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MhIS paper Oresents a reiew of iat-1o"stechniques ewployed in the
* siul~:o~1of a jet exbaust In grourd test facilities. A brief sirhlaZ

of the ch~raCteristics of a jet exhamsting into both quiestent mud
~oi~nda Is ;:resented. *The impo-tzce of dt.,pficating the Initial

inclination ti~le Of the jet. S hen conducting Sin"zation sttdies
IS Pointed out., aitus scalIna vai-meters are emerated. A -requie
ce-:t for* tle 'iLIPlication of the Jet Pressulre ratio. Jet rmcs.eatun. andth

parn~eters sod (ITT). Is Jindic:%ted. koerIzienal data aesj
precented whil yerffy the iiwjjrtsnce 6f *.bese parametefs in ziiio

tud' so ' Sethod of sclectihgc theieaoetrY Snd test -condition s fori -a
sinillatloo:2 ridel in order t6 actouft fbr a difference in 7y betweensci ra-
Madel-1.£! full 5&cole nd still dupi vte the ILportantsilatyp
b ete:s Is tresente:d.

Ce pap!er 0.sente m~e revue dfe dierses -techiques cialojpj s daa
* in s iltio. de 1' mchpeent du jet. en essaijs a terre. VA bref

so;=- - -des car,_,nt~isuiques do It ihappemefit 8d2 jet en milieu ealxe
etgiti est pr~seniit4. L' Inprtance de. doubler l, Inclinsiso= initiule

du, Jet Zj d=eoS. P itude de la iliula-tion est ponIctuie. Diff4rczits
OLrsoitres d' eclle sont 4fiLniis. Vun condition pour la d-.0ica=ion
dui rapprt de prssjon du jet. de so. Evient, et des pjran trjs

-1.121 'i fet (m., est. lindigu~e. DeS r sutnts expirienta qui,
P Io-Irtcnnt de ces paranztres'en. kudes strui~es Eant atissi -

pres~ntgs Aussi est went~e uine ta-,ode qui percet de oboisir I&
c * g tcr;e et les codtasdu test pour une slrnuieaton rafin de tei
cosPte, d', use If,rerce dansY entre r'odile et pleine icbelle. tout

J en cepeodnt dzubint les pazranetres sinilres Itrportefits.

533.6.01'2:533.697.4
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NOTATION

Dimensions

Sym- o --

aspeed ofsoond Lit

AA

c specific heat LIt

' c oemc ce .ffiien

- 5-d "dioneter .1.b

F tbrut or .force

k sh~$ock reflection Palee.

L +length L

Rach i nar* . ro.n:

'}14. p static pressure _

q 4~~dinzic P.-tssire FL

R gas consta-nt or r-dius or L

t tife t

u velocity In the x direction .L/t
V velocity Lit

so. wer Wi.t'-

x.r coordinates in the a-iol =d radial direc tions L

.-, am+r- sr~areWer None

y -I r+-tio of specific heats N'fl .

flow Inclization =gle Ie
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e geometric awl~e 3Mt

A *ch. £'ngle ?

p ~dttsity si

aexpe-Ienttl constant -in

Subscripts

b jet toundiy

I boat-WIL or bzst-

f full inle

J COL-dio11cs at tie jet nozzle exit

a rtodel

ad Kach disc

p at contant, pressurle

"S-a interceping s!boc 1=2ndazyI

t total or stagnztioa-

v at con~stant volume

2 a free strea

4- conditiens before exranslcn or rssIOn

* citicis after e ~ ior cecpresson

condit!ons at the nozzle thnoCat



JET SIMULATION IN GROUND TEST FACILITIES

I-. INTRObbtTION

Shortly after the inception of the use of jet propulsion fof air vehicles. ilt a
observed that significant changes were realized between the Jet-on and Jet-off ees
bn the aerodyianic and the0bi'v~nanic churacteristics of the vehicle. Early su-ris-
of these effects are presented ii RLferences I and 2 for aircraft and missile C6o n

figurations respectively. Since these suijnaries were published, my additional
investigatio.i Yave been conducted in order to more accurately define the Jet inter -
actions. Some of the nqre recent studies are listed as References 3 to 10 in this
Report. Each of these refe.rences in turn lists the most recent work in the res et iV

-fields of study.

the purpose of this Report is to si. ..arize the various tetn.iQues which are-u§:id__
t6 obtain the jeton characteristids. Results of such investigations will be quote

-1 6nly" to show the merit of the tedhniQues e-ployed. .

The discussion will be limited primarily to an xisyr-ietric, under-expanded-jet -
A short review of the characteristics of such a Jet are presented in Section Ir. - Th
review is separated into the categories of a jet ex austing into a medium, at rest,"--d
Into a aving stream. It should be realized that even with a vehicle in motion.
portions of the jet exhaust for certain base configuiatios can be typified as thouh-
-xhausting -into i medium at rest.

In Section III, s6Se of the scaling lars of particular concern to the subject

matter are presented. No discussion of the more usual fluid dynamic and thernd ic:
similarity parameters such as the Reynolds and Prandtl niumbers is presented.

Methods of jet simulation used In ground test'facilities are next.presented in-

Sectin IV folloed by a presentation of typical test results using these techniques.
in Section V. The more Important aspects of thesd results are discussed in Section- .

The bibliography at the conclusln of the Report -is. categorized according to the
subject matter of the various sections of the eport.

II. JET FLOt CIIARACTERISTICS

The study-of the characteristics of the flow of a jet of _"s intc a "urroinding
medium has received much artention since the vrk of St. Venant and Wentzel In 1839.

A comprehensive surmary of these studies up to 1954 is given by Pal in Reference ii.
In- order to keep the references In this Report within t3ounds. those listed in Pails
puhlication will not be repeated here.

*APO, Inc., USAF Amold bngineering Develojtzent Center, Thllchea, Ten.essee, U.S.A.
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The initial structure of an axisvymsetric jet consists of a core surroWIdedY a' y a--
annular mixing region. Farther dionstream. the entire jet is aL mixts reion.
Theories to predict this Jet structure have been developed under the Assumption at
either inviscid or viscous considerations.

*For jets in which the ratio obf the pressure at the exit of the jet nozzle to,. the,
ambient pressure of the surz d1i=ng medium is ldw. inviscid theories based on the
linearized equations of fluid flow (Refs.12 to i9) are'used to 4escribe the Jet
characteristicsi SInce-these deirivations are iiot applicable at high exit to abit-
pressure ritibs, resort Is -6ade to the method of characteristics (Refs.20 o23-r
to approximate solutions based on various assumptions (Refs.24 to 29).

Although the inviscid theories have been fairly successful in-predicting the jet
structure immnediately dournstrean of the.jet exit, resort must be made to viscootS
theorti (Refs.30 to 37) to obtain jet characteristics further downstream.* I2 these-

V cpses, the fluid flow equations based oni the b6undafy layer approximations are uid
assuming either laminar-6r turbulent mixing.

Various experimental studies (Feis.38 to 45) have -also been made to deterinl the-
structure of Jets and to senve-as- a check on the validity of the theoretical -aa IYied.
From both the, analytical adexperibental studies of gis'Jeits. the following lnf6r ii
tion is derived.

I.JT EIAS~k NOA JEPIUM AT REST -elce e hc

A setc~ofthegeneraliednfow pattern of an dnder-expandgd (over-pressured)
axismmetic et ehausinzintoa liun at- rest is shown beloir

Jet Shock-

Zioch Disc

As the jet emerges fror. tte nozzle. 11t expands to the pressure of the surroinding

medium P, tine jet bounda-y. The codion of constant pressure at -'Ie houndary causesI m .the curvature of the boundary to tend bsck towerd the a%!.; of the flo-z. The jet shock
is formed by the coaiescensze of the conpression waves re.uired to tu:Tn the fics at the
boundpxry. For a slightly titeer-eipaed jet. the let shock-A neet to tLovn a shock
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diamond. However. as the. nozzle pressure ratio is. increased. a Miadh efectioa-
occurs in the jet forming a kach or shock disc. A reflection of theJit S -

71 in either case, .and the-pattern is repeated at the intersection of tkhrefeifted shock
and the jet boundary.

The study of the Jet structure th'us.invoives-the prediction of the ibivePattern
as influenced by the various variables such as the nozzle pressare fitib, jt -{Jah
nuaber. raetio of specific heats of the jet. and so forth. Near theo-exit if-the
nozzle, the effects of viscosity are small and inviscid theories ddiib tbOf "6w
reasonibly Aeli. However. further dowstream fror the exit the niiib - n btween
the jet and free stream predominates and viscous theories are requi .6

1.1 Initial.Inclinatlon of the Jet Boundary

In exhausting from the pressure at the exit of the nozzle, P3' t"a' r'abient
pressure. p, , the jet will Initially undergo a two-dim.efis1bnal O io -a-the
nozzle lip. This expansion is govemed by the Prandtl-eyer equatioh-d. - kpadinij
fram a Mach nutber of 1.0 tp a higher Mach nuber. M * the relationshi fdien the-
turning afige v' and M is given by

- artan F- arct' n - (Il)

The angle required for expansion from some initial supersoni ch nu06kj-. 4 to
some higher Mach nambero M2  is simply-the difference in the value o - At-the

A two Mach numbers, i.e.

A The ratio of the final to initial static pressures is given by

-P 2  - 2+ ((-)J1-3)

For a jet Cxhsustlog into a mediu- at rest. the jet exit condftir.i (dendtid-by the
subscript j) become the conditions before the expansion (subscript 1) .hdtlf free-
stres'u pressure- p. is the pressure after the expansicn. p. . Ff valu0g-of Y.
equal to 1.667. 1.38. 1.25 end 1.133. an explicit relationship for L -in terms of
A- and pj/p, can be deteo.ned For these values of "Y* Equatidns (II1) and
(1I-3) reduce to the following:

For 7j 5/3 1.667.

4 +

(A11+ 4) -4 .(1

2 (-

;_
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In terms of '2 and 0,/0, Cqutions (II-4) and (I1-5) can be. coubined to give

4) -- ; "+ 4 " '. (.,+x +4 4)i w1

061 ] 2 V 0.+4-101 4,j~ +
- 

4)

Vj~21/2 1.3

t-- +t',,?o] _= : .................. . A+ _ -S + 4.W

--- I-- - _

(E2 5 4. 4/22 (6 +5 4) S3 y (36j +l2 3 4)5

(y /++5 2 (II6)

For =Yj 5/2 1.5

,63 2 l. (6.25 + B202, + 3.125)+3 .s

. + + 11. + 62.- .

276~ 4(19:

2" 2? +. 6.5" 5

+ \+/... .

For Yj L7/ 5=l713
. Po ")a ,s/4+ 82s - /2

- tanz'-= .

2" 1 + 9 - 9

256 + 16032 - 15,3 (Il-1)

2= + 16)- 16. - .

Curves shoring. the effects of jet Mach number, M, and pressure ratio. pj/P,.
on the turning anle of the jet flow. Lv, for the above'values of Vj are presentid
in Figures end 2.

The limiting values of ' hbich represent the turning angles then exhausting into
a vacu.u are shnum in Figure 3. These values of Av are approached ihen co1hsidering
problems associated a.th the exploration of srace 'see Ref.45 for. example).

In additlon to the parameters me.toned above (i.e.. p ,Y, a{ and !. ) the Initial

inclination angle of the Jet, Sj , also depends on the nozzle exit angle and i
given by:



8 J Ox +AV h 3r

Thus a fourth paraineter is available and oltea used to obtain eatched 66onditiocs
of the initial inclination 2n;;le of a-Jet.

For.small values of the angle. AYi the ratio-of the ftee stream stitlerusre
*and the jet exit static pressure can be exvressed by the followifog sies;

+u Y 13w(7 _ _ _ 3 2

Jgfl-)+JL

S 5y+7V 1 5 +

6 YJ m

7T(11-J4)

a5

The Dresture ratio range for whiclh Equation (11-14) is applicable ca bie ddd fr
thi curves of Fizure 4. Tile curves labeled 1st. 2nd -and 3rd are bbtandyreann
the corresponding .terms .of the e~imtion.

1.2 Jet Boundary Shapes

* The shape of the S-et boundary for the first few dienetefs don- ramofte ozl
eiit can be vssumed to be affected only shicbtly by visccus effectsanteroecz
be deternined by inviscidsoiutivns. The rethod of characteristiedith:dil1
used Ps an 'exact' solution for the jet boundar and vaimou rpprox-:tethiaihdsf
are ecployed to duplicate the charateristic solution.

Approxirately 3O0 boundaries deternineed by the cethd of character istics 6ier the
rneof the paraneters used In the previous distssirn of initial aiges-re-

preserated in Peference 0. A few of these are reproduced In Figures 5-d6-nd -1 ii
* order to show the effects ci the paraneters.

It %w-s stto.rn in R~eference 20 that a circrlar Erc of constazt radiii~ Fb roie
an adequate anproiation to the jet bonar P to the point of czXiin -di=-nf
provided th~is point can be detemine in advzmze. flnaever. no suitetle Matbod ifi
eccurately predicting- the maxin~m jet clipnEser and its locatioa has cs Yet bed~n

* determined.

The results of a spreadirg sVudyr of rn air Jet at hicgh cltitudes reported iin
FPeference 27 Aindic,%te that =n cpproxizete locazt~on of the Jct b iudr &a eotzlned
by the foloring techrique. V.ah reference to the, sket~h crerlvaf, elftei determifieg
the InitiaL* Incl~nation zngle of the jet f=-- EZvatIO.n (11-1,3) a lire Is td
per cnd~czlar to this ta-ngent to the jet bouneary. Tne bu'r rdius. %. *r

/j 1.4 is determined f=an Of- follo-in; equatcwm

a, 15.'
= .~*.-t - -



" Jet BOu ory

A ercopt Ing Shock

Boundary

This radius is located alorg the perpendicular and the Jet boundary is drawn as a
circuiar arc. Ass-,In; that the radius ratio is proporti6nal to a. for/b J
other than 1.4. - Rb for other 7 cm be obtained by sing the 1.4 Zadit.
r-tio- as a reference value at a particular V, and. substltutins into the following
equation (see Ljn. (19) in Ref.27):

'\~ ~ (a1)(5
-I- -,- R, -91R)

rj. Vrj/ V12 + 6(Vj - U91

Other approxiucte teDkniques for calculating the jet boundary exhasting Into a Meditin
at rest are sunmarized in Reference 28

1.3 Intercepting Shock Bondar

The jet boundary calculations in .eference 23 by the --ethnd of cha-actCentiCs Kls0
defined the Jet or interceptng shoa- boundary within the jet somndary. This bounda7
(see previous sketch) Is initially te.gential to the final Lmach li-eofthe e prmelon fa
r."d is t1hen frcmed by the reflection of the Crp-nsfc!, fen waves from the jet boundI-y.

in eference 28 a circular arc protimctim for the intercepting shock (see sketch)
is given rith the radius of cIriature given by

- b Cos' A1-7



Ins. again If' method of deterining Rb Is available. an approximation to the-JeC "

shQck boundary can be obtained readily. - .
PayIh etiorrae atep-t derie-a l ytcle-..info.Xeprii

-velength of a jet. Lj , that It. the lengthOf the first periodic jet structure.

-hir'values of v /p- < 2 the eteatiO give n by Packb which Is based on lttear jet
a p bieo datrfc ortily. e r.e a•il ".

L In\1 0 1t.: ; I

for higher presure ratios. puvel y atepe yti de ernaltilons of the iveength have, ..been M<successful 2 In eerence 20 an eprie y "acdetermined eqsiton foer thert:y _ y

wavligth is jiven by 0 .5 4 0. 2 .

I nis equation vus derived from a large ewount 0f-experimental data Obtaned with hrih- " •pressure air jets exp-dnginto still a a ta tenp0Seric pressur e lower with -

5,= 2. it f.t-s sbox in; Reference 26 that the Jet nozzle exilt ankle. * -

little effect en th& pritary nvelenh, ., .

1.t Dictindce to the Mart Alnb Disc

A m ethod for calculatirng the diste-nce fro- the nozzle exit to the firs" M~ach disdi. -L= . hee s been glv e in Reference 25. Tha e assun. t eon Is nede that the sttie presem i.
idiately doenth trc-= of the Mch disc or nom~l shock is ebuy-! to the e-bient

pressure of the surr--_-dirvS, P=, Tn.us If t.he centcr!ine Each nuz.ber and pressure
distribution. hich, P.-.e Identical up to the shock for any fixed nozzle. are know-n, dJe
s h o c k¢ p o s i t i o n c g n b e c o ..--..--..- u t e d .1

1.6 jet %1xing ,utio.

A qualitn wa picture of tha mixing regions of the jet ey.aust can be obtained byh
referring to the rkeatc overleaf. eR editely do.strea l of the nozzle, an annular
mi.ng rezione , surrouds a cre of potentJ! flow, Region III consists of anirsAenirely t.-b ent ii one In hich the velocity profiles cross the jet are ds

-, .d h -en 11e In tu.& reeren ts tensittion sone between the conditions at I

end 111.

I: ioedatey d-.ntrc-n o th ~ah dsc c noselshok i equl t th anie!
4 prssue o th surouainc, p . *husif he entelin Mah naberandpresur

4 ditr~utin. hic areideticl u tothe hoc fo an fied nzzl. ae kown -h
shok psitCO an e c. ae|

l.~ Jt ~1sng ~cioa!

A qulittiv picureof he ixin reion ofthe et xhast an b obaind b
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; ". A zean welocity dstrib,,-"ion of the flow in the mixing zoite of Region 11;ifiti',6 -
-obtaine4 by u sing ai error function the ve16ocfty p-file. Thid is givenb-b "

- - "- = t erf &

7._ .spredn rate eter

2 -xi

-- . an

_ - To account for the cotIn'esgibility of the Jet fluid. Tripp has sugeested ti-f61lboIng ..
i °relationship for th~e spreading rate patra eter.

M Te value of ar 12 has bem established for the case of'incompressible hbwi An
evaluation of the spreadings rate par-.meter is~presentiM In Reference 30 (se6=P°j,8)J
In Ahich Trepp's relationship is sho n to i e iinthe value of R aboe Fi J

' Mj = 1.3 end overetimate the value of the paeter below Ihis Mach nu-berb

1 e7 je Njeise

iuh the increased use of let aircraft t uch ire attentien is bein foc1iiedon the
robl of jet no tsees Refs.9 ad 10). e total radiated acoustic vcmek-bf a b-
snic jet has been shabee to correlate fith the Liahthill parhe.ber, that ft

; i e-v-a ie of th spreadia I rat e nter is p resent e S. inese results hoeiug the

in vbc rips reatsbibount neetst tevleon bi

'e ...e ed by f jet irc aft. uc!h io a nicm et rest at vatious
jet toiertures sere obtained fro 1 Reference 41. re

soq e a ensont orlt pt h ihhl aa~ir hti



Flor a sw~ersonlo jet..att(-pr)s %,&%,e been rxa:e to~ccrrelate the sound powei biY
adding a buitable factor to *.a Uhthiil para-zt-tr to account for the ioie-certed
in the vjpersonic portion of the jet. Thene carrelatvcns 8-.e still not Very satlln-

2. 3E!rS EXHAUSTING INZTO A MOVING §T~tA%

The generalized flow pattern of an under-exponded axisye--.etr.'c Jet with n-W~it
nozzle div~eter equul to the base diameter exhausting into a strean coying faster-{-than the tpeed of* sound (!S,> 1) 16 shown in .the sketch below.

00 ......... ;,1Z;-- -:-

3 P2

-- Jet Shock Refilecated Shadi-

5xit Sock i ns-nitted Shock

On enercins from the nozzle. the expandin!; jet sets up a disturhnce in th eeInLI
floc p-,oucirvg an exit shock. The pressure at the jet bonayjust aft of the ozl

lip p. i a alnce bet;,een the etrzlprC.ssure d;sr of te shodk Z*ae
czzscd by the dcl'ecuior. angle. S8 J . .-d the jet preassure do-f-trem- of the exasi~h
fani through the angle, 6v . -.he pressure along the jet. boan..aaTy. pb . nlso imries

- 03~i this case ecavse of the changt.,ng slo, e of the bounary an" the three-dimassionsl
flc-i effects. Trhe Jet shock :recains in the £riof a shock d .- ocnd at pressure ratios
hi&i.er thnfor the case of the ezzbie.-t mediu:, because of vthe Increase in pressiure
at zthe jet. boundary. De~rending on &.e ct-nd~tiors- in the tvo streaas the jet sbock Is
rati~ly reflected at the bou-ndary. :'.a perlodic structure o-f the jet is much* less
defined &:id in =,st cases not present at all.



As a first az-roxl~ttion. the flow pattermn In the vicinity of a blint-based body
4.2 a oyii4- stre. can be considered as acrbination of EL shavp base jet ezhaustifig
into a meiza rest r-nd a noving strens. Utoa s-rei=1i'ne se~iearating the =ovifig

stran rc~th-e quiesceatf nediam in the base region. the f:cr pattern is slfniiar to
that Of a jet eaha~rtin-g iuto the nediim at rst. Beyoznd *-his streaztile the externali

fMow ex- riacts anexit shocla resulT~ng in a flow pattern as describedi albove. The

pressure -L the bzse of the zodel is of couirse depe-nd~nt %;;on the jet and free-ste"m
conditions %-d should be determined by the metbods gut!"ned in Reference 5 when an

accurate rep ras7entton of the flow pattern is desi red.

2-1 Initial inclination of the jet Boandary

*-Conditions zt the jet boundary it~ediately dowhstreaa of the nozzle exit isre,
depicted in the following sk~etch:

0-ieN + Av

p1 J

Coaditions In the jet or expLtnsivenfow are still .govcx-ned by i ,=tlons (II-1). (lI2)

rEni (H1-3). Fc-r the eiternal or compressive flow. conditions ,r oendby the
folloving eg.zation:

+1)

2~ 1 ~ 1
J~--

t~I-

A~~M- 6 1 ~~~~'M



'If

Sthe eff ects of the variees jet as-d free strem crd'Ations tre shown in
F igures MO 11 bini 12

For %rml~l malues of the ale. Sj the 1-atio of the pressures across the shock
in the exterm-1 flow is given by

2

pm . (M1-25)

or

To the !Irst order (see Ep.(J11-14)). -conditions In the exizsive flow are relat6:1
to bi' by the =:Pressioa ____ 1-7

-. Vj )9j 2

Ecuitin; the ciyressicms for B, ~ 'gives the follow!-.& relztiormahip for the
A.cond- lo existic.- at the- nozee exit.

2.2 JeL !raidY 910"e
As In the case of a Jet ec-p--ding irto a q7uiescent, ted51u. the r.ethod-of cbf.racter-

istics can te u-v to deter=-ne t:,,- b-ondr!es for a jet exhaustin3 into a streas
ny*ig I- *> 1 . For a jctt expndir.; ilto a =-.Ing strez-*- coditions at the

boud~r c~.~tbe considered =nder a coustat prescsure but =rust be deteru-lned by the
interactinin of %he jet = czateral strea-. if testre= flog 2s hi-personic. the
Nev~vnian :er.in czr- be umed to dcterrine te jet boi~pressure. =8i
eciticOn is represented by

7ae rlsof czlc-ulzt!cs of Jet bz :!suz4-:! the zethled c" a-ha-mteristfcs for
the jet fiz = ~ ~e 4 hove --Ya~ ccOX4dions arn resented In efe-enc 21.

Re~ese~atr~ deis e l±ied from this Pse;rt zro rz;! odzced in ?!!;ire 13.

~ :~-ryis Uzrn to dfiae te .let stru:ctu.re. A CO::1zSt!t brd-yWith
-~ttat iobtz!nn-5 ZhY the zeho of c rrcterit-1cs is P s the dazted cGrve In

,,.e jee, t-.=ulres m cule-te7! t etcb cof the tbtre rtb-S rc;:-esent the d~d
____ ~ the ist Lzd- tbe externzl strzo. ~a.c Z'' t!! ~ 1

zn~e ~ ~ vt arc Ce nimzF I.4 fm I--O- t-,Z-I

=j.,u I, -= Rtcec 2% is -te --=1.incfrt
Ob a! n v e:-fk efa;r:c the---' -'~ych

jet b=a-r t r t- Cj Of? .t.rC~ TerS~ osss deternlIdnz
the io:Li Y--tnh line zt eabct~cu-!ated -:-7~y~o fc.r '4e let flow. rze

c ~ ~ cf of tee i--- reacia the hc locatioz. 'he-=csc

"I %4



12

an anilysis as obtained fr Reference 29 are siown in Figure 15; The flow field is
represerted by the photograph rnd jet bc~ndary showa in Figure 14.. As is apparent
f "rvi the plot, 2 close appr okmation between the calculated a.d experiental jet

.9-shock Is obtained. 7

-'"CS . 2.3 Jet Mixing Regioa

For the case of a Jet exhausting into a mnving stream. the velocity profile in the
mixing oe correspendIng to Eqation (11-19) can be approximated by.

u --er erfl)] (11-30

where u, - the jet free streae velocity -

u - free stre - - velocity of the =oving strea. 4

- te value of c suggested by colik is given by

S.2.4 let S2 Reflection -2

- %-~ C the basis of linearized theoi.-. the folloidn; prraneter was derived in Reference

17 to. indicate the strength of the transcitted shock (see sketch on p.9);

k(1-32)

When k t I te jet shoc is not reflected at the jet boundar a-d no periodic
behavior of the jet is notice-ble. When the rz:io incr ases or decreases fro- unity a

rectcd -,rave (f. increas. n; =eitule occurs. For k > I . the toundnzy e hibits a

per.icdic be:avioro

A s , ar ;araneter is derived In Peference 19 P-nd Is discussed in Reference 20 as

WV. tHe Kar=-zur para-meter given by

4 = -A (11-33)

The difference in the value of this paran--eter tteen the Jet and free stream flows
deternnes the character off the jet shock reflectian. If ;4. is T:-er then 7
(*here the values of the -sre-eter are the lccal rziues zt tAe interlrce) i w-npresslon

t vsve reflects as % c.gressien r-ee, raile i _ is ia.rFer than C a cW.Pression

save reflects as fn expo-sion wave.

LLUrw.
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In 1G -und test faciliti ts. it Is mazy tines necessary or more conveiiieot-to .er-
- tfor- let tests %itb Zes. fluids or different-corposltion and with test nodelsof

different size fr"n:hs of the at._.A vehicle_ Taus. it beccoes nece-Ssa--:?o-determl
~.*J*sca!ing Pararseters fo: .hich the reszlts cbtained with the test model are -silhr to

those of tie full scale vehicle.

The e*WrtioDns &-vernin~ the behuxior of the in~teracting jet and ft-62-Strea flows
are at best verY a=nox!7ate. Thus. the use of these equations; ina dni-vigs1ilarity I
Pea-Metets !s 1limiteO. A dinensic.unl analysis of all of tat variablii iioliid (S"e
Rei. 2) leads to 2 h st of pr-itri o a bich nen7 are relatively unffpottifii.; in
%bat fni 10S. thereforo, Oenly tho.-e scal ing rara-etersi or nore zccurately etx~ialeace
7r5l:mion~shi'~s, are 4' iussc-1 *M ch have bcen shown or intuitively appear to be- iortant

2~~ . in tihe salznof let exdhausts.

In a given Vm$blU6. only cerLtibi w-calirv paraneters -are ia.-,rttn. riapIe
whten detemning the effects of a jet exhaust on base rresre.te s-etr

vernn ah see of the in ;a o-cn qf the jet are- zmre 1=;Orunt -thathos::
ge.frg the jet shape far downstrc" I Tu s. =n evaluxtimi zust be -iade o ie-

- objectives of each- specific test in order to detenine the exten oA iu iz&t1fl
- required. -

-3. JET SOUNDABY SIMILATION -

~~~ ~In Reference 20 it was sitou- thatin order to obtain jet banafseltc.the
- lltil ±eiIiatienwas the most In,--rtart property that maist be duplicated. S1imla-

tialn of the initial iortion of the jet bourdary vould be inoportant In -stdiesit
detemzini base presssure, base heatin_- or the effects of the exit shack cmz aea
wurfaces or jets..

For szall turmin;- angles. Milarityv paraneters shIch pmovide thesee -flow 'turning
wigle for the nodel 2md fzull scale tests c=n be cb-za!ned startin; Unith Etiticn (11-14).
if a free c!*Aica of any of the three -a-iabl-es is allcue.I ther the trtC-tr
of Equitioa (11-1s) ind~cates thst the follevirz relationsh~p b tsween Tie iod-el ad
full scale tests ;Pust be satisfied to provide identicm" 'zo* turning anzies.

if it is ass-ed as in Feferr-.ce 46 tbct U.,e jet Fancl n-~'er of tke rzel ,
-is the s-ae as the jet Mzah nun-her of the itull scale vehicle. Mf. then the follovi.4

_____relatiormsh1i obtained:

"LP LA -(112



If instead. it Is zsz=ed th-t tht rttic of the static rress.-c -at the no7zle ekit
to the free stre= static press-wi is the- s4t:e..or t~.e =d~ tcv! full scale tests.

- tht similarity param-ezer beers-es

In Reference 47. this same slniiarity ;rameter as obtained by startinig with Urns
rieat tht the static pressum.e chwige caustd by a chwige In #'-a* directicen 1*

the jet and external flow msirnst be the ssre for thtttodel ndz full scale tests. ~k~

- it v-s further rosttted thtat ssyme y~is nv~ally tte sane for model =1d Nri 1
* scale tests. 3!. slurzid also be diliczated. Since 71is. h~rr y ~ewt

betreen =d~el zmd f~ll scale, X, of thti ndel w~mui be =z J~usted &coding Wb
Bquation (111-3) to atisfy theabove rcquirl zets. that I

rhe extent: to which the constwiit jet 2-=h r.-zter and! the co::stamt jet Mrsur ~
ratio similarity pare-neters d--'pictte thue iritial inelipatirn vr.ic of tlW jt cnW-
se- In Figrms IG zmd !7 respectively. 7he --lies of- the Jet tmele for the cnsftant4
jet ',ach num!er 1rter are stmin for- teih r lov (3.712.< P",% < 5.0) mid high-
(26.4 <pjp-. < 53.0) jet pressure rzt!6. Ats Is re:41.ly a;r~.the s!=ilAity-

-~paraZetex b~srd on a co itt JE-Let ssure rat' o gives nore nearly eqz.:I V-alues of-
th Jet anile thin that usiiig a cmstzant jet !Hach ntinher.

For th-e czze of a jet exh±tstin; Into z n'~ strean-. a slrd'Aerity pza?a=ter cfin
be cbtolncd by3 strrtiazg afth Zce ic ) is' the2 =atics of the SEtIc vres'surefs
for the nodel xnd full Scile tests re da;Zi1catsd the foiezing s!maltY Perzeter
Is obteine4?

thvr.If the free trt= cenditions vied !L.for the i~odel tests ane
identics! to t -sz I.. free Mf11 t (i. is =eiiy tl-e case,,. t!;. stiheity De-ee

I ie .reducets to that given by Svalo (111-3) icr u Jet exhasttng Into a Q-nie-scent tedIUm

4. =?~ SH*CX SIM'ULATION'

In soce cascs it Is neesayto &-nutcate t?. stri-wre randt treagt of Cie sheck
ft=J ftens~o-i vvres In the flow fild bexs=! C:Z aec-' V-'ti jet Fehackzt

;!eN tJ



the Jet bcndsry. Such simulation --uires the dtplicia:ton of the p.r-neter given in

Equation (11-32). The sinulation p&raeter thus obtained is given by:

IL Ij

Using the assum.tion that the free st e-&n 6or dltims for a and M, f-the model-
teSts "ke identicu to thLse In flight. the "rneter. red:jces to

L- I'wL fJ

-If the assuartion is also made that the model and full scale static pressOr-e itio i-l
ratched, ttis iar.meter also reduces to that given by Equation (111-3) or- that-given
by tWe Kawauri parmmeter.o Equatioi (11-33).

5o SIMULATION OF JET FLOV PARAXIETERS

In this section rflationshlps are defined which govern the simulation of:the Various-
jet flow p* aeters (see Ref.48). ihe expressions are derived by relating-tit t -

flow parameters to similar free stream-parameter.

5. 1 Jet.yass Flow

The simulation parameter for the mass flow characteristics is obtained-by-reliting
the jet i s flow to a representative free srean mass flow. .In equation form,

(PuA)j ________ I
The resulting similarity parameter is therefore

A~,,y,. FT I'ZPfrJL (RTC -

In addition to the parieters involved in the similation of the jet boundary and jet
shock. a require-ent that (RT)j of the model be related to that of the full scale
engine is obtained.

".2 Jet Kinetic Energy

Duplication of the kiretic energy per unit mass is obtained by simulation of the
velocity ratio of the jet znd free strems. in equation form,

2 U
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Vie resulting similarity parameter becomes

RU~P.T~J1(11-12)

For matched conditions of the free stream parameters. the parameter reduces to

1 2(;T_) t- - jil(RT(1f a -13)

5.3 Jet Internal Enery

Duplication of the internal energy per unit mass is obtained by simulating the
following relationship:

(C1T)v (Yj) (IY)o

which gives the following. simulation pareneter: U

• + 5.4 Jet Enthalpy

Duplication of the enthal y per unit Pass is obtained by simulating the following
relationship:

(CpTh i i /c4(flT)j(1-6

which gives the following sILualtion psraeter:

[,, (
I  

7.l-l T)j

5.5 Jet o-entaue

The sinulation p-rameter for the jet mo.entu, is obtained from the ralationshlip:

givi g the similarity pameter-. ri
~~~JYI + .. -,2 , <- "
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5.6 Jet~lhrust
The relationship for the simulation of the.jet thrust Is obtained by st ng with

the Jet thrust coefficient deWined by

*here the thrust-is Oie by

(ipu2A)i + (Dj - V-)Aj .:1,1

?he simulation parameter thus obtained Is given by

f j r H j j[D t
* + YjJ) 1 - (I + alLiz

6. BASE HE2ATING SIXULATION PARAMETERS -

HL ch experitental and soe' theoretical wbrk has been done recently on-the-rotbis
asxociated with the base heatitvg of rocket-powered madels, A general diiin of
the icoortant siculation parameters is presented in Peference 49. In adi-ti t0 -to

: 4t~.ose pa n.tets already discussed .ere the jet emissivity, Jet-to-ad;e fo= factor.
engine efficieicy, nozzle wsll cooling effects, fuel distribution patteri. f ii ed pi
and ignition delay characteristiecs of the en.trained fuel and other associ tedpropertie& i

Similnrity parameters concerning the base flow patterns are derived iniReference
47. The resulting relationships are referred to as an excess p--ping .-nss pa-ramter

AVJ (0)j 7 J U dr

and a jet boundary streamline total pressure bead parameter

Pt(rj) p(rjd)u(rj)]
(111-24)

there ri refers to the st-reamline within ,bici, the -ss flow is equal th-e jet
mass flow and the velocity a nd density profiles are defined by =s-e dlstfib-tion such

* as that given by E-sation (11-20).

7. JET NIXING SIrULATION

Very little wark has been done in the derivation of simuntion parameters for the
mixing p-cesse$s long the jet boun-ry. These proemses zre gverncd by the

.42



viscosities. moeentums, and heat transfer.rates of the local elements of the flYb-at-
the let boundary. it uould ap ear therefore that simulation of the mixing p,.Ses
would be governed by. the depee of simulation of the jet flow pa-raeters.(seusae4
In Section 111.5.

8. JET NOISE SIMULATIO.4

The simulation parameter for the noise generated in the far field of a subsdic:
jet and a portion of. the supersonic jet can be derived from Equation (11-22). The-

-4 following parameter is obtained for the correlation of sound power:

jS1 ySJ) - 912 712 : -

For matched conditions of the free streaz conditions the parameter reduces to,'

T"us. under these conditions the jet sound power is proportional to the jet kinitic-
energy.

A su-ary of the scaling parateters discussed in the preceding paragraphs is
presented in Table 1. An examlnation of t. general simulation parameters for the-
various jet chartcteristics reveals that the pressure ratio function varies appreiably
acong the relationships. It would appear therefore that a matching of this paii tei

wbeteen model and full scale tests is eisential for good iculatkn. As pointed<6u "

previously, the free strean conditions of ' end u for the full scale articAe ca
be duplicated with relative ease for a model in ground test facilities. If it ii
further assued that the other free --qre-nm conditinns are matched., thE simulation
parneters reduce to" thcse shown in the -second colunn -of Table I. Under these condiV
tions. besides matchirs thi initial inclination angle of the Jet exhzaust. j Z
si=latlon of the ps.rameters UjM fj. Y-Y"'A and (RT)j between model and fullf, aile
tests appears desirable. YJ J

As mentioned in the irtroduttion to this section. a complete simulation of all of
the pa ar.eters listed in Table I is not requirod for all jet tests. In the foll6ing
sections, the Jet effects are separated Into exit effects end downstreen effects.
Conditiors at the base of the o: del VMld a-near to depend pritari~y upon the initial
shape of the jet at the inole exit. Thus duplication of the initial inclination
P.ngle of the jet. j .utld suffice for base pressure studies. In addition, for
base heatin (te-.per ture) =tudies. du !.c to: of the jet tezpemrlure would be
required. In studies in uhlch r1odel surfac-s are located within or near to the jet
stret d.plication of the jet flou propertles sould have to be considered. Thus a
thorouO . examination of the test objectives is reuired in order to specify which
sic:Ulatien parameters must be duplicated.

e5, 2 mm CC W6aNOTM



IV. NETUODS -OF JET SIXULATION

arious rethods are in use for the experinental simulation of an exhaustIJet ir
ground test facilities. These vary in cc;Aexity "irn the use of simple cold- s Jets
to an alzost exact dupiieation of the full scale Jet. The degree of similitude used or-
required depends. on the particula probleu under investigution. some of te techniques
which have been employed or. proposed are discussed in the following paragrae

Approximate values for the properties of turbojet. renjet. and rocket exihast ai*
listed in Table 11. The ranjet properties are also typical of an--Ler-buriinv-tdrojet.
As will be ditcussed in the iolloving sections. the sililatton of.these propertlesA~
the goal of the other media listed in the Table.

*9. COLD GAS JETS

The use- of a cold eas for the simulation of a jet exhaust has the prii=radratag
of relative sirplici-ty In set--up and cpration. Cold gases are partlcular-ly-I p p In-
when the simulation of jet terperature is considered. of little izmortance. .

9;! Air

Since high pressure air supplies are most coemonly ayailable, the-use of id air
has found wide application for jet studies. As seen in Table II. only th0evald of
R is in the same range of the properties of the jet exhaust- which must be dujdieted.

9.2 Bella

Cold 1hellun has been used in .a.nistudies (see Refs.5i to 53) because the h-
value of its gas consttnt. R . allo*s for an almost exact si-ulation of thet_.uof
(RT)j for a ranjet or afterburnng turbojet. As shown in Section 1.11-5. tha_ sizla
tion of (R.T) is Itporant ior the duplication of Jet, flow pareters. The-hihvue
of the ratio of specific hents for cold heliun, horever, is a prime dizadvintiO,

9.3 Ca b Dioxide

The value of the ratio of specific heats of carbon dioxide ma-es its use attrative
for a siulation e-adiue. The Ibi value of its &= constant Is: .owever, a- dl ,htace.
This zedi- was used in the studies reorted in Reference 54 at a tLp-rature of
5800R so thtits value of 'y zatched that of a hot jet of burning hydrogen- aix alk
at 2600*'L

10. CCL9 GAS MIXTURES

In the studies reported in Reference 53.. a cold rixture of ydrozen and carbon
dioxide vas used as Lhe Jet fluid. The rIxture usrd (.46 H2 C.nd Z,4 C0 2 ) provided a
duplication of (Rj for the ,r.zjet cordit!cns s did th.e use of helium. The vilre
of the ratio of spicific izts l.thor;h o1.cr trsn that of th e jliu- jet. vra still
however tbove tha-t required for exact simulation.

-r l- . -. . - .- ,.. ~
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The proportions of hydrogen and carbon dIbxlde reilired to simulate (RT)j for-a
turbojet exhaust were cumputed Wnd listed in Table 11. For % rocket exhaust the

a!ue of (RT)i is almost !detIcal to that of cold hydrogen. In each cae, however,
the value of 71 for the situlation fluid is higher than that of the engine exhaust.

In the study reorted in Aeference 55. it was sbovn" that by the addition of a third .
gas- to. hydrogea and ca-bon diomide both the (PT) 4 and y1 of a turbojet exhaust could-
be simulated. For the case cited 'n .Table 11, etd-ae. Ck. was used as the third gas.-
It ws stnted in Rerence 55 that the uppei temperature limit for which complete
simulation is possible with a cold (T 53 0°R) pas mixt*ure is on the order of 166PL_-
By heating the mixture somewhat,, simulation for higher temperatures could be achieved,

Ill il. flOT GAS JETS.

The properties of a jet exhaust can be sicuiated much w~re closely with a hot
rather then a cold cas stream. However. the complexity in providing a hot gas jet is
Tcieased.considerably over that of a cold gas Jet.

~ I11. 1 lot Air

The properties of -a hot air jet it a temperature (3300oR) corresponding to that of.
a ranjet or after-L-rnieg tlirboJet ex_-st are shown in Table II. As a result of
heating the aif, the ratio ofspecific heats aproaches that of the jet exhaust much
more closely than does that. of a cold air jet gtv - close simultion of (RT)J and

11.2 Mdroen and Air ]
Te use of a burning mixture of hyd.rogen end air was used in the studies reported

in Reeferfences 53 =.d 54 to d..plicate. the properties of an efter-burning turbojt.
Since the rcsulting jet pro-)ertie3 at a tezj,2ratcre of 33000a are taical of those of
a ranjet or after-burnig turbojet, they -ere chosen to represent the proprties of a
renJet exhaust in Table I.

11.3 -lb'drozaa Peroxide

7The development of'a hydrogen peroxide si--jIltor for Jet exhaust tests is descrlbed
in Refcrence 56. The chsr=;eristics of tb& sicule-or exhaust using h ydroren peroxide7 of 30 per cent concentrrtion (10 per cent pure i.L) are saoyn in Teble TI. As pointed
out in Pef:eace 5S, Vie s 7s is nuh nirler nd easier to operate tban a burning
gzs. In a,-liif on, the products of deco-sition. ste.n and oxygen, are t:;ch safer to
hndle -in g-oru. test facilities.

11.4 TurboJet Simulator

A simulation de-4ce described in PPefeence 57 uses a turhnJet-ccmbustor for.the
dupliction of a Jet e;hIst. Sch a dev-ct, frenie ,tly ezployed. burns a nixture of
ahdroca.bon fuel znd air. The Jet properties cmn be aejusted to closely sioulate
those of a turboJet or rizjet exzust.

F~-!
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12. ROCKET NOTOR SIVULATORS

In order to achieve the .plication of the hbih temperature of a rocket ethaust
A SI (see Table i1). resort .is =_de to the use of scaled rocket motors for Jet siulation.

p Both solid ard liquid propellet engines are used. Results are presdnted in !L erence
58 %herein a liquid propellent rocket engine operating on gaseous oxygen and-hydrogen

uws used. A combination of liq~uid oxygen and jet engine fuels has-ili& een Ased
successfully.

In References 43 and 59. tun-.oj t exhaust ainulatofs are described uhefifilsolid-
propellent rocket cotors are used to simulate the exhaust jet. lbechaicti--dtics
of one of these roczet &otors. a JAID tnit, are shown in -Table It

number of nethods are e- p yed to introduce the sirilation fluld* itotbe model
Tho 6st widely used sethod is to tount the model frooa a side strut and use the inside.

. . of the s-:tto du-ct thne :flulds. A second te-hnitiue wherein h~igh -piiiiire-tir-As

ducted throu h a s !g support -rd dischiarged in Jsch-a -w as to doplicite A-Jet
exhaust is -described in keference 60. A similar technique developed fbruse fr short-
run tire at Iy.ervelcclties is described in P.eference 61. A third iethd (iie_

N Ref.62) which cam W used for jet studies utilizes a duct extended thidgh te ind
tumadl nozzle froe the upstre.n still!rg chamber. Te ,se of a strut.oi a stig is
.,hus entirely avoided. Such a &.ethod is appecling for transa-nic stidies where-strut
interference problems are es7cially troublesome. Fbr missile studies, the duct can
als6 be used to situlate the vehicle body.

The recent interest in sptce exploration has Provided a re(pirement fort-& low
pressure envirorsent for an mer ir.j jet and stimulated Vhe develeo-t of such test
c. azbers. Test cells using cr-p;pnping to provide near vacuum conditijdis aie beIng
devellOped at a rapid rate. Azother novel technique (see P.ef.63) usinr an kisting
wind tunnel utilizes the lov pressure enviro-tent existing downstieo, of a-blut base
odel mounted in a supersonic vind tunnel as the simulated test chraber.

V. E::PERMhENTAL RESULTS

Nuerous studies I.Refs.3 to !0) have been made to determine the effects of a jet
exh. ust on base Vre:-ure. rtsilit!y, draI interfercnce rlt" noarhy v3ins and control
szrfaces ard or-her aeroynnic Find thcx-_ed'r.nacic plhenc~na using tte techniques
describe:d in the prc~in. seztion. Hnzsver. ven few sste =tlc incectittloas hav
been = ertsk<n to e'=;rS t.%-e rellability of these te.r!iqucs for the p.rtcular
pro cs utuder study. in the fcjc]oing sectios; only lhase data -_n presented whieb
indicate the Eensitivity of t-a Jet flor properties in s tu-.tn anctul log condi-
tions.

K- 13. -%ET EXIT EIFFECTS

-at exit effc'ts are defin -d as t.o.*e ear chhoul d d little by
thi P n: ' ,z: % prco- :1 t.ert;re shz. e d a P:-. a t c H :e 1ctIa by Izriscld th eorIea-

n. derived therefron.

Jt1
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P3.1 initial Inclination ot the Jet Bouvda&y

Prediction of the iritial inclination of the jet boundary by the methods described:
in Se-tion II his been verified by many experimental studies. As an exanple of such
verification, va-lues of Lte initial inclination angle of a sonic jet ex haustinz into--
a streru of air moving at a F'ach number of 1.1 are shoxn in Figure I as obtained
f rcw Reference 54. in this inve stigation. tade to confi= -the procedure of using cold-
gas jets to simulate a hot gas strea. air at 520°R and carbon dioxide at 580°R
(see Table II) were usqd as the cold jet ases and a bufting mixture of hydrogen and'
air sr 26-o:t was us for the hot jet gas. The Investigation was conducted in the
trins'!c Vach number range at jet pressure ratios 11 to six.

132. Base Pressuree
Reslts of the effect of a jet exhaust on base pressure are shown in Figure 19.

These Tesults were obtained from Reference 64 wherein air and carbon dioxide at 540k,
-were used is the jet media. --e dashed curve in the Fizure was obtained bro the cold'
air (, 1.4) results using the ass=-ption that nozle* conditions *hiqh yield the.
-se e . eJ of te initial "njination angle of the jet prodLue the same base pres su-.-

SiMilar results presented in Peference 65 show that this iime ,a4jusvmit correlates
--base pressure dtt obtained from hot and cold air Jet -tests. -

For the studies reported in References "S and 2. hot and cold flow models were
designed based on the similarity Dareneter given by Equation (BI-a) Base pressure
measurements in these Investigations correlated very well between the hot -and cold

flow models.

13.3 Exit Sb~ck raosItoo

In References 52 and 53. studies were nde to detemine to what extent agreement

"-s obtained arong various raseous media in siculatifg interference effects on a

nearby surface. Mr. heilu. and a mixture of .46 B and .54 C0 at 526R (see
* -'Table II) were used as the jet media. The interference produced by the exit shock
* of the Jets as depicted by its effect on the pressure coefficients ceasured by

pressure orifices on the surface as shown in the followIng sketh:

Preneure Gritice

| e 1.8 LO Exit Sh~ck Lrapsmittod

ho .ck

ijJ>~---Air°..

9j z 1.0 -- Hlu



The relative 1ocstiot of the shocks and boundaries4 were deduced trues the preissare-
data. .1 typical plot.sown the Wfect of the exit shock cn the presvsure orfc

locaed 347 et dse ~ vn treo of the Jet exit. as obtained free Refebe5.
Is shorn In Figure 20. :he diied curve Is obtained f.-j t.6 ,.6s resvlmtS
us!-.- the ussu~rption. zlh anzze cond~tionswhfch yield the sne" -V~lue of the initiodl
inclinnitlba wile ofte jer produce the siaoe pressure coeificient.

14. soINSTREAM EFFEMT

Jet chitra ter-istics vbich would appear. to be affected by the airing at6ee

io;=-4r.Y are considered in the following pararaphs.

14.1 Trpz:Pttted_1;) Olx ia kane inPos~cs 2 npio mtr

Di, IL &nner slilz.- to t!:mt used to obtain the effects of the exit s!oc tiie.

mine Ate ef csof t%-'=s~t4jtsok typical po hairte effecdti'of
them t sI t te d =%zck o= a Pressure orifice locnted 7.33 jet disnetex-s downste=z- f
tht jet exit Is shc~n 1mi~g'r 21. As tbe pressare ratio a3 :iIncreased. t1!e sb5Ac
ares frco a position u~streza to a position do"wstrezn of the pressum rifce-

beczc-s., of the 1ncteese in the jet waveryreelength. *with a resrltIng eres
-In the p.-essure doe-f-ft-Cient. Asq shorn In Table 11. the vatlue of Y1Is idndtI64a

fcr the air and H. +o. nizture~ hile the value of &T)4Is essentially the6 axn folr
the bell=. &Znd H,'- . atanitureS. EY correcting the hellum re-sults to a 7Y. = 1-4 0
to a=-xzt for the differerce I.* the initial1 Inclination angle of the jet. Viws4
acreeent, with the H, + ca, results foir slock position. Although the -Itla ifilit- ?
ticdi enzles for the iir- Z:-11 P2 +-CO 2 tixtuje ihould he identical, the df fference In-
sbhC:c- voSition Is prhhya result ipf the dif ference In -zixin& caused! iy the IarMe
difference i-. the vt:=e cf (lT)a betueen these zedia.

14.2 1ran:;Jtte63~c Streelth

lnae differonce In tha l-e-el of the ialues of the pressture coefficient-in Fltdre 21 _
* be'!Ore end after- the tr=nnitted shcck passes over thie pressure orifice indicatesi a

differc-=e In the strength of this s!=6: betzeeen the helitm Jet and the air nid
H 2 ! al miture Jet.s. lh e rzzIo of these differences for the case shorn-1s zp~ro:,;

4X61 in sPrCPortional1 to the ratio or the mlues of the -sinflarity pa-a= etaer given by
£~a~n(111-7). :a tb% -- ' of 'the hellu= jetl te reflected shock (annZ sketch IA

Sn-tioz V - 13.3) is of rgovttr na~zt-4zle tfen that of the N 2 + C02 mad alir J ets
itich In turn redezzes th stren-gth of the treanitted shock.

14.3 Tronzsoitied kz* An-Zle

F The resMlts of S~ Iecs5 to 54 for free stress1t nun:bers of I to 2.o2
V.4iiczatz that the e! riathe tren)s='ted shock' rn Ccs rtIh the centerl1 . of *-I'e
JE-t Is rY -.earlY ea t- the Hach trgle bnsed on. tlhe fre'e stre= -n r nber. It
sh-;:dbe roted, houcv-r:. t!:zt th e-se'injveszications v;ore lllzited to jet p±es-r rtios
less then, M0

VU
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14.4 Jet Bouodinry S:4-,e

Mhe reltv Leic of the Jet bounre~ for the Iteference 5_1 results sbown
PleyiOUSIy (See sketc'n In Se~o~V - 13.:3) can be deduced !iou the shock -%ivU~ofis
Tile H +C- nlsture bou.ndry %,ulli be largest. followed b.7 the air and helital
boemz:ries res ctvely. The fstthat the oitions of both the jet zdtets-

-mitted she-c for t:-e heliu-4 jet gsm be r.a- e to 2L:rte vith the positions of-the e
s',-- &,s for the H+ c -. ixzure by correcting for he difference in the In~t1i1
inclImticn 2z.le of the ets. tdCates thE~t these boundaries tsouid be identcl If
comprd usin; OhE; s-e c-at ungle Conditions. For theac jets. the values-of (RT)i
a.-e hpipon-Imstely eci. -Sitee for the H~ + Cc:lzture and Ar are b srzae.
th e difference in the jet boundc.-y shape Is attribvted to the difference in C?

n -res& tsc~te (sea--aio' (see Refs.53 emd 69) also ndcteasl~ght

increase in the rste of rziairg as the iralue of (.AT)j Is increzsed.

14.5 Jet Zc~ent EfIfects

1he lrpjortrnce cfSnla~;the jet imomertu Is discussed in Reforence G2.
Results obtainsd tru... .ubsernlc teotzs are pre-sented sbicb Indicate thrat the dowxwesh.
arigle &nd tl-e d-,a, --f an cirfoil !n the wa~e of a jet exlheust are both inde."endedt- of
temperature *-e te- moncrtim Is edIntained constant.

V1. DiSCL'SSIONI

* l keeping Othb the prev!=~s Section. tbe discssnloo of the results will be
se!'artted Into t": Cae37C!5 of jet exilt effects wtd d.te effects. "hee

cat~ris cn asobe houht fPs those effect i~~ r not aiected by-jet
nixing and t'hose ehic% atre affected by mI*.r.

15. JEI' EXIT EFFECrS

s pcizted cut in ! efo~ence 20 :,.d dis~ussed In S cton 11- vtdiinz of t.e id~i
inclaten .e G.' t:!- jet,. . s :ha aotn rec- Arezent !n order to

d;=l;-cete !ct ilt e: ct!. btue a cmdel trl *cll scale 7tAce.Te re=sults, of the
prvosSection nnd ::f mzy Jnve'tt.=:itoms &,23-3 tkat tiAs ent-e Can be predicted

aecut-CII- b.1)h.qt.'CSfrex~nin(e
secton 11 th 1.1).e~tia ora ~-ulnlenntn(e

Irhe resuite p.. Prvol r-s2 lridlctte that bese ---rrcrsults zznd data
L p~~ff~cte- bV ex'1zhit- s3 ~tin czn be correltted:n! tcsts ccendu"cted tti variOus

~ ~'s o~ia.Inscre cbt:-In:ed by =f:ienj thzt rczle ccsditions Viwh
ZJve -_" e se initisl1 inclinttIon nn-&e *of t-he let produce ida-t~cel results.

~O S Ct'! ~- t ~3C~rtie ben deive tc rn~de n expreasion
re~- ~1l=~V-' -a'Ch zt te L- tr car'l of a jet.

f~i- -t~i" f L~ee I= ~s- oreyer. byTU=n
tz I.w.i4 d 12. L, -v:-e 0.1 Su--rns injet
~~~~~t L-24t ; ' -c-. - suo
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noze boat- t l angle. 8. .and the free strtea fluid pro:*rtics aiusing the-simi-
larity parmtter -yUqi/36 zi~en by ~ain(121-3) to account for the difference in2

-jof the jet tiedia.

F~ate-forejain;, therefore. it does appesar that Jet exit effectsobiedfi
~4ltests-can be used with some measure of confidence In- pre-lictirz fall scale

results.

.6. DO0VSTErtAM EFFECTS

The re.sults presen~ted in Sectlon V. althoagh limited io scope. indicat tbi fi
the jet inclkmaticon an-le enmd CAmj are zatcbed the jet boun-dary shape vx-d tie position-
of the trmnsxi"teS shnck vill be -Euplicsned. -;oIded free stress conditions are-
zitcla, The strengt. otetrnited shuck ha~s been. saec to be a ftmttlohlo the

~rapasnetr. 3./: ,Z ith ell other cn.Clitlcns thisae n -lreseit
Zzma-am z-zziee .' %j h!zsi.t ciib

r hicb recpresents an increase in jet velocity. produces an increease in thle jet

Althugb, nzatchin- of (PT), e~pea-rs t3 provide a means of sinulitla; the m1ing
boundarr. no L-orrelation parameters are available for uise In pred~ctinS full scale
results fro.- data obtained at umtched conditions of (RT)j.

$when wing or til sarfaces are inizersed !n or placed near to the jet exbzzust.
duplictlton of tia jet aenenten has been shown to be an Important, equivalence ptfraettr

A1thug mst or the jet V. perties suzh rs velocity. tenperature and nEss flow waiy
downstreen of the jet exit, the jet zce-mmtn re=:dns constant and therefore U~PPearS
to be the =!.t criti-cal jet flcvw property for simulatimn

17. ADft71W(AL SEYAUlS

F4-= the fore~oing It Is zp;arent that plt:-oug-h 6any theoretical en-d expbrinenitil
stu-dics ';zye been sz-; to define the jet chrceitc.few systezzztic inrstlgatcls .1

haeeenne to d eelzne sitA-ttca pseeters and the feasiility of various
e~parmeet l- onivs.t the btsis ell the exist!-,.: data, tie jet pressure itatio

Is Ehcvza to hare VCe ;reatest effet on perforeence chmr--cteristics. Certanin char-a-
teris-4 es are affected by ccmdl tionS in the Irimn- te vicinity of the basve. Thes I-
czdtioms in t=r Lre sh'nto be af.eelted uont, by the ln~tlial itclination Angle of

-the jet. an~~itc ffected by dovztrexz Jet co-nd't~o*.s ere seen to be
dependent upo~n tbe pams-teers. " ei~ nd and '.!e Jet oetn

I1. the cold r-s zedia listed In 2Th'.le H. sitnUlt:eozs duplicttion of -YJsi
iI .ostee-Y7.iha3co-~et itrg fsc ~ ol fcus
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following 9race!Luf. Iitialy select at --as ubich &,-plic!es (FTnd jrthermitv -

* -srmcfy zx-dei oeri-O ato zztache:! jet -rews-e rntivs. pjIp,,. A-1, -ng i
not =atc!.ed. in ad-twatz'nt ~so~In !.of t:.e n~1to tatisf~y t~ ~m e

1! to wot. for dupliction of t!O Jet sboc V-porties. sirce. as -~_ia'
P±~ure 17. this correctloa does 1-- coec -2ete3.y provide teriecezs-.-y corrictloa t6 theJ

1~~~ - ica uri el e of the jet. A th ml nze xit aen;1e c;a4n be scuusted ecdordtmg'
to E42-tion -- IZi3) to a 'd crc f tLhe i-J*.4n1 inC*1net!on txle.
Of the jet..Snhino the r~I i',VIOrt-t Soealng PZM-Meter. the Jet
Is obtr-1ned by an zdszetof the todel1 exit arires c-3?Jln to -dtioo Un i)
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TABLE I

Sumnury of Scaling parameters

Sixulation Parometir. for,
General' Matched Streca CQnditions.

Jet OCaracteristic Sixtulation Phzraaete and Jet PressureRatio,

* Boundary In A~_
Quiescent Uedium( )

Boundary in(p
Movinig Stream . -***J7fi~~

Trans:mitted ______ YjM12

.j r~(T).j A- (RT)1

Kinetic Energy ~ ~ ~ (T

Internal Energy 1 ~i R~

Eatbalpy l)Yj (RT)j

(71 - i)-Y,(RT)~,

Vocentmn.YMA

Thrust A[j5 -( ~+ YJ - l]

Sound Power po.Aj 'Y"l2( 7I2 Ajv1i (PT) i



TABLE II

Properties of Gaseous Media

TR T

-Medium OR 7 ft-Lbf/lb OR fft.lbf/1b

Turbojet Exhaust 1450 1.34 53;0 77.006:,

.R5jet Exbiust 3300 1.27 59.0 195.00

Rocket Exhaust. 5700 1.23 70;0 399.000

Air 520 1.40 53.3 2'7.70C
Helium 520 1.66 386.0 200.00
Hydrogen 520 1.40 768.0 400.000-
Carbon Dioxide 520 1.28. 35.0 18.200
Carbon Dioxide 580 1.29 "35.2 20.00

.15 H2 + .85 CO 2 520 1.38 148.0 77.000

.46 H2 + .54 CO2 520 1.40 374.0 195.000.

.14 H2 + .29 CO2 + .57 CH 530 1.34 147.0 78.000

Air 3300 1.30 56.0 185.000
H2 + Air (burning) 2600 1,29 57.0 143.OO-

H2 + Air (burning) 3300 1.27 59.0 195.000

H 02 (.10 H20) 1825 1.27 69.9 127.500
JATO 3420 1.27 71.6 245.00

U)X + TP 5880 1.24 70.0 411.000

4

I.:



34

As 
A

S.

it 0

0) 0-

ri 1



7771 - - -

I

3~.
-

r

I
A . -

I
.1

'I 0 ~ 0* fl C Q C I
£ -1

a..

I -

-*1 . I
0 I

______ ______ 0 .1

a' 
I

___ ___ 0

.
g~- -I

- . .

I
b



36

44

11 8

0 [3 0 0 0 0
CD CY



~ j~C.. 2Z7Z~~77~

A --------- - ~---.- -
_______

37

0
_____ 0

8
Ov~ ~
- - Cu
a

-
0
ID

_______ 
_______ 0

____________ 
001

~'; ,v~.

(., a

_____ I _____ 2
.40 a

____ 
U8

I

____

0 0 0 0 a
2 a

' '



--. - a - -. ..- N - ' . . - . ,'. -,. ,X. ' ,'- ? " .'- - .. - * 1- -- ,. •. .

3s

-II

60 -

1.133

505

1.25

.30

2C

2 3 4 6 8 tO 20 30 40 60 *O0

Fig.2 Effect of the ratio of Specific he-ts of the jet on tc Jnit4-al Inclination

angle of a Jet ex austlng into a zedi-u at rest

EA



-39

C3

v44 41
10 0Ic

.4 A

11 04

.

00

-z7;

to4.

_ _ _ _ _ _ _

__) I
*_ 

__ ___ __



.;A

EXACT

28

24 2nd' 3rc- XC

I "\-See- Eq.(2-3)

16 --

12 / See Eq.(2-14) .

0-:3

02 4 02

?ig.4 Co-parlscn of initiral inclination rnnle of nL jet exhautscn Into P. redift at
rest calcuitted by za exict rund rppro~x~amte series solution
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