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Radial and axiul varkeliovas of fluid propertios, i.e., velocity, chthalpy, concentration, and
density, in free, compressible, turbulent, jets of partially dissociatel nitesgen (T, = 3800°K)

issuing into ambicent air were determined expevimentally. Isestizotions were eonlined 1w
the ncar flowlicld of the jets praduced by an eleciric-ure plosma gencrator since 407 0 of the
change in jet centerline propertics occurred within 45 nozgle radiic. Huadial properts vari-

ation- were well represented by the Gaussinn enreve uaually Tound in stedies of cold 1o T7ha-

lent jeks.
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thot jot fluid. enevey, and momentom flaxes cemained constane (10773 at cach <Lation.

Centerline jet fluiid coneenbration decaved most rapidly with axial distance:  centerline

eothalpy, in tarn, decay ed more capidhy than selocity . Faperimentol data olvainel in these

~tudics were in execllent agrecimaent with aorecent integral anals sis.

Nomenclalure

Jnoo= specifie head ot constant pressore
k= enthalpy

Ho o= b/ g —ha)

H?. = {h, ==k, 3/ (hy=h,}

A = torbudent exchange parameler for velooly
Le = Lows number
= nuss flow e
W = Alach oumber

G = maolecular weight
£ = presne
o= Praniitl joanber

g = genend properiy
- = padiad coordinate
Neo o= =elunidi number
T = Ademperature

o = axial weleeity

{7 = .lr/r(t

(£ = Ut; 5]

v = lrmneverse vi:]o:‘i!_\'

T = axial eoordinate

XN o= xin

= i~ fraetion of initial jet Aluid
¥ = {y — Unr)/(f)‘@_ - "fu)

Yo = lug — )/ ln — yal

z = Arunsverse coordbde

+ = riio ol specifie hest- .
= hrbudent eachange coctligiens
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po = denziey

@ = onvEen-lo-nilrogen alom radio
x = wle fmetion

Sechrseripts

fr = ataldenl ennditinns
¢ = crenterhine rondiiong
. = enal o conudifons
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Introduction

LECENT wttempts to prediet property variatinns witlo

hiwh enthalpy compressihle free jets have suffesed foo

a lnck of experioental data with whicl analyses eat e o
pared . Althongh it haed Been asswmed that high-entl
gas streams would exihit turhulent mixing chavaeteristios

cold jets that lave been <ubjected to estensive studv, thee
had been no experinental evidenee 1o suppott thseontents

Althongh tarbulent jofs has e been extensively studied, o
great bulh of existing experimental data is for unlwsted
A complete Dibliography of et wtalvses awd experinent-
wiven by Forstall and Shapiret s 10500 Selidners
sented o syumbiary of heated et experioents, bt i e
was the ratio of indtind et stagoation femperatiee toambe s
teraperiture greater than 30, Greoter tes al spred
ard decay were 1o generad noted bor heated jets ws vauipa?
with el jets,

Thie only experimental dita on Jets o temperature !
crongdt to produee dissocintion amd oy iongatisn whivh o
known fo line heen reported 1o dare s the wurk ol G
amil others nf Pringeton e vaed peabes siotae 10 il
weeek I the present stedy (o jnvestigate snoaee-Jeaded o
avzon saeeotosbed by anomdare streann of wnheased el
Althwongh extremely Tngl tenyeratures were pronbineed -f'-'-l
men Letnperatare of 238002100, the Mach auwler o
Row wits extrenely low (1 < 00110 The deeny vales ol
wore extremely borge, Deing ahont five tioes faster than t
t‘\'|]l¢'1l”_‘. U]}Ht‘]‘\'{'i} II!PI' t'l:leE 5[‘!-, [[ Wil .~||:‘Iul'=:|'|| (T

apparenthy Tvge seale ol turladeney ekt e e can
Diehodecay vate Grey noted that e seade ol frlntens
apperrent v senersded witlon e neggle, possthle To e

ttsell, wned vonrhl et beemtrodled Tae flone popraeter
ation= Dieowencral, the vesabis on <tdios condhoeted
Festted Jets aned wathe jots Tevvine coguposiiion- gt <!
[ragn coulaenet vevendend Aha Do bodent o of ness

certhalyne owas weore vpnd e toiendum L=l
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sobmereed  turbuleg® Jéls  under considemtion are
] ns aclass of ae H_\‘ﬂ:uniu problews ternusd Uree
e How When thE8Reynolds number ol the flow,
Lo Jet dimmeter, s greater than TS o zone of Libu-
«ining will begin at ahe point where the ciwerging jod
Cromes dnte contiet with the stationary wmlnent field.
penatie dingrasn of an axially syounetrie free turbulent
Jpergim frany o nozzle of finite <ize is shown in Fig, |
S U petential eore of the jet the invised flow solufign
piliealile atwl all ow conditions are ]\|1‘~L!\r~|| al iheir
ol exit valneso However, the turbulent mixing zone,
s initiated at the peviphery of the jet, where dision-
Gt veloeity first oxdst, spreneds Lo the andx wntil Ji
rises the ente flowfickl. Downstream of this point
fow i termed STally developed ™ T reality, the bound-
o betweens the potential core und the fully developed re-
o is ot sharply defined, and there s a U teansition” region
Laween the two portions of the fAlowfield,
The bowndarv-laver equations that are assumed to apply
s flows in the abseniee of pressure gradients are

0 0riipur) 4 {0/ar) P”‘) {1}
O_H) ) OH) Q{
g) e wy)
oy W 19 fru Orj)
Y e or  ror (.Sr ar (3)

Sl 3, v 3 [ru O, 19 ar
o T T Or(]"r 0.-‘) +r or \ Pr Wfr = 1) %

9-3,")+-' 0 fur e — 1 Zf a"’) (4
aor 2 :

7 ar K“)

[ obvions that an asanupiion of Prandi] and Schanudi
wihers of unity wreatly simpdifics the energy awd species
wservation telationslupes making these cquations formually
bitiead o the momentam equation. The veloeity then
e eelated to enthalpn and jet Auid mass fraction through
[ P lategral.,

When all quantities are vepresented as the sum of 8 thne-
arseed and a flumtuating component, substituted into the
nndaey-laver equations of motion, and the resulting rela-
nis ate then averaged over time, the fluctaating com-
dients disuppear exeept for products of the fluetuaiions
Lise mean value 13 not zero, For axisymmetric com-
valble flow, the momentum and continuity  relations

R T N A
LTI S A LN B ety 5
Py Ty TR s T T g e B
/02) (pur) + (/00 per + ple'r) = 0 (6)

[lwse relations are then infegrated over the transverse
wrlinate employing an emupirieal equation for the radial
swimtions in jet fluid peoperties. The usual formalatinn of

He peaperty variation in the developed region is taken
Iybis

r,rf"r,rL = expl —0.069320r/r,) 2} (7

The apparent shear stress (pun’} ix nsually velated to ihe
velwity gracient by the expres<ion

—-—p?.r';’ < pel D Or) {8

ahere e s the turbulent exehange cacflicient snd s equivalent
acdle Rietatie viseosity in lammar flows, The viudoas
l\]lnllu <~ that have bren enpdived o relate e tarbulend,
swhange coefficient with tlie mvan quantities of the fiow Juwe
leen reviewed by Warren.?  The relation generally appliod
i free turhulent flows ix Prandtls by pothesis,” which resulls
1k

= Kt ~ ) )
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Fig.1 Schematic diagrant ~howing the coordinate system,

for any cross section of the flow where b is a measure of the
jet width and wy i the velocity at & In the fully develaped
region of the Row the characterisiic jet dimension ix the jet
half-widdth (rs), defined as the radial distance at which the
local velooily is exactly one-hialf the eenterhine veloeity.  The
tirbulent exchange coeflicient then can be expressed as

£ = Krbut/2 (10y

In addition, it ix evident that, in free turbulent Aows, the
momentum, chergy, sl jei fAnid (n contrast to ambient
fluid) fluxes must remain constant at each plane perpendieu-
lar to the jet axis. Therefore at cach axial position the fol-
lowing relationships must apply :

2 fom putr dr = const (1)
2% ﬁ_’m pilf, — h)rdr = const (12)
2 fom puiy — yuirdr = const (13)

Warren? performed an integral analysis of jet miving i
which he assumed the parameter K 1o be consiant thronghout
the flowhield, By epmparison of experimental data with hig
analysis hie found that A conld e expressed in terms of the
initial jet eonditions as

= (.0434-0.0069 [, (14)

Warten s analvsix has yeeently been extended by Donaldson
aned Grevs to the very high temperature jet in which dissocia-
tion and large density differences oeenr. They  sssumad
See = 1in adddition 1o Pr, = 1. U'nlike Warren’s analysis,
then analysis mdicates that K s a function of axial position
and can be covrelated with the 3ach nnmber Af (e, ).

The abjeciive of the presend study was Lo extend the ox-
perimenial kiowledee conecrning tarbulent jet mixing ta Ingh-
enthalpy levels at lugh subsonic Mach numbers, a realm not
previously investigated, and to compare the experimenial
rezults with available analvse~,  The experimental properiy
variations in the radind direetion are 1o be compared with
the form of 1he racdial profiles usually assumed in integral an-
alyses of turbulent Jet mixing,

Appuratus, Test Conditions, and Mrocedure

The jet mixing experimenis were performed in the high
enthalpy exhaust jet produced by a 1.5-Mw cleetric are gas
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confipuralion,

heater®  In essenee, the are heater consizted of a cathode
assembly, an anode asserably, a plenum chamber and an exit
nozzle as shown schematically in Fizo 20 Blectrie power
to the plasma generator was suppiied by two Perkin-Ehner
G.5-Mw reetifiers. Gas entered the plasina generator through
a sertes of et holes in the wall of the chamber loeated -
tween the anode and cathode. The eas strenm was heated
to a high tempeeature GRO0PK) as 1 flowed through the
eleetrte discharge between the anode und eathode and then
was exhausted o atmesphere through the are exit nozzle,
A 20-in~diam baflle plate was eated in the nrozele exit plane to
simulate a Jet tssuing from a hole in an infinite wall,  Nitrogen
teommercial grade) was employed as the working fuid in al)
experinients in order to obtain the Jong are rupning tines
reqatred for conducting the investigations,

Are gperaling conditions were scleeted to insure that the
hgh-temperature exhaust jets were turbulent and had high
subsonic Maeh numbers,  During the couese of the Jnvesti-
salions, three are operating conditions (Uable 1) were enn-
ployved.  Measivemenis of vadial and axial property vari-
ations were made at the first operating condition, whereas
anly centerline property decay was determined for the two
yemaining points.

Sinee fow instabilitics associated with peculiarities of the
eleetric are heater would grossly affect the experimental data,
considerable effort way expended In investigating the thue
characteristics™ of the plasma-generator exhaust jet.  High-
speed motion pletores (2000-8000 {rames/see) demonstrated
that jet fliapping instabilities similar Lo those noticed by Grey
and Jacobs® in theiy investigations were essentially eliminafed
with the are configuraiion employed in this study.  In addi-
von, ineasurement of the sound pressure level of the exbiust.
jet dicated white noise (120 b} over the entire frequeney
rangs from 20 to 10,000 ¢ps.

Varations in the free jet velovity, enthalyy, and coneen-
tration were determined from measurenents made with water
vorled enthalpy and pressare probes. The vooled enthalpy
probe (D.1587-in. o.d.}) was stinilar o that deseribed by Grey,®
The instrment yequired the measurement of the mlet and
exdt eopling water temperndare, the exit temperature of a gas
sampde dimwn theough o saompling tube 042-in, LA o
vated oir the probe axts, and coolunt water and gas <oaple
fow rates tor determination of the local gas stagnation ea-
thalpy. With the exception of gas flow rafe, all subsudiarvy
measarements  were performed  using standard techinigues,
In bawing the gas sample, e was taken to msure that
senic velocity was abindned st the rear of the probe gas sumple
line,  Henee the gas flow rate remained constant during
sampling.  Colleeting the gas s w koown volume and nwa-
uring the wmitial and Goral pressare and temperature allowed
e fow vate to be deterimned from the equation of state,
provaded the gas composiion was known, Taoeal values of
the stagnation presaire within the jo were determined Jdoe-
g the conrse of the enthalpy wewsuvement= by plaeig a
calibrated pressure tramsdoeer i the samphing lne bhetween
the probe-wmd the valve, which, when opened, allows a gan
sutaple to be drawn through the probe, A portion of the gas

PSRRIV I VI TLLNLS SR FY RN B D
meyees i osder 0 minimize the di-t
probe strocture an the pressire mes-n
statle pressures were found 1 be wit
al every positton within the jet 11
orcorred at e satal posiion correspn
potential cure.

The probes employed e ahe et o
pluciad in the flowficld by raeaus of
which could move the instruments i
amd axia! direetions, "Fhe vanions lean
et aof the probes allowe! their Joeatic
determined with wn zecorues of 0010
forming the radial sivevs at cach ave
were taken to insure that each probe e
horizontal plane, which passed throug
mum jet stagnation  prossure, A oabr
followed in measarement of jot conterlin

Duata Reduction

The basic principle emploved in cun
obtained with the embaliy probe to
thalpy in the jet was an cpergy batune
sample and the probe cooling agnae. }
probe from S heated jet wis determine
was =<ample theough the peobe nnd the
through  the =ampling  tabe Measor
temperadurd rises, zas and coolant Row
porature as i left the probe allowed the
1o he rdetermined {ram

ieoCnel AT, = 3T

wt,

he = + €

When it s axsumed that thermodynam
static pressure of Tatm prevailed everywhy
the staghation enthalpy  stagnation press
postiion were sufficient 1o determine all oth
gquantities of micrest sueh ax speed of s
ratio, densitty, temperature, ete., by an i
As w first appranimation, the stagnation
sumed 10 be the statie enthalpy allowing 1]
andd specific heat ratio to be computed from
tionslips,  The loeal free~tream Mach n
evalnated fronmn the lsenteapic flow relutionsh

PP o= U4 [y = 1) 2]

and e local velocity was samply the proda

Tabde | Summuary of 1.53-Mw/arc operal
ict uixing experiments

Operating coudirtion § 2
f, aup SHHD )
Vv 4t KLY,
IS [N ooy
hoth, A3, G4 B4 5
R Bogib 4400 1N
i, [RTRREY 145
M, () TN TR
Ny dissoetated o o)
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ol the sound speed. ( IJW estimate of satie enthalpy

dien pven by

. o = by — w32 (7

ions were continued until suceessive approxtmations 1o
Ltie enthalpy satisfied the eriterian

g — b hon = 0005 (18)

e reaim yeloeisy was taken to be i and state vari-

L were computed From thermochamieal equilibrivan using

datie entlalpy, statie presspre. and gas composition as
e lent variabes,

o loea] contpositiog in thie Jet was converied fron free
en eoneentrations determined by the oxyvgen analyzer to
s frnetion of initdal Jet fuid by means of the proeedure
ol below, A recent analy<as™ of rapid guenehing of
snenifragen mixtures from high temperatures in sadl-
woter tubing has shown that, for initial gas temperatures
(e vivimty of 3000°K, the voneentratinn of nitrie oxide
Janed constant at its freestream eqanlibrium coneentia-
hroughout. the cooling proces<. However, at room

gerature,  chemical kinetic!  enpsiderations  indieated
A the mitrie exide wonld be almost completely converted
o ntrogen dioxide for its dimer) by reaction with oxygen
Lo o short period of time. Consideving the stoichiometry
Cthe praretions,

L

NG + 0p— N, N0, 2N,

[ fuel that the argon-1o-0xvgen atom ratio in the sample wis
Latieal 1o that inoair, and the facy that, by definition, the
w ool the mole fractions is wnity, the oxygrn-10-nitrogen
g ratin ean be expressed as a funcuion of the free oxyygen
ol Teaetion in the eold =ample {xa,} and the nitric oxide
L tretion o the Jot {xxol

xor + xxo MM
¢ = 5

=LA c— (10
~ 1O0MSx0, — (/2 + 0.0448) xxod /00, (19)

i degree of No0y dissociation (&) was defined by means of
cequilihrium constant as

j\’p = 126('2/(1 e a}]x_\‘oP‘JTlo-’rf)]L\ (20)

Lere £ was the gus presauie in the saraple bottle (1 atm) and

wted M were the molecuwlar welghts of vhe enld gus somple

vl the gas o the Jet, respeesively.  Ax a first approvima-
i, tie exvgen-to-nitrogen oo ratio was taken as

$r = xoulll — xod (21}

did the mteie exide concentration, and hot and eold molesular
wriglits were determined from chemicsl equilibrium. An
derdive procedure was followed until a suitable convergence
alerval between suecessive approximations to the atem ratio
was abtamed. The jet fluid mass fraction was simply

I — 37175

= —— -— preara 22
b+ B[/ TRy + 00224090,/ N4) ) @2

)
whyre My, MWe, and Sy were the atomic weights of argon,
wwvgrn, and nitragen, respertively, with the constants mps

Table 2 Mamentum, energy . aod jel MTuid fluxes
arc opcrating comdilion }
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Fig. 3 Stugnation pressure distribition-radial-operat-
ing eondition 1.

resenting  nitrogen-to-oxygen and argon-to-nitrogen  atom
ratigs for gir.

The computation of enthalpy, velocity and mass fraction
deseribed above was perfermed simultancously by a digital
compuler program. A mare romplete deseription of data
reduclion procedures ean he found in Ref. 10,

Experimental Results

Although enthalpy measwrements were made ondy in the
fully developed region of the jei, the exisience of a core in the
wand sense (Fig 13 way demoensteated by the stagnation
pressure profiles shown in Fig. 3. Radial distributions of
jet velocity, enthalpy and jel fluid mass fraction are pre-
senied in Figs, 4-6 Tor the primaty operating condition (I'nhle
1} at several axial positions.  The radial property profiles
were iitegrated numerically to obtain the momentum, encrgy,
and jot Huld Auxes ot each anial station {Table 2). The
initisl decrease and subsequent inerease of momentum Aux
with axigl distance s quabitaively simidar to that fornd by
Snedecker and Donaldson'® for cold jets. They aitribute
this behavior to pressure gradients set up Ly the entrained
flow on surrounding ohslacles including the baflle plaie in
the exit planc, The merease noted {ar downstream may
have heen caused by the exhaust fan Jocsted mm the wall
opposite the jei exit.  The energy flux shows a similar be-
havior. The apparent ingrease in jet fluid flow rate with
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Fig. 5 Stagnation enthalpy distribution-radial-operating
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Fig. 8 Radial curve fit-slagnation enthalpy,

downstream distance may be duc to the nitrogen enriclin
of the ambient fluid, which was caused Dy opouting
nitrogen are for long periods of time.
\ where entrained fluid composes g greater proporibm of 1
jet Buid, the assumption that the ambient fluid s wnl
alr may cause mereastigly largs ercors,

Thus, diwnstion
H

Nevertheless, p

mentum, encrey, and jet flutd fluses were lound 1o v

vonstant to within £109,.

Lach radial projerty wae o

malzed and compared 1o the form of the peoperts

turbulent Jet nixing see I, (7))

profiles was obvious.

perimiental centerline value.

10}

jets.

Jet fluid concentration distribution-rudialoperat-

RAQIUS, inthes

ing eondition 1.

width ut cach asial station.

ation®%¢ waally assumed to hold in integral analvss

Normalized property variations are presented o P 70
Although the least-squuires Gaul=sian crror eirve @i son
what Fuuliy arreement at the outer edae of the Powlich] th
wervvinent was good in senerelly amd the the similanty o 00
A number of data points neat
centerling were found to be Jarger than untty beeiese
value of the centerline property resulting from a lewstf-nn-
saquare curve fit to all the data was slightiv Jess tha thes

The jet half-widih (e, which denotes the radial ~pread <
the jet, was used 10 cliacterize the trbuolent wisiie

The conent ot i

agreemoent with the vesnlts of Jacobs ¥
Rewchardt? suegested  that the Prandil aumber_in
purbulent: flows could be evaluated from experimenc|
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The half-width boundaries of the jet were nod Jioe
functions of axind distunce as is the case for weompres-lo
The curvatwre of the eapertmental Bompnaliries 1
sulted from a comhination of compressibility cffeels anel 1
fact thiat at 4.0 . from the are exit nozzle the flow wa

transition Letween potentis! flow i the core wnl full o
veloped flow farther dowisdreanm.
width inereased most rapidly with axial dstance; e
thalpy half-width was, in tuen, larger than the veloeity Traic-
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cnprien o the praperty preofile [Bge (7)] results g
o-dnp hetween the properts hall-widtde and the farbo-
Prandtl numiber

Pro= (r, /gt (24)

Lothe entlab ratw s veplaeed by the concentration
e eeponend 1 B, 1233 beeomies the tehadent. Sehonict,
wr el oan expressunn simikar to that for the Prandsl
Ler v oltaged, O this basis turbident PPranddd
A sl Lewts numbers were evaluated at caeh axial
Goelabbe 33 These tabulated values may be taken
sl o the errars inherent i analvses of hiobulent
whly gsse equal rates of omentum energy, aed
franster o free tarbnbent flows 7>

Joeurvess of veloetty ) enthalpy, and coneentraton
ceplormend For all theee are operating canditions. The
Sitechme was tahen tobe the loeus of points ot which a
pens apaet pressure wus abserved. The ohserved

ol deeny withs asial distatice of Jer voeloetly, stugnadion

dpe, mnsh et flunedl muass Traction Llor aperating condition
copnesentend in Bes T1=030 0 Over the eange of the initial
Al vo=ielered ) there was vers fittle ofteer of initial
Vil number amdSor enthalpy rate on the cenderline
For eucls are operating eondition, enthalpy deeaved
crapnll than d veloeity Toitially, the Jet fluid mass
o deeveaaed moa wanner zimdlar to enthalpy, but far
sl eoneetitretion decaved ot wocate siuslere 1o ve-
These vartionz i the behavior of ecnterline von-
g were atiributed o the niteozen envichiment of the
st fluil as dizeussed carher.
aoveloety deray was compared (g 117 with the in-
wihle relation=hip of ilinge and Van der Hegoe
“he compressible analvsis of Kleinstenn,'? and the
atanalvsis of Iimaldson and Gravy The bighly heated
ceatblie Jots conaliderid in the peesent study has shorter
bngtbs and move pupad dveay than predicted by the
pesaible formdation. Altheush the work of Klelo-
s founel 1o be valied for Slightls campressible jets,
tod predic U the behavior noticed in the present study,
i heeguse of the lnearized asvinptotic natire of the
o Aereenient between the experimental data and
spressible furbulent mixing analvsis of Dongldson® was
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Fig. 12 Staguation enthalpy distribution-axial-congli-
tion .

Conclusions

The p:"inmr.\' objoctives of the mvestigations wers aeeens
plished. A ~table high-cuthalpy tavhodent jet of high sub-
sonie Mach number was surcessully prabed, and s mivng
and deeuy characteristies theeeby established. These ce-
sults were compared with existing theories and Tound 1o
agrec very well with the predietion of Donaldson and Grav.®

The pramary conehistons of the present stady are Jisted
helow,

1) stable, Wgh-temperature, dizsocialed Jet satable for
investigation of turhulent Jet mining ean be preadneed using
eleetrie aresheater Lechnieues,

2) Mass was found to be transferred e mapidly than
energy, which in twm spread more vaadly than did momen-
b

33 The bigh-temperature Jeis investigated bad shoriee
cove lengths and more raptd decay than laconypressible jets

43 "The rates of jot spread and decay can be predicied by
a theory that properly accounts for the elfects of dissariation
and the axial variation of the twbulent exchange coetlicient
a~ a funrtion of an approprinte Mach number: the magni-
tude of the baste wirhulent mixing mechanism = not affected
in a noticeable way by the high enthalpy levels investigated,
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