REIN M IO O Y g y o
i 2 U . A L L
- PO HAR DUAIIERIS ORI RS

L el il R, 0,00 % if,.«r“ -N\m

ofarvbue - i



R W Wy

HAAT™

S AT R AN FA el B b 08 00, 8 808 1]

AR N bt oLy

S

"FR-
TR

USSR A

i o g A ey ey ey

- eew

—

N T

-

!
'
4
1
v
'

LS S

R

e

. A

-al

S —— e b i N

‘[eted 901wWUR] PINTd OLYN-UYYOY 843 £q SULTIEIE{qNd JO 39140 ¥ JO SUO BT SIYL

‘POJUINILE €]
‘y1210083ud LItawimle JUNILOAR] B SIWDF[ANP {1119 PUT I(UDW [0} DUV (Opou
[[FEEREL Ie Uy Q0URIIIJIP ¥ L0F JUMNOIIN U LOPIO Ul [WpuR YOIV INRI® V 10J
QUOL3TRLOD J¥37 pu L430w00R ay] BUTIDATAS JO POY)om eU)  EITPNS VOTIIINuE
Uf clo)oluavd 000y JO duuuioda] oy LJTL0A YOIy pojuavasd c:.- 21w ujup
[RIMVHTLNSZ] PV PUT 8§ :...A.. pus ..&\"n:_.% Fudjawused 8Ny puv ‘wijuarod
100 ‘01992 22N684d a0 OYI 3O w0V J(AND Y] JOF WAILINDIL ¥ ‘PeJeLeLUUY

*{oUvd $I1auLg PINTA OLYN-OUVGY 843 £38U01I90{qNA Jo 991498 ¥ JO U0 ¥f sTUL

‘pojuUINLAd o
‘glatonuied LyraepImis JuRILodal ayYy #wIL{dAD {(11® PUB B[WIT [(Nn] puw [apuw
[TEYRFY] 3 Ug @IUJIAIJIP ¥ 0] JUNOIIW O3 JaPL0 Uf [opUwW UOEIT{RBIS ¥ 30
SCOTIIRUID IVIY PUE L1300 JYT JU OISR O POYIIM ALY ‘sIIP0Y uniIvIoE(s
W] $131205388 335G JO FOTUIILINY S £51I38 WAVNS PRISIsIT OIS Alw wIEp
181003142323 “pajEdivng $% :.5: pue «m:.’; £333et2I8d AYY PUN ‘mUJuveow
101 ‘o1Ise sanssesd 9f Y)Y JO uolIvIFIANP Y)Y JOJ JUIWILINDIL Y 'PIILIIGNUS

|
‘
C1oung #I1enNG) PINTS OLYN-GHYDY OUY £ #UOTIBIT (AN JU HAjIaN ¥ JO ovub N Wiy
!
Puis LY ¥y .
Q2030w NG L PAULIREE JUNTI0JUT OUY OJUIFTOND L1TIW DT DIV Y [ § e e S ,
uoanjan _.A U} AJULINITIP B IO) JUR0IOW O Japto i fuf PVt oy 8
BULTRIPULD Moy P £210 008 a7 BULiLaVe JO Pulhea ity e wl
Uj e203aunind asont 0 auuuitodal wUd £I1A0A Gopis Pug,. o0dd e ' e |
PVIUswlIaGay P e, p g a) L) pud .v. m.w..@ ST TR 7V S S AN _
101 COPINA DIRRROG e M) JO UOFNOT (AP IR) J0F B AL we !
e et i e e e e 2
i
|
‘
!
1

"raIng $21wOuAg PINTS OLYN-GQUVOY 0113 41 UU0IITo1(Nd JO X011dn ¥ JO 6ty 3] Wy

petus el ry
‘gr3qjouwntud Lytavtule TRy QY VIPILIINR (TR PUS VFLoN LUy IR
Uddaiaq qx. U AU023IJIP U JOJ JUNGLIOYT 0Y JIpIo UYL LN, otk IV N g

BUDTLIHUGD 163 DL d L2tad o F gl RULY 2 o Faaldar v %, .
L LR SYRRIASS N T AVL-S T 2 T R S Y R PR N I ) ' 11
1EITACLIALLT  "HIWIFL YT §Y Lo vat a.._.: P Y T .

390 *013%1 Axnusad 19 OyY JO UGPINITILAP AU 0] YWOLILIUNIL ¥

Wy e

i e et e e e e e oo A

.
- ¥ .

(LS
s BN S

W

M

#‘.{j‘

o]

34

MYy
a0

e
SO O




