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ABSTRACT

The effect;s of dissociative and ionic nonequﬁl&bpmm_ on
nozzle flow characieristics, the flow in the stagnation region
cf a sphere and heat transfep pates ars investigated both
theoretically and experimentally. The content is divided into
two parts. Part I describes the work on icnized argon,
while Papt I is devoted te dissociated nitrogen. The
thaoretical calculations for noneqguilibrivm nozzle flow wers
caprpist ocut ermnploying the rslaning gas model suggested by
Féeeman and using a digital computer. Tests were mads in
the one-inch arc-heated wind tunnel as follows: i) stand-off
distance of a hamisphepen ii} heat tpansfer pates to a
hamigphere and a cone with catalytic and nongatalytic surfaces,

and iii) heat transfer by padiation,

Congclusions dpawn, among others, are: i) the ionic

regombination rate constant of argon 1s not greater than

5 x l()'g?"E’.e'q"5‘::m&6mole:—xgsac@Es where T isin K,

Ry ¢he variations of shock wave stand-off distance for a sphere
due to the fbaé en nésu_pe of the flow are verified, iii) coppen,
chromium and émainnass steel have the subface ca&aly&ié
poaction rate constants of the order of 10 fps for surface
pesombmaﬁon o&"nis;écg@no and two bémmsﬁzicate ceramics
arFe much less catalytic théﬂ thess metals, and iv) the

hezat transfer to a hemis phsre from ionized argon is greater
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onized flow and this ccgurs Begcause

ned.

than thet from non-

the boundary laver is lonically frozen and the cold surface

acts as a fully catalytic surface to the ionic pecombination.
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INTRODUCTION

Th.e rapid incraase in flight speed during pecent years
has made the studies of hizh temperature real-gas offests
essential, ‘ At around 1000CK, i.e. corresponding to the
flight condition of M = 4, the vibrational snergy of oxygen
and nitrogen is sxcited; at 3000°K, or M 2: 8, oxygen stants
disscciating; at around 8GO0 O, or M= 15, oxygen and
nitrogen start ionizing, These activations ape all energy
- absorbing processes and the amounts of enspgy involved are
of the same order as the total energy of the gas., Tharefore
the performances of an agpcpaft flying at high speeds is
strongly influenced by these effects.,

A considerabls amount of work has been dene both
theoretically and sxperimentaliy on reai-gas effects at high
temperaturs {Raf, 1 of Papt I}, As a result, the flow of gas
in thermo-chamiczal squilibriurmnm has coms £6 be understocd in
some detell, When a potentially active gas is brought to a
high temperature from a cold state, or vice versa, it takes
a finite time before it reaches a steady state. The ultimate
state beyond which the activation doas not proceed is called
the equilibprium state, The equilibrium state is a _func:t.ion
of thermodynamic propertics only, and therefore s’mrolve_s,
less uncertainty . The greater difficulty is in the so-called
noneguilibrium state, where the gas is in the procsess of

reacting to reagh equilibrium,



ks

Since the flow conditicns encounteﬁed in hypersonic
reeatry inclugde those in all degrees of nonequilibrium state
as well as equilibrium, the knowledge of noneguilibrium flow
is essential to the Qndepstancimg of real-gas effects.

Thers are mainly two types of facility for producing
the high tempeprature flow suitable for real-pas effect
research, namely the shosck-tube ant the arc-heated, or
plasma-jet wind tunnel, . Of thess, the shock-tube has two
corious lirnitations, i.e. the short duration and the limit on
the attainable energy level of the gas, The development of
the plasma-iet wind unnsl, which is essentiaily free of the
apove limitations, is only recent and many of the basic problems
of arc-hoating are still unresclved { Ref. 2 ¢f Pant I), Because of
this uncerainty in the arg-heating mechanism, the experimsntal
WwOPrk one can garry out at the pragent stage in the fisld of
nonequﬂibpium rasl-gas effects with a plasma-=jet wind tunnel
is quite limited,

The g}ampsée of the present work is Lo investigate some
af the moest important aoneguiiibrium real-gas effects
pelevant to the p;&as‘magj@t wind tunne! fest Qﬁfidétﬂﬁﬂ87:~
Disscciation and ionization aa‘-'é ireated mainly because they
ars the most ssrious effecis, and eleciron tefmperature
sguilibration and meleculay vibration ars mentioned in
connection with the two main offects. The discussions are
divided into two parts, the first part is devoted to mmgmj

argon flow while the second part is concerneasd with dissociated



nicnrogen, in both paris, the processes considersd ape
2 &) 3

i) the wind tunnsi nozzie flow, ii) the flow in the sizznation

s

region of a hermnisphers iii) houndary laver flow with hea
transfer, and iv) padiation from the jek exit flow.

"The theoretical basis of this work is taken from the
sxzisting literature and the theoretical tpeatment contained here
is mostly an sxtension and ﬂetaiked manipulation of such
theories. Ths entirs work is simed to derive useful
conclusions on: i} heat transfer to @ reentering bedy, and
ii} basic physical quantities related to the reenipy problem,
i.e. reaction rates, transport peeperties and surface catalytic

activities,
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i~-1, LAST OF SYTMBOLS

A 1 nosgle orog .,n.,;e*rzxawal araa

CD : Emzen spegific heak 'at coastant pressurs

D v diffusivicy

duhg :

g 1o’ stagnation point velecity gradient

2919 LY

B : eleciricel energy loput £6 plasma-jet ;mas%

e ¢ voltago acrass head slectirades

£ 1 velccity profile function { £ = dffdh & ulug |

: endrgy profile function = bypfh

Iy : emshaloy = b + @ Shy o B z'lb unless otherwise stated

Evﬁt s Cota cmh':ipy = o« -;-u“); "

i s fm 2o enthialpy = Gp i #

23] : nization onergy s 16,300 Biullb

h€ s frozen total enthalpy = b + ~3;m3, Beulib vnless otherwis
‘stated

E : electrical currsnt £to head olecLpodaes

i : = 0 fortwe-dimengional flow and = 1 for
anisymumesric flow

B s local Damkéhiep nanber

14 s RELo c@n‘smngn cm@m@m‘?’r =1

Le ¢ Lewie numbap

D

B ¢ waiop flow rate throeugh heed cooling pascage

12 ¢ gas mass flow pate through teansl, Ib/min

2
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unlass Cinerwise stated
rnolap numbere of particies

= PP/ Pl

pvessupé

overall heat transfer pate
local heat transfer rats

Las constant op nc‘_se pading
dixétancé from centep 1ins

Sehmides numbsey

temperaturs, K

clectron temperaturs, CK
peference tempsrature = 183,100%K

velocity in x and y Jdiregtion
plasma-jet head cooling water lo2gs
distance along and norimal to wall

vsf@pence .iehgzh

throat-mass flow parameier, see g, (23)

effective frozen spscific hear ratio

" stand-off distance of bow shock wave

plasma-jei head efficiency

frozen thermal conductivity

viscosity

dimensionless length parameter in ¥ and y dirostion

density, e~ Smele
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reference Sangity » 3,78 crrfsme}a

no

frozen Frandil numbep

S

eguilibrium Prandtl manber

‘iq

A
ok

polaxation time

iomizaticn fraction

&

Subscripis

a ! aEom

o t critical Doint

= + sguilibrive

S ¢ edge of poundary layer op shock layer
&= : frozen

wmE ¢ mass flow method .

ph : power balance mothod

w : wall

g : clestron

" : nozgle throgt

& 1 test section of wind tunnel
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i-2, THEORY

i-2.1. Fundarnentals of noasquilibrivum ionized argon

It is kndwn that the state of a ,gé;a in thermo-ghsmical
equél&bpinm can be determined by using the paﬁéit:;on
functions when these are knowa. { In the present work the
germm éhexmodynamﬁe equiliba’ium will be used ko énhépéﬁs to
a Maxwell - Bolizmann distribution as well as vibrational
equilibrium, while chiemical equilibrium is referrad to the
eqguilibration of réactions botwosn Gifferent species, i.e.
dissociative and ionic equilibrium.) For a pure menatomic
gas, Bray and Wilson {Ref, 3) have shown that ghe flow of
gas can be approximated by using an ideal ionizing gas model,
witich noglecys the secdnci order terms in the partition function,
In the ideal ionizing sas, the equilibrium ionization fraction
ie determined by the simplified Sahé éac.juétion {Ref . 3)

'3

2 - ry ‘ '
&, B (Y o) . "
lw?bg' P T ;7 :

where ¢ is the ionization.fraction

Nj.
¢ - Ny« N

and the subécﬁpﬁ;s a and I pefer to the neuiral stoms and
ions, PQSQ@CSiVQiya- ' qu.ﬁl) is accupate to agzpmxfamatéﬁy
5% within the range {Ref, 3) .

06005<q5< 2.9

0.001<pe 160  atm.



The state of gas is determined by {Ref, 4}

T .
p= PRT{1 +c;‘7§') : {2}

The eiectponf temperaturs Tg is not n@cgssapily equal to the
atom ‘&:ampepatupe T in 2 nongquilibrium ionized gas hecause
i) the collisions involving olecirons ard accompanied by
padiation and thepafds’a are nog g@h@x’auy elastic ones, and

ii) the fraguency of collisions botwasn atoms and clecirons is
much smaller than those betwoen the game apecies and so the
electron temperature may lag bahind atgm gemperaturs, or
vige véx'sa, in a ctzangﬁng flow stats. The enthalpy of the

ideal lopizing monatomic gas is

, T ,
B o= neghy = CpTodhy = 2500+ AT+ . (8)

The eguilibrium electron temperature  Tgg is

contreiled by the ra_dfsas:ive property of the gas, In the weakly
ionized regime (£ < 0.2 fop argon) the effsct of radiaticn is
very small {Ref. 5) and the ecuilibrium elsciron temperaturs
is approximated with sufficicnt accuracy by

Teg = T . {4)
in the present work, the consideratien is limited to this
regime only, and so Eq, {4) is used thPoughont, |

In a nonequilibrium flow, the eleciron termperature and

ionization fraction are changing with timre sven for fixed
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enihalpy and ppessure, i.e. pelaxing, and mmst be determined
. by eho pcelevant rate equations, Fob the preolaxation of glesiron

termnpzrature, Spitzer {Ref. 6) dorived the rate oqvma n, which

can be written £opr argon gas as

2% 7,32 x10'%¢ tlog AV T AT -Tg | (s}
: -7 TR .
whers Na 4,59 x 10 o
A x10 ===

For ionic relaxation, Bray {Ref. 3) depived the necessary
rate eguation in the same way as Freeman {Ref, 7) derived
the rate egugtion for dissoclating gas, which can bo wpitten,

neglegting pradiative regombination, as

2 ke, «i)%'u )"E‘%’ &%9} (o)
CY LI A ~Ple T o S

Tho pate constant k was obtainsd experimentally for the
shock-compression flow for argon by Byron and Petschek

{Ref. 6) as
48,200 ,
K = 9.2 x wwiw?’——?’ﬁi‘i‘l » 2} oxp aoﬂ%@a (7

Similarly for a m«mmbﬁm’;ng flow with hydrogsn, helivm and
argon MHinnov and Hirschberg {Ref. 8) cbtained

. ' 27 4.5
ks 50 m‘“ﬁ? . (&}

The ccn’dﬁcwn aegeHsary fOE’ Eq. {8) to hoid i$ that the fnoan
frag path of muwaﬁ ae.omcx is sufficiently snaﬁ@p nan the seale

of the flow field for the velocity distribution of tho noutral
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aLoms £o be regarded aé Mamveiliam Eg. {6} hoids for &
dense plasma in which the padiative pecombination is
negligibly emall campabed with the total x’élaxa&ien rate, In
thie calculation of ionizati’on level, howevep, padiative
racombination can be neglected sven if it is the major process _
- provided the absolute rate of the radiative recombination is
small compared with the tot:ag tonization level. The rate
constant of Eq. {7} holds for any continuum flow in which the
fundarnental equatz‘ions‘ (1) to {3} are valld, end Eq, (8) holds
when the electron density ie greater than 10tem™ far
- T > 10000K,

By introducing the relaxation time <, the rate eguation
(8) can bs written in the form

3T _ T-T
DL T

{9}

The rate sguation (6) which is nonlinear can also be wriiten
in the form of qu {9) . The appropriate relaxation time -

in the lattor cass is a function of ¢ as well as other properties,

[-2.2, Steady ons-dimensional .nozzie flow

The adiabatic steady one-dimensicnal flow of aon-
eguilibrium lonized argon can be solved u?’;ing Egs, {1) to (9

and the following basic nozszie flow eguations;

-eontinuity : PuA = m = conat, - . {10}
-momenmgm: gudu g _LgP (1)

dz P dadx
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. u . B .
enargy ¢ He = H +=57 = coast. f12)

For one-dimensional steady flow, the rate eguation' {9)

becomes )
an  T-T ' {13)
dx BT ~ : :

{(Note also that Eg. {6) can be written in the same ferm as

Eq. (13) with Tz peplaced by ¢ and T replaceli by fgl.

By introducing the dimensionless length paramessr

1Y

2 o e

Xo

whera %o 1 an arbitrary reference length, Eqg. {13) csn be
wpitten as

4T _ :

== = KIT-Tg) |

£ A t14)
‘ K s g
S Wt ;

When K is very large, Tz (or ¢} tengds to equalize papidly

with Tlor @gl. i.e. a near equilibrium flow. When K is

very small, Tg lor §$ ) pomains elmost unchanged, i.e.
near frozen flow., Thus K is the main factor controlling the
degrage of pelaxation . Since xy5/u ropresents the time
taken to gbafvei the distance xng at the velosity uw, zgfu s
called the mechanical transit time. K xs then the ratic of
mechanioal transit time to the relaxation time ¢, and is
called tho local Damidhier number, The popresentative

or characteristic DRamkohler number of a system is obtainsd



by Sﬁbssim&ing for u and T the most reprasentative valuss
of veloglty and pelaxation time in the systém;

in order to jciess;ér;.mzi.n@ tha flow properties in.ﬁoaﬁzeﬁ ‘
argon, oRe must solve Egs, (5) and (6} simultaneously with
the conservation eguations (10) g0 (12). The flow gystem
thersfore involves two degress of relaxation., Oince it is
oxtremely difficult to solve Egs, ({3) and (6) simuliansously
for a noz=ie flow s&:apaﬁng from a settling chamber, A
consideration ia limited in the pregent work o those problems
in which the departurs of clegiron zem;_mpémm from the atom
tempsrature ie small and may be éeglected . Thus, for

the calculation of icnic recombipation, the approximetion
Tg = Tegg = T (for Eg. (0} only) {15}

is'uged. The variation of elec&x’{aﬁ temperature Tg is
then calculated from the lonization fraction values cbtained
by using the.simplification of Eq. {15}, The resultisng
disteibutions of % and Tg are therefors the (irst approi-
matiané to the trus sclutions, and the procedurc compriccs

a kind of small pertvrbation method, The solutions are’
a«;cumatéo thersfore, o the order of rmagnitude of the largest

neglected teems in Eas, -{17) so {19), which is (1-T/7% )2,
The eleciron tempserature relaxation and ionic relaxation
are now mathematically decoupled and the resulting equations

are;



Hg = 2.5(1+ PIRT « fs; + 5 = const, N {16}
A.a4 dé{ _ 4"&' gN&ST{-“?R}
1 dat A dx 19
Tax P 1 147)
1=lpg- ;“g’) 3 29561{-4?3&'{’
T
de b
di g kﬁ .g»{(?-s {i- gﬁ»e T °§f’ ?52} (28
07 .g, 32 x zo“‘?ﬁf’iﬁ&vr T) . (19)
X 2
T
-7 _I2

\z 4.59 x 10
As 4,59 x 1 Vo3

Nc&é here that aﬁth@ugh the systemn of squations include two
degr-éga of relazgation, effectciveﬂy it involves only one degree
of polaxation, because the electron tempsrature dess nect come
into the temperature eguation (17) .

The sclution of Egs. (16} to (19} for a supersonic flow
is straightforward if m is given as an initial @ontié&:i@na '
Por a convergent-divergent nozzle flow s;amizng from pest,
there are two singulapr points in the low gpeed ﬁegz’s@nn Ons
eingulap ﬁcﬁna coours when the o‘@nomiinawxv of RHSE in
Eq. {17} is zZoro. Since the LHS of Eq. {17) is finite
the numerator of Ha, (17} must aiso be zero at this singulap
peint. In the perfect gas in whioch dPlas is zero, the

singular point is at the point dA/dr = 8, i.e, ths throat. .‘L"s
a flow with regombination, in which dPlax <0, this singulap

peint {s in the divergent portion of the nezzle because the



guantity in the papém;hesés in tiie numerator of Bq. {17} is
nositive., Anather singuiar pémz; is at the seitiing chamber
where u=0, fmeking Egs, {18) and (19) indeterminaie,

The boundary conditions for Egs. (17) to {19} are
given by éhé condition in the settling chamber. &n the present
work, it was assumed that the flow is cempletely in equilibrium
for all reactions and aetivations in the sertling chamber, i.s,

at x = -¢0 {in the settling chamber)

T = Ty {20a)
@ ¢EQ . {20n)
Tg = T‘» e - _ {20¢c)

in order to satisfy these conditions, Egs, (17} and {18)
must ba first sclved for the subs_cmic region between the twe
singular points to find the correct value of mass flow pate

. In the present work; the olutica in the subsonic region
is gé&ain‘e'd by solving Egs., (17) and (18) consecutively.

The Eampex’és‘um equation‘ {17) is first aolveci with an asszimed
distribution of along the hozzle, s&émimg from the dov&nsibeam
singuiar point. - The temperature distribution 'ebéame&i Emm
éhis insegration is fed into the ionic relaxeation equation {18},
which ﬁs ﬁm;égpas:ed from the seitling chambér toward down-
stpeam .  The resulting ¢ distribugion is also fed into Eq
"{17) to solve for T and 80 on.

in the first upsiream integration, the mass flow rate

m is assumed, When the upstream integration of Eq, (17)
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is terminated at a point sufficiently vpstream of the throst,
the pesulting pressure and temporature are comparsd with the
gZiven séi‘.izling chamber valuss and the mass flmﬁ rate m and
the temperature values are corrected in accordance with
Newton's itepative principle, The iteration is repeated until
the terminal va&uésﬁ of upstream integration agres with the
given gettling Qh&mbsv conditions _
The -déwr'isi;peam singularity of Edg. (E?) is oversome by

choosing the initial values of integration such that Eaq. (17)
is satisfied ih the Llimis, i.e. |

(%gw}c . Sg;c [ Ea. M?ij (21)
Theo values of ¢, dP/dx and a%pfcax® necessary for the
evaluation of Egq. (21) are obtainad from the preceding scluticn
of Eg. &E&f . Fop the first approximation, both ¢ and df/dx
aro assumaod as vapymg linoarly with 5 ; Once the distRribu-
tion of ¢ is specificd through the nozzle, the valus of T at
s0me noing ,ésx»z‘ upstreamn of the siogular point can be
determined by | AT =(aT/dz) ox using Eq. {21) and by the
conditions for a singma?itzy in Eg., (17}, l.e. bc&ﬁ the numeratop
ang d‘@nominamfape_zwo, together with the conservation |
sguations (ID) to {12}, The singular point for Egs. (18)
énd {19) is avolided by starting the integraticn from a finite
velogity, i.@. from ths péim where AlAg =5,

Once the solution for the lew spsed region is found, the
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solution for the divsx'ge'ns poeriion os" the nozzle is scpéightfoz’nvaapdq
The limiting value of Hag, {21} is e_;géim uéed as the initial
slops for cemper»ai:uﬁa in the downstream intogration .
The problem was solved numerically using the Fepranti
Mercury digia;_énl computer for the flow of argon through a
typical convgt‘geﬁtedﬁver:gent nozzle for a total of 18 sets of
opaxvacing’cohditiéns . Beocause the flow through such a nozzls
is @ precombining flow, the form of the rate constam; is ca!icn
to be the same as that derived by Hinnov and Hirechberg
. {Ref. 8) from measureménts in recombining conditions. The
magaitude of the rate constant is varied as 0.1k, k and L0k,
whera Rk is the value obtained by Hinnov and. Hirschberg.
The nozzle shape taken for the computation was the cae
‘i-ncoppox'ated in i;h(g_}_ﬁmper-‘ﬂal College one-inch plasma-jet wind tunnel
(Rig. i1, -whi@h was approximated by a hyperbela in the
convergeni portion and up to i:hé point x = 0,8 inch in the
dﬁvex’gant éoﬁtiong and by & pévaboia A

A VPN
Bx " 1.023x(inch) + 0.8

in the rest of thé nozzle, The hyperbola and parabola chosen
rnatch éach other smocthly at A/As = 1,323, The settling
‘chamber conditions ¢chosen are algo those of the Impsarial
College plasma-jet wind tunnsl. For the 18 casss chosen,
the cormputation has shown that the ﬁte@acive‘mathod converges
with a fixed step number of 150 and reaches the stable sclution

within 6 iterations . Thé rosults of integration arse :presem;ed
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in Figs. 2{a) to ale}.

As saen from the figures, thers ie moderate relaxation
both in the oleciren temgaépatgxre and fonization fraction under
these gonditions. The electron temperature is only slightly
higher than the atom tempeprature at the ﬁoniézéi;ion loveals
P> 0,02, .ahd by up to 30% at the very low ﬁdniéagion levels
%< 0.005. Thus the requirsment set éapliéz'n in Eg. {15),

‘that the electron temparature is equal to the dtom éempemmma
(for the calculation of ionlc récombination onlyl, is met to
the firet approximation for these conditions . ' The ionization
Eraction falls steadily through Ehe‘nozzie and there is ho
‘sudden freezing’ point in the fiow, a trend which -wassh’owa'i

'E;ay Bray (Ref, 4. The g@mpamwm and pressupe ém
appreciably incréased by the recombination in the di%epgent
portion of the nozzie, and the axit éempemwﬁa and :pmésum
are ssn@ﬁtivaly affected by the recombination pate used in the
calculation undor these circumstancss . A

The equakion of cem:.imziﬁ;y Emvsug{l %:n_a nozzie

= by A | |

gan be rearpanged, by using Eas. (8), (3) ard (15}, as

T Polze 2
fy = 2.6 125 i22)
whepe |~ is-the throat-maas flow parameten
e . 123)
F, - Fo fl1+BIRT,

The papameter [ was calculated from the computed resuits
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Fig. 2(a). Typical variation of ionization fraction and electron temperature
along the wind tunnel nozzle, computed result, Aew/As = 35, p,z 0.25 atm.
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Fig. 2(b). Typical variation of temperature and pressure

wind tunnel nozzle, computed result, p, = 0.25 atm.
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of mos;zia flow pmpes‘tnea and was Emmd to be closely agual Lo
=0 ‘725 ‘( lerpor] < Eﬁ%) (a4

for all tho cases censidered. The valus 0,725 is the value
for the perfect ghs (Y = §/3), The results of computation -
shiow therefore Shaz the frozmen em;hélpy is rsiated to the

factor (pgf 2 in exactly the same way as in the perfect gas
and is dipectly proportional to {pg/ i), for the range of

condictions considersd ,

1-2.3. Sheclk wave stand-off distance of @& sphere

When a sphere is placed in a wx'mé tunnel nozzie, the
fFlow DN‘QG@QS across s;sza bow shock wave of the spheore and
within the am::@k layewn arsg in gmemi afﬁ'@@md by the rolaga-
tion pb@n@mam ywithin the nozzle .  When the stand-off ciz 5Eanee
is vamr zmall c@mpapad wilth Lh@ nozzle E@mﬁm there are in
genaral &:m’*ee limiting cascs m the d@gpe@ of nsneqmlmpwm
in the flow tchamugh the nozzle and shock wave of the sphere,
They ars, in descending order of Damkbhier number ;

i} case E-E; equilibrium both through the nozzle and

behind the shocl«:ohéﬁ*e‘, K is very large,

| it} case B-F; equilibrium through the nozzie but frozen
behind the a-,-hgc».,, K intermediate, and

iil) case F-F; frozen both throvgh the nezzle and
olind the shock, K small,

A foupch congdition, i.e. the case F-E {frozen through the nozsle



and @qaﬁiiﬁpium behinrd the shock) is not likely to oscup becaé.sse
- the chargeteristic length behind the shock wava is obvicusly
‘much smaller than the nozzle length. |
. Rop the ahov.e mentioned limiting cases , density does

not vary much within the shock layei’ in the direction perpendi-
cular to the wall, Thus the shock layer theory of porfost

gas {sse .8, Ref, 9) can be used to calculate the shock wave
stant-off éés&ancso Accqmmg to the shock layer theory of

2 porfect gas, the pelative shock stand-off disténce is very

glosely a funciion oaly of density patio

gy Lo
B A

where £. and £y are the densities in the fresstream and
at the point just behind the normal portien of the bew.sheck
x;-:aveo Cammparing with the e«zipemmémm rosults of Ref, 10,
it is sesn that for density ratios of arcund 4, the stand-off

distancs is best approximated by

4 088 ~
R "B . (25)

When the flow is lonically frozen behind the bow shock wave,
{ 5@?@0 and in the ﬁ‘a!ﬁew-mg dizcussions, the eloectron
&@ﬁngammk’-a is csaum?ad £8] E:%a.ma‘ 2ame as the atom tempera-
tupe ), rogardless of the d@gm@ of ﬁoizﬁzatian and degree of
m@ﬁ@qmubmum in front @f tha ghogk, the d@nsﬂi:y patio is then
determined by the - Rankziﬁaehmg@nm& relation for a perfoct

gas, b.e. v=5/3(Ref. 3}, When the flow behind the shogk is



in eguilibrium, the density ratio is determined, again

irrsspective of the degree of nonsguilibrium in the ﬁ’ée%@;mamb

by solving the hopmai shock relations, '
fuies = fotle

2

2 Fx)
< Ej& - L%ue

oo * Pg

Hgo, = Hyg

simuitanecusly with Egs. {1}, {2} and {15). Of the thrse
- limiting cases mentioned caprlier, the cases E-F and BE-F
will result in the same stand-off distance, because in both cases
the density ratio is determined by the perfect gas relation,
Thus the shock wavse stand-off distance of a sphere placed in
the test section of & wind tunnel is determined in an ionized
monatomic gas only Dy the degree of noneguilibrium behind the
shock wave in the above mentioned limiting cases, i.,@. in-
~dependent of the condition in the freesiream

The shock wave stand-off distance of a 6.4" diameter
sphere placed in the nozzle considered in §I-2,2. under a
varying enthalpy levels, is calculated for the two limiting
cases of frozen and equilibrium flows behind the shock using
Eqg. (28), and the pesults ars shown in Fﬁg .3, The effective
area patic of the nozzle in this caleulation is taken as 2.7 so A
that the result can be compared dipéctly with expepim@ht {see
$1-3.2. Note that the nozzle profile does not come into
consfsdeéaﬁon in either squilibrium or frozen ionized flows .} .

The displagemaent thickness of the shock layer is cal@élai:ed
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Fig. 3. Shock wave stand-off distance of hemisphere in

ionized argon, measurement at m=0.15 1b/min.
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by rﬁhe theory of Van Dyke (Ref, 22} for the sample flow
conditions portaining to ﬁ:h'e computed solutions in §i-2.2. and
is added to éhé thickness of the ehock layer to caiculate the :
total stand-off distances shown in Fig, 3.

The exact stand-off distance in a general relaxing ionized
gas flow is at present unknown, It is inforable howeven that
the true stand-off distance in the relaxing flow must lie betw een
the éwo limiting theoretical values of Epozen and equilibrium
flows. Fopr the flow conditions solved in §1-2.2., ons expecis
that the actual stand-off distance may be close to &ﬁe fromen
flow v,glzu@e because the flow through the nozzle is only mildly

relaxing .

1-2.4, B oundary layer and heat transfen

The effect of ionization on boundary layer ﬂové was
originally estimated by Rutowski { Ref. 12) and Adams
{ Ref. 13}, By @xmﬁdﬁng the known property of the solution
of boundary laver sguations, they concluded that the heat
transfer rate from an lonized gas may not be much different
frem that of a nonicnized gas. Following these two authwéa
Cohen{Ref, 14), Hoshizaki{Ref, 13}, and Pallone and Vaa
Tassell (Ref. 16} solved the case for the houndary layer flow

of eguilibpium air using Hansen's data for the transpont

" FAp abridged version of this section, along with the experi-

-

mental ccunterpart, $3-3.3., i published as Ref. 26.
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pproperties {Ref, 17 }; angd Fay and Koemp {Ref, 2.8,} paxle: a&:cfﬂ
bhoth quﬁhbmvm and frozen cases using Yos's daua {Ref, 19} .
The worke mentioned above give results which are similae to
gach Gﬁhep ami thoy show a general trend of decz’eésing
Nugselt number in the lonized regime, me rato of decreasa
beﬁng more papid with equilﬁbpium flows than with frozen flows .,
E:gpepﬁmau@ak rosults of Rose and Stankevics (Ref, 20}
agree approximately with the ‘equiiﬁbrpmm flow theories of the
above menttoned authors, Quﬁ@a ﬁndepandehzly from these
aythors, Scala and  Warren {Ref, 21) studied the case of aip
both theorstically apd experimentally and report mi‘za&; the heaaz
tranefopr rates increase rermarkably in the lonized regime.
» Since [mr:mé is such a disagreement on the reported
effects of icnization and since there is no rigorous theosretical
trgatment, 5o far as the presant auvthor is é&{«gavea on the
boundary layer flow of n@nequﬁlébrmm i@nix"zeﬁd'argengasa a
ﬁ‘.heoby using & simplified binapry gas meodel is deyelopsd in the

follewing section.

i-8.4.1, Transport properties of neneguilibrium jonized argon

i ie known {Ref. 23) that in an ionized boundary layer,
the strong Coulomb attraction beitwesen the opposite charges
prevents ciectrons from diffusing fasten fm’mu 4] mo cold iayer
ant that the lons f.mf.i electrens diffuse effectively in pairs at

twice the rats of diffusion of tho jons. This is termed
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" ambipolar diffusion’ . Becausse of this effect, ichaa’ge
separation does not ocoup, at least in continuum flow, and the
boundary layer flow of a nonequilibrium fonized gas can be
treated as a neutral plasma flow, 1.8. as an electrically
neutral mixture of ions, electrons and neutpal atoms.

The I:Panépo_m properties of nonicnized argen gas at _
high tempsratures are calculated by Admur and Mason
{Ref. 23) and those of jonized és"_gon by Penski {Ref, 24}, The
visscusizy values at 0.1 atin obtained by these authors are
compared in Fig. 4. As seen from Fig. 4, the two calcula-
tions agres approximately in the nonionized regime, T < 8000°K,
In the present work, the viscosity in this region is approximated

by
784

G, ' ‘
M = 8,86 x 10 (9{]00) poise, { T« 80CG0Y%K), (26)
En ths nom mg pegion, i.e, T 2 8000°K, the data of Pwmup
and Md‘?OD cannat be uged becausa the effem of ionization is
neglected nn thaip ca)&@ulazwn o . The vncseszty value given by
-Pen.;m is appm,umcz&eﬂy conszan& wﬁ&hnn the p@gwn &OGGOE{(;

'E‘< 18 GGGGK Hepe,, it is appmxnmdced by

s 26,3 % 107 poise, [80009K < T < 12,0009K). -{27)
The Prandil number is strongly affésted by ionization and
therefore tho data of Admur and Masgon cannot be used for

the ealculation 6f Prandtl number. In Fig, 5, the vapiation

of cquilibrium and frozen Prandil numbers calculated by
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Fig. 4. Viscosity of argon and nitrogen at high temperatures
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Pensitd are shown for p=0.1 atm @hepe the term Erozén
Prandt]l number is uséd to dencte the Prandil numbepr based

on en@ﬁgy gvansfep by collision alone, and eguilibrium Prandil
aumber by colligion and recombination under equilibrium l
conditions, see Hansen (Ref. 17). As seen from Fig. 5,

the frozen Prandil number decreases vepry rapidly as ioniza-
tion commoences. 1his is a result of a very small elestron-
atom collision crogs-section. Because of the particular

wave nature of the argon atom, the slectron-atorn collision
cmsscseczﬁon is extraordinarily small for argon gas at

around T =8000%K (Refs, 24 & 25) .  The slectron-atem
collision cross-geciion used by Penski varies from about

1.6 % 10°10cm?2 ar 70009 to abour 3% 10-16gm?2 at 12,0000k,
which is at least one order smaller than any other collision

. cross-sections in air or it component gases (Ref, 19},

Fop the purposes of computation, the Ppandil numbses
are appx*@xﬂma&;ed by the patios of two seecond order pgkyﬁ@mmls
m the ionization fraction, Those biopgﬂynémial approxirea-
tions of the Prandtl numbers are compared with exact values
in Fig. 5, |

. The transport properties of nomequﬁiibmmm ionized argon
apg so far unknown . In the present work, therefors, ghe
nonequilibpium properties are depived from the squilibriwm
properiies vsing the f@ii@wé&g asgummﬁgﬁs; |

) Vz’usggsi.t;y is independent of lonization; this is

approximatsly true in a weakly fonized gas, 9< 0.1 say.
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31) Prandel number is a function of ionization fraction
along, This is tﬁvue'l if the collision cross-secticns of the
various events remain constant., In actual fact, collision
cross-gections do not vary greatly except for tha cass of Ehe
Coulomb cross-section, In a weakly icnized gas, tho
contribution of charge-charge collisions o the total energy
transpont is vepry small, and hence the approximation is valid,

iii) The effectiw_s Schmidt numbser for elesiron diffusion
is +. Thisis based on the assumption that the effective
Echmidt number of ions is anis;,y in an ideal case whepe the
ambipolar diffusion effect is absent, which is approximately

trus, .The exact Schmidt number is not available.

1-2.4.2. Boundapy layer squations and theip solutions

The fundamental equations of motion of an ionized gas
can be derived from the work of Hirschfelder, Cuntiss. and
 Bird {Ref. 27). The resulting gensral é¢guations are, however,
too compli’éated to solve, and also the manséom properties
h@aded in thé general form of the equations are not all known.
There ars thres different approaches to simplify the fundamen-
tal eguations of moticn into those of a binary mixture,
These ara: ‘ |

i) Very weékﬁy fonized gas. - When the ionization

fraction is brought to an infinitosimally small value, the term o

containing diffusion of lons in the general eguations begome



noaligitly small comparaed with cther terms, and the muﬁti«
component diffusion coefficient relevant to eleciron diffusion
t;scérhes that of binary diffusion of eneézrons into atoms {see
Ref, 37). The resulting eguations reduce to thess for a
binary mixt:utfa,,' in which the diffusivity is the binary diffusivity
of clecirons into atoms . '

it} Binary mixturs of heavy particies and slscirens. -
Assurning that the collision cross-cections of iocns are the Same
as the n@uﬁ:ré! atoms, the gas can be teken as a binary mixture
of alegctnons and hosvy particles, i.e, atoms and iens, ‘The
Sehrnide number in this methed is half that for neutral atoms
and fons. If the Schmidt number for atoms and fons is vaity,
then this model is quite consistent with the assumption of an
@ffectiva Schmidt numbser 1 mads in the pmséﬁéngéecti@m

_ iil) Binary mixture of neutral atoins and alec&mﬁaﬁon
pairs., - Thie gas medel is used by Fay and Kemp {Ref, 18]
in theip aﬁalysﬁs on -ﬁonfgzeﬁ nitrogen., The diffusivity in
this method s twice that of ione into atoms.,

Thus all &héee models lead to binary mixture equsticns
with slightly differént definitions of diffusivity, As very low
jonization lovel, ¢ < 0.01 say, all thres models give the same
ansm\*épo In the present work, the sscond medel is used because

i} the effective diffusivity of electron-ion pairs is not
known, and | .

i%) the mest important collision cmaes»égcticn involving

ion is the lon-atom cross-ssecticn, and this was found to bs



approeximately equal to that of atome-atom cellision using the
maghod desoribsd by Hansen {Ref, 17) . .

| Pop the sf.:eady fiow of a bimary mixture gas, ths :.uw:iac

mental eguaticns in the boundary layeb becoms, neglecting

the i;hepmal and pressure diffusions (Ref, 28),

Ha=
§(u§+v=i ey(fD3¢ P'=%f~“ {28}
Sieur 1+ Sipv ) o 0 | (29)
2y du gp 3 ., O L
Nugx * Voy! ° ©gx *t35itoy! : (20)

oy g 2 (A Pl 28, 29
P(uax vyl 8““{‘?5“’"'5‘3‘”=ﬁ& + PDhgsg

d
+u°==—» (-Luaa} - m fﬁ La {31)

Theso egustions are non-dimensionalized through the following

transformation ¢
§ ;%aueu@zv d:& » J____ f P dy
v ¥ ;
purd  aZe , pPyr = ax . YI§. ) = f3F &)
w e Be P

4

o T T ¢ T T B g R

. Bags. (28) to {31) then become

n . T S "
lgg $Y rE g = KiPg-g) e 2L (05 egggagz {38)
UQEU@) Fs Q&fﬂ

. .:oda_. IR, S e e & -, 121 = 2



[6..{[3 «(Leai)g;’.} i"’f"(i-"“')] +£?‘g =
(03 -p i) - T Aem ) o

in which the prime denctes differontiation with respect to 7,
and K isthe Damkihler number, i.6. K=xnf{ugt) for a |
flat plato, op K= {atiduglaxl} =1 for the axisymmetric
stagnation point, ‘The boundary conditions for the K;}‘qs . 132}
to (34) ars | -

2t o0, f=f'=0, g=gy., F° R

at Meos, fugel, = &K,

Egs. (32) to (34) together with the boundary conditions
{35) are solved for frozen and equilibrivm boundary layers for
b@thiaxisym‘mewic stagnation point and flat plate flows., Fop
the stagnation point, Egs, (32) to (34) automatically becoms
similap, i.e. the RHS's identically vanish {Ref. 28). For
flag plate flow, Egs, (32) to {34) agein become similar for
eguilibrium flows (Ref, 14) . For frozen flow over a flat
plate, similar solutions are sought by assuming

&y = constant {corresponding to T, = B00%K}, {35}

PO, | - 127)

@

Fop eguilibrium flows, the sguation of spscies (32} i
replaced by the Saha equation (1) and the energy squation (34)

is reduced (Ref. 14) to



2 0
ng' Ug P | :
?E—+ht9 £°f (1=Ga)] + fg? =0 {38)

in which Gp is the equilibrium Prandtl number which
‘includes the effect of recombination. '

Under the condition of Eq. {37), the equation of species
{32) for a frozen flow is péadily integrable when both the
veldcity profile _fu‘ncti.on‘ £ and the viscosity-density parameter

n are known., In the present paper n is approximated by
n e (e (39)
Te

which is valid as the best simple approximation £or the test .
conditions of the ﬁreéén’t work . Because of the relatively

weak depsndence of the solutions on n, the choice of n is

not ¢ritical ., The solution of thé energy equation (34) is

cbtained using the .ﬁ’cnowﬁng iteration scheme. When Eg, (34) with

RHS zero is formally integrated, it becomes

' {24
ByBy exp(L(Leau.;&d?y)agwcAl +A,

G - T » .
w g% ggp[ﬁ{(Le=l)#ef%jdﬁ]®

{40}

A, o j’ % apr (Leauq,n,,g%} d'i?] f exp(j £ S-ay)ahALdn (40a)
< .

2 2 "
l«!@ G ] .Ji'_ o :
Ag = s Lﬁg @2‘9{[(L6°1.j #577}(% Rl R (‘50b)
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Ag = (Lg=1ig; ¢ + ﬁ*g‘#ff‘i’"(l—?»"ﬂg‘»’) {40c}

/==— eyp{f(l; =1)y‘>°di?}A arR ‘?;;{-\5“}? + By
£* ‘ exp{j {L -=Mc;c22{,’}

{a1)

Lexp( L t&ar)ag@y g

¢

Ay = + 1 axple | £ @71 (dlal
q = By OXD [ n

xpl [ ¢ an) Tor °

o .
2
ug® g

Aseﬁ?ﬁ"“‘mﬁ’"ﬁ"(im texpl [ {Eg-1) Fam) (41b)

In Egq. {40¢), the function g; isan appz’méﬁmaﬁﬁea for g
assumet op obtained from tho previcus integration. By
substituting appropriate distpibutions of £, 83, B, of? aﬁd' @
“in Egs, 140) to {41b}, the first appzvn zirnation for g is
@maﬁn@d; The second approx nmatnoa‘: is obtained by substi-
tuting mé first approximation of g into 81, as well as
improved values of f, n, ¢ and ¢ which are obtained by
integration of the relovant equations using the first approxi-
mation of g, and g0 on. For Ehe»ﬁmsﬁ: apbpozéimazﬁenn 81
was taken as the _Blasms profile. The mtagpation was carpied
out nusnerically u&s;ing the Ferpanti Mercury digital computer.,
The @énva_rgc{née'og' thils method is so fast that for 40,3, the
second approximation is accurate within £1% . A eimilap
procedurs was used for the integration of the energy cguation

for couilibpium flow, Bg. (38).  The momentum cguation (33)
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is integrated using the iteration schems smploying the lincarized
cguation

fne")T + £,6° +~§=(-%?+ -8 =0, (42)

The profile EE is &’iz'ét agsumead and then the equation is
intograted in a simitar manaep to that in Egs, {40} and (41) o
find the next approximeation of §f and so on.
| The result of computation is shown in Fig, 6., Fop
" a frozen boundary layver, tho boundary éondif;icn Eqg. {37}
dmplies that there is sm"«ﬁ’asé regombination cgual in magnitude
Lo (P D802 yi

i

¢he heat transfer rate parameter. g, /{l-g,) by (hi/fh) v o

we Tho offect of this resombination is to incroase

In Fig. 6, this cffect is taken into account, that is, the para-
mater g¢, f{1-g,) for frozen flow fs the sum of the value
obtained from Egs. (40) o (4ib} plus (hz/hye) P . ‘The
pressure taken for &he’caicuf,l.at;écn of squglibptum icnizacicn is
0.1 am _ |

In Fig. &, the theorstical heat transfer rates in the
‘sudden Ez*éez;ing’ . boundary _layexvs are also shown, Whan
the boundary layer is ioniczily pelaxing, theé lnner region of
the bmmdémy layer is likely to be in eguilibrium while the cuter
region remains frozen. . This is besause the ionic magdmbﬁc
nation pate is a émcng function of temperatups _anci dacresses
vémf rapidly as temporature pigss., The recombination in a
relaxing boundary layer is bound i:m;feizea place botween £wo

nearby stations % and ?22‘, between which the flow Dambkohicer
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number fans' from & large it:o aﬁ‘small numbep. from 10 to
0.1 say. ' At around ’73 = 1, for instance, the band 7]2
within which the Damkuhlep numbep varies by the factor 100
is o_n!y about 10% of the total integrating interval (o, = 6) .,
As a first approxtmation thepefopé, a ‘sudden freezing'
approximatﬁon is used to esumate the effect of ionic nelaxatxon,
“This means that one determines the flow pr'oper'ty using the
equilibrium flow relations below the ‘sudden freezing point®
N - 7é but using thé frozen flow relations above it. The
-‘fpeezmg pomta chosen for the computation are "?F =09, 1.0
and 1.5.

The result of the computation shows that for stagnation
poﬁm; flow the heat transfer rate in a f'x’oéen boundary layer is
much higher t;;an in equilibrium flow, and the sudden fpeeéﬁng
cases lie between the two exiremes. In the flow over a flat
plats, the effect of freezing is diminished by the increased

dissipation of kinetic energy at high ug=/hye values bscause

of a small Prandtl nemben,

[-2,4.3. Heat transfer rates t0 a cone and g hemiSphepe

_ " The thaopetncal pesults obtained in the ppecedmg section
are used to calculai:e the heat transfer rates to a 15
semivertex angle cone and a hemxsphere, both of 0.4"
diameter, placed in the nozzle flow considered in $1-2.2. at

the position where A/Ax = 2.7 . ‘The heat transfer rate to’
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tho cong is obtained by integrating the local heat transfer rate
DBy 1, 5 ug + ' ,.
L P 5 feMex) e~ by

" over the entire surface area of the medel . The flow condition

at the edge of the boundary layer necessary for the calculation

is found by using the assumption

Palg.
Foailes

= const.

which is valid only in a perfect gas, Using Egs. {22) and
(24) , the toral heat transfer rate to the cone becomes, neglogting

 ghe small terms,

5 Py BY By
Q = 5.9 % 107 2 iy, -3920 -7 Beusses. (43)

The Reynolds rzumbex" of &hé flow over a hemisphere of

0.4" diameter based on the frecstream con;dﬁ!:ion}& i.e. test
sacéi@n condition) and body radivs is around 100, and thepe-
fore the vorticity interaction behind the bow shock wave of the
hemisphsre may not bé neglected., According to Van Dyke
{Ref, 29) , the vor&iéi@;y interaction increases the stagnation
- point heat mansﬁ'ep rate at this Reynolds number by aﬁppoxﬁe
mately 10% . The resulis og computation for the stagnation
point 'pr«esen;a’d in Rig. 6, therefore, are muleﬁplieci by L.1to
cheain the heat wahsﬁ"ép rate at the stagnation point, The
local distribution of heat transfer rate over the hemisphers

iz not known . = Since, however, the nature of the energy and



spegias cguation, Egs. {34) and 4523, is common tc bo‘fh
lenization and dissaciation iRes’; 30), the lccal heat transfer
pate distpibution is asgumeﬁ to be the same as that for the.
dissgelating gas, and hence the result of Ref. 30 is used for
the ealculation of local heat transfer rates, The rosulting
overall heat tmansfep rate to the hemisphsre becomes, again

neglecting small terms,

= A E’b c
O = 8,5 x 10 45 Iv X "hm_,u *g;===°2 Brulses . (44)

[-2,5, Radiative onorgy tpanspor:

-Thers are a number of mechanisms involving elecironic
gzeitation and ionization in which ensrgy is radiated from a
hot gas {see o.g. Ref. 31). .For ionized argon, howeven,

Bond (Ref, 32) takes the inslastic two-body recombination

A +hY e A7
as tho maﬂn source of x’adndznon di: a progsure in the pange
0.001 < p 4100 atm, and calcu!az:dd the radisted power from
the gbove Process using q;uan&um‘ mecchanical theory. In the
| present symb@!s; his resuvlt can bs written as -

pad2 - =8 =l

w s E‘,E‘Z % 1034 T2°5 v ergcm Sos

in whichh h and Y ape Pldnc"“a constant and the frequency

of the ermnirted sgecawm expressed in C.g8.8, units. In the



present imozﬁka the guantum kY is determined simply by
- equating -

W = ionﬁzation peotential . . {45}
Bq. (45) is based on the assumpticn that the energy of ioniza-
tidn ig completely emitied by radiation in tha. two=-bhody
coliision. It neglocis the possible transfor of Kinotic energy
of the electron inte rediaticn ‘or transfer of recombination
energy into Rinetic ensrgy of the resulting nsutralized atom,
Since the two extransous transfer mechanisms ﬁmreive an
onergy of the order of only I ev, and since the two effcsis aps
ma;i;uaili; opposing, the erropr caused by mesiecting thase effects
. _.may be emall, Ecgo (45) is truo therefore, at 1ezst to the firet
order, if the padiatimn ﬁé being emitted pursly {rom two-body
collisions, that is, aésamimg the frsquency of the three-hody
mcambinatiem accsmpanymg pariial transfep of cnergy into
radiation is neglipibly sm&l! comparsd with that of pure twa-
body recombination. - It is oxpected that Eq, {45) wiil be a
good approximation for a flow in which thres=body reccmbi-
nation is:negligi‘biy small, i.e. frozon icnization, or esuiva-
lently, in.a flow of palativé!y low densgity in which the mean
fmaéz gaaé;h is too Raz»gé for the three-body collision Lo coour |
significantly. |

The eguivalent single freauency ¥V that satisfies Eq. {45)
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which liss in the uitra-violet range. The actual emitted
spactrum prosulting from the two-bady _peccmbinai:iom however,
is not likely to bo & di,scme%:e- Iine lying in the ultra-violet
range; it could be a complex of spectral lines or a ooniinvum
irn tho infra-red or visible regions, bosause tho transition
from a fres, unbounid orbit to the appropriate orbit of the atom
may ogcupr in stages.

Using the congition Eq. {45), tho continuum padisted

powepr psr unit volums cf ionized argon becomes

. 32 -
W= 293 x w,m‘%é%@; - wiatt em 3. (40)

The padiated power emitied from the flow at the exit of tho
nozzle considered in %I»Q.a’., was caloulated using Eq. {45) .
The rosuliing padiated power values ara used o compare witlh

the measured padiative hieat transfer retes in  §i-3.4 .
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-3, EXPERIMENT

TG vepify the theories given in the preccding chaptern,
the following measubraments were taken in a plasma-jet wind
tunnat ;

i) Stand-off distance of the bow shock wave from a
hemisphere:

ii) Heat transfer to a hemisphere and a conz with metailic
op ceramic suriaces: h |

iii} Radiative heat transfey.
In the follewing sections, the method of measurement and the

results are described and discussed,

[-3.1, The wind tunnel

The wind tunnsl mséd i 2 Plasmadyne AM-3 eupersonic
plasma-jst assembly (see Fig, 7 and aiso Ref, 33) vvh 1 has
throat and oxit diameters of 0,447 and 0.836 inch respectively,
and a cenical semivertex angle of approximately 6 degress
followed by a parailel portion of a length of one exit diamseier
as shown in Fig. 1.

The apc is initiated at an opan cipcuit voie age of either
320v or 160v: the stable operating arg voltag,c: is matntained
zt abount 30v . In starting at 160y @paa circuis, a fine cdyger
wire was inserted betwesn the main elettprodes to form a
short cipguit which fuses ang ﬁé blown away immediaztely the

arc is initiated .






Tihe gas flow rate m through tho wind tunnsl nozzie is
metered with a flozt tvpe flowmeter, and the water flow rate

throupuh the medel with an orifice type fiowrncter,

1-3.1.2, Observed nature of the flow

The tests with anr impact prossure probe have shown that
the flow is uniform at the exit of the nozzle cver §0% of the
exit diaméte’p {Ref. 33). Since the diameters of the hemi-
sphorical and the conical model are about 48"% of the exit
diamecter, and tiie meodels were placad close to the exit {Figs.
7 & 8), the offect of non-uniformity of the flow is thought to
be negligible compared with othep effects in the experiments

with those models,

The Mach numbopr of the tunnel fiow based on the impzact
pressure measurement montioned above vapied from 2 to 3
depending on the degr"ee of ncneguilibrium aséﬁmed in the
calculation of scnic spoed, i.e. the Mach numbep based on
the equilibrium sound eposd was less than clxé value based ca
the frozan éound epoed by a& much as 3%% . ‘Therefore, a
Mach number has not been uséd in any calculatioa in the present
- work, Tho cifestive nozzle éxit area ratic determined from
the impact pressure, oa the cthep hand, was relatively un-
affecied by the degree of nenequilibrium assumed in the
calculation and was approximately eguel to 2.7 '« Throughout

the work, therefore, the oifective arez patio of the nozzle






was takon ag 2.7 .

The pecord of voitage and cupréni:_ of the main cieotrodes
has sheown that the arcg is guite ésa_bie (Ref, 34). 'ths wearing
rate of the véat@pacooled elec&péﬁee was qguite low ard thersfiors

the ficw is known £o ba clean and steady.

1-.3.1.8, Retermination of flow pronariiss

Two methods aro used to detepmine the fiow proporitics
in the plasma-jot wind'tunnol, namsly, the power balance
methed and the ‘pressunre-mass flow methad’ , x}mﬁgh is often:
reforred éo as the mase-flow method, 1in the following

paragraphs, the two methods are descpibed and comparad .,

- i} Power balance meshod - A

"In the power balancs, oOP enéx'gy balance method, one |

A meaaqpéa the elec!;ﬁcél power input to the are olegtrodes in
the hea"tmg‘ head, E, a}nca the heatv rgiscted to the water cooling
the clegtrodes, settling c&ambep and {in thée pmsen& wind
tunnel) nozzle, W, Tho total enthalpy, cienm;és by Hypp o I8

then determined from

B-W - E ' ‘
Heom = s | 147)

Cne thon refers o the -Moilier diaémm to determine otherp
properiies in the settling chamber . ’

The asecciated experimental errop in this method is
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in which AT is the gemgémwm rise in the cooling water.

The factor 7 is called the hiead olficiency. The measured

vax;éation of the hoead éfficiency of this plasme-~jor wind tuanscl
s ghown in Fig. 10 .

In the mecasurement of ocoling water loss W, itis
desipable not te include tho 1css to the nozzle portion.
the pposent tunnel, it was impossiblo to separate the ozt
transfep to the nozzie popzion from othor parss because of the
large bullk of coppsr supénu.nding the throat and short nazz&e.,
T;zep sfors, the heat transier to the nozsle wall nmm the point
at which M=0,3 onwsard is c_aiculag_ed using i:he meﬁboq of
Ref, 35. The resuit shows that for éhe presens opomtmo
candisiax'x.o' the heat loss to the nozzle is only 1.8% in the
subsonic region and 1.9% in the supsprsonic popaioa of the
nozzle of the total ciectrical power input to the head, For
sﬁniplﬁcity » tcimt_’aﬁ’oxfe,, the logs to the nozzie véi! is neglacted

in ths calculation of enthalpy level Wy .

ii) Pressure-mass flow method.

A det nmd calculation of diopiacemont thicknees at the
throat was carried out using the method of Cohen and Reshotho
{Ref. 11) to determine the effective throsat arsa Ax . “The

calouiation shows that the displacement thicknoss at the throat
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is negative and can bo expressed approximately as

<. 3

% = -0 02{ milt;;armn)
whers g' and m: ars the displacement thickness and the

radius of nozzle at the throat, respectively. Combining the
above prelation with Eqgs, (22) and (24), the expression for

the frozen enthalpy becomes

Pn 2 :
h@mﬁ‘ a 1045 \ri +0.08 @“’"‘025”)} ("‘“""‘,O ) Btu/lb {49)
{ i m

The Mollier diagram necessary to detsrmine other propertiss
is given in Fig, 11 for ths range c-ﬁ’ imtersost, which is a
modification of that contained in Ref, 36. The maximum
experimental error in the determination of frozen enthalpy in

this methed is simply

$ Dpns §Po S s Ax)
Bpmf i Ax {50)

The tunnel head efficiencies calculated using the above
two methads ake compared in Fig. }10. As seen from the
figurs, the two methods agree to within the possible ex cpopimen-=
tal agcuracy. The relatively wider scattering of efficiensy
values obtained from the power balance method is belisyed to
be due to the greater erpror assgociated with the form of the
Eq, {48). Fop exampleg the expepimental errors of 1.5%
in veolt- and amme‘tsp raadings, 1% in thermocouple emf,
water {low rate, gas [lowrnetar, gas pressure and settling

chamber pressurcs peadings angd 2% in pesding the chant gives
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in tho determination of . Hypy and M. ﬂasulcan; erpors of
16% and &% respectively under typical operational conditions,
In ths prosent investigation, thersfors, the mass flow method
was used to determine the flow conditions,

The trua éom:x*allﬁng factors in a plasma-jet wmd tunnel
arg the electrical power input E and gas mass flow rate m.,
The most conveniont method of plo%&ﬁng the axpefimem_:al pasults
dirsctly is to plot them agalinst the slectpical power input pep
unit mass E/ ﬁ’l' at different mass flow rate m, becauss the
factor Efm is roughly the indication of enthalpy lsvel of tﬁe
flow. If the tunnoel head efficiesncy % is a function only of flow
enthalpy H; ., the input powepr E/m is a direct indication of
enthalpy level ., |

The variation of the factor (pg/ #n)?, which is a direct
indication of frozen emthalpy {see Eq. (49)) and hence Hg,
with the powsr input E/m is shown in Fig. 12 . Fig. 12
shows that the factor {po/m)? is quite well correlated with
the input power E/m, implying that the méasupaments of
lpp/m}? and E/fh are both accurate. Fig, 12 also shows
that a considerable portion of the input electrical energy is
consumed in lonization, for 1’1:‘ there is no energy absoprption
due to ionization, (pg/ m)? must vary approximately lineanly

with E/i%! °
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I-3.1i.3. Flow condition

The theoretical calculatiéns in §I=2°2° were performed
for the typical operating flow conditions of the plasma-jet wind
tunnel used. The first crucial assumption made in the
analysis in §Ic-2°2n was that thermo-chernical equilibmum
is established in the settling chamber. It is not clear,{from
the results of the basic {low fmeasurements presented in
Figs, M;‘ and 12 only), whether this assumption is justificiable
in the wind tunnel used, OSince, howsver, the centhalpy levels
calculated vsing the power balance methed and épessm*e=mass
flow method are approxzimately squal t0 each other {within
% 10% of mean), it is inferable that the departure from equili-
brium in the setcling chamber is smell, if any. {This point
is discussed in detail in §I-4.1.) The other assumption
used in %qucza was the assumption of adiabatic flow. The
deviation from adiabatic flow in the tunns! was calculated using
the experimental results in §Ie3°4, and is seen to be vepy
small (see §I-3,<§° ). The results obtained in §1-2.2, ave
therefore dirsctly applicable at least to the first order,

The typical_ operating conditions and the characteristic
constants for each condition are presented in Table 1. The
values in the table explain the pertinence of the basic fermulae
u;sed in the analysis in %Ia-a.z,, » bL.e.; 1) the maximum tempera-
ture in the tunnel, i.e, the settling chamber value, is not greatep

than 12,000°K angd hence the equilibrivm sleciren temperaturs



Taple 1. Tvpical operating conditions and gharacteristic

constants of wind tunnel

unit 1 2 3

gas flow rate m Ib/min 0,15  0.i5 0.15
head power input E | kw 16,9 27.7 35,1
settliing chamber pressure Po atm 0.191 0.215 0.225
head efficiency 7 % 28 31 34
total enthalpy Hg Btuftb 1850 3250 4500
frozen enthalpy hge " 1770 2430 295@
ioniz aticn {raction 45 % 0.05 5 9.5
seitling chamber temperaturs Tq CK 8000 10000 11000
exit temperature equil. Twg " 2200 43300 8500
exit temperaturs frozen Te " 2100 2690 3000
axit tempeorature relai. To " 2100 3300 4600
oxit velocity Ve fps . 4200 4700 5300
exit dansi_ty B X 104 amagat 9.2 7.9 7.2
electron density Nge. x 10-14 em=2 0.12 8.0 I3
exit Reynolds number per inch 660 420 340
Reynolds no, for sphere model 120 84 68
mean free path in test sestion mm 0.073 00083 0.093

{ hard sphere approx. )
meoan free path in shock layep mm 0.024 06.028 0.031

{ hard sphere approx. ) ' '
Debya shﬁeldiné distance in test

section x 10 mm 93 14 8.6
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is almost equal to the atemn temperaturs {(Eq. (4));  ii) the
fiow temperature is higher than 20000K and the electron
density is greater than 1013 for ¢ > 0.0005, and thepefore
the recombination rate constan: of Hinnov and Hirschberg
{Eqg. {8)) can be used ;  iii) the mean fpee path is still very
small and so the Maxwell velocity distribution can be esta-
blished within the neutral atoms and therefore the slactron
temperature relaxation equation of Spitzer (Eq. (5)} can be
used, |

In Fig. 13, the temperaturss of the flow at the nozzle
exit as determined by the varicus methods are shown., As
ssen from Fig, 13, the exit flow tempeprature is controlled
sensif;ivaly by the ionic rescombination process. The result
of spectroscopic measurements carpied out by Adcock and
Plumtree (Ref, 37) agrees beiter with the calculated electron

tomperature than the atom tempebpatuprs .

I-3.2. Shogck wave stand-oif distance measurement

Iilumination pictures of the shock layer over the hemi-
gphere meodsl were taken in the plasma-=3st wind tunnel , . The
camera used for this purpose was D. Shackman & Sons Mk 3
Avto-Camera fitted with a 125mm telephoto lens. The films
used Wépe the low speed, fine grain, 3%mm Pan F films.
Thes éxposum time and apsrture wers varied from 1/200-£22

to 1/25-(5.6, At high enthalpylweisa the uniform neutral
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filteps of filtering ratics 2 or 4 wers used to reducs the light
amount, A typical picture of the shock layer is shown in
Fig, 14. The micro-photo-densitometer trace of the negative
is shown in Fag 15, The dehs;tometep trace shown in Fig. 15
is taken by scanhﬁng the negative of the pictune across the
stagnation region shock layer by a micro-photo-densitometsr,
The abscissa in the densitograph, Fig. 15, is the distance
along the stagnation streamline, and the ordinate pepresents
the brightness of the gaé at a point on the stagnation stpeam-
line which is related to the brightness by a nonlinear function
{ses @.g. Ref. 37}, The shock wave positions are determined
sither by extpapsiatmg the trace of the densitograph as in
Fig, 15 or by measuping the distance directly from the negative
using a traversing microscope., The shock wave stand-off
distances measupred in this way at differsnt enthalpy levels are
compared with the theoprstical values derived in §I-2.,3° in
Fig, 3. |

Each vertical segment in Fig. 3 represents a measured
value, the cenire representing the mean value of the readings
&akém from the densitograph and from the direct reading, and
the length Amappésemmg approximately me range of uncertainty
in madihg arising from the diffuse nature of the shock front
(see Fig. 15). ' '

As seen Epém Fxg 3, ths measured stand-off distances
agree better with the theoretical calculations agsuming a frozen

fiow bahind the bow shock wave., There is, however, a weak
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tendency for the shock sténdeoff distance to decrease at high
ionization levels, showing that there is a Weak recombination
behind the bow shock wave. The trend indicated by the
measured results therefore agrees with that expected from
the predicted relaxation in the nozzle (see §Iu2'.3,) The
flow DamkShler number behind the shock calculated using
the rate cor;stam; of Petschek and Byron (Ref.5)" is smiall but
not negligible and hence a weak recombination is expected

behind the shock wave, -

1-3.3. Heat tpansfer measurements, hemispliere and cone

The heat transfer models used are a hemisphepe-
cylinder and a 15° semiangle cone both of 0.4" diameter, and
are water-cooled inside {see Figs., 8 & 2), The total heat
transfer rate to the hemispherical or conical portion of the
model is determined by measuring the difference between the
tempeprature of cooling water going into and coming out from
the test portion., - The thermocouples used are of a chromel-
alumesl type (Thermocoax) sheathed wire having a sensitivity
of 4iyv/deg. C. Both junctions were directly exposed to
the cooling water. The pesistance of the electrical leak path
through these exposed portions is found to be of the order of

10k8Y and is thebefcpe neglacted in the calculation of tempera-

An abridged vepsion of this section, aléng with the

theoretical work in §1=2°4., is published ag Ref, 26,



ture rise, Thra two thermocouples are ¢onnectsd in an
slectrically opposed cénfigm’ation S0 as to give the difference
in emf dirsctly, which is read by either a bridge-type, high
ppecision_botentZOmetféﬁ or an amplifier-meter, '

Copper and cePafnic surfaces were used on the models,
the ceramic coating being a Ferro 571 coating, consisting
mainly of boro=silicate éex’amﬁca The procsss of coating is
as follows : il degpeése the surface and blast-gclean with a
non-rmetallic oxide, ii) mix the coating compound, iii) grind
the compcﬁnd finely, iv) mix the compound with water and
electrolytes, v) cold spray, vi} fire at 820°9C for 3 minutes,
and then vil) air-ceol. The coating was developsd and
applied to the models by the Ferro-Solaramic group of Feprro-
Enamele Litd. The thickness of the coating was either
C.0010" or 0.0030".

The water flow pate through the models was kept between
0.014 and 0.04 Ib/sec, by keeping the supply pressure up
to about 10 psig. With éhis water flow rate, the temperaturs
rise in the cooling water measured by the thermocouples was
betwesn 3°C and 30°C.

It was ’vévi&'ied,, using an oscilloscope, that the tempsra-
tura reading of the thermocouples installed in the water-cooled
calorimeter had a pise time of about 3 sec; that there was a
random zemper’afuve fluctuation of about 3%,

- The heat transfer rates from the ionized argon gas to

the medels described above were measured in the plasma-jet



wind tunnel for the following range of conditions;
0.14 < w1 < 0,3 1b/min,
10 « E < 580 kw,
0.18 < py < 0.45 atm,
5x10°4< R <. 1.5 x 103 amagat.
The results of the‘ test are péasénsed in Fig. 16,

The theorstical valueé shown'in Fig, 16 for comparison
with the experimental results are taken from Eqgs. (43) and
(44), that is, considering the convective heat transfer alons.
This is done because the radiative heat transfer to the modéls
is very small cempared with the coavective heat transfer.
The sffect of radiative energy transport Lo the tested models
was estimated using the meas&;x'ed radiative heat transfer

‘rates (see the following section}, The radiating cap over the
hemisphere was assumed to have a mean uniform density of
3 times the fpeasts;eam value and the conical shell over the
cone surrounded by the conical shock surface to have a density
twice the freestream valus, The ionization fraction in these
‘padiating caps was assumed to b2 egual to the settling chambsrp
value. The radiant energy was assumed to bé emitted from
these radiating elements only, i.e. the effect of distant radia-
tion was neglected, The gas was assumed to bs perfectly
transparent, Half of thae snergy radiated by thess slements
was aseumed to ke absorbsd by the model, which is trus in
the limiting case of an infinitesimally thin shock layer. The

rasuit shows that the radiative heat transfep to the tested
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models is Iess than 2 % of the total heat transfer . The radia-
tive heat transfer is neglected therefore in the calculation of
heat transfer rates.

In the calculation of the theoretical heat transfop rates
to the cone, the mean of the equilibrium and frozen valucs
was used. The surface temperature was taken as the average
value over the entire mcdel surface, which was calculated
using the known wall thickness of the model and the tharmal

conductivity of the mateprial,
copper: 7.7 x 10”°Bufe~! sec=1 oK1

ceramic coated copper: 2.5 x 1072 o
The average surface temperature was calculated to be about
3.8 % of the total temperature of the flow and hence the -
error caused by the averaging is thought to bs small (see Fig.
12, Parpt I},

~ As seen from Fig. 16, no significant differsnce can be

found between the heat transfer rates to the copper and ceramic
surfaces, Since the offect of surface temperature is negli-
.gible, this means that either

i) all the surfacses have veryl similar catalytic reaction
rates for ionic recombination

ii} the boundary layer is ionically in 'ec':{u.il‘ibpiu; » &k
ieast in the vicinity of the surface, op '

iii) the surfaces have veny different catalytic reaction

rates, but they are all greater than a certain limit (see .8,



Ref, 38).

Since it is unlikely that the metallic and ceramic surfaces
have a similar catalytic effect on icnic recombination, the
possibility for case i) is very weak, From the present experi-
ment, it cannot be decided which of the cases ii) or iii) is
trug, Fpom the physical point of view, howevep, the cases
ii} and iii) are not much different from each other. Micros-
copically, for a catalytic surfacs, the interface between the
model and gas is of finits thickness and there is deegp inter-

. penetration between the media and the gas particles near the

wall ars trapped firmly so¢ encouraging them to recombine,

. In the ionic recombination process, the low temperature is the
main cause of recombination in this region, because the recombi-
nation rate is very large at low tempspratures as indicated by

the form of rate constant { Eq. (8) ), The apparent surface

ionic recombination is nothing but the gas phase pecombination
accelerated by s:he“l.ow tempex'atuve near the wall. In this-
Pespecz case iii) is a limiting case of case ii).

. The measured heat tr'ansﬁ’ep pa?;es to the cone model agree
wtmh the theopencal values baaed on icnic recombination rates
of k=5x 1027"1“"”‘B 5 wztmn the accuracy of the experiment.,

The measured pesults are obviously lower than the theoretical
values baged on a rate constant x:en times the value mantioned
above » 1.8, k=10k, but the scas;&emng of the experimental data
is too largs to dater-mme whethep they agree better with the

theopretical values using the assumed trus value of k or with
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thoss values using Q.1k. The results of this measurament,
thaprefore, partly support the rate constant of Hinnov and
Hirschberg (Ref. 8) and shoi_,v that it is not greater than the
value obtained by them.,

The heat transfer to the hemispherical model agrees
better with the theorstical values of frozen boundary layer
flow with t’uliy catalytic surfage recombination than with eguili-
brium boundary layer flow, showing that the bourdary layer
is ionically frozen. To check whether the result is compstible
with the local Damk8hler number within the boundary layen,
the local Damk&hler number K in Eag. {32) was calculated
fopr the boundary layer flow at the stagnation point, The result
shows that K is nearly zero within the boundary laysr except
at the immediate vicinity of the wall, that is, the ﬁ’peezing point
is quite near the wall. Thus theory and expsriment both
support the conclusion that the boundary laysr is ionically
frozen and the cold wall acts like an infinitely catalytic wall
undsp the present teécing condiciqm° '

In ordep to corﬁpape the present result with equivalent
data for air, the heat transfer rate at the stagnation point is
p!ott;ed in Fig, 17 .wﬁth the eguivalent flight speed as abscissa,
The eguivalent flight‘spesd was chossn to give the séme
enthalpy frvacl:ion; i.e, the pratio of enez’gy.consumed in ioniza-~

tion to the total energy, as in flight, N, and .Rn in Fig. 17
are the Nusselt number and Reynolds number pertinent to

stagnation point flow {see Ref. 20).



-78—

02 ' =
O copper present experiment ——present solution,argon
a cemmic] - ——Fay & Kemp(ref.18), air
X Scala & Warren(ref.21) —-~Scala & Warren(ref 21), air
:::i1:’Rose & Stankevics and other data (ref.20)
01; 3 4 5 6

equivalent flight velocity x 107* fps

Fig. 17 Comporison of resdts with other data, stagnation point .
heat transfer from ionized argon.




The differsnce between the experimental results pressnted
hepre and those summarized in Ref, 20 can be attributed to the
difference in the testing condition. In Ref, 20, the flow was
in equilibrium, whereas here, the flow is nearly frozen, The
conditions relevant to the work of Scala and Warren (Ref. 21)
are not known, but from the above, it seems that the flow must
have been frozen. The disagreement between the results of
Scala and Waprren and the theory of Fay and Kemp (Ref, 18)
for frozan flow remains unresolved, Fig. 16 also shows that
the difference between the thecrstical heat transfer rates from
a frozen and equilibrium boundapy layep in an argon flow is more
severe than in air, This might arise because the electron-atom
collision cross-section in argon is smaller than in air and
henca the frozan Prandil number decreases more rapidly as

the lonization fraction increases.

E-3.4. Radiation from icnized angon

The radiation heat transfer from the exit flow of the wind
tunnel was measured using a bolometer. The instrument
used is a differential type black-body bolometer cased in a
PTFE housing {see Figs. 18 & 19}). The sensing elements
ars two brass foils of 3/16" diameter and 0,002" thick placed

" apari. The slements are hung by three equally spaced

(S0

BS {{42 copper wires attached to the insids of a length of "

bore PTFE tubing., Two elemesnts are connected by a one






tunnel nozzle exit

‘approximate visible jet
] flow boundary (nitrogen)

-------------------

position of calibrating
radiater

asumed test slug

\ QI
\ ‘
\ viewing angle

bolometer main sensing
element

—— compensating element

Fig. 19. Sketch of testing condition of radiative heat
transfer ( original scale). ' '




fnch Llength of BS {42 constantan wire at sach centrs. Only
ona sensing elemeont, i.e. the eiement directly facing the
ragiation, is blackencd by lampblack. 8ix large holes are
arilled through the wall of the heousing to permit ready accsess
of the surrounding gases to all faces of the elernente, The
difforential tompsrature of the gwo elemonts is measurcd by
the difference of emf betwoeen the twe junctions {i.e. the junce
tions between thoe constantan wirs and the two foils) .  The
belometer is placed so that the main receiving element may
pick up most of the direct radiation {see Fig, £9), With this
arpangemenst, tho convective heat transfer to both clements
annul each other and only the differencs in radiztive heat
transfepr is degected,

The bolometor is calibrated by expesing it to an electrigal
heating clement under the same vasuum cenditions as in test,
i.e. Btorr, The clectrical heater is a cylindrical coil of &
diameter and 1,3" feng and was placed exacﬂy in the position
of the measured 'gas etroam fsee Fig. 19}, To determine
the effect of ambient prossurs the calibpatﬁo;i was pepeated
at G.2terp. The rasult of the calibpation is shown in Fig, 20,
and it is seen that the sensitivity increases as the suprpounding
fas density decreases, The rssponse -aimﬁe cf the bbzometep
to the changmg padiation is about ! min at 5 tore and 3 min
at 0.2 torp,

The bolometer iz placed at pight angles to the atis of

the jet as shown in Figg, 18 and 18, The rasults of the test
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Fig. 20, Calibration of bolometer
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are presented in Fig, 8l ., Shown aiso in Fig. 21 are the
theoretical values calculated using Eq. {46) which pequires
use of the values obtained from computspr solutions of the
nozzle flow proporties shown in Figs. 2 and 13. The figure:
shows that the theoretical values agree with the experimental
results within approximately 30 % at moderate ionization
levels 0.04 < ¢ < 0.1, but are several orders of magnitude
emaller at low ionization levels ¢#< 0,61 . The savere
departure of the experimental resulits from the theorstical
values at low power levgl suggests that thers is over-ionization
in the exit flow, i.e. the ionization level is highep than that
predicted by the theory assuming equilibrium in the setting
chamber, Ons possibility is that electro-magnetic fields may
increase the ionization level in the plasma-jet wind tunnel
- both in the settling chamber and the nozzle. The prasence
of over-ionization may also partly account for the depapéupe
of the experimental heat transfer resulis in the case of the
hemisphere from the :heobeticai values at low fonization ievels'
(see 3Q1-3.3.). |

The largest source of error in this measurement is the
possible inaccuracy of the bolometer calibpation . Even if
| the calibration of the bolometer is carried cut at the same
ambient pressupe as ﬁuping the experi.mants, the absopptive
and convactive propsriies of the ambﬁen_r. gas canniot be simu-
lated propenply in.the calibration. Fop axample‘%:gga célﬁbx‘aa

tion curve obtained at Q.2¢0rp is -used., the expepimental results
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bol ter O m=015 Ib/min

reading A m=0.22 Ib/min
mvV

theory, based on
calibration at
p = 0.2mm Hg

theory, based on
calibration at p=5mmHg

0O 15

5 .
E/th x 107 Btu/Ib’
Fig. 21. Radiative heat trunsfe:r from argon.
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of Fig. 21 - come very close te the theoretical values at
high enthalpy levels {sea Fig. 21}, Since a pressuprs cf 0.2torp
Papveserié:s an effective vasuum (note that under these conditicns,
the convective heat transfer rate is praportional to density},
the true values would lie betwesen the values given by the two
calibration curves.

.The deparmurs from the adiabatic condition which is due
to the radiative encpgy transpert in the nozzle flow, is sstimated
- by comparing the total ameunt of radiation loss to the total
enthaipy . The total amount of ensrgy loss 'pep unit volume
is the time integration of radiation loss, 1.6. [ wdt, Fop
a rough comparison, the enspgy loss w inthe ﬁntegﬁand is
taken as the maximum velue of the energy loss in the system,
i.9. the setiling chambsr value, and the tlme interval as the
total mechanical transit time through the nozzie, Thus the

ratio

WAt
Hy

was calculated for the ralevant operating conditions,. The
result shows that the ensrgy loss which is due to radiation is
less than 1% of the total enthalpy for all testing cbrsdig:ionsa
The assumption of adiabatic flow used in §1-2.1, and {I-2.3.
is thorefore sufficiently accurate for the purpose of the

present investigation,



I-4, BDISCUSSION

[-4.1, Plasma-=j6t wind tunnsl flow

The crucial assumpsion made about the nature of the flow

in the Imperial Coliege ono-inch placma-ist wind tunnel flow
is thas thorme-chemical oguilibrium is establiched in the
sottling chambor., The charactepistic Damkbhler numbers
for fontc relaxation as derermined by Hags, (7) and {8) are of
the order of 1 and 10 for the setiling chambsp. { The Damkihier
number for slectron "e:ampepamma cquilibration is of the ordop

£ 100.) Ref, 39 poports thet the flow may not reach eguili-
brium oven if the characteristic DamkBhler number for the
sei:tli.ﬁg chambep is considerably larger than unity., Thoe resulis
of the padiative and convestive heat transfer rate measurs-
ments show the prescence of excéss olecirons, which can only
. bs explained by the lack of sguilibrium in the settling chember .,
Thus the assurnption ¢f tonic equﬁubbium in the se‘:&:'ling chamberp
seems o bé good only for pelatively high fonization levels

Réf.. 39 considered the offect of Mach number change

which is due to boundapry layer growth nsapr the throal as;:i
coencluded that the sonic snéeﬁ is attained in the convergens
pomwn of the nozgzle and that the effcctive sonic throal is
lapger than the geometrical throat area, The pressnt work
simply calculas;e.., the Doamdaxxy layepr digplacemoent thicknoss
and concmda that thoe effcorive throst erea is lerger than the

gecmetrical threat area. Rof. £2 and tho prosent work cannct



be compared directly Gasause ths Qefiniticns of scund apsed

D
(6]

.2 -
thprogt arca

o)

uszd ars differant, byt Dotk ageoe Lhiat the sifectiy
is lémep than the gécmcapisaz f;i.moas area, The real-gas
effect on the boundary layer flow in the com'fepgént pongion of
a wind Euémel ts more complicated than the above mgnzéonéd
two methods vicualizs, and thepaiors neither of the two methcﬁs
is sufficiently accurate., A delailed ssSv.ﬂy of this subject would
be dssirable in the future, |

The two mc—:-‘é&mds of Eléw dezavménatiog, i.e. the power
balance micthod and thc pressupe~-mass flow ééﬁixeﬂ, aRres
with each cther withia the experimental arpge {4 30% ) when
Ath@ cifective throat area change is ageounted fer. This is in
conirast with the work of Ref. 40 which reports a large
difiercncoe between the tweo mathods ,' Einéeo howevern, Ref, €0

4

takes the offective throat apes as cqual £o the gesmetrical throat
area, direct comparison between the two works may nol be
Justiliced, ' Fopr more agocureta wo k%, @ further study on this
macﬁex’ wouid be xiegeséamy' end ehould inciude the meésummeﬁ&
of the axial ppéseum .dﬁé’.:vibugﬁon wép the entira conveaﬂ};em:

- portion of the noéz!e o

1-4,2, R@actién pakes

The« peouit of the measursment ©f the heat i;mmf@v £ a
cona shows that the resembination Pats 18 not greater than the

value roported by Binnov and Hirschberg (Ref, 8), i.e.

k = 5 x 1027(T0K) %0
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within an eprros of, at moéa:, a fecior of §0.,  In ordep o casch
the lower limit of the recombination rate in the plesma-3ct
: winﬂ tunnel, a higher sottiing chambor prossure, of more thaa
10 timoes thse operating presaure of the present instailation,
is necessary . 4 '
For an tonized gas, the measursment. of hest zt’arz for to
& slendep cone or, more genemuy, a flat plats, is a good moezns
of measuring tho ionization level in the test fiow and hence the
ﬁwecombiaasgﬁcn rate as sson from the sbove., This s Bosause
firstly, the wall valus of ﬁommtwn is always Zero in an icnized
boundary layer and segondly, the vascu.bt naticn within ¢ ths
 boundary layer does nst aficct the heat transfer pata Lo tho flag
plate o a Lﬂsa’“ oxtent. This differs from the case of dissseietcd
tiow in which there is dncther ummmm factop [y, the surface
catalytic recombination rate, which mnkes it difffeult to deduse
tha frasstpeam conditions from the measwod heat gmrzsﬁ’cn pates,
The moasuremens e@ the xjadzai;we ieat transfier rate tzlion
in the bxiasem: wai*‘:: presents an alimest unigue anperimental
) msult, ag fap as the prasent aushop is aware, as regards the
malae“xc two-body recombination pate in an ez*pazmmg noncquili-
brium ionized gas, The agresmont of exparimont with theory
within an opdep of magnitude at moderate ionization levels
pports the validity of the two-body pecombination theory of
Bond {Ref. 32) and the assumption stated in Eaq. {45) under the
tested condition. The dusapmecmam‘ of the experimental rosults

with meaw a2k vepy km tonization ievels z'ansea a doubt as to



the validity of the essurnption of lonia eguilibrium In the scitiing
chamber {sce the progeding scection) .

The pesult ¢f spéctmscopﬁo measurenient of temperature
by Adceck and Plumtrae (Ref, 37} iies nearoep tho Caicu!éted
electron Lemporatuirs, This méy probably be dus to the fact
that the spectral line wave longihs used in the Sprgszrascﬁéi@
measurement { 2 4000 A) were short, . I has besn suggosied
msam}‘,zj (Raf, 41) that wava-bands with higher energies may
tend Lo indicate ahc electron tomporaturs while the lower enorgy
bends may indioste the stom temperaturs, The agresment of
the spectroscopically measured temperaiure end caloulated atom
(z—iﬁﬁ! clectron) temperature at high lonization lovels (where the
eleciron and atom &empépaéupe are nesrly egqual £o eaéh other)
partly supporis &:hé theory of Spitzer (Ref, 6} for the calcula-

tion of clectron temperaturs relaxation time.

I-4.3. 'Trpransport properiies and heat transfer-

i

The peod agresment of the heat trensfop pesults for a
hemisphers with the s;héolx"y for a ﬁ’mz;en bountdary laver ésﬁfipﬁna
that the Prandl numbop is indesd very emall fin dontzed APEGT
The large departurs of the heat transfer pakes from equilibriurm
boundapry layer valtes proves that the c:ms_&»secé:ﬁ@n for clagurone
argon atom collision ia indeed vory sniau and partly supporis
the transport properiy calculation of Penski {Ref, 241, The

accuracy of the calculation of transport proporiios, howeven,
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cannot be judged from the present heat transfer measupement,
because, apart from the uncervt:aiﬁgy in the local distributicon

of heat transfer over the hemisphere, the '_Prfandti number
affects the heat transfer rates only-mildly, i.e. to the extent
of one-third power.

No work has so far been dene, as far as the present
author is awabe,, on the transport properties of noneguilibrium
gas. Inthe present work, the Prandt]l and Lewis numbers
in nonecuilibrium flow are assumed £o be equal to those values
applicable to an squivalent equilibrium flow having the same
tonization levels ., This is based on the assumption that
collision cross-sections are independent of tempserature, Since
the Coulomb cross-sections vary greatly at low temparatures,
the pregent approximation may not be a good ane for high -
lonization levels . This sets a limitation on the utilization of
the present experimental work in dedusing transport propeniiss,

The result of convective heat transfer measurement with
the hemisphsere model shows that ﬂw surface material does
not participate in rgeoembination and that all surfaces act as
an infinitely cataiytic surface at ths gemperambes tested,

f.e. Ty < 1000PK. The factor which causes this affinity to
infinitely catalytic surfaces is thought to be the increase of the
lenie recombination rate at andnear the surface at lower
temperatures. The appproximate ‘freszing point" in the

boundary laysr will be pemote from the surface when the boundary



layer is very cold, producing a near-chuilibrium fiow conditicn
in the lower peaion of the boundary layer, the latter Deing more
significant than the uppser rogicn. Wien the surface tempora=
tnprg is Paiséﬁ,, the °fraczing point® will approach the surfacs
under tho °5”nc ediic condition, spprosching more clesely 1o

the frozen fiow condition and thereby increasing the heat
tremsfer rate, Thus in noneguilibpium ﬁonﬁzed boundady layers,
tho increase in tho surface tempsratura may rssuit in an
increase in tho heat transfer rate under the above-mentioned

condition, which is quite contradiciory to common Rnaowliedge,

U

- Tho pesults of redietive hoat trenefer mogsuprament agree
within an ostder: of meagnitude with tlio theoratics! values of
Bond whon thoe assumption hY = ienizstion potentiai is used,
Singe the mdiaaﬁ_\:e hieat transfer pato o & body is oraporiional
0 the scaﬁé of ‘r;he ooty for an optically thin gas, thers f6licws
the relation

radiative heat teensfer . body soalc: RS
- - G L 4 ,:
gonvective heat tpanster e

for such a g3s. E;at@a:zdém{g tho pesuits of the pressent work by
the above formula, it caﬁ bo shown that for a sphere of 310§
radius, the radiative heat gpansfer rate is approximately

30 ghmes the convective heit transfep in the stapnztion pesion
for @ o 0.i. Thus, in an fonized rogime padiation is &
dominant source of heat transfer when the scale of the body is

larpe,
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-6, CGNC Oi\!

i} A computer pmgpn{ﬁma £op tha caicaztatﬁan of the -
licnizsci sas flow properiics in cswwﬁmzadwur sent nozzle flows
is developed, '

il} The thres=body ionic recombination rete in arpon How

5 nct greater than 5 10R7(T2K) =25 gmO mole=R cec=? with

o)
G

a possible arror Aot greater than the factor 10.

iii) It is inferrced that the spectrossopic measursment
©F i;eméemmm using the relativo intensitios of spagtral 1ines
having weave lengiths around 4000 A tends te indic aze tho elag-
tren tempsrature patiice than the atomic temperature.

iv} The lack of eguilibrium in the tested flow is gonfirmed
b:;) measuring the stand-0ff distence of the bow slmck weve fop
a sphere ., _ .

v) Two methods of determining the flow pmgép&ﬁea in a
| plasma-jet wind tunnsl, i.e. the power balance methed and
pressupre-mass flow method, are shown to agree within g:im
experimental error afier correcting for the effective nozzle
throat arca. | ‘

vi) The result of the radiative heat transfor measurement
agreas approximately with the simple inslastic eollision theopy
of Bond (Ref. 32) at.noderate ionization levels, and shows
the prosonce of oxcoes elegtrons at very low ionizas m':_leveaia,,
implying that over-ionization oxisis in the setsiﬁalgchamba@ .

vii} The heat transfep to a hemisphere from lonized arges



iz greater than from nonionized flow under the tested condition

becausa the boundary lavep is lonically frozen and the cold

surface acts as a fully catalytic surfacs to fonic recombinaticon,
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Ii-1. LIST OF SYMBOLS

A
Cp, Cy
B

(3!.1@
(ndf{)o

=

2]

=

B~ B o I~ |

p »
o P L4 ' e wa .o L4 e .

.y

(33 e e as (1] (1) Y] tw L1
i

nozzle oross-seeticnal area

' frozen speocific héat at constant pressure and volume

diffusivity
stagnation point velocity gradiont

eleotrical energy input to plasma-jet jiead

velogity profile funoction { £° «gf/a7 =wfug)

- energy profile function = hyfhpg

enthalpy 2 h+clhy, Bru/lb unless othorwise staied
total entholpy = M +4u?, i '

frozen enthalpy = CpT, -0

dissociation energy = 14,450 Btulib

frozen total enthalpy = h+ ju®, Bru/ib vnless other-
wise stated

energy of contamination = 16,300 Beu/lb

local Damkihler numberp

rate constant, em® mole~2 sec-|

surface catalytic recombination rate constant, fps

L.owis numbser

pas mass fiow rate through tunnot

maoiap pumber of particies

= P P@M‘e) _

pressurs, aitm uniess otherwise stated
overall hoat transfer rate, Btufsccs Qg + Qp

local heat transfer rate » g + dp
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£as consiant or nese radiug

distance from cenirs iing

indesxt of temperature in reaction rate, see Eaq, {
Schnidt number

ternpepaturs, O '

rafercnce é:@mpez’atuf*@ = 113.8000K

vélociﬁ,\; th % and y diractions

heoad gooling water loss

distance aleng and normal to wall

roferance lengzth

atom concentpation

effective frozen gpacifie heat paté,a

stand-0ff distance cf Bow shiock wave

molar fraction of vaporizzd elecirsie material
plasma-jet head cificioncy

vibrational constant. = 3380 OK

polytropic constant, ses Eg, (11)

frozen thermal conductivity

viscosity

dﬁmgnséoniesé length paramoter in 3 and y dirccticns
densisj,y, em~%mole

reforence density = 5.4 cm=9 mole

frozen Praudtl number

ml_axat:ic-n time

vibpational ensrgy
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Subscripts
a s atom
c : conduction
o} s ecdge of boundam,; !éyep
E +  equilibrium |
& : frozenm
hx : heat transfep
m :  moiscule
mf :  mass flow method
o ' : power balance methed
P s pecombination
5 1  stagaation poing
:  wall

w

%* nozzle throat

e

o 1 test seoction of wind tunnel
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Ii-2. THEQORY AND ANALYSIS

ii-2,1, Rendsmontais ¢f nonequilibrium diesoclated nitrozen

An avproximation £o the siate of a dissociated pure diatomic
gas has been made by Lightbill {Ref. 1) vsing the ideal dissecize
ting gas model, According ©o the ides! disscoiating Jas thaeory,

the state of equilibrivm dissgciation is determined by

.»Ef‘%. —w@- e :I:g_) {33
fods ° P ol :

whers o\ is the dissociation fraciicn, op atom conneniraticn

05

G\ = Nm Y %‘Na

Eqg, {1} is accupate to withie approvimately 5% for the
following range of conditions (Ref, 1}

0,005 <& < 0.9

0.001 <P £ 100zem .
The equation of state is taken to ﬁ;e

PePRTI+AY . @

- ’ - - . . .
H = {3.5 + 1.5H)RT + {1 -4} 2. + g R £
where X fis the vibpational excitation enorpy . Lndor &
complese thermodynamic equilibrivm condition,  the vibrational
excitation 1 takss the equiltbrium veluc, Using the harmonic
escillator model, the equilibrium vibrationsl excitation eaergy

iz (Ref, 8}




Feor a nonegquilibrivm flow, tie rate equation fop the

204 ! 2
>t ° kpPaf {{E =oi)gz:p!a‘r§"3 «*%g < } (5

The nato constant k talies the form (Rof, 4}

TOK =8
k = Clzggs™) _ (6)
Ref. 4 states that the bost matching vailues of s and ¢ for

nitrogen ape

s= 1.8 {Ga}
& 7 10 . {6L)

The rate ceauation for vibraticnal.relaxation in the cass of the

above harmonic occillator medel is (see2 6.u. Ref. §)

ok Xe= X r
DL = '2' ’ (l’?

The ¢xperimental results of the vibraticnal relanation time
measurement summarized in the paper by Siollery anid Smith

{Ref, B) show that the pelaxation time for nitrogon can test be

appresimated by

54 : - ‘4}02?.
, 1,031 210 ( TOK | o (&)
T P 23095 s -
The dissosiative ralaxation rate covation {5} can be written

-

- in the eame form as EBg. {(7) with A and Zg roplaced by

A ami ole,



11-2.2. Steady one-dimensional nozzle flow

For a steady one-idimensmna{ flow, the rate cguation (5)
{and aiso Ea. (7)) can be writtén in the form (see Edg, {14}, Part 1)
%g-' » K{0g-d) 9}

where K ig the local Damkéhler numben,

';__on

To an order of magnitude, the Damithler numbers fop disso-

ciative and vibrational relaxation are proportional to;

dissociation, Pgu"g'l“?"s
(10)

vibration, Pu=ix9.21

In&mdacing the approximaste effective polytropic constant

for the relaxing flow for which
""'"T?:z = const, (14 X 5-—%—;. , (1B

the proportional factors of (10) are reduced 10 ;

i

dissociation, % {s = 1.8 in the present work)
N N (12
vibpation, u'lT""" 9,21

For any possible value of 1, the {actors bﬁ’ £12) show that in

tho supsprsonic regicn of tho nozzle flow the Damkdhler numbers
decrease very r-apﬁcily aiong the rmézlm Thus it is seen that
those ralaxing nozzle flows vitimately appreach near frozen

flow at large apsa patios.



The freszing peint can be defined in various ways. When

the nondimensionalized rate sguation {9} is rearranged as

) et der - - e
ag ag
thie formal colw‘acm can be wml:&su as
G
'r % o {13}

& o dge - exp(_de%)

Ono way of dofining the fraezing peint is to take the point at
which the value of K is so small that the intogral de’é romaing
alinost gonsiant beyond that point {sce Fig. l{al and tb})., I

g is such a point, Eg, (13) petduces beyond tuat Boint £o

“adlg
d\_mdaac d

o

c§§ + const.

%2013

that is,
‘A = deg= %gp — di+ const.
i.0. A\ = constant. , .

The fre ezmg poim K value is dependent mamiv on the
mc}e:v’ ef temperaturs £o wmch the Damf.{,men number is pro-=
portionzl ., In the case GE a flow with a papidly decreasing K
valug alqu‘t.he mzzlé., the integral g Et‘.d?; approaghes &hé
pseude-limiting value { 9% of limiting value, say) eaplier
than that for the ¢ase of K falling slowly and the value of Hg

is consequ@m:iv larger, ‘The appmgm ate mean value of HF

f\

fu.

{freczing penm: K value) for mbz’mwnaa relayation is determminst

from tho oxact solutions for as hypesbelie nozzic
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sudden freezing

/ approximation of K

R \<le K

0 ‘ |

approximation of | Kd¢

sudden freezing ji
¢o

freezing point

° :

¢
Fig. 1 (b). Variation ot _jxde (not to scale).

€o



2y Sz;olller»y and Park in Ref, 6 for air, The cxpression used
for rolaxation timme in aip is gifferent to that given in Ea, (8),
but tha absolute value of the pslaxation time used in Ref, 6
agress approximately with those calculated by Eg. (8) for the
Pange of tempspratures considered in Ref. 6, 1,6, T 20000K.
- Thus the pesulg ohéained in Ref, 6 can bs used for the work with

nitpogen here., The freezing point K value found in Ref, 6 was
Ke (vibration) = 4 ' - 14

where the length xg in this case is taken as the distance from
the throat to the point at which the area ratic is two, The
freezing cpitericn Ed, (14) is not related to the criteria of

Bray {Ref, 7) and Biythe (Ref, 8). Neverthelgss the pooulis

of the calculation of froczing tempoeratures using Ba. (14} {Ref.
6) agres closely (£5% in T } with those utilizing Bray's
critorion.,

The freszing criterion for dissociative pelaxation can also
be written in the same fevm as Eg, (14). °The fmezing poing
- K value here is found from

i) E:he’compaﬁéd. pesults of dissociative relaxing flow
presented by Eébéy (Rof. 7) eee Fig. 2 {a)l, amnd _

ii) a onc sample solution of the rate equation for a neap
frozen flow (sce Fig. 2(bl). The sample solution was ottained
by performing the numerical integration using a desk calculater
as in Ref, &, the nqzzle gasmeﬁry and scitling chamber condi-

tion boing similar to those of the Imperial College onae-inch
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Fig.2(a). Typical dissociative relaxation in  sgniicanty

- .recombining .flow, taken trom Bray(ref. 7). Oxygen,
'n=5900 'K p,:lls otm. hyperbohc nozzle ' '
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M
L2 <
\kxio®
Xo=2", x<0
\ , Xo=10" x>0
8 | : =7w0'®
a
| /
S — A -
I —_—_—
d | \g,
\

o
.2

-2 . © b=x/X,
Fig. 2(b). Typical dissociative relaxation in a near frozen
nozzie flow. Nitrogen, To=7080 °K, p,=193 atm, hyperbolic

nozzle.



plasma~iet wind tunnsl. The freezing K value found was
K¢ (dissoctation) = 1 | (15}

with the pesulting error in o less than 5%,
When dissociation and vibration ate beth frozen, the

- energy eguation becemss, from Eq. {3),
Hp = {3,5+1.5A)IRT + Lu? + const,. . {16)

The frozen specific heat at constant pressure, Cp‘ . and at
constant volume, Cy, are both constent and so the effestive

specific heat patio ig

C - - .
—BE ,
T T | {17)

where
= (3.5 + LEAR

Cype Cp - (1+GIR = (2.5 50,54 IR,

4A11 the Elow propoertiss can be de*‘ervnm?ci using the pe r‘fcc\, ge

relations with the spscific heat ratio determined by Eq, {17},

I1-2.3. Shogk wave ssandocff distance of sphere

When a sphers Ls piaccd in me testing seetion of a wind
tunnsl through which the E}ow is dnase latively relaxing, theo
stand-off distance of the bow shock wave over the homisphere
is affecied by the pelaxation characteristics in the noszie as

well as behind the shoolk wave (sse §1-2.3.}. Thero apo
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thirce limiting cases in the desree of nqnéquilﬁépium in the ficv{
through the nozzle and behind the bow shogk wave, They ave;
i} case E-E; equﬁlibmurﬁ both: through Fhe nozzle and
‘kehind the shock wave, K very lapge;
it} casz E~-F; oequilibriom i;!wougﬁ the nozzlo but frozen
behingd the shock , K inée:ﬁmediateg -and
iii} case F=F ; frozan both throvgh the nozzie and behind
the shack, K vevy smail.
The condition F=-E is again ruled cut begause it is uniilkely to
ocour, Heare the effect of vibrationzal péﬁaxation is nogleoted
because of ita relatively small effect on dersity compared with
that of disscciation, excep: for ¢na 'case to be menticned later,
For the above menticned three limiting casss, the stand-off
distance of the éi1oc!§ wave can be determined by using Eg, {238)
of Par: I, §1-2.3,
‘For the cases E-F and F-F, i.0. when the flow bohing
. the shock wave is frozen, irrespsotive of the desres of aon- |
equilibrium through the nozzle, the density Fatic fuf Pe in
Eqg., (25) of Part I can bs determined from the Ranicﬁnénﬁmcnﬁo‘s
relation for @ perfect gas witk y given by Eg. M?)_ . When
the flow behind the shock wave is in éqﬁﬁubﬁwma tha densi_z},r
ratio can be found peézdilgr from the wepk. of Bernstein (R‘eﬁ_’o 9 .
In Fig. 3, the stand-off distance of the 0.4" dﬁaol cphers
placed in the Imperial College one-inch plasma-jst wind sunnel
under aach of the above mentioned conditions is shown. The

calcuiation was carried ot in the same way as in gicza& |NCSpt



E- equil. in freestream
-E v behind shock
osk F- frozen in freestream case F-F
-F # behind shock
o4
measurement
A -4
R’ I
o3r o
\_& g i
~—1-
k- L case E-E
case F-F for dissociation,
oir E-E for vibration
idisplocement thickness
0 1 i 1 1 1 1 | 1
0 2 4 6 8 10 12 14 16
He x 1073, Btu/ib

Fig. 3. Shock wave stand-off distance of hemisphere in dissociated

nitrogen, measurement at m=0.08

Ib/min.
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that the density ba:ﬁ@ in equilibrium fiow was ctiained from the
work of Borastéin. In Fig, 3, the measurad stand=cff
gidtances are also shown {soe ii-3.1,) and cempared with
the theoretical values,
In Fig. 3, a fourih lmiting oase, tho case F-F fop
dissociation and E-E fopr vibration is also skown ., In gonaoral
the three limiting cases montioned eariier can cach be Furizop
subdivided into thres cases accordiny to the ¢ogres of vibra-
tional noneguilibrium. Forp tho purpose of compavmmosz veith
the experimental pesulte { of éﬂes.&_.é. the cace of F=i7 fepr
dissociation ang E-E for vibration telken togcthicor sooms o be
most important begause the measunrcd stand-0%f distences are -
closer to the F-F (for dissociation) case., Thorefore the stand=

off distance for this case was calculated and ie shown in Fig. 3,

il-2.4. Boundary layer and heat transfer for frozen disseciated

" nitrogen

The flow of dissocisted 'diétomic gas Consists of a binary
mixture of atoms and molecules, and thorefore the fundamental
boundary layer squations, Egs. (28) 10 (34) of Part I, are
diractly applicéble o intho ppessxit work, considemétﬁcn is
limited to frozen flews only.

The viscosity of nitrogen at high tomperatures is calcu-
lated by Adrmup and Mason {Ref. 10) for i;hé nondissociated

state end by Yos (R'eﬁ,'ll) fop the Qissociated state, The



viskosity values at 8.1 atm obtained by these aut hom arc gompared
in Fig. 4 of Part k. Mn extrapolation was mede to obiain the
valuoes at 0.1 atm from Yos's data which do not give vaiues

beiow latm.) The work of Ahtye and Péng {Ref. 13) on pitpogen
provides visgeosity valugs af énl.g 60% of the cthers mentioned
above at high s;empammvés and is not considercd here gn the
ground that their work uses the conventionzl Sutheriand formula
as ks basis, The Suzhe{:?iand formuia does not 2o agoount

of the guantum mechanical cffects in collisions at high tempera-
tures and so camictk D2 used at high éempenaz;ams, As seen

from Fig. 4 of Par: I, the works of Admur and Mason { Ref,
10) and that of Yoz { Ref. 11) agres closely over the range of
tomperatures considered hors, i.e. T<70000K, Inihe
present work, the viscosity was approximzates to maich the

data of these authors by

: - ) ow 0.784 :
A= 6,3) E,G ( .%"EOEG( poice , . (1g)

The bourz_dapy sanditien fop the wall value of the atom
congcentration must be the law of surfszce reaction, . The eizact
form of the surfage reaction law is not Known and so the

lincar reaction law {Ref, 13)
( P D a y w E\vw PV'AJ (v:g ‘ : iﬂ::—gy

was ag umcrj to hold, 'T‘ho supfacs c'x‘sam:t E’ action rale
constant [y in Eq. (20) dagvnds on surface matorial, swEacc;

i,emp;.pampu ang me way Lhe surface is pmgamﬂ . - inec the
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regombinztion Beas-transfor is given by

2 .
22 (a1}
SY w

dp = dﬁ (Pf:?
¢ne seos that the surfacs reeombination hieat transfer incrsasss
as the catalyifc rzaie conetant incroases. The gatalytic reag-
zﬁoz; rats gonetants of matorials ars, ioweyer, Not yor Lnown
oxacily .

Tue Prandil and Lowis numbers in a disscsiated diatomic
gas wore calculated finct by Wanscn {Ref, 14) (for aiv) and
Abtye and Peng (Ref. 12} (for nitrogsn) using the simpl |
| collicion madel of Kenaard {(Ref. 18). Later they were calézae

laged more a%uvé.te-ly by Yos {Ref, 11} using a reduced
Chapman-Ensitog mcithed . The data b’:—:sedfm the simplie
coilision theopy {Hansen, Ahtye and Peng) disagres with thase
based on the Chapman-Enskeg methed {Yos) by about 20% .

In the present woﬂ:,, the data of ¥Yos was ugel on the ground
thaz his work x]n.v'oives mors accuéai;e collision Cross-5e2tions,
Accerding to Yos, the frozen Prangtl number dagroases £rom
‘the undissoelated value of 6,72 sc_zvéazrd comawhore arcund 0,45
at medium dissoeiation levels, and the Lowis szumb;ep decnesses
from the vndissagciated val_ue of 1.4 to unity for che Ejuny dissg-

ciated state .

1-2.4.1. Hoai tpansfer to a hemispherg

11-2.4.1.1. Stagnasion point hoat transfor pate
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The typical variation of the atomn concentfation within the
stagnation point shock layeb ih front of a 'éphepe placed in a
near-frozen flow $n & wind tunnel was obtained by solving the
differential equations as in previous wbrk of the present author,
Ref. 16. The e¢ase chosen for the computation is the ons with
the same nozzle geometry as considered in $1-2.2, whepe
Po= 0.3atm and Hpo= 9200Btu/lb. The result of the compu- -
tation shows that the flow is almost frozen everywhere; the
atom concentration at the edge of the boundary layer is vepy
closely équal to the settling chamber value, and the surface
concentration at the stagnation point is almost the same as the

value calculated by the frozen flow relation (Ref, 13)

2
re 3, Y
Kgw 1+ { fBeMse 1® Sc_ Ky ( 22) o
Rse dug 0.47 0. =
A al e )o sw

Calculation shows that the second term in the parenthesis of
RHS in Eq. (22) is less than 0.1 under all opsrating conditions
for ky < 50 fps and therefore, within the uncertainty in. Ry,
Eq. (22) can be approximated by -

Fw ~ %o Ky o [(23)
For these flow conditions, therefore, the heat transfer pate dus
to recombination is 4 4

qpg = Rylig faw % ' - (24)

Since the Prandtl and Lewis numbers are affected mainly
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by the atom éonéantra:idn alone, (see e.g. Hahsen {Ref. 14},
the condition (23) etateé_ that the Prandtt and Lewis numbers
are appr'oximatély oonstant within the boundary layer at the
stagnaﬁibn point of the tested model, Fop a flow with constant
Prandtl and Lewis numbers, Fay and Riddell (Ref. 17) obtainsa,
for frozen flow,

1 8’37 0.6 0.1 }
Tw -8y -05360’ Ny 1+(L ”hz:e {as)

‘1-2.4,1.2. Ovorall hezt transfor to a hemisphore

The distribution of local conductive heat transfer pate
(the term conductive heat transfer is used in the present work
as denoting ¢hat part of heét transfer which is due to collisions
alone, i.e., the part expressible as q=A{dT/dy), in order to
distinguish from convective heat transfer which is !,;he surn of
the conductive heat transfer and recombination heat transfer}
over a hemisphere has been obtained by Kemp, Rose and
Detra (Ref, 18), _

The local atomn concentration at the wall over the hemisphere
is not known. However, in the near frozen flow considered in
the prteceding section, the approximate pelation {23) simplifies
the matter greatly. If the flew at the edge of the stagnation
point boundary layer is i’bozen, és in the sample scluticn men-

tioned in §Ile2°4bl,l,, the flow at the >local boundary layepr edge



= 118 -

is almost certainly §bozen,, begause the local Damkihler numben
cannot be greater than that at the edge of stagnation point
boundary layer. Thus |
dg = O - (26)

The surface temperature takes ths maximum value at the
stagnation peint and the minimum value at the shoulder, i.e.
the point where the hemisphere adjoins the cylinder. The:
surface catalytic rate c.onstanr, E:.W varies at the temparaturs
over the hemisphere. In the present work, a simplification
was made by assuming

ky = constant x Ty, ' (27)
The assumption Eq. {27) is based on the fab:: that the true
surlace catalytic reaction Faté is an increasing function of
temperature { see Ref. 19), and that the variation of tempepra-
ture over the surface is small .,

Now using the condition Eg, (27), the local recombina-

tion heat transfer pate becomes

@ ke _fw oo (28)
dsr Bys Fas bg °

At the {ideal) Mach numbers around 2.6 for which the sample
solution of §l1-2.4.1.1, was performed, the local conductive
heat tp_ansfep rage given by Ref. 18 is approximatsly proportio--
nal to ppessdpe, i.e.

dg P

oo © o ' (29).



‘tIsing Eags. {28) and (29), thers follows

e . Je (30)
Aps s A

The two overall heat transfepr rates over a 0.4" diameter
hemisphers, which ars due to conduction and pecombination,
Qs and Qp respectively, are cbtained by using Fgs. (25) and
{30} and the local conductive heat transfer distribution given
in Ref. 18 id=gormived by graphical intsgration. The conductive
heat transfer parameter given by Ed. {23) is multiplied by 1.1
in order o coprrect for the vorticity interaction sffect (seé
RI-2.4.3.). Newtonian approximation (dug/ditlg= uw /R was
used to calculate the stagnatixozﬁ point velocity gradient. The

resulis are, nsglecting the small terms,

h o X
~0.6 01{1+(L60.63Q!)m:gﬁ} L 1.394

Q = ]. 12)&10 6. \ﬁ. i hEO to %
hy;
(1- Pro : {31)
o 4 Ry
Qp = 275 o, hyg - | (32)

1I-2.4.2. Heat transfer to  cone

11-2.4.2.1. Local heat transfer rats ‘

In the frozen flow over a flat plate or a straight cone, the
reduced velocity profile £ is similar and is independent of

both energy and atom concentration profiles, When the surface
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catalytic recombination rate constant kK, ie finite, the atom

concenmration profile becomes
("*"“’o"’)"*!d\'cggf'\é - (33)

The problem of sclving Eqg. {33) has been studied by various
authops (ses e.g. Ref, 20), According to Ref. 20, the
wall atom concentration near the leading edpe of a flat plate

oPr 2 straight con @ hegomes

olyy E %
F] o= ( , G q » ) ( 343 }
g ) g Xe

in which x. is the characteristic length

2 2 ,
(41 %s f")g (F \i 2 i Bg (35}
g # 8 & oW \) FelMe " ky,Se '

For a 159 semi-angle cone of 0.4" max diametsy placed at.
the exit of the wind tunnel nozzle considersd in §I-2.4.1.1.,

the magnituds of the characteristic length Xq is

for kg, £ 350 fps v(36)
Ry = 10 {37}

Ba, {37) thersfors reduces Hq. {34) approximately for the cons

considered Lo

S0 that

qp " Kyhg Pyoly - o (39)
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The condustive heat transfer pate over the cone is
estimated from both the Biasius solution and the work of Fay
and Riddell (Ref. 17). The Blasius solution gives,
for u@‘zlh&e =0 and n=¢ =Lg=1,

HWEV- }
. 40)

The corpections fop the Prandil and Lewis numbers and n
are made by extrapolating those given by Fay and Riddell,
Because of the similarity in the reiavan: cauations, the
individual corproction factors for G",, n and Ly must be the

same for bogh the stagnation point and the flzt plate soiutions .,

‘Thus
By By -0, 6 G.1 0.63 hg
odv] l"ﬁv“ a0 ‘BJ g~ ~zv i+ (L@ = 1) htc} ° g‘ﬂﬁ;

{Since the Eieaa transfep parameter is only weakly dependont

on the velecity profile and because the influence of velocity
profile on the effact of ¢, n, and Ly isof seconﬁapg.mégniwde,
" the extension of Fay and Riddell®s work to the case ¢f a fiat
pléte is thoﬁgm:' to be a good approximation.) The cffect of
'ueal hye has bsen computed for the particular case of

0’ =0.66 and ueaf =10 in which the Blasius profile ara
used and tho method outlined by Eags, (40) and {41} of Papt I

" and it was found to increass the factor 0.47 in Egq, {41) to

I

0.48., Tne calculaisd Prandil number varics between 0.72



and 0.45 and ugR/ hgé lies between I.4 and 1.8 depending on
the atoﬁa concentration in the particular chosen condition .
These variations in Prandtl numbep and ugR/le are neglected
and the value 0.48 was use& for the factor in Eq. {41} for all
cases. Thus the final form of heat transfer rate papan'aeter'

over the flat plate and cone becomes

1 DugY -0.6_ 0.1 }
T 1-aw = 0,48 ¢~ oy {EHLQ al) bro (42)

iI-2.4.2.2. Ovopall heat transfer £6  ¢one

The overall heat transfer rates to a 15° semivertex angle
cons of 0.4" diameter placed in the previously considersd
sample nozzle flow due to conduction and surface recombina-
_tion ape obtained by integrating the losal heat thansfer rates
given in the preceding section over the surface apea. The

integrations are sspaightfopwapd because qyp is constant (Eq.
{39)) end 4, isa function only of x. The results are,

neglecting the small terms,
- o 1 4
Qg =1.35x10 5 =0 6%0 l{l ibe "l)h& } %hto S8

h&‘\l
(12 s (43)

1 K r . ) »
= 1960, BF o : (44)
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11-2.5. Radiative energy transport

Yos (Ref. 11) calculated the radiant power using the semi-
classical formula of Kramers (Ref, 21) for ppessure},s between
1 and 30 atm. The results are presented in Ref, 11 in a
diégpam and so they are not reproduced here. These data
are extended for lower pressures using the ppopoptiokial

relationship
w oc p? #2

so that they may be compared with the experimental results

in §11-3.4,
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li-3, EXPERIMENT

To confirm the theories given in the preceding chapter,
the follewing measurements were taken:

£) the stand-off distance of the bow shock wave from a
hemisphere; ]

ii) the heat transfer to a hemisphere and a cone with
metallic or ceramic surfaces; and

iii) the radiative heat transfer.
The wind tunnel and the models ﬁsad are the same as those
described in Partl except that the surface materials of the
convective heat transfer modéls were different.

~

II-3.1. Operation of wind tunnel with nitrogen

The arc is initiated in apgon either at 160v or 320v
open circuit as described in §1-3.1., and changed over to
nitrogen operation by controlling the two gas supyly.valveso

"The mean operating voltage of the arc was arocund 60v, . The
repeatability of the tunnsl is shown in Table 1.

A brief test with the impact pressure probe has shown
that flow is uniform at the exit of the nozzle over 60% of the
exit diameter for ni'tmgen‘ flow. The record of voltage and
current of the main electrodes has shown that there is an
oscillation due te the fluctuation of the arc in nitrogen with
frequencies of about 2.5 kel s- together with harmonics of

frequencies of the order of a few megacycles. Therefore,
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Table 1. Ropeatability of tunnsl

nﬁ;:rogan nitregen
. gas flowmeter pressurd, psig. o G

powenr contpol setting, % 20 ‘4.0

open circuit voltage 320 320
average Hgpn, Btu/lb 4703 8187
nrMber tested 17 L3
standard deviation in -_90 . B 2.94 .88
standard deviation in Hyms . % 4,15 5,44




any steedy stato value of measurament in nitrogen is 2 time

averags (ses §Il—3.l,3.) .

II-3,1.1. Determination of flow properiies

The power balance mathoeq and the pressupe~mags fiow
method are used to determins the flow properties. . The
powsp balance methiod is the same as that desgribed in the work
for argon, §I«3.B.2, The oxperimental errop in this mcthod
is given by Eq. (48) of Part I.

The pressure-mass flow metliori is workaed out by
congidering the naturs of the fiow through the tuanel to be
frozen., The freazing criterion Eq, {14) was applied to
determine the freszing point of vibrational excitation in the
- Imperial College plasma-jet wind tunnel . The pesult shows
that the vibrational excitation is frozen in the convergent
portion of the nozzle in the tunnel, Also, using the freezing
criterion of Eq. (15}, the dissociation is seen tc be frozen at
low subsenic Mach numbers in the plasma-~jet wind tunnel .
For the sake of simplicity, therefore, beth vibpation and disso-
ciation ape.assume_d‘zo be k’bozen at the settling chamber values,
. and the relations for the cdmpietsly frozen flow, Egs, {16} and
{17) are utilized to balculate the flow conditions, Usﬁng the
specific heat ratio of Eq. (17}, the settling chamber condition
is computed from the perfect gas relations as a funct:ixoﬁ of the

setiling chambepr pressure and mass flow pate through the
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nozzie. The results ara presented in chart form in the
Appengdix and ars tabulated in Ref. 22. The goometrical
throat area was used in the calculation, The true, effective
throat area is found by subtracting from the geometrical throat
area the contribution of the displacement thickness which in

this case is (see §1-3.1.2.)

Se 0.15 3
= -0.02 {a‘-hub i ) (44a)

The procedure for the corpection for the diSplacement thickness
is described in the chart, _

In the pressure-mass flo‘}; method for nitrogen, therefore,
the enthalpy Hg (=Hgp) is read directly from the chart given
in the Appendix for the measured valuos of pp and m {corrected
fop displacemeh& thickness) . The error in this case is given
in Ref, 22, Typical calculations show that the mass-flow
method is approximately twice as accurate as the power balance
methed in this case.

The tested flow conditiens as determined by the above
mentioned two methods are described in more detail in the
subsequent segtions, The characteristic constants of the flow,
i.a. mean free path and Reynolds numbep‘ aprs similap to the

values for apgon st;own in Tablel of Part 1.
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i11-3.1,8. Effect of gas contarnination

The model surfegces always showed an deposit of forsign
mas;er'iéls on the surface during the course of each sxperimen-
tal run in nitrogen., This first became noticeable about 10 ses
after stariing the arc undoep the t.raopst: condition and cleaprly
visible after about 1 minute. This is thought to be due to the
contamination of the nitrogen by the electrode materials, ‘

In the Imperial College plasma-jet wind tunnel , the main
eroding part is the cappar anode, since the tungsten cathode
has shown very little wearing rate compared with the copper
angdae, Copper is first vaporized by the bombardment of
electrons, and the energy absorbed in this process is 3.2%ev
per atom ., The vaporized copper atoms are iénize-d undep the
-influence of the electrical field, abzorbing another 7.724ev.
The total energy of formation of ons copper ion in the gas ic
therefore 11.0ev or 16,300 Btu per 1b. of nitrogen, 1.0, 1.13
times the diss_ogiation energy of nitrogen. The wearing rate
of the copper electrode observed during 12 months by observing
the'change of electrode }shape is of the order of 0.5 1 pepr L0 1D
of nitvogeﬁ ges, or about - $= 0.025, whers 2 is the molar
fracticn of vaporized material .  In the seitling chamber,
part of the ionized cdppep atoms will pacombine, but due to the
low ionization potential of cOppép, most atoms will remain
ionized at least until thoy pass the npzzle throat .

The slectrical energy input to the head by the arc discharge,
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E, is thus divided in nitrogen flow into i) flow enthalpy Hg,
ii) gas contamination by electrcde material and iii) wall

cooling loss, i.a.

E W
== = Hp+ Shy + —= (45)

where hy is the mean effective energy of formation of a
contamninating molecule, which is 11 ev { 16,300 Btu/ib) for
cOoppar .

The amount of vaporization is proportional to the mean
energy carried by the bombarding charged particles, and
t_hebefope should be approximately propontional to the opera-
ting voltage of the arg for a given current, This may be the
réason why there is significant contamination in nitrogen flow
while in ar«goh the flow is aessentially clean., In nitrogen, it
is the vaporized electrode meaterials that provide most of the
free electrons needed to conduct the eleckrical current, -
because the mean translational tempsprature of the nitrogen
gas is too low to produce significant gas ionization, and the |
‘ionization potential of nitrogen is higher than that of copper.
On the other hand, in argon gas, a more than sufficient number
of electrons is provided by the thermal ionization of argon atoms
to conduct the electrical currant, |

Comparing Eq, {45) with qu {47) of Pat-é I, it is seen
that in this case éhe total enthalpy determined from the powsr

balance method is the sum of ths true total enchalpy and
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contamination energy,
Hepp = Hp + Shy (46)

Supposing that Hype is a measure of the true enthalpy, then,

Hmb by, :
=] 4 Y= {47)
Heme H

In Fig. 4, the above patio is comparsd, and it shows that the
ratio is appreciably greatepr than unity at low enthalpy levels,
At high enthalpy levels, the erropr in the experiment makes it
difficult to datect the difference betwesn Hypy and Hygpr
because the second term in Eg, {(47) in this case tends to
vanish.

The power balance methoed and pressurs-mass flow
method do not agree, particularly at low enthalpy levels, as
shown in Fig. 4. In order to check the two metheds, thers-
fore, another enthalpy value, denoted Hg.,, was derived
from the méasur*ed heat transfer pate to the hemisphereg medel,
The experimental mean values of heat transfer rate to the
, hémisphepe model (see $11-3.3.) are substituted into Egs.
(31) and {32) to obtain h;y, using the catalytic rate constant
of 0.063 T,y fps ostablished by the present expsriment (see
§11-3.3.). The results are compared with Hype in Fig. 4.
it is sesn i;rom Fig. 4 that the heét; transfer pésults agree
better with the power balance mathcd for the determination of

enthalpy than with the pressure~-mags flow method , This
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figure also shows that the use of Eaq. {47) with § = 0.025 is
approximately compatible with both sets of experimental

values of Hypo/Hype and Hyn,/Hyng - Thus one sees

that the latent energy of fonkzation of electrode materials, by,
is given out either to the surface of the model or to the
translational snergy of the gas before the metallic lons reach
the model surface. 'The exact mechanism of the pecovery of
the contamination energy is not known,.. From the works of
Part I, §I=3°3.,, however, it is apparent that the rscombination
of metallic ions in the boundary layer near the wall may account
for the increase in heat transfer. '

in the prssent work, a compvomise be::wean the power
balance and pressure mass flow metheds was made in the case
of nitrogen fiow to minimize the scattep of the experimental
data. This is done by calculating Hype first and then
converting to Hgpp by -using the conversion curve found fpom
Fig. 4. The resulting Hg,, values then have less scatter
arising from expsrimental errop than the directly determined
Heph o | _

The conversion curve in Fig. 4 is obtained from the
plasma-jet efficiency data of Fig. 9. As seenfrom Fig. 5,
the experimental efficiency in nitrogen is relatively well
‘defined when compared with the data for argon, Fig. 10 of Part
1. This may be b‘ecause ghe average effﬁcienby is highep than

in argon,
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Theorsatically, the cooling water logs W will decrsase
as mass flow pate ingreases, The cooling water loss is the
integral sum of the heat e:vansﬁ’erf to the electrode components
and to the non-clectrode paris, The heat transfer to the
clectrodes is controlled mainly by the arc ¢haracteristics and
is not directiy dependsent on the gas mass flow rate, The
heat transfer to the non-electrode parts is approximately
proportional to r°n'z=‘ (éea e.g. Bq. {43)). Thus the theoretical

head sfficiency must bs of the formi

o o ok, =1

% s Cp-Coam “Hg . {48)
The relation Eq, (48) is not confirmied in the present experi-

ment, but at least a trend fop the officiengy Lo increase as the
inass flow increases is observed in Fig. § . .

It is poesibleto rearpange the continuity eguation through
the nozzle into the form Eq. {22) of Part I for nitrogen flow.

The pesulting expression is

b . 25r1Boko [ PohAx 2
];O I+ 0{0 ﬁ‘l

where

<

Palna

' oL
U o= yel1+ T;! y

Thus the factop (?oi ﬁ“) 2 is approximately proporticnal ¢o the

frozen enthalpy h., . In Fig, 6, the parameter ( pola%m)g is
plotted against E/m , and it shows that éher'e is an appreciable

amount of dissociation at high enthalpy levels, because if no
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o o2
energy is absorbed by dissociation, then (pg/in}l” must vary .

linearly with E/m .

11-3.1.3. Effect of arc fluctuation

In Ref. 23, Harvey, Simpkins and Adcock reported on
the nature of the fluctuations in the arc and in the brightness of
the exit flow when the plasma-jet is opava;ed with nitmger_n,,
but since the exact nature of this fluctuation is not known, ne
effort has been made to correct for its effcct on the heat
transfer measurements., Because of this phenomenon, the
heat transfer results are interpreted as a time average of a
somewhat targe fluctuation (x 40% max.}. Since the measure-
ment of heat transfer to the hemisphers and cone models is
aimed mainly at the detection of a difference between the cataly-
tic and non-catalytic surfaces, the presence of this fluctuation
is not an insurmountable difficulty . The results must, howe'éen.
be interpreted as gross averagss . In the determination of the
stand-off distance of the shock wave from a hemisphere, this
fluctuation plays an ﬁmpbpcem prole and, therefore, due considera=
tion is givgn to it in interpreting the test results in the

following section.

- 1I1-3.2,  Shock wave stand-off distance measurement

Shock wave stand-off distances from the hemisphere



model ars measured using the same technique as described in
Part I, §I-3.2, Typical pictures of the shock wave are shown
in Fig. 7 and are compared with a picture taken with an argon
flow. A gypical phoco-dénsitometep trace across the shoeck
layer is shown in Fig. 8 (see §I-3.2.) .

As seen from Figs. 7 and 8, the shock waves ape so
diffuse that it is difficult to determine their oxact positions .
This may be due partly to a fluctuation in the position of the
shock wave synchrenising with the arg fluctuation. Simpkins
and Harvey { Ref, 24) took motion pictures of the bow shogk
wave of a fiat circular disc in the tunnel with a high speed |
camera, in which it is shown that the shock wave stand-off

luminanc2
distance and the(change greatly bscause of the arc fluctuation.
The fluctuation of the shock wave stand-off distance as recorded
by the high spsed camera has a frequency of approximately
2.5 ke/s, which agrees with the are fluctuation frequency
reporged in ‘Ref, 23. The exposure time of the camera usually’
employed in the present study is at least 1/200 set and there-
fors is long enough to average the shock shape over at least
i0 cycleé of such a fluctuation. The procise significance of
the opservable position which the shock wave occupies is not
well known , but because the illumination is much bpightep
when the stand-off distance is larger, the average shock stand-
off distance displayed is thought to be biased toward the greater

stand-off distance value,
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The cthep factor that makes the shogk wave position
unclear is the apparent increase in thickness of the shogk front
at low densitics, The density of ths tunnsl oxit flow lies in
the ragion

3x 10
in nitrogen, and the accompanying mean free path L is thus

L. L
~ =~ 850 -

Thus the thickness of the shock wave, which is usually a few

< foo < 1Xx lonaamaga&

1
15 =

mean free paths, is a substantial portion of the stand-off
distancs.

Coupled with these difficulties is the fact that the non-
linearity of the photographic ssnsitivity of the plates make an
estimate of the position even mors difficult. In defining the
shock wave position therefore, £ 2.5 mean fres paths are allowed
as the possible uncertainty in the determined position of the
shock wave, '

In Fig. 3, the results of measurements incorporating
above tolerance are shown, and it is observed that the measured
stand-off distance agrees approximately with the theoretical
values for frozen flow, i.e. fpozen vibration and digscclation
through the nozzle and behind the shock. The expsriment
thus corrobopates the theepstical reguiremen: that f:lle flow of
nitrogen is frozen completely under the tosted condition.

The experimental results shown in Fig. 3 also prove
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that dissociation is indeed taking place in the wind tunnsl ssttling
chamber, for if the gas is not dissociated, the stand-off distance

must remain conetant at varying enthalpy levels.

II-3,3. Heat transfer measubrements, hemispheras and cone

A hemisphere and a cone ¢of the same dimensions as
those used in Papt I, §1-3.3, werc used for the measurement
of convective heat transfor from the dissociated nitrogen. The
surface materials used are; | _

i) the hemisphers; copper, stainless steel and 5210-3C
boro-silicate csramic coating; and ‘

ii} the gone; copper, cht?ox;nium=soated copper and 571
boro-silicate ceramic-coated copper,

The stainless stecl used was 'Staybrite’ FMB BS 881 having
the chemical composition of C - 0.07, Si - 0,30, Ma - 0.80,
Cp - 18,0, Ni - 8.5, and Mo - 2,75% . The 52i0-3C boro-
silicate ceramic coating was developzed and applicd by Ferro- '
Solaramic group of Ferro-Enamels Ltd. to the above stainless
sté@l . ‘The progcadure for coating is the same as fcr; the 571
coating described in $1-3.3. except that the firing is carried

out at 93500C for 60 minutes. The coésﬁng, was applied with

an average thickness of 0.00i1". The 871 coating is apgiied
in the same way as that described in @L&,&{ '

Tosts wers carried out for the following condiciéns;

1

0.07 < th £ 0.2 Ib/min,
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158 £ E < 80kw,
608 < p; <« 0.8 atm,
3109 < R, < ax10-3 amagat.

Tie metallic model surfaces always showed an accumuia-
tion of foreign materials on the surface as the experiments
procecded in nit:pogen (see §1I-3.1.1.). This became noticeable
about 30 sec after starting the arc, and there was practically no
change in the avepage thermogoupls reading during the period
3 to 30 sec immediately after starzing {see §I=-3°3,) . The
thermogouple rsading was taken, theprefore, at exactly 3JDsec
after the initlation of the arc. In the case of gsramic-goated
models, the deposit was recognizable only after a run of about
! minute, and at first only arcund the stagénatixon regicn of the
hemisphers, In earlier measurements, therefore, the surface
of the moedel was cleaned after each run and was covered
initially with a thin PTFE sheet to protect the surface from
being poisoned by the blowdown of electrode meaterials at the
ini_tﬁatﬁon of the arg. The use of the protective shects wés
found, however, to have no-measurable effect on the resulis and
therefore in the later experiment it was abandoned.

It was noted that there was a slight incrsase of heat
transfer to all models as the number of runs proceeded,
Both cormmercial and oxygen;fpee nitrogen wape useci,‘ but no
difference in heat transfer was found bstween them,

The rosults, of the tested are presented in Figs. 9 and 10

and are compeared with the theoretical values of 5!132.3,
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The average surface temperatures based on m = 0.1 Ib/min
ape calculated from the thickness of the model wall and the

effective thermal conductivities of the materials;

i) copper: 7.7x 10°2 B £t~} sec™? {dea ot
ii) stainless steel : 3.77 x 103 o
iii) ceramic-coated cogpér : 25%10°% . .
iv) ceramig«coated stainless steel : 3.43 x 10"_3 ",
The calculated average wall tempepratures are shown in Fig. 1.
The padiative heat transfer was again neglested for the same
reason as given in $I-3.3. {see also the following section) .
Figs. 9 and 10 show that all the experimental values of
hest transfer raies ape considsrably higher than any of the
- theoretical values for conductive heat transfer alone, i.e. for
kyy = 0, showing that thers is an effective dissogiation in the
flow and recombination at the surfacse. The value of the
best matching Ky, for each surface is indicated in Figs. 9 and

10. Since ky is determined from Eq. {32) or (44) as

k'ev Q “’Qc ’ . Q e Qc i
= , op s ==~ {49)
Tw . 25?5 %m 'hCO . 1596 b\om Jhto
whers Q = measursd vaiue and

Q. = theoretical value,
the errop in ﬂpe deiepmmatﬁqn of k, can be estimated after '
considepring the error in Qg . At low enthalpy levels thers
should be ne recombination heat transfer, howaver the experi-

montal heat transfep patss excesd the theopreticsal values by
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approximately 18% in averape. This means that the theors-
tical valuss of Qg are, for some ‘x'aason‘D underestimated by
around 15% ,

Allowing this poasible eprror in the theoretical vaiues of
Q¢ in Eg. (49), the most probable values of kyy are seen
to fall within the following ranges;

i) copper hemisphere, 0.033T < Ky < 0.063T,,

ii) chromium cons, 0.070Ty < ki, < 0.1067T,,
iii) stainiess steel hermnisphere , ’
0.011 Ty, < Ky £ 0.041T,,

iv) ceramic hemisphers, 0 < Kk, < 0.030T,,
v) ceramic cone, 0 <« Ky <0,038T,

Substituting the avepage su_ptacs tompsarature values
300 < Ty, < 6000K {see Fig. 11}, it is seen that the catalytic
recombination rate constant ky for the metallic surfaces lics
within the range expected by Goulard (Ref. 13)

10 £ kyy < GO fps .

It is now possible to caleulate the effective enthalﬁy from
the values of fﬁeasuped heat t;vansfep ang the obtained catalytic
rate cohstant., ‘This calculaticn was carried out and the
results are pressnted in Fig. 4 as Hiny - - The calculated
Hynx 1S subject to the inaccuracy in Ky at high enthalpy levels,

but should be accurate at low enthalpy levels whepre the



digsociation level is low. As menticned in | éHmS,E.L, the
enthalpy determined in this way is closer to Hgp,, which
suggests that the latent energy of ionizaticn of vaporized
olecirode mateprials is recovered by the translational energy
of the gas in the same mannor as in nonequilibriurn ionized

argen gas ( §1-3.3.) .

I1-3.4. Radiative eneprgy tpansport

The radiative snergy transport from the nozzle exit flow
in »nigmgen was measured with the same bolometer as that
described in §I-3.4, The same calibration curves, i.e. Fig.
20 of Part §, were usgd,. The results of the tests are presen-
ted in Fig. 12. Shown also in Fig. 12 are the theopezi‘cai
values éalculai:ed usiny the data of Yos (Ref, 11) (sce $11-2.5.).
As seen from Fig. 12, the experimental values of radiative
heat transfer are at least thpée oprders of magnitude greatep
than the theoretical value of continuum radiation determined
u'simg the semiclassical Edpmula of Kramers {Ref, 21),
irraspective of whether squilibrium op frozen ionization is
assumed through the nozzle.,

7 The snormously high experimental values of radiative
heat cvansfeb as compared with the thecretical values may be
dus to either one or both of the following reasons:

i} The semiclassical theory of Kramers is a poop
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approximation to the trus value. In this case of argon, the
Krameps' theopry gives a value for padiated powser at least two
orders of magnitude smallep than the quantum theory which is
used in the work of Part I (see Ref. 32 of Part I). Thers is
apparentiy no data available on the quantum theopry of radiation
from nitrogen and therefore Kramers' theopezical values are
used here, _

i) The discrepancy may due partly to the ppesence of
slectrons derived from the metallic impurities, i.e. vaporized |
clecirods materials . Because of the low ionization potentials
of the contaminants, and/or the small ionic recombination of
the contaminant ions, substantial numbsers of slectrons and
metailic ions may still be present in the jet exit flow .,

The experimental result of padiative heat transfer in
nitrogen and also the work with argon (Pai'c I, é‘lesoéa), confirms
that the radiation loss in the nozzle flow is negligibly small and

the flow is almost perfectly adiabatic ,
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iI-4. DISCUSSION

I1i-4.1. State of nitrogen flow in the wind tunnel

_The flow Damkihier nunibevs in the Imperial College
- plasma-jet wind tunnel for nitrogen dissociation and recombi-
naticn are quite iow. Calculation shows that the characteris-
tic Damkdohler number of tha flow in the settling chamberp
with respect to the dissociation of nitrogen is of the order
unity . Ref. 25 reporis that the flow miay not reach equili-
brium in the settling chamber even if the characteristic |
Damkthier number is considerably larger than unity, The
stand-off distance of tha bow shock wave for a hemisphere,
and the heat transfer measurements taken ascertain that there
ie dissociation of nitrogen to a degres very much the same as
that at the eguilibrium level . Perhaps in the arc thers is
a disscciation rate quite different from that in a shock- compression.
In shock-comprassion dissociation, the molecules obtain
energy necessary for dissociation through collisions with other
atoms or molecules, while ih arc=dissociation, the energy may
comse partly through collisions with highly mobile electrons.
Since the cross-section and the mean free path of the collfsion
are different in the two cages, the dissociation rate may also
be different . v | ‘
The comparison of Htpb with Hg - shows that a signifi-

cant amount of eneryy is absorbed in the vaporization. of electrode
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materials, which are no doubt jonizad subseguently. Thus
the assumptiion of icnic equilibpium in the ¢peration with
nitrogon is seen to bo a crude approximeation. The presence
of radio frequenocy oscillations in the nitrogen flow { ses .
§H~=3°l°3,) may partly be rasponsible for generation of excess
electrons in the flow (see e.g. Ref. 26). An effort is
curprently being made to reduce the contamination level and

the arc fluctuations.

The two methods of flow determination, i.e. the power
balancevand‘the pressurg-mass flow methods, agres with each
other when both the negative displacement thickness at the
throat and the gas contamination by electrode materials are
accounted for, The effect of gas contamination is quite large,
particularly at low enthalpy levels, This point emphasizes

the désirability of an impupity-free plasma-jet wind tunnsl ,

II-4.2. Transport propepties

The viscosity valués used.here for the calcuiation of heat
" transfer pates to the hemisphere and cone models for compapi-
- son with the .experimental results ars ihosa obtained from the
(reduced) Chapman-Ensikog method {see §II-2.4.). The values
of viscosity calculated using the Sutherland formula, which

" has been used with much success for temperatures below
2500%K and which iz indeed used by Ahtye and Peng (Ref. 12)
for calculation in the dissociated and lonized pegimes, ars
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lowepr than the Chapman-Enskog method values by nearly 40%
within the range of enthalpy levels tested., The present heat
transfer resulis show a reasonable agreement with the theore-
tical values calculated by Yos's methed. If the Sutherland '
formula is used, the experimental values will exceed the
thsoretical values by quite a large value at the lowest opera-
ting conditions. The results of the heat transfer measure-
ment presented heée, t:h_er'efope,, strongly support the use of the
'~ Chapman-Enskog approximation for the calculation of
viscosities at temperatures above 25000K,

The theoretical values for conductive heat transfer were
taken basically from the work of Fay and Riddell {Ref. 17)
which includes the offect of n = f#/(PM], ., thé Prandtl and
the Lewis number.,. ' The correction factors accounting for
these effects amount approximately to 1.7 at the high enthalpy
levels tested. .By incorporating this correction factor, the
calcula;e.d conductive heat transfer rate was apprbximatzely 70%
of the total heat transfer measured ét; high enthalpy levels.
1 thbse_ effects are neglected, therefore, the theoretical heat
transfer due to conducticn alone will account for only 40% of
the total heat transfer paﬁe measured. The remalning 60%
which musi be accounted fop by surface recombination is
impossibly high, This leéds.to the conclusion that for zhé
calculation of conductive heat transfer from a dissociated gas ,
the effects of n, thei Prandtl and the Lewis numbers must be

considered., It must be recalled also that the values of the
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Prandil and the Lewis numbers have boen caiculatsd using the
work of Yos {Ref. 11} which utilizss the Chapman-Enskog
methed. If the method of Hansen {Rof. 14) or equivalently of
Ahtye and Peng (Ref. 12)(which uses the simple collision model)
ic used, these effects will be less pronounced (the copmectiv'e'
factor will be 1.5 maximum) and gherefore the agreement betwaen
theory anﬂ experiment wiii bb poorar, This point again
smphasizes the use of the Chapman-Enskog method for a

dissociated gas.

II-4,3, . Surface catalysis

The reasons for chcosing boro-silicate ooramics for
testing in the role of low catalytic materials were;

i) they are the only indﬁsmia!ly available high temperature
caeramics at present that withstand the reguired operating
conditions ,

ii) their strong adhesion and good mechanical properties
{see Ref, 27), » |

iii) a large thickness is easily obtainable, and

iv) the uncertainty and variability of the catalytic rate
constant of & matepial under the varicus conditions {Ref, 28)
do not warrant the use of an elaborate or especially purs
coating matsrial ,

Thoe second and third points are important particularly in

regard to the expsrimental condition of the present work., In
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these exporiments, the congditions were cuch that in the stanting
process, thermal shock can cause a temperature difference of
well ovepr 1000 CC across the faces of the coating. A substan-
tial coating thickness of apround 0.0-Ol" was negessany because
the surface needed to be polished freguently with abrasives
to rernove the foreipn material deposited on the surface of the
model . The vacuum evaporation method used by Busing (Ref.
29} or the contact fusing utilized by Leah {Ref., 30} wers nct
suitable ﬁ'op. these x'easor;s o

It is genspally believed {Ref. 13) that pure silicon monoxide
and silica have such a low catalytic activity for oxygen recombi-
nation that they can bes taksn as practically non-catakytéc under
such conditions as in the present work . Sut this point is not
at all conclusive when considering high surface temperatures .
Also the cataiytic recombination rate fop nitrbgen may be
somewhat different from that for oxygen. The Sombapdmem
of the surface by the high energy pariicles contained in the
plasma=jet wind tunnel flow and the contamination of the surfacs
with impumisies may chabge the catalytic rate. . .For these
‘peasons the pure eilicon oxides were not used in the present -
experiment.. The boro-silicate ceramics used instead consist
mainly of the oxides of silicon and boron and therafore were
supposed to have catalytic rates comparable with that of ths
silicon oxides., The resuilt of the ppesené experiment shows

that these ceramics are substantially less catalytic 0 nitpogen



pecombination than the metals used,

l-4.4, Fpsezing of the wind tunnel flow

The stand-off distance msasurament confirms that the
flow of the plasma-=jst wind Eunhat used is indsed {rozen for
both dissociation and vibrattonal excitation. The frozen
nature of the {low is used in the prasent work as an advaiitage ;
that is, the atom concentpation and other flow properties are
determined in a simple way making use of the condition of
constant atom concentration., This approximation made the
determination of the surface catalytic reaction rate constant
kK quite simple. If the dissociatien is relaxing through the
nozzle and behind the shock wave, another unknown factor must
be determined, i.e. éhe rate constant . Thus a completealy
frozen flow is suitable for a heat transfer exporiment with
catalytic and non-catalytic surfaces, | '

The frozen wind tunnel flow is & good simulation of the
flight condition as regards the atomn concentration level at the
edge of the stagnation point boundary layer. Up to an altitude
of about 200,0G0ft, the atom concentration at the edge of the
stagnation point boundary layer of a re-entering blunt body is
equivalent to the eguilibrium value in the inviscid resion, and
therafore it is simulated im.i:he wind turnel by reproducing the
2ames atom concentration level in the seitling chamber in &

frozen flow, Beyond 200,000 ft, hewever, Chung (Ref, 31} and
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the present author {Ref. 16) have shown that the atom concentra-
ticn at the edge of a boundary layer is decreased by the lack
of equilibrium in the shock layer. For the simulation of
altitudes abovu 200,000 ft , therefore, it is necessary to produce
a near-equilibrium condition in the test section. Neap-
equilibrium flow is also necessary to prevent the loss of thrust
inherent with frozen flow, for the study of ram-jet engines-(see
e.g. Ref, 32},

The required settling chamber pressure for the produc-
tion of dissociative equilibrium at the test section was
determined by solving the freezing cpriterion (see Eq. {15))

KF =1

for two nozzle geometries and is presented in Fig, 13. As
seen from Fig. 13, it is essential to maintain the settling |
chambez" pressurs high enough to produce a nsar-squilibrium
flow in the test section for test flow Mach numbers M > 2,

A possible method of eguilibrating the exit flow in a
nozzle is to add a ‘catalyst’ to the flow which may increase
the effective prscombination rate, An effort has been made by
the present author to find a catalyst for nitrogen recombination
and also for the reactions in hydrogen-oxygen products in the
plasma=jet wind tunnel. The tests proved unsuccessful however,
mainly because of the instability of the arc induced by the

injection of the foreign materials.,



Xo=10", nitrogen

- 14
o x.=OF, oxygen Jk=sx10

14

o | l l

0.4 0.8 1.0
| 0.6 He/he

;Y

6000 IOOOOBTULB N, 14000 |

.. 2000 40008TULB Op 6000

: . "ﬁ&ja’-,AmhoxmA\Ts FREEZING POINT-MACH NUMBER FOR
Joo . DISSOCIATING GAS.



-5, CONCLUSIONS

il For an approximate calculation of vibraticnal excita-
tion and dissociation levels in a relaxing convergent-divergent

nozzle flow, the cpritepia

Kg =4, for vibration, and

K¢ =1, for dissociation
agpée With the exact solution to within 5%,

ii) The increase of the shock wave stand-off distance of
a spherse in a frozen dissociated flow is confirmed,

iii} Two methods of determining the flow properties in a
plasma-jet wind tunnel, i.e. the power balance and p#essumé
[rass ﬁ’low methods, ars shown to agree approximately after
correcting for the negative displacement thickness at the throat
and for gas contamination.

iv) Coppem chromium and stainless steel have surface
catalytic reaction rate constants of the order of 10fps for
nitrogen recombination and the two boro-silicate ceramics
used are much less catalytic than those metals .,

v} The heat transfer results support the uss of the
Chapman-Enskog approximatiocn instead of the simple collision
model in the calculation of transport properties at high temper'éa
tures and refutes extrapolation of the Sutherland formula to
higher tempseratures ,

vi} The experimental values of radiative heat transfer
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are several ordeprs of magnitude greater than those predictaed

by the semiclassical theory of Kramers,
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