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ABSTRACT  

The effects of dissociative and ionic noneguilibrium on 

nozzle flow characteristics, the flow in the stagnation region 

of a sphere and heat transfer rates are investigated both 

theoretically and experimentally. The content is divided into 

two parts. Part / describes the work on ionized argon, 

while Part 11 is, devoted to dissociated nitroL.,,en. The 

theoretical calculations for noneguilibrium nozzle flow were 

carried out employing the relaxing gas model suggested by 

Freeman and using a digital computer. Tests were made in 

the one-inch arc-heated wind tunnel as follows: i) stand-off 

distance of a hemisphere,, ii) heat transfer rates to a 

hemisphere and a cone with catalytic and noncatalytic surfaces, 

and iii) heat transfer by radiation. 

Conclusions. drawn,, among others, are: i) the ionic 

recombination rate constant of argon As not greater than 

6 x 1027T.cm-  mole2sec-1 where T is in o
ko 

ii) the variations of shock Wave stand-off distance for a sphere 

due to the frozen nature of the flow are verified. iii) copper, 

chromium and stainless steel have the surface catalytic 

reaction rate constants of the order of 10 fps for surface 

recombination of nitrogen, and two hero-silicate ceramics 

are much loss catalytic than these metals, and iv) the 

heat transfer to a hemis phere from ionized argon is greater 



than Ehat from non cad flow and thLs occurs bezause 

the boundary layer Ls tonfically gPon and the cold surface 

acts as a fulEy catalyttc surface to the tonic recomhinatton. 
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INTRODUCTION 

The rapid increase in flight speed duri g recent years 

has made the studies of high temperature real-gas effects 

essential. At around 1000 ol<„ i.e. corresponding to the 

flight condition of M ex. 4. the vibrational energy of oxygen 

and nitrogen is excited; at 3000 oK, or M e: 8, oxygen starts 

dissociating; at around 6000 01C, or M r-e l5, oxygen and 

nitrogen start ionizing. These activations are all energy 

absorbing processes and the amounts of energy involved are 

of the same order as the total energy of the gas. Therefore 

the performance of an aircraft flying at high speeds is 

strongly influenced by these effects. 

A considerable amount of work has been done both 

theoretically and experimentally on real gas effeci.s at high 

temperature (Ref. z of Part 1) . As a result, the flow of gas 

in thermoechernical equilibrium has come to be understood in 

some detail 	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 does not proceed is called 

the equilibrium state. 	The equilibrium state is a function 

of thermodynamic properties only, and therefore involves 

less uncertainty 	The greater difficulty is in the so called 

nonequilibrium state, where the gas is in the process of 

reacting to reach equilibrium 0 



Since the flow conditions encountered in hypersonic 

reentry include those in all degrees of nonequilibriurn state 

as well as equilibriUrn, the knowledge of nonequilibrium flow 

is essential to the understanding of real-gas effects° 

There are mainly two types of facility for producing 

the high temperature flow suitable for real-g,as effect 

research, namely the shosit-tube and the arc-heated, or 

plasrria-jet wind tunnel. . Of these, the shock-tube has two 

serious lianitations, ite, the short duration and the limit on 

the attainable energy level of the gas. The development of 

the plasma-jet wind LI.Mileic  which is essentially free of the 

above /imitations, is only recent and many of the basic problems 

of arc-heating are still unresolved ( Ref. 2 of Part IL. Because of 

this uncertainty in the arc-heating mechanism, the experiment& 

work one can carry out at the present stage in the field of 

nonequilibrium real-gas effects with a plasma-jet wind tunnel 

is quite  

The purpose of the present work is to investigate some 

of the most important nonequilibrium real-gas effects -• 

relevant to the plasma-jet wind tunnel test conditions 

.0;lesociation and ionisation are treated mainly because they 

ara.the most serious effects, and electron temperature 

equilibration and molecular vibration are mentioned in 

connection with the two main effects. The discussions are 

divided into two parts, the first part is devoted to ionized 

argon flow while the second pant is concerned with dissociated 



nitrogen. Ira both parts, the processes consid-ered are 

i) the wind -tunnel nozzle flow, ii) the flow in the stagnation 

region of a hemisphere iii) boundary layer flow with heat 

transfer, and iv) radiation from the jet exit flow. 

The theoretical basis of this work is taken from the 

existing literature and the theoretical treatment contained here 

is mostly an extension and detailed manipulation of such 

theories. The entire work is aimed to derive useful 

conclusions on: i) heat transfer to a reentering body, and 

ii) basic physical quantities related to the reentry problem, 

i.e. reaction rates, transport properties and surface catalytic 

activities, 



PART I 

FLOW OP /CINKZED ARGON 
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unless Otherwise stated 

: Molar number of particles 

n : Fiv,t(piA)0  

• : pressure 

- 0 	: overall boat transfer race 

• : local heat. transfer rate 

R 	; gas constant or nose radius 

• : distance from center line 

Sc 	: Schmidt number 

: tomperaure, OC 

: eleetrOn temperature, OK 

Tn • : reference temperature 1820.00°K 

• v• 	veloCity ñnn and j direction 

: plasma-jet head cooling water le4s 

y 	distance along and normal to wall 

no-  . • : reference length • 

throat-mais flow parameter, see Tic", I(  2 ) 

: effective frozen sncoiCic heat ratio 

stand-off distance of. bow shock wave 

: plasma-,let head efficiency 

frozen thermal conductivity 

: ernscosity 

4,17 : dimensionless length parameter fan x and y direction 

p - density, cM-3mole 



referenco 6one4w 3,78 ern-5rnole 

. 	froa-,en Prandti number 

013 	equilibr•Aurn 

volazrati'on au/4 

efl • 	: ionization fraction 

Subscripts . 

a 	: acorn 

oritioal beim, 

o Lvound.-nry layer OP Shock iay07.1 

11--7  

;rnasflew Method.  

pb 	powor balance rnothod 

. w 	: 

eletr 

L'a 	nOooalo throat 

co 	test seetnon (f wind tunnel 



1-2. THEORY 

1-2.1. Fundamentals of nenequilibrium ionised argon 

It is known that the state of a gas An thermo-chemical 

couilibriiim can be determined by using the partition 

gunctions when these are known. ( In the present work the 

term therrnodynaMic equilibrium will be used to inheirent to 

a Maxwell -Boltzmann distribution as well as vibration& 

equilibrium, while chemical equilibrium is referred to the 

equilibration ce reactions between different species, i.e. 

dissociative and Wain equilibrium.) For a pure monatomic 

gas, gray and Wilson (Ref. 3) have shown that the flow of 

gas-can be approximated by using an ideal ionisiig3 gas mode!, 

which neglects the second order terms in the partition function. 

In the ideal ionizing has, the equilibrium ionization fraction.  

is determined by the simplified Saha equation (Ref 5) 

3 

(92  
3'P 	T TA 

(1) 

where # is the Aonization.fraction 
Ni 

Na -"NA 

and the subscripts a and A refer to the neutrI21 atoms and 

ions, respectively. 	Eq. (1) is accurate to approximately 

within the range (Ref. 3) 

	

0.005 	< 009 

	

0.001 < P 100 	atm. 



2.5 - 

The stc:'.to of gas is determined by (Ref. 4) 

T6 
p = p Rag( 4-) (2) 

The electron temperature TE  is not necessarily equal to the 

atom temperature rr in a nonequilibrium ionized gas because 

i) the collisions involving electrons era accompanied by 

radiation and therefore are not generally elastic OneS, and 

ii) the frequency of Collisions between atoms and electrons is 

much smaller than those between the earns Species and so the 

electron temperature may lag behind atom temperature, or 

vice versa, in a changinv flew state. The enthalpy of the 

ideal ionizing monatomic gas is 

h +ON CpT 	2.5(1 -Pr 	. 	(3) 

The equilibrium electron temperature TeB- is 

controlled by the radiative property of the gas, In the weakly 

ionized regime (0.4,0.2 for argon) the effect of radiation is 

very small (Ref. 5) and the equilibrium electron temperature 

is approximated with-  sufficient accuracy by 

T3E 	..ler 	0 	 (4) 

n the. present work, the consideration As limited. to this 

regime cnly,, end se Ego  (4) is used throughout.. 

In a nonegui/ibrium flown. the electron temperature and 

ionization fraction ewe changing with tinfiel even for fined . 



entheiLV and preSSUPOD  i.e. Peening., and must big 60-'1:ermined 

by the relevant rate equations,. For the Poia;zatiop of electron 

ternparature„ _Spitzer (Rao 6) derived the rate equation,, 

can be written for argon gas as 

2)TE 	16 7032 x 10 p# nogeA IT
-2

(T- Te 1 	(5) 
t 

-7 2  where 	A g 4.59 x 10 
4130 

FOP ionicre/axation„ Bray (Ref. 3) derived the necessary . 

rate equation in the same way as Freeman g Ref. 7) derived 

the rate equation for dissociating gas, which can be . written, 

neglecting radiative recombination, as 

(6) 

The rate constant k was obtained eXperimentally for the 

shock-compression flow for argon by upon and Petachek 

(Ref. 5) as 

k .A 9.2 x 1 	600 0 	+ 2) oxp  , 8„200 	 (74 
Te  • 

Similarly for a rocombining flow with hydrogen, helium and 

argon Minim and Hirschberg (Ref. 3) obtained 

5.0 11027T44°5 IC) 

The condition neces,ary for Eq. (5) to hold is that the mean 

free path Of neutral atoms As sufficiently smaller than the scale 

cf the flow field an' the velocity distribution of the neutral 



atoms to be regarded as Maxwellian. Ea. (6) holds for a 

dense plasma in which the radiative recombination is 

negligibly small compared with the total relaxation rate. In 

the calculation of ionization level, however, radiative 

recombination can be neglected even if it is the major process 

provided the absolute rate of the radiative recombination is 

small compared with the total ionization level. The rate 

constant of Eg. (7) holds for any continuum flow in which the 

fundamental equations (1) to (3) are valid, and Eq, (6) holds 

when the eleCtron density is greater than 10II  cm-3  for 

T 	10000K 0 

introducing the relaxation time or, the rate equation 

(5) can be written in the form 

Tie 	T- Ts 
t (9) 

The rate equation (6) whioh is nonlinear can also be written 

in the form of Eq. (9) 0 The appropriate relaxation time 

in the latter case is a funbtion of 0 as well as other properties. 

E-Puga ttaqbua9:lisE2L_Isivall owls 

The adiabatic steady one-dimensional flow of non-

equilibrium ionized argon can be solved tieing Ego, (A) to (9) 

and the following basic nozzle flow equations; 

continuity : 	puA a rh conat. 	 (10) 

- momentum : 	du 
da 

4.• t di) 
P dr, 
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energy: 
tr. 

Ht  N 	 const. 
[G. 

(12) 

OP one-dimensional steady flow , the rate equation' N) 

becomes 

delt 	-T6 	 U3) 

(Note also that Eq. (6) can be written in the same form as 

Eq. (13) with Ts replaced by 0 and T replaced by 1•E 

By introducing the dimensionless length parameter 

no 

where 2t is an arbitrary reference length, Eq. (13) can be c 
written as 

dTE 
dc• 
	T Te 

no 
	 414) 

••: 

When K is very 1.81.7&„ Te (or 0 ) tend to equalize rapidly 

with T(or OE), Le a near equilibrium flovt,... When IC _is 

very small, Tg (or i  ) POmains almost unchanged, A.e. 

near frozen giOlfi G  Thus - X is the main factor controlling the 

degree of.  relaxation 	Since xi u represents the time - 

taken to travel the distance no  at the velocity u„ 	I u As 

called the mechanical transit tithe K is then the ratio of 

mechanical transit time to the relaxation time ern . and As 

called the local DamkOhler number, The representative 

OP characteristic lDamk8hler number of a system is obtained 



by eubstituting for u and 	the most representative VaILIGS 

. of velocity and relaXatiOn dm e in the system. 

En order to determine the flow properties in_lonized 

argon. one must solve Eqs. (5) and (6) simultaneously with 

the ceriservaUon equations (10) to (12) . The flow s!,estern 

therefore involves two degrees of relaxation. Since it is 

extremely difficult to solve Eqs. (5) and (6) simultaneously 

for a nozzle flow starting from a settling chamber, 

consideration is limited in the present work to those problems 

in which the departure of electron temperature 'VOm the atom 

temperature. is 'small and may be neglected. Thue. for - 

the calculation of ionic recombination. the approximation 

Te. 	TeE 	P (for Eq. (6) only) 	(15) 

is used. The variation of electron ternPerature TE is 

then Calculated from the ionization fraction values obtained 

WY using the.snmplification a Eq. (15). The resulting 

distributions.of tt -and TE are therefore the first approxi-

mations to the true solutions, and the procedure comprises 

a kind of small DerCLIPbation method. The solutions are 

accurate, therefore, to the order of Enagnitude of the largest 

neglected terms in Eqs, •(17) to (19). which is (1 - TIE% 

The .electron temPerature relaxation and ionic- relaxation 

are now mathematically decoupIesi and the resulting equations 

are; 



lit  a 2.5(1 + 0)RT + Pill + ---, s Const. 	.(16) 

1 dA • 	 1 - 	.  

1 dT 	A dx 	{1-04.  p 	g — 	
P -1—  ---2)(2.5T+---- )R1 

a 	
a 	1A7) T dx 1 - (-;1- 1-d) x 2.5(1+#)RT P 11  

era  _ 
"Wo 105

il-0)e--IF- -tf 02.} 	(18) 

6:1.1C 	72  1016 PO I° grA  (T-T ) 	 (19) 
flz T2  

J. 4.59 10 lov  

Note here that althOugh the syst.ern of equations include tWo 

degrees of Pola:gation. effectively it involves only One dePPee 

a relanation, because the electron temperature doss no come 

into the temperature equation Q/7) . 

The solution of Eqs. 06) to 0.9) for a supersonic - flow 

is straightforward if m is given as an initial condition. 

For a convergent-divergent nozzle flow starting from rest., 

there are tWO singular points in the low speed' repion0 	ne 

singular point occurs when the denominator of Ri•-36 in 

Eqo U7) is zero. Since the Las of Eq, U7) As finite, 

the numepatoro oq Eq. (17) must also be zero at this sular 

point.. En the perfect gas in which di/dg  is 00E70, the 

singular point is at the point dAidx O. i.e. the throat. In 

a flow with recombination, in which dOidx < Op this sin-7%day 

point is in the divergent portion of the nozzle because the 
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quantity in the palz8nthsis in the numerator a Eq. (17) is 

positive. Another singular point is at the settling chamber 

WhCP U.OD Making Eqs. Oa) and (19) indeterminate. 

The boundary conditions for Eqs. 47) to (19) are 

given by the condition in the settling chamber 	in the present 

work, it was assumed that the flow is completely in equilibrium 

for all reactions and activations in the settling chambers  i.e. 

at 	x --co (in the. settling chamber) 

	

T To 	 (20a) 

	

0E 
	 (Pr;Ob) 

	

rre& T 	 P.oc) 

En ozer to satisfy these conditions:, Eqs. (17) and 118) 

must be first solved for the subsonic region between the two 

singular points to find the correct value of mass flow rate 

In the present worki  the Solution in the subsonic region 

is obtained by solving Eqs. (17) and (la) consecutively 

The ternperatur equation (17) is first solved with an assumed 

distribution of along the nozzle, starting from the downstream 

singular point. - The temperature distribution obtained from 

this integration is fed into the ionic r4laxation equation (i8), 

which is integrated from the settling chamber toward down 

stream . The resulting 	distribution is also fed into Eq. 

(17) to solve for T and so on. 
In the first upstream integration„ the mass flow rate 

rh As assumed. When the upstream integration of Eq,, (17) 



As terminated at a point sufficiently upstream of the throat, 

the resUlting-  pref.:J.9(We and temperature are compared with the 

given settling chamber values and the mass flow rate & and 

the temperature vaiues are corrected in accordance with 

Newton's iterative principle. The iteration is repeated until 

the terminal vaiud6 of upstream integration agree With the 

given settling chamber conditions 0 

The dcWiristrearn singularity of Eq. (17) As overcome by 

choosing the initial values of integration such that Eq. (17) 

is satisfied in the iimit„ . i.e. 

2E42% 

Tile Va Wes o 4,„ Oitix and dVidat2  necessary for the 

evaluation of Eq. (21) are obtained from the precedir3g 

of Eq. 	For the first appronimation „ both 	and dOdg 

arc assumed as varying linearly with g 	Once the distribu-

tion of 0 ,  As specified through the nozzle, the value of T 

some poia L up,strearn of the singular point can ho 

determined by AT - IdTidn) 	EAsApg - . Eq. (21) and by the 

conditions for a singularity in Eq. 017), toe. both the numerator 

and denominator are zero. together with .the corsservation 

equ'ations (1.0) w (12) 0 The singular point for Eqso (18) 

and (19) is avoided by starting the integration from a finite • 

velocity i.e. from the point where MA;;; 5 „ 

Once the solution for the flow speed region is found. the 

Hin 	C Eq. U7)) 	 (21) 
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solution for the divergent portion of the nozzle is straightforward. 

The limiting value of Eq. (21) is again used as the initial 

slope for temperature in the downstream integration. 

The problem was solved numerically using the Ferranti 

Mercury digital computer for the Simi of argon through a 

typical convergent-divergent nozzle for a total Of 18 sets of 

operating conditions. 	eoause the flow through such,a nozzle 

is a recombining flow, the form of the rate constant is taken 

to be the same as that derived by Hinnov and Hirschberg 

. (Ref. 8) from measurements in recombining conditions. The 

magnitude of the rate constant is varied as 0.1k, k and 10k„ 

where k is the value obtained by Hinnov and Hirschberg. 

The nozzle shape taken for the computation was the ea° 

incorporated in the Imperial College one-inch plasma-jet wind tunnel 

(Fig. the which was approximated by a hyperbola in the 

convergent portion and up to the point it 0.8 inch in the 

divergent portion, and by a parabola 

A 	 • 1.023x(inch) + 005 

in the rest of the nozzl . The hyperbole and parabola chosen 

match each other smoothly at AM* n 1.323. 	The settling 

chamber conditions Chosen are also those of the imperial 

College plasma-jet wind tunnel . For the 1.8 cases chosen, 

the computation has shown that the iterative method converges 

with a fixed step number of 150 and reaches the stable solution 

within 6 iterations. The rdsultS•of integration are presented 



1.25" 
I 

0.836" —0.flow 

3.68" 245" 3.25" 

Fig.1. Geometry of electrodes, settling chamberand nozzle of Imperial College 
one-inch plasmajet wind tunnel 



in Figs. 2(a) zo 2(o) o 

As seen from the figuresb there As moderate r-laxation 

both An the electron teMperature and ionization fraction under,  

these aonditiOnS -. The electron temperature is only slightly 

higher than the atom temperature at the ionisation levels 

`© 0,020  .and by Up to 30% at the very low ionization levels 

004. 0.0056 .  •ThuS the requirement sot earlier, in Eq. (154 

`that the electron temperature is equal to the atom temperature 

(eoP the calculation of ionic F.Iconabination only), is met to.  

the first approrsiMation for these conditions. The ionization 

fraction falls steadily •through the nozzle and there is no 

°sudden freezing' meant in the flow„ a trend which was shown 

by Bray (Ref. 4) . • The tornperatura end pressure are 

appreciably increased by the recombination An the divergent 

portion of the nozzle, 'and the etas: ternpepature and pressure 

are sensitive/y affected by the recombinataon late used An the 

calculation undcitt these ciocumstances. 

The c4UE-AtAtrA of cOnthnuity through the nozzle 

ficNiti A44 
can be F.0CLEIVang-ed;, bed. kaSin,2 Eqs. (2), (3) and 05)0  as 

rPcAxl  2  2.5 (   ) (22) 

where r As.the throat-mass flow parameter 

423) 

The parameter r was ceiculiated Epoin the computed penults 
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recombination rate 	k = 5 x 102'T-a.5  

To =10500 °K 

To = 9'500 °K 

  

z— To = 8500 °K 

   

 

if-- To =10500 °K 

   

      

       

       

0 	 0.1 x ft 
0.2 	 0.3 

,  
Fig. 2(a). Typical variation of ionization fraction and electron temperature 
along the wind tunnel nozzle, computed result, Aft, /A. = 3.5, p.= 0.25 atm. 
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g5000y.., 

1.2 
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	 T/Tperfect gas 

P/Pperfect gas 

recombination rate k = 5 x 1027  T-45  

05°C) eV%  
10'1  

1 	 2 	 3 
A /A*  

Fig. 2 (b). Typical variation of temperature and pressure along the 
wind tunnel nozzle, computed result, pc, = 0.25 atm. 

4 
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1.8 

1.6 

1.4 

1.2 

1.0 
3 	 4 

Ht w 10-3, Btu/lb 
Fig. 2(c). Variation of exit condition with enthalpy level, computed 
result, Ace/A*= 2.7, pa= 0.25 atm, for the reaction rates k =10k, k 
and 0.1k. 

2 



oft nosEto flow properties and was found to be closely equal to 

r= (025 	LOPPOP1 <1,5% ) 	 (4) 

for all the cases considered. The value 0°725 is the value 

FOP the .perfeat gas ( Y VS), The results of computation --

show therefore that the frozen enthalpy is related to the 

factor (poien)2  in exactly the same way as in the. perfect gas 

and is directly proportional to (pohin)2., for the range of 

conditions considered. 

Shock wave stand-off distance of a sphere 

When a sphere is placed in a wind tunnel nozzles  the 

flow process across the bow shock wave of the sphere and • 

within the shock layer are in General &Noted by the ree:ca- 

tion phenomena Within the noz.T.to 	When the stand-off distance 

is vary small compared with the nozzle length there aro in 

general three limiting cases in the degree of nonequilibrium 

in the flow through the-rioczle end shook wave of the sphere.. 

They area  in descending order of Damkbhler number; 

I 	case E-E; oquilabriurn.both through the nozzle .and 

behind the Shock, hove, K is very large, 

ii) case E-F ; equilibrium through the nozzle but frozen 

behind the .shock, K intermediate°  and 

inn) case F-F ; FOOF.,0 both throup,ill the nozzle and 

behind the shook, K small. 

A 4'oural condition, Le.-  the case F-E (rozen through the nozzle 



and equilibrium behind the shock) is not likely to Of:-M!Ill because 

6:;lo charzscteristic length behind the shock wave is obviously 

- much smaller than the nozzle length. 

For the above mentioned limiting cases o  density does 

not vary much within the shock layer in the direction perpendi- 

cular to the wall 	Thus the shock layer theory of perfect 

gaz.1 

 

see e,g. Ref, 9) can be used to calculate the shock wave 

stand-off fMstance. According to the shock layer theory of 

a perfect gas,, the relative shock stand-off distance is Very 

closely a function only of density ratio 

Po, g( 
Pe 

whore P,, and po  are the densities in the freestream and 

at the point just behind the normal portion of the bow shock 	• 

wave, Comparing with the eagovirnermal results of Ref. 10, 

it is seen that for density ratios of around 4„ - the stand-off 

distance As best a.pproximatad by 

0.,58.  
171- 	 ( 25) 

When the flow is tonically goors.en behind the hew shock wave, 

(hers and, in the following discussions, the electron 

temperature is assumed to be the same as the atom tempera-

ture )„ regardless of the degree of ionisation and dege.s of 

nonequilihrium An front of the shock., the density ratio is then 

determined by the - Rankins4limsoniot relation for a perfect 

gas, 

 

io 	Rei. 3 	When the flow behind the shook is 



= 

A51 equilibrium, the density ratio As determined, again 

irrespective of the degree of nonequilibrium in the freestream, 

by solving the normal shock relations, 

p,41.2 L7-1 -)etle Pe 2  4- 

ate  to" 

simultaneously with Eris. (no 621 and 05). 00 the three 

limiting cases mentioned earlier, the cases E=l and P-Fi 

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 wave stand-off distance of a sphere placed in 

the test section a a wind tunnel is determined in an ionized 

monatomic gas only by the degree of nonequilibrium behind the 

shock wave in the above mentioned limiting cases, i.e. in-

dependent of the condition in the freestream p 

The shock wave stand-off distance of a OA" diameter 

sphere placed An the nozzle considered An 0-202o under a 

varying enthalpy levele. As calculated f?or the two limiting 

cases of frozen and equilibrium flows behind the shock using 

Eq° i25)D and the results are shown in Fig. 3. The effective 

area ratio of the nozzle in this calculation is taken as 2.7 so 

that the result can be compared directly with experiment (see 

t I-3.2. Note that the nozzle profile does not come into 

consideration in either equilibrium or frozen ionized flows.). 

The displacement thickness of the shock layer is calculated 
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Fig. 3. Shock wave stand-off distance of hemisphere in 
ionized argon, measurement at rh = 0.15 lb/min. 
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by the theory of Van Dyke.(Rsf. 29) rOP the sample flew 

conditions pertaining to the computed solutions in I-2.20 and 

is added to the thickness of the shock sayer to calculate the 

total stand-off distances shown An FIgo  3 

The exact stand-off distance in a general relaxing ionised 

gas flow is at present unknown. Et is inferable however that 

the tale% stand-off distance in the relaxing flow must He betv,7 earn 

the two limiting theoretical values of frozen and equilibrium 

flows. For the flow conditions solved in 1-2.2.„ one expects 

that the actual stand-off distance may be close to the frozen 

flow values because the flow through the nirzzle is only mildly 

relaxing. 

IL,2At___Ra_AnAgypj.2  er and' heaf  

The effect of ionization on boundary layer flow was 

originally estimated by Rutowski ( Ref. 12.) and Adams 

( Ref. 13 	y cixtending the known property of the solution 

of boundary layer equations, they concluded that the heat 

transfer rate from an ionized gas may not be much different 

from that o a nonionized gas. Following these two eL.F.610139,, 

Cohen:Mao 14 Floshizaki(Ref. 15) and Pallone and Van 

Tassel! (Ref. AG) solved the case fox the boundary layer flow 

of equilibrium air using Hansen's data for the transport 

abridged version of this section, along with the experi-

mental ecuntevpan, c31-3.3.„ 12 pubflAshed as Re. 26. 



properties iRef. 17) ;.and Fay and Kemp (Ref, la) treated 

both equilibrium and frozen cases using Yos's data (Ref° 19) 

The works mentioned above give results which are similar to 

each other and they show a general trend of decreasing 

Nusselt number. in the ionized regime°  the rate of decrease 

being more rapid with equilibrium flows than with frozen flows. 

Experimental results of Rose and Stanikevics Ref. 20) • 

agree approximately with the equilibrium flow theories of the 

above mentioned authors° Quite independently from these - 

authors, Scala and- Warren (Refp 21) studied the case of air 

both theoretically and. expe.rimentally arid report that the heat 

transfer rates increase remarkably in the ionized regime. 

Since there is such a disagreement on the reported 

effects of ionization and since there lie no rigorous theoretical 

treatment, so far as the present author is aware, on the 

boundary layer flow of nonoquilihriurn ionized argon gas, a 

theory using a simplified binary gas model is developed in the 

following section. 

	 Transport propertiep acne uilibi ed ar7en 

Et is known ( 	22) that in an ionized boundary layer„ 

the strong Cot23.ornb attraction between the opposite charges 

prevents electrons from diffusing faster through the cold layer 

and that the ions and electrons diffuse effectively in pairs at 

twice the rate of diffusion of the ions 	This is termed 



° anibipolar diffusion' 	Because of this effect„ Charge 

separation doeS not occur, at least An continuum flout, and the 

boundary layer' flow of a nonequilibriurn ionized gas can be 

treated as a neutral plasma flow„ i.e. as an electrically 

neutral mixture of ions, electrons and neutral atoms. 

The transport properties of nonionized argon gas at 

high temperatures are calculated by Admur and Mason 

(Ref. 23) and those of ionized argon by Penski (Ref. 24). The 

viscosity values at 001 atm obtained by these authors are 

compared in Fig. 4 	As seen from Fig, 4, the two calcula-

tions agree approximately in the nonionized regime, rf< 8000°K 

In the present work„ the viscosity in this region is approximated 

by 

-4 P °.784  .k 8.06,  x 10 (wiz) 	poise, ( 	8000°1), (2.5) 

In the ionizing region., ice,, T 7 800001{„ the data of Admur 

and Mason cannot be used because the effect of ionization is 

neglected in their calculation. The viscosity value given by 

Penski is approximately constant within the region 800001C< 

P <12,0000K . Here„ it is approximated by 

P- p  4.3 g 1064  PoiSe, (80000K < T 	i2b0(30°K). • (V) 

The Prandti number As strongly affected by ionization and 

therefore the data of Adam,  and Mason cannot be used for 

the calculation Of Prandtl number. In Pig. 5, the variation 

of equilibrium and frozen Pra- ridt1 numbers calculated by 
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Fig. 4. Viscosity of argon and nitrogen at high temperatures 
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Penski are shown for p A  0.1 atm ( here the term frozen 

Prandtl number is used to denote the Prandtl number based 

on energy transfer by collision alone, and equilibrium Prandtl 

number by collision and recombination under equilibrium 

conditions, see Hansen (Ref. 17)). As seen from Fig. 5, 

the frozen Prandtl number decreases very rapidly as ionise-.  

town commences. This As a result of a very small eleotron-

atom collision cross-section. Zecause of the particular 

wave nature of the argon atom,-  .the electron-atom collision. 

cross-section is extraordinarily small for argon gas at 

around T .800001C (Refs, 24 & 25)0 The electron-atom 

collision Cross-section used by Penski varies from about 

R.6 sb I0-116can2  at 70900K to about S'x 10-16om2  at 12,0000K, 

which is at least one order smaller than any other collision 

cross-sootionS in air or its component eases (Ref, 19) 0 

FOP the purposes of computation, the Prandtl numbers 

are apprsonimated by the ratios of two second order polynomials 

in the ionisation fraction. These bi-polynornial approxiMa-

tions of the Prandtl numbers are compared with exact values 

in Fig. 6 

The transport properties of nonequilibrium ionized argon 

are so far unknown. do the present work, therefore, the 

nonequilibrium properties are derived from the equilibrium 

properties using the following assumptions; 

•i) Viscosity is independent of tonization; this is 

approximately true in a weakly ionized gas, S<  0.1 say. 



hi) Prandt1 number is a function of ionization fraction 

atone. This is true if the collision cross-sections of the 

various events remain constant. In actual fact, collision 

cross-sections do not vary greatly except for the case of the 

Coulomb cross-section. In a weakly ionized sae, the 

contribution of charge-charge collisions to the total energy 

transport is very small, and hence the approximation is valid. 

iii) The effective Schmidt number for electron diffusion 

is Ir. This is based on the assumption that the effective 

Schmidt number of ions is unity in an ideal case where the 

ambipolar diffusion effect is absent, which is approximately 

true. .The exact Schmidt number .is not available. 

I-2.4.2. Boundary layer equations and their solutions  

The fundamental equations of motion of an ionized gas 

can be derived from the work of flirschfelder, Curtiss. and 

Bird (Ref. 27). The resulting general equations are, however, 

too complicated to solve, and also the transport properties 

needed in the general form of the equations are not all known. 

There are three different approaches to simplify the fundamen-

tal equations of motion into those of a binary mixture. 

These are: 

i) Very weakly ionized gas. - When the ionization 

fraction is brought to an infinitesimally small value, the term 

containing diffusion of Ions in the general equations become 
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negligibly small compared with other terms, and the iripiEt-

component diffusion coefficient relevant to electron diffusion 

becomes that of binary diffusion of eleatrons into atoms (see 

Ref. 27) 	The resulting equations reduce to those for a 

binary mixture°  in which the diffusivity is the binary diffusivity 

of electrons into atoms 

ii)rAinary mixture of heavy particles and electrons 

Assuming that the collision cross-sections of ions are the same 

as the neutral atoms, the gas can be taken as a binary mixture 

of oleCtPOTIS and heavy particles, i.e atoms and ions. The 

Schmidt number in this method is half that for neutral atoms 

and ions 	If the Schmidt number for atoms and tons is unity, 

then this model is quite consistent with the-assumption of an 

effective Schmidt number f  made in the preceding section. 

iii) Binary mixture of neutral stoats and electron-ion 

pa's - This gas model is used by Fay and Kemp (Fief. 18) 

in their analysis on ionized nitrogen. The diffusivity in 

this method is twice that of ions into atoms. 

Thus all three models lead to binary mixture equations 

with slightly different definitions of diffusivity. At very low 

ionization Revel, 5 < 0,01 say, all three models give the same 

artswor, In the present work°  the second model is used because 

i) the effective diffusivity of electron-ion pairs is not 

known, and 

ii) the most important collision cross-section involving 

ion is the ion-atom cross-section, and this was found to be 
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approxirnatoly equal to that of atom-atom collision using the 

method 'described by Hanson (Ref. 17). 

Um-) the steady flow :of a binary mixture gas, the funda-

mental equations in the boundary layer become, neglecting, 

the thermal and pressure diffusions (Ret. 281D 

-a16. 	a -0 l'e-sb 
r(uirc + a 	iii(PDaT) 	 (2&) 

peer`') 	0 	 (29) 

dp • 'au 
dx "by Dv)  

Ti  • -a (.2L.;bht  
Zvi Cp`t  y 

0 c, 	:±F- ➢ (aD- Phi ' by 

Tal 9 	) 

au 
 

   

II tt-CSy) + Piph4 

(30)  

(31)  

These equations are non-dimensionalized through the followini-3.  

transformation: 

14 	Pam u r2jd-c 
o ' ae  

• 

uer 1Y a 	op dy 

purl .1-; 	pviv; a  ? -2-3;s "sr(0.77) 	f(;7) 

U 
U0 

dE  
dr? 	 ° &me 

	0 

Eqso  q28) to (31) then become 

ZE° ( 	 0 1̀ )° E 	IC( 0E-1") + ( r yr el-'q) 	(32) 

+ oe" + 	( 	- 	0 	D  
d(log vie ) 	,,, 	•U'  
d(logg 	r 	(10  A 	- - 	) (33) 
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0.1 	(Le _ i)af  }  

hi ?A 
21f7 	

21  • —K ( 	) 	(34) iD6 	hte 

in which the prime denotes differentiation with respect to 

and g is the DamkOhler number, i.e. K 32  /: We'd for a 

Oat plate, or K f2T(dUloldX131'' 1  for the_axisyn-unotrie 

stagnation point . The boundary conditions for the Eqs (32) 

to (34) are 

st 	7/ .3 0, f f° 0„ 3 '2  3vv 	 #va 

at 	1302, f ° g " „ 4,  

Eqs. (32) to (34) together with the boundary conditions 

(35) are solved for frozen and equilibrium boundary layers for 

bOth.anisymmetric stagnation point and flat plate flows. /7°.or 

the stagnation point., • Eqs. (32) to (34) automatically become 

similar, i.e. the R1-1Ws identically vanish (Ref. 28) . For 

flat plate flovv. Eqs. (32) to (34) again become similar for 

equilibrium flows, (Ref. 14). For frozen flow over a flat 

plate, irnilar solutions are sought by assuming 

constant (corresponding to Tvi  500°K) , (36) 

#7,,v  0 . 	 (37) 

For equilibrium flows, the equation of species (32) is 

replaced by the Saha equation (1) and the energy equation (34) 

reduced (Ref.. 14) to 

(35) 



d4 - 

2 e 	
0 

u 
hte f9r (1- 	 )) +fg° 	 (38) 

in which crE 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 readily integrable when both the 

velocity profile function* f and the viscosity-density parameter 

n are known. In the present paper n is approximated by 

(39)  

which is valid as the best simple approximation for the test 

conditions of the present work. Because of the relatively 

weak dependence of the solutions on a, the choice of a is 

not critical . The solution of the energy equation (34) is 

obtained using the following iteration scheme. When Eq. (34) with 

RHS zero is formally integrated, it becomes 

exp(fo(L0-1)0Pd7?)-gla  -A +A2  

too 

Jo  exp [f (L®1)  - fridd4)dri 

(40)  

Al 1 
	

0- exp{Le-/)/,'-f I d7J)lexp(if d/)d;7A3d7? (40a) 

ht  
' 	1 

A2 	h f -ff oxp ff (Le-11 001(1-7)-- )f°r"d/ 	(40b) 
0 
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Az 	(Lo-Ingi 	÷ ku- 	fr °E"(Z-7,4717 ) Mac) 

f 6- 	 uo2  
/071 ens {1( Le-1) pdqA4di? 	d g y 

L3 	
enP 	( Le- 1 )4,7d17). 

texp( ifcc )A,dI 	E2 
A4  e   etcy 02:Pf 	f 	cl/ ) (41a) 

oxri( f 	j 

As  a 
2 

)exp( f (L. -I) Ncii?) e (41b) 

n .Eq. (400), the function al  is an approximation for g 
assumed or obtained from the previous integration. ET 

substituting appropriate clistribution6 of f, si t ,r and 

n 	cis. 4.0) to (41b)0  the first apprOximatiorA for a As 

obtained. The second approximation is obtained by substi-

tuting the first approximation of g into sit  as well as 

improved values of f, no  G" and # which aro obtained by 

integration. of the relevant equations using the first approxi-

mation of g, and So on. For the first approximation, gi  

was taken as the Blasius profile. The integration was carried 

out numerically taing the Ferranti Mercury digital computer. 

The anvcence of this method is so fast that for 4'40.30  the 

second approximation is accurate within Y.% 	. A similar 

procedure was used for - the integration of the energy equation 

for equilibrium flow:, Eqo  (38). The momentum equation (33) 
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s intosrated using the iteration scheme employing the linearized 

equation 

Pe fgo) 0  
1 	2 p 	 (42) 

The profile fi  As firtt assumed and then the equation As 

integrated in a similar manner to that in Eqs. (40) and (41) to 

find the next appronirnation of f and so on. 
The result a oomputation is shown in Fig. 6 

• a frozen boundary layer, the boundary conditien Eq. (87) 

.Amplios that there is sun'lace recombination equal in magnitude 

to (P Dzoia y)ve, The effect of this recombination is to increase 

the heat transfer rate parameter 4/1/7-gw.) by MAN& 

In Fig. 6. this effect is taken Into accounts, that As the pari-7,1- 
meter Eqty  iil-gtv) • for frozen flow is the sum of then.raluo 

obtained from Ecls. (40) to (41b) plus (hnihte) &kaj o The 

pressure taken for the calculation of equilibrium ionization is 

0.1 atm, 

.In Fig. 6, the theoretical heat transfer rates in the 

°sudden freezing' . boundary layers are also Shown. When 

the boundary layer is Tonically relalang, the Inner region of 

the boundary layer is likely to.  be in equilibrium while the outer 

region remains frozen. • This As because the Ionic recombi 

nation rate AS a strong function of temperature and decreases 

very rapidly as temperature rises., The recombination fin a 

ralaning, boundary layer As bound toteke place between two 

nearby stations VI  and %. between which the flow DerakiThler 
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number falls from a large to a small number, from :10 to 

0.1 say. At around -rip = 1, for instance, the barkl 	- 

within which the Damkohler numbeks varies by the factor 100 

is only about 10% of the total integrating interval Mb ti  ) 
As a first approximation therefore, a 'sudden freezing' 

approximation is used to estimate the effect of ionic relaxation. 

This means that one determines the flow property using the 

equilibrium flow relations below the 'sudden freezing point° 

71 16  IF but using thd frozen flow relation6 above it. The 

freezing pointa chosen for the computation are -IF  a 0.5, 1.0 
and 1.5 . 

The result of the computation shows that for stagnation 

point flow the heat transfer rate in a frozen boundary layer is 

much higher than in equilibrium flow, and the sudden freezing 

cases lie between the two extremes. In the flow over a flat 

plate, the effect of freezing is diminished by the increased 

dissipation of kinetic energy at high ue2/hte  values because 

of a small Prandtl number. 

1-2.4.3. Heat transfer rated to a cone and a hernia • here 

The theoretical results obtained in the preceding section 

aro used to calculate the heat transfer rates to a 150  

semivertex angIe cone and a hemisphere, both of OA" 

diameter, placed in the nozzle flow considered in W-2.2. at 

the position where A/Pik,c m 2.7 . The heat transfer Pate to 



4 

the cone As obtained by Integrating the local heat transfer rate 

I 1 
riliVaIQV I S  

	

q 	 Pei% X ) lit hiN 

over the entire surface area of the model . The flow-  condition 

at the edge of the boundary layer necessary for the calculation 

is found by using the assumption 

Nue  
const0 

which is valid only in a perfect gas 1, Using Egs. (22) and 

(24) , the total heat transfer rate to the cone becomes, neglecting 

the small terms, 

hw  re St" 

	

Q e 	10 	sh .1 	R.392(1 
ho 

) Btuiseo. (45) -5  07  w 5.9 x  

The Reynolds number of the flow over a hemisphere of 

OA" diameter based on the freestream condition ( i.e0  test 

section conditiOn) and body radius is around 100, and there-

fore the vorticity interaction behind the bow shock wave of the 

hemisphere may not be neglected. According to Van Dyke 

(Ref. 29) , the voracity interaction increases the stagnation 

point heat transfer rate at this Reynolds number by apppoxi-

mately 10% . The results of computation for the stagnation 

point presented In Pig. 6; therefore, are multiplied by 1,/ to 

obtain the heat transfer rate et the stagnation point. The 

local distribution.of heat transfer rate over the hemisphere 

is not known. • Since„ however, the nature of the'eneegy and 
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species equation, Eqs. (3=1) and (32)„ is common to both 

ionization and dissociation (Ref. 3W, the local heat Li:unstop 

rate distribution is assumed to be the same as that for the. 

dissociating gas, and hence the result of Ref, 30 is used for 

the calculation of local heat transfer rates. The resulting 

overall heat transfer rate to the hemisphere becomes, again 
•• 

neglecting small terms, 

-4 nwgle hug 0 di 8.5 2: 10 	 -F--) Stuisec . (44) Sw 	t 00 

I-2.130 Radiative GrIOPP.di transport 

There are a number of mechanisms involving electronic 

c:zoitation and ionization in which energy is radiated from a 

hot gas (see e.g. Ref, 31) „ For ionized argon, however°  

!Bond (Raft, 32) takes the inelastic two-body recombination 

A + 	A+  + e 

as the main source of radiation at a preSsure in the range 

0.0014 p.4.100 atm, and calculate the radiated power from 

the above process using ouantum mechanical theory. In the 

present symbols, his result can be written as 

Z.I7 7: 1034 
T2°5 ” 

-3 -2 erg cm see 

in which h and V are Planckne constant and the frequency 

of the etnitted spectrum expressed in cogos, units. In the • 



present work, the quantum 	is determined simply by 

• oquating 

kW 	.1 ionisation potential . 	. (45) 

Eq. (45) is based on the assumption that the energy of ioniz 

don Az cornpleoiy emitted by rd Ion in tho..17rio-boly 

neglects the possible transfer of kinetic energy 

of the electron into radiation or transfer of recombination 

energy into kinetic energy of tho resulting neutralised atom. 

'Since the two extraneous transfer mechanisms involve an 

energy of the order of only 1 ev, and since the two effects are 

mutually opposing, the - error caused by neglecting those effects 

may be small. Eq. (45) is true therefore, at least to the gt 

order, 

 

if? the radiation is being emitted purely from two-body 

collisions., that is„ assuming the frequen.cy of the thre..on-bccly 

recombination accompanying partial transfer of energy into 

radiation is ne8ligibly small compared with that of pure two 

body POcomblqattort. It is expected that Eq. (45) will be a 

gOod- app oxim ati on for a flow in which three=body reoernbi=. 

nation is negligibly Small, i.e. fraton ionization „ or equiva-

lently„ in.a flow of relatively flow density in which the mean 

free path is too large for the three-body collision to c-roc,sur 

signifacantly. 

The .equivalent single frequency 5  that eattsiics E (45) 

-1 Ir. 1 15 0  sec 
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which lies in the ultra-violet range. The actual emitted 

snectrum resulting from the two-body recombination, heIVGVOPt, 

is not likely to be - a discrete lino lying in the ultra-violet 

range; it could be a complex of spectral lines or a continuum 

in rho infra-red or visible yogic:Lt./so  because the transition 

from a free, unbound orbit to the appropriate orbit of the atom 

may occur in stages. 

Using the condition Eq. (45), the continuum radiated 

power per unit volume of ionized argon becomes 

A P_ w - 2O93 x 1.0,U3 
  
T2 

 r 	watt cm-3. (46) 

The radiated power emitted from the flow at the exit of the 

nozzle considered in I-2.2, was calculated using 1-3a. i46). 

The resulting radiated power values are used to compare with 

the measured radiative heat transfer rates in 	, 



I-3. EXPERIMENT  

To verify the theories given in the preceding chapter, 

the following measurements were taken in a plasma-;iet wind 

(AS 21101 ; 

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

hernisphOPO: 

ii) Heat transfer to a hemisphere and a cone with metallic 

or ceramic surfaces: 

iii) Radiative heat transfer. 

/n the: following soOd011So  the method of measurement and the 

results are described and discuesed 

1-3.1. The wind tunnel  

The wind tunnel used is a Piasmadyne r.i Q3elzporsomic 

plasma-,iet assembly (see Fig. 7 and also Ref. 33) vthich has 

throat and exit diameters of 0.447 and 0.836 inch respectivelY0 

and a conical semivertex angle of approximately 6 degrees 

followed by a parallel portion of a length of one exit diameter 

as shown in Mg. 1 . 

The arc is initiated at an open circuit voitazge of either 

32017 or 160v ; the stable operating arc voltage is maintained 

at about 30v . In starting at /60v open circuit, a fine copper 

wire was inserted between the main eleetrodes to form - a 

short circuit which fuses and is blown away immediately the 

arc is initiated. 



Fig. 7 General view of the head and test section of the Imperial 
College one-inch plasmajet wind tunnel 



The gas flow rate tth through the wind tunnel nozzle is 

metered with a float type flowmeter, and the water flow rate 

through the model with an orifice type Elowrneter. 

	 Observed nature of the flow 

The tests with an impact pressure probe have shown that 

the flow is uniform at the ea:it of the nozzle over 50% of the 

exit diameter (Ref. 33) . 	Since the diameters of the hemi-

spherical and the conical model are about 48% of the exit 

diameter, and the models were. placed close to the e:-zit Figs. 

7 & 6). the effect of non-uniformity of the flow is thought to 

be negligible Compared with other effects in the experiments 

with those models. 

The Mach number of the tunnel flow based on the impact 

pressure measurement mentioned above varied from 2 to 3 

depending on the degree of nonequilibrium assumed in the 

calculation of sonic speed. i.e. the Mach number based on 

the equilibrium sound speed was lass than the value based on 

the frozen sound speed by as much as 35% 	Therefore, a 

Mach number has not been used in any calculation ire the present 

WON:. The effee.tive nozzle exit area ratio determined from 

the impact pressure, on the other hand, was relatively un-

affected by the degree of nonequilibrium assumed in the 

calculation and was approximately equal to 207 . Throughout 

the WO/Ike, therefore, the effective area ratio of the nozzle 
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Fig. 8. Close-up view of heat transfer model(cone) 
in position 



was taken as 2.7 . 

The record of voltage and current of the main claw:Po:ie.-3 

has shown that the arc is quite stable (Ref. 34). The wearing 

rate of the water-cooled electrodee wa9 quite low and therefore 

the flew is known to be clean and steady., 

I3.1.2. Determination a flow proi?erties 

Two method's are used to determine the flow properties 

in the plasma-jet wind tunnel, namely, the power balance 

rriatiOa and the 'pressure-mass flow mat od° , which is cfcen 

referred to as the mass-flow method . In the following 

paragraphs, the two methods are described and compared . 

i) Power balance method . . 

In the power balance, or energy balance method, one 

measures the electrical power input to the arc electrodes 

the heating heating head, E., and the heat rejected to the water Cooling 

the electrodes, settling chamber and (In the present wind 

tunnel) nozzle, W. The tote enthalpY, denotes by Hob , is 

then determined from 

Iitpb 
E 

b 	rb 
(47) 

One then refers to the •Mollter diagram to dotermine other 

properties in the settling chamber . 

The associate z.1 experimental error in this method is 
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io 

T) 1 	grbifil I 	(48) 

in which Ltt.T is the temperature iliSC in the doling water. 

The factor Ti is called the bead efficiency. The measured 

variation of the head efficiency of this plasma-jet wind tuunal 

is shown in Fig. 10 

In the measurement of cooling water loss W, it is 

desirable not to include the loss to the nozzle portion 0 In • 

the present tunnel, it was impossible to separate the heat 

transfer to the ROZZIO portion from other parts because of the 

largo built of copper surrounding the throat and short norTale. 

Therefore, the heat transfer to the nozzle wall from E:he point 

at which 	0,3 onward is calculated using thw method of 

Ref. 35. The result shows that-for the present operating 

condition, the heat loss to the nozzle is only 1.5.% in the 

subsonic region and 1.5% in the eupersonio.  portion of the 

nozzle of the total electrical power input to the. head • For 

therefore, the loSs to the nozzle well is neglected 

in the calculation of enthalpy love' Hob 0 

ii) PressUPe-mass flow method. 

A detailed calculation of displacement chicknces at the 

throat was carried out using the method of Cohen and Reshotko 

Mak% El) to determine the effective throat area A* . The 

calculation shows that the displacement thickness at the throat 



PLASTIC 
WATER PIPE PLASTIC BRIDGE 

STING 
STAINLESS STEEL HOLDER 

MODEL 

FIG. 9. SKETCH OF CALORIMETER-MODEL 

P.T.EE. SEAL 

WATER GUIDE 

0,4 INCH 
‘7111111,1  

I IP IP (MI 

WATER OUT 

WATER IN 
THERMOCOUPLE 

11. 

- 58 - 



0.6 

04 

fi 

a2 

0 

0 0 

A 
p \ 

ICQN14..  
A a 

LO ‘6°S10. 
0 c(05) 
g 

e 	0 

0 	_ 	00  
0 

A  qk 06) 
is-,... oh 	O._ 

0 	:.—E 
0 oc8 0 0 

°0 0  0  

A 
Oa 

g0 
8  

0 n  8 	8 0D 
or 	0 	0° 

0_n 
00' 

A 

0 

0 

0 
0-0— 	0 0-- 

0 

0 
0 

oa 
el
l 
lio 
i•  

0 

A 

___ 

012 < rb <016 lb/min 

0.20< M <0.25 	. 

pressure-mass flaw method 

I 	I 

rb=015 lb/min 

0 	 5 	 10 
	

15 
Eirh x 10-3 , Btu/lb 

Fig. 10. Tunnel head efficiency frY argon 



is negative and can be expressed approximately as 

0.3 11-7-  - 0.02 f J tin(lb/inin)  

where C.4. and r  are the displacement thickness and the 

radius of nozzle at the throat, respectively. Combining the 

above relation with Eqs. (22) and (24), the expression for 

the frozen enthalpy becomes 

	

0.3 	2 	• linnf 1045 f1÷ 0.08 (—) (—Po  ) 	 (49) 

	

ail 	en 

The Mollier diagram necessary to determine other properties 

is given in Fig . 11 for the range of interest, which is a 

modification of that contained 'in Ref. 36 . The maximum 

experimental error in the determination of frozen enthalpy in 

this method is simply 

Shit  

honf 

 

I 	(th I  
611 Av. 

 

PO 
ns 	

I S 
 po 

(50) 

    

    

The tunnel head efficiencies calculated using the above 

two methods are compared in Fig. 10. As seen from the 

figure„ the two methods agree. to within the possible experiMen-

tal accuracy . The relatively wider scattering of efficiency 

values obtained from the power balance method is believed to 

be due to the greater error associated with the form of the 

Ego  (48). FOP example, the experimental errors of 1.5% 

in volt- and ammeter readings, 1 % in therinoccuple ei-nf,  

water flow rate, gas flowrneter, gas pressure and•settling 

chamber pressure readings and 2% in reading the chart gives 
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in the determination of 1-/tpb, and licriv  resultant errors of 

16% and 8% respectively under typical operational conditions. 

In the present investigation„ therefore, the mass flow method 

was used to deterrnine the flow conditions. 

The true controlling factors in a plasma-jet wind tunnel 

are the electrical power input E and gas mass flow rate 61 

The most convenient method a plotting the experimental results 

directly is to plot them against the electrical power input per 

unit mass EMI at different mass flow rate in, because the 

factor E61:1% is roughly the indication of enthalpy level of the 

flow. If the tunnel head efficiency •r? is a function only of flow 

enthalpy Ht , the input power Earl is a direct indication of 

enthalpy level . 

The variation of the factor Ipoiin)2, which is a direct 

indication of frozen enthalpy (see Eq. (49) ) and hence Ht  

with the power input Eifn is shown in Fig. 12 . Fig. 12 

shows that the factor (poith)2  is quite well correlated with 

the input power Ean, Implying that the measurements of 

(poien)2  and Earl are both accurate. Fig. 12 also shows 

that a considerable portion of the input electrical energy is 

consumed in ionization, for If there is no energy absorption 

due to ionization, (poiiii)2  must vary approximately linearly 

with EMI. 0 
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I=3.1.3, Flow condition 

The theoretical calculations in §1-2.2. were performed 

for the typical operating flow conditions of the plasma-jet wind 

tunnel used . The first crucial assumption made in the 

analysis in §I-2.2. was that thermo-chemical equilibrium 

is established in the settling chamber. It is not clear, (from 

the results of the basic flow measurements presented in 

Figs. 11 and 12 only), whether this assumption is justificiable 

in the wind tunnel used. Since„ however, the enthalpy levels 

calculated using the power balance method and pressure-mass 

glow method are approximately equal to each other (within 

10% of mean), it is inferable that the departure from equili-

brium in the settling chamber is small, if any . (This point 

is discussed in detail in 	 The other assumption 

used in 	was the assumption of adiabatic flow . The 

deviation from adiabatic flow in the tunnel was calculated using 

the experimental results in 	and is seen to be very 

small (see 	) . The results obtained in _1=2.2o are 

therefore directly applicable at least to the first order. 

The typical operating conditions and the characteristic 

constants for each condition are presented in Table 10 The 

values in the table explain the pertinence of the basic formulae 

used in the analysis in S1-2.2., i.e.; i) the maximum tempera-

ture in the tunnel, ice. the settling chamber value, is not greater 

than 120000°K and hence the equilibrium electron temperature 



Table 1 Tv ical o.-arating conditions and characteristic  

constants or wind tunnel  

1 	• 2 3 

0015 0.15 0.15 

16.9 27.7 35,1 

0*191 0,215 0,225 

28 31 34 

1850 3250 4500 

1770 2430 2950 

0.05 5 9.5 

8000 10000 11000 

2200 4300 8500 

2100 2690 3000 

2100 3300 4600 

4200 4700 5300 

9.2 7.9 7.2 

0.12 3.0 13 

600 420 340 

120 84 68 

0.073 0.083 00093 

0.024 0,028 0.031 

93 14 8.6 

exit Reynolds number per inch 

Reynolds no. for sphere model 

mean free path in test section 	mm 
( hard sphere approx.) 

mean free path in shock layer 	mm 
( hard sphere approx.) 

Debye shielding distance in test 
section x 105 	 mm 

unit 

gas flow rate in 
	

lb/min 

head power input E 
	

kw 

settling chamber pressure Po 	atm 

head efficiency if 

total enthalpy 1-1c 	 Btu/lb 

frozen enthalpy No 	 PO 

ionization fraction 	4b 	.. to 

settling chamber temperature To  0K 

exit temperature eQuil. no 5- 	v: 

exit temperature frozen Te.F 	,: 

exit temperature relax. Tv.) 

exit velocity Ira, 	 fps 

exit density p,,, x 104 	 amaaat 

electron densit,y NE., x lo-14 	cm-3  



is almost equal to the atom temperature (Eq. (4) ); ii) the 

flow temperature is higher than 200001( and the electron 

density is greater than 1013  for ' 0.0005, and therefore 

the recombination rate constant of Hlnnov and Hirschberg 

(Eq. (8) ) can be used 	iii) the mean free path is still very 

small and so the Maxwell velocity distribution can be esta-

blished within the neutral atoms and therefore the electron 

temperature relaxation equation of Spitzer (Eq. (5) ) can be 

used. 

In Fig. 13 0  the tet►peratures of the flow at the nozzle 

exit as determined by the various methods are shown. As 

seen from Fig. 13, the exit flow temperature is controlled 

sensitively by the ionic recombination process. The result 

of spectroscopic measurements carried out by Adcock and 

Plumtree (Ref. 37) agrees better with the calculated electron 

temperature than the atom temperature. 

I-3.2. Shock wave stand-off distance measurement  

Illumination pictures of the shock layer over the hemi-

sphere model were taken in the plasma-jet wind tunnel. The 

camera used for this purpose was D. Shackrnan & Sons Mk 3 

Auto-Camera fitted with a 125mm telephoto lens. The films 

used were the low speed, fine grain, 35mm Pan F films. 

The exposure time and aperture were varied from 1/200422 

to 1/2545.5 . At high enthalpy levels, the uniform neutral 
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filters of filtering ratios 2 or 4 were used to reduce the light 

amount. A typical picture of the shock layer is shown in 

Fig. 14. The micro-photo-densitorneter trace of the negative 

is shown in Fig. 15 . The densitometer trace shown in Fig . 15 

As taken by scanning the negative of the picture across the 

stagnation region shock layer by a micro-photo-densitometer. 

The abscissa in the densitograph. Fig. 15, is the distance 

along the stagnation streamline. and the ordinate represents 

the brightness of the gas at a point on the stagnation stream-

line which is related to the brightness by a nonlinear function 

(see e.g. Ref. 37) . The shock wave positions are determined 

either by extrapolating the trace of the densitograph as in 

Fig. /5 or by measuring the distance directly from the negative 

using a traversing microscope The shock wave stand-off 

distances measured in this way at different enthalpy levels are 

compared with the theoretical values derived in c1-2.3. in 

Fig. 3. 

Each vertical segment in Fig, 3 represents a measured 

value, the centre representing the mean value of the readings 

taken from the densitograph and from the direct reading, and 

the length representing approximately the range of uncertainty 

in reading arising from the diffuse nature of the shock front 

(see Fig. 15) . 

As seen from Fig. 3, the measured stand-off distances 

agree better with the theoretical calculations assuming a frozen 

flow behind the bow shock wave. There is, however, a weak 
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Fig.I4. Typical picture of detached 
shock wave in argon. Ht=1850Btu/lb, 
41=0, p„= 0 .0 01 4amagat 
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tendency for the shock stand-off 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 1-2..3.) The 

flow DamkOhler number behind the shock calculated using 

the rate constant of Petschek and Byron (Ref. 5 )' is small but 

not negligible and hence a weak recombination is expected 

behind the shook wave. 

/-3.3. Heat transfer measurements, hemisphere and cone 

The heat transfer models used are a hemisphere-

cylinder and a 15° semiangle cone both of 0.4" diameter, and 

are water-cooled inside (see Figs. 8 & 9). The total heat 

transfer rate to the hemispherical or conical portion of the 

model is determined by measuring the difference between the 

temperature of cooling water going into and coming out from 

the test portion. The thermocouples used are of a chromel-

alumel type (Thermocoax) sheathed wire having a sensitivity 

of 41p/idea. C. Both junctions were directly exposed to 

the cooling water. The resistance of the electrical leak path 

through these exposed portions is found to be of the order of 

/Okra. and is therefore neglected in the calculation of tempera,- 

An abridged version of this section, along with the 

theoretical work in 1-2.4.„ is published as Ref. 26. 
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Lure rise, The two thermocouples are connected in an 

electrically opposed configuration so as to give the difference 

in cunt directly, which is read by either a bridge-type, high 

precision potentiometer or an amplifier-meter. 

Copper and ceramic surfaces were used on the models„ 

the ceramic coating being a Ferro 571 coating, consisting 

mainly of boro=silicate ceramic. The process of coating is 

as follows: i) degrease the surface and blast-clean with a 

non-metallic oxide, ii) mix the coating compound, iii) grind 

the compound finely, iv) mix the compound with water and 

electrolytes, v) cold spray, vi) fire at 8200C for 3 minutes, 

and then vii) air-cool. The coating was developed and 

applied to the models by the Ferro-Solaramic group of Ferro= 

Enamels Ltd. The thickness a the coating was either 

0.0010" or 0.0030". 

The water flow rate through the models was kept between 

0.014 and 0.04 lb/sec, by keeping the supply pressure up 

to about 10 psig. With this water flow rate, the temperature 

rise in the cooling water measured by the thermocouples was 

between 3°C and 30°C . 

It was verified, using an oscilloscope, that the tempera-

ture reading of the thermocouples installed in the water-cooled 

calorimeter had a rise time of about 3 sec; that there was a 

random temperature fluctuation of about 3% . 

The heat transfer rates from the ionized argon gas to 

the models described above were measured in the plasma-jet 
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wind tunnel For the following range of conditions; 

0.14 < rh < 0.3 Ibirnin, 

10 	E 4. 50 kw, 

0,18 <- pc)  < 0,45 atm, 

5 x 10" .4  Poo < 1.5 10'4  amagat. 

The results of the test are presented in Fig. 16 

The theoretical values shownlin Fig. 16 for comparison 

with the experimental results are taken from Eqe, (43) and 

(44) , that is, considering the convective heat transfer alone. 

This is done because the radiative heat transfer to the models 

is very small compared with the convective heat transfer 

The effect of radiative energy transport to the tested models 

was estimated using the measured 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 freestream value and the conical shell over the 

cone surrounded by the conical shock surface to have a density 

twice the freestream value. The ionization fraction in these 

radiating caps was assumed to be equal to the settling chamber 

value. The radiant energy was assumed to be emitted from 

these radiating elements only, i.e. the effect of distant radia-

tion was neglected. The gas was assumed to be perfectly 

transparent. Half of the energy radiated by these elements 

was assumed to be absorbed by the model, which is true in 

the limiting case a an infinitesimally thin shock layer. The 

result shows that the radiative heat transfer to the tested 
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models is less than 2 % of the total heat transfer a The radia-

tive heat transfer is neglected therefore in the calculation of 

heat transfer rates. 

In the calculation of the theoretical heat transfer rates 

to the cone, the mean of the equilibrium and frozen values 

was used. The surface temperature was taken as the average 

value over the entire model surfaces  which was calculated 

using the known wall thickness of the model and the thermal 

conductivity of the material. 

copper: 	7.7 x 10-213tu ft-a sec-1 oKel 

ceramic coated copper: 2.5 x 10-2  n 

The average surface temperature was calculated to be about 

3.5% of the total temperature of the flow and hence the 

error caused by the averaging is thought to be small (see Fig. 

12. Part II). 

As seen from Fig. lEto  no significant difference can be 

found between the heat transfer rates to the copper and ceramic 

surfaces 	Since the effect of surface temperature is nep-,,li 

gible, this means that either 

i) all the surfaces have very similar catalytic reaction 

rates for ionic redonnbAhation, 

ii) the boundary layer is conically in equilibriump at 

least in the vicinity of the surface, or 

iii) the surfaces have very different catalytic reaction 

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



Ref. 38) 

Since it is unlikely that the metallic and ceramic surfaces 

have a similar catalytic effect on ionic recombination, the 

possibility for case 1) is very weak. From the present experi-

ment„ it cannot be decided which of the cases ii) or iii) is 

true . From the physical point of view„ however, the cases 

ii) and Ail) are not much different from each other. Micros- 

copically, for a catalytic surface, the interface between the 

model and gas is of finite thickness and there is deep inter-

penetration between the media and the gas particles near the 

wall are 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 temperatures as indicated by 

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

ionic recombination is nothing but the gas phase recombination 

accelerated by the low temperature near the wall . In this 

respect, case iii) is a limiting case of case ii) 

The measured heat transfer rates to the cone model agree 

with the theoretical values based on ionic recombination rates 

of k 5 x1027T-4.5  within the accuracy of the experiment. 

The measured results are obviously lower than the theoretical 

values based on a rate constant ten times the value mentioned 

above i.e. k a 10k , but the scattering of the experimental data 

is too large to determine whether they agree better with the 

theoretical values using the assumed true value of k or with 
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those values using 0.1k. The results of this measurement, 

therefore, partly support the rate constant of Hinnov and 

Hirschberg (Ref. 8) and show that it is not greater than the 

value obtained by them . 

The heat transfer to the hemispherical model agrees 

better with the theoretical values of frozen boundary layer► 

flow with fully catalytic surface recombination than with equili-

brium boundary layer flow, showing that the boundary layer 

is ionically frozen. To check whether the result is compatible 

with the local DamkOhler number within the boundary layer, 

the local Damkdhler number K in Eq. (32) was calculated 

for the boundary layer flow at the stagnation point. The result 

shows that K is nearly zero within the boundary layer except 

at the immediate vicinity of the wall, that is, the freezing point 

is quite near the wall. Thus theory and experiment both 

support the conclusion that the boundary layer is ionically 

frozen and the cold wall acts like an infinitely catalytic wall 

under the present testing condition. 

In order to compare the present result with equivalent 

data for air, the heat transfer rate at the stagnation point is 

plotted in Fig. 17 with the equivalent flight speed as abscissa. 

The equivalent flight speed was chosen to give the same 

enthalpy fraction, i.e. the ratio of energy consumed in ioniza-

tion to the total energy, as in flight. Nu  and Rn  in Fig. /7 

are the Nusselt number and Reynolds number pertinent to 

stagnation point flow (see Ref. 20) . 
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The difference between the experimental results presented 

here 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 Warren and the theory of Fay and Kemp (Ref. 18) 

for frozen flow remains unresolved. Fig. /6 also shows that 

the difference between the theoretical heat transfer rates from 

a frozen and equilibrium boundary layer 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 

hence the frozen Prandt1 number decreases more rapidly as 

the ionization fraction increases. 

I-3. . Radiation from ionized argon 

The radiation heat transfer from the exit flow of the wind 

tunnel was measured using a bolometer. The instru merit 

used is a differential type black-body bolometer cased in a 

PTFE housing (see Figs. 18 C.,  19). The sensing elements 

are two brass foils of 3116" diameter and 0.002" thick placed 

-1" apart . The elements are hung by three equally spaced 

BS #42 copper wires attached to the inside of a length of -kJ' 

bore PTFE tubing. Two elements are connected by a one 



Fig. 18. 	Differential bolometer in testing position 
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ineh Length of BS 	constantan wire- at each centre. Cray 

ono sensing element, i.e. the element directly facing the 

radiation, is blackened by lampblack. Six large holes are 

drilled through the wall of the housing to permit ready access 

of the surrourrign$2, gases to all faces of the eleinents, The 

differentia/ temperature of the two elements is measured by 

the difference of emf between the two junctions (i.e. the junc-

tions between the constantan wire and the two foils). • The 

bolometer is placed so that the main receiving element may 

pick up most of the direct radiation (see Fig. 19)0 With this 

arrangement, the convective heat transfer to both elements 

annul each other and only the difference in radiative heat 

transfer is detected. 

The bolcmctor is calibrated by exposing it to an electrical 

heating element under the same vacuum conditions as in test, 

i.e. 5 torr 	The electrical heater is a cylindrical coil of ix" 

diameter and 1.3" long and was placed exactly in the position 

of the measured gas stream (see Fig. 19) o To determine 

the effect of ambient pressure the calibration was repeated 

at 0.2torr. The result of the calibration is shown in Fig. 20, 

and it is seen that the sensitivity increases as the surrounding 

gas density decreases. The response time of the bolometer 

to the changing radiation is about min at 5 Corr and 3 min 

at 0.2 COPP 

The bolorncter is placed at right angles to the axis of 

the jet as shown in Figs. 18 and i9 o The results of the test 
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Fig. 20. Calibration of bolometer 
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are presented in Fig. 21 . Shown also in Fig. 21 are the 

theoretical values calculated using Eq. (46) which requires 

use of the values obtained from computer solutions of the 

nozzle flow properties 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 .4 IS G  0.1, but are several orders of magnitude 

smaller at low ionization levels 4 0001 . The severe 

departure of the experimental results from the theoretical 

values at low power level suggests that there is over-ionization 

in the exit flow, i.e, the ionization level is higher than that 

predicted by the theory assuming equilibrium in the setting 

chamber. One 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 presence 

of over-ionization may also partly account for► the departure 

of the experimental heat transfer results in the case of the 

hemisphere from the theoretical values at low ionization levels 

(see t1-3.3.) . 

The largest source of error in this measurement is the 

possible inaccuracy of the bolometer calibration. Even if 

the calibration of the bolometer is carried out at the same 

ambient pressure as during the experiments, the absorptive 

and convective properties of the ambient gas cannot be simu- 
wh en 

latcd properly in.the calibration, 	For exampNthe calibra- 

tion curve obtained at 0.2 tore is used. the experimental results 
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Fig. 21. Radiative heat transfer from argon. 
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of Fig. 21 	come very close to the theoretical values at 

high enthalpy levels (see Fig. 21). Since a pressure of 0.2 torn 

represents an effective vacuum (note that under these conditions, 

the convective heat transfer rate is proportional to density), 

the true values would lie between the values given by the two 

calibration curves. 

The departure from the adiabatic condition which is due 

to the radiative energy transport in the nozzle flow, is estimated 

by comparing the total amount of radiation loss to the total 

enthalpy The total amount of energy loss per unit volume 

is the time integration of radiation loss, i.e. fwdt . For 

a rough comparison, the energy loss w in the integrand is 

taken as the meecimum value of the energy loss in the system, 

loon t he settling chamber value, and the time interval as the 

total mechanical transit time through the nozzle. Thus the 

ratio 

was calculated for the relevant operating conditions. The 

result shows that the energy loss which is due to radiation is 

less than 1% of the total enthalpy for all testing conditions. 

The assumption of adiabatic flow used in fg-2.1. and SI-2.2. 
is therefore sufficiently accurate for the purpose of the 

present investigation. 
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1-4.  DI6CUS5ITO3 

1-4J. Plasma-:;et wind Durum'  Ei017 

The crucial assumption made about the nature of the flew 

in the Imperial College one-inch plasma-let vnd tunnel How 

is that thermo-chomical oquilibrium is established in the 

settling chamber., The. characteristic Den-di:Eider numbers 

for ionic reputation as determined by P.:qs. (7) and (.1) are of 

the order of I and 10 for the settling chamber. ( The parnI:Ohler 

number for electron temperature COE1AMIPCiti012 is of the order 

of 100.) . Ref. 39 reports that the flow may not reach equili-

brium oven if the characteristic DamkUhler number for the 

settling chamber is considerably larger than unity. The results 

of the radiative and convective heat transfer rate measure-

ments show the presence of excess electrons, which can only. 

- be explained by the lack of equilibrium in the settling chamber. 

Thus the assumption of ionic equilibrium in the settling chamber 

seems to be good only for relatively high ionization levels, 

Ref. 39 considered the effect of Mach number change 

which is due to boundary layer growth near the throat and 

concluded that the sonic speed is attained in the convergent 

portion of the no..gzie and that the effective sonic throat is 

larger than the geometrical throat area . Tim present worn 

simply calculates the boundary layer dieplacernent thictmost-3 

and concludes that the cfgcctive throat crec is Ranier than .the 

geometrical throat area. Ref„ Sg and the present work cannot 
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be compared directly because the definitions of sound speed 

used are different„ but both agree that the ofriectivc.; throat area 

is larger than the geornctrica/ throat area . 	roal-gas 

effect an the boundary layer slow in the. comiergent portion of 

a wind tunnel Is more complicated than the above mentioned 

two methods visualize, and therefore neither of the two methods 

is sufficiently accurate. A detailed study of this subject would 

be desirable in the futiAre. 

The two methods al flow determination, i.e. the power 

balance method and the przesure-mass flow method, af,-;rc- a 

with each other wittin tho experimental error 	when 

the effective throat area change is accounted for. This is in 

contrast with the work of Ref. 40 Whixal reuernS a Iaa-zo 

difference between'the two methods. Since, however, Re-f. 
./* 

takes the effective throat area as equal to the aeon-lark:al throat 

area, direct comparison between the two works may not be.  
justified. For more accurate work, a further stult7 on this 

matter would be necessary and should include Cho measurc,,ment 

of the axial prssure dk.iitribution over the entire convergent 

- portion of the nozzle. 

1-4.2. Reaction rates  

The result of the measurement of the heat to 	to a 

cone shows that the revombination rate, it not E,Peater than the 

value reported 	Flinnev and Hiesehherg (Ref, 8), iOe 

5 x /027(ToKr4"5 



within an error of, at moo:, a factor of 10. in order to check 

the lower limit of the recombination rate in the plasma-Set 

wind tunnel, a higher settling chew nor pressure, OS' more than 

10 tiMOS the operating pressure of the present instaliation„ 

is necoseary 

For an ionized gas, the rneasurement.of hest transCor to 

a slender cone or, more generally, a flat plate, is a good MGEN:10 

of measuring tho ionization level in the test flow and hence the 

PCcombination rate as SOOEI• from the above- This is bsx,ause 

firstly, the wall value of ionization is always zero in an tCai2Cd 

boundary layer and .secomily, the recombination within Cp.° 

boundary layer does, not affect the heat transfer rata to the flat 

plate to a great extent. This differs from the case of dissc;cizted 

flow in which there is amoLter unknown factor 1:-‘10  the surface 

• catalytic recombination rate, Which makes it difficult to deduce 

the freestream conditions from the measured heat traliSfer 

The measurement of the radiative heat transfer.  rate taken 

in the present work pr esents an almoSt unique enperimental 

result, as far as the present author is aware, as regards the 

inelastic two-body recombination rate in an expanding nonectuiIi-

britam ionized gas, The agreement of experiment with theory 

within an order of magnitude at moderate ionization' levels 

supports the validity of the two=,body recombination theory of 

5Ond EZGL 32) and the assumption stated in Eq. Kri) under the 

tested condition, The disagreement of .the experimental results 

with theory at verb low ionization levels raises a doubt as to 
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the va1iditz,..7 of the assumption, of ionic equilibrium in the settinn,3 

chamber (see the preceding section) . 

The result or: soectroscopie measurernent of teMperaturo 

by Adcock. and Plumtroe (Ref. 37) lies nearer the calculated 

electron tomperattwo. Thn5 may. probably be due to the fact 

that the spectra/ line wave lengths used in the spectroscopic 

moaswernent ( 4000 A) were short, e It has been suggostezi 

recently (Ref. 4l) that wave-bands with higher enorgi6S 

tend to indicate the electron temperature while the lower energy 

bands may indiosts the atom temperature. The agreement of 

the spectroscopically measured 	t/PC and calovIeZed atom 

(and electron) temperature at high ionization levels (whore the 

electron and atom temperature are oarl equal to each other) 

partly supports the theory of Spitzer (Ref. 6) for the calouRa-

den of electron temperature relaNation time. 

Transport properties and heat transfer 

The good agreement of the hest transfer result's for a 

hemisphere with the theory for .a frozen boundary layer confirms 

that the Prandtl number is indeed very small th ionized 

The large departure of the heat transferrateS from equilibrium 

boundary - layer valvies proves that the cross-sectien COP electron-

argon atom collision is indeed very small and partly supports 

the transport property calci atlon of Ponski (Ref. 2,4) . The 

accuracy of the Calculation of transport properties, howovor.), 
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cannot be judged from the present heat transfer measurement, 

because, apart from the uncertainty in the local distribution 

of heat transfer over the hemaspherea  the Prandti number 

affects the heat transfer rates only•mildly, i.e. to the extent 

of one-third power 

No work has so far been done, as far as the present 

author is aware, on the transport properties of nonequilibrium 

gas. In the present work, the Prandtl and Lewis numbers 

in nonequilibrium flow are assumed to be equal to those values 

applicable to an equivalent equilibrium flow having the same 

ionization levels. This is based on the assumption that 

collision cross-sections are independent of temperature. Since 

the Coulomb cross-sections vary greatly at low temperatures, 

the present approximation may not be a good one for high 

ionization levels. This sets a limitation on the utilization of 

the present experimental work in deducing transport properties. 

The result of convective heat transfer measurement with 

the hemisphere model shows that the surface material does 

not participate in recombination and that all surfaces act as 

an infinitely catalytic surface at the temperatures tested. 

toe. Tv,z 	1000 0K. The factor which causes this affinity to 

infinitely catalytic surfaces is thought to be the increase of the 

ionic recombination rate at aninear the surface at lower 

temperatures. The approximate 'freezing, point° in the 

boundary layer will be remote from-the surface when the boundary 
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layer is. very coldA  producinn a near-ezuilibrium flow condition 

. in the lower rel.-don of the boundary layer, the latter being more 

significant than the upper region. When the surface tempera-

turols raised, the 'freezing point° will approach the surface 

under the sem° cde condEtion, epproaching more closely to • 

the frozen flow condition and thereby increasing the heat 

transfer rate. Thus in noneouilibrium ionized bounda:-!,y layers-, 

the increase in the surface temperature may rtsult in an 

increage n the heat transfer rate under the above-mentioned 

condition, which Es quite contradictory to common knowledgo. • 

The occults of radiative heat transfer measikr)31TiOni; aPe 

within an ardor of magnitude with the theeratiecl values of 

Oend when the assumption h 1 c ionisation potential is used, 

Since the radiative heat transfer rate to a body is proportional 

to the scale of the body for an optically thin gas, there follows 

the rotation 

radiative heat transfer  c-c body 505101.5 convective heat transfer 

• for such a g so Ententitng the results of the present work by 

the above formula, it can be shown that for a sphere of 10R; 

radius, the radiative heat WansfOr rate is approximately 

0,0 tinneS the convective heat transfer in the stagnation region 

for stS M. Thus, in en ionized MaLITIG radiation is a 

dominant source of heat transfer when the scale of the bod:v io 

large. 
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COHCLUSIOPS 

i) A computer prograMme for the calculation of the 

glas flow properties in convergent-divergent nozzle flows 

is developed. 

ii) The throe-body ionic recombination rate in arr,on flo-a 

is not greater than 5:c 1027(T°K)-4.5  orn6  mole-2  sec-1  with 

a possible error not greater than the factor 10. 

iii) It is inferred that the spectroscopic fraCaeare?Zmen'c - • 

of temperature using the relative intensities of spectral iirses 

having wave lengths around 4000A tends to indicate thy;  elec-

tron temporathre klathov than the atomic tenrtporature 

iv) The lack of equilibrium in the tostec.; flow is COnt'inniGa 

by rneaSurips the stand-off distance of the bow shock v,7a-ue for 

a sphere. 

v) Tivo methods of determining the flow properties in a 

plasma-jet wind tunnel, i.e. the power balance method and 

pressure-mass flow method, are shown to agree within 0.20 

experimental error after correcting for the effective nozzle 

throat area.. 

vi) The result of. the radiative heat transfer measurement 

agrees approximately with the simple inelastic collision theorj 

of Bond (lief..32) at.moderate ionization levels, and shows 

the presence of excess electrons at very low ionizationloveso  

is 	that over-ionization exists in the settling chamber 

vii) The heat tranafer to a hemisphere from ionized argon 



greter than from naniont,zed flow under the tested condition 

'ic,,acause the boundary layer. is nonically frozen and the cold 

surface aces as a fully catalytic surface to ionic recombination. 
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	UST OF SYMBOLS 

A 	: nozzle croi;s-sectional area 

Cp, Cv  : frozen specific heat at constant pressure and volume 

: diffusivity 

due  
o : 	stagnation point velocity gradient 

electrical energy input to plasma-let head 

velecity profile function ( f'•mdficrq R uifuc:) 

energy profile function R ht/late 

enthalpy 	 unless 02,13.orwis0 CA:-T;(7 

lit 	: total enthalpy H +1142„ 

• h frozen enthalpy 7 CpT, 	- cs 

: 	dissociation energy fl 14,450 fatuiEb 

ht 	: frozen total enthalpy a  hl-,-ku2013taziii) unlosa other-

wise stated 

hv 	energy .of contamination $4 16.300 Btu/lb 

K 	local DarakOhler number 

rate constant, crn6  mole-2  sbc-I 
14v 	surface catalytic recombination rate constant„ fps 

lie 	Lewis number 

• • gas mass flow rate through tunnel 

• molar number a particles 

• Q i( Pe?4.0  • 

P 

Q : 
q : 

: • pressure, atm unless otherwise stated 

overall heat transfer rate, Dtulaec..--  Q0 + Qg, 

local heat transfer rate ,4 tie  -0- chl 
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R. 	: gas conStant or nose radius 

E' 	 distance from centre ltne 

s. 	• • indot of temperature in reaction rate, see Ego  (za) 

Sc 	Schmid t number 

T 	: 	ternp ePe r 94, 

rrd 	: • reference temperature 113,230 OK 

v 	: velocity in x. and y directions 

W 	: head cooling water loss 

y 	: distance along and normal to wall 

no 	• • reference. /ength 

: atom concentration 

: 	effective frozon specific beat Patio 

: 	stand-ord distance of Dow shod; wave. 

: 	molar fraction of vaporized dectr ode material 

: 	pIesnia-jet head efficienor 

0 	: 	vibrational constant..,  31;80 OK 

: 	polytropic constant. seci Ego  (11) 

: frozen thermal conductivity 

viscosity 

t , ri 	dimensionless length parameter in 	and. y directions 

density,, CM-actual°.  

9d 	reference density 5.4 cm'"3  mole 

Cr 	frozen P3 andt1 number 

: relaxation time 

vibrational energy 



Subscripts 

atom 

conduction 

edge of boundary layer 

equilibrium 

frozen 

heat transfer 

molecule 

mass flow method 

power balance method 

P PCOOMbillata011 

O : stagnation point 

w 	: wall 

,,c 	. . nozole throat 

ez. 	: test section of wind tunnel 

a 

a 

e 

F 

tan 

m 

mf 

nb 

: . 
. . 

: . 
. . 

- . 

: 

• . 

: 

: 
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11-2.  THEORY AND ANALYSIS 

Fundarraentats.of nonccu.311ibrium dissociated nitrogen 

An aPproxiination to the stare of a dissocia.tod pur diatomic 

gas, has been made by Lighthill (Ref. 1) using the ideal dissocia-

ting gas model. According to the ideal dissootating, gas EileOP:. 

the state of equilibriuni dissociation is de-teen-lined by 

	

4 	. 

- p asp(-7r°) 	 (Ii) 

where eC, is the dissociation fraction, or atom ecnosuitration 

*Ikla  
Wm-  4-•friMa 

Eq. (1) is accurate to withir. approximately +5% for,  the. 

following range of conditions (Ref. 1) 

0.005 --,<•e( -4  0.9 

0.001 •er F 	100-atm . 

The equation of eerie is taken to be 

	

P 	+1:4 	. 	 (2) 

The enthalpy of th dissociated diatomic gas is giviin as (Ref. I) 

H 	(3.5 + 1.501)11T +(1 -0t )7,, 4- ilriOt 	 (3) 

where .7, is the vibrational Q3Ccitatiorvoricmgy .- Under a 

complott.) themrtodynginic 	con-Cation, • the vibrational 

excitation j  Calm; the ocildlibriurnualuo. Using the harmonic 

oscillator model, the equilibrif.-1m vibrational excitation ona:-.0gy 

(Rao 
0 

(4) 
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F?op nOrlequilthrthim Etcw,; 	n3  to e7,uation fop the 

relanation og the dissociation fraction is deriVed by Fpaornan 

(Ref. 3) as 

C'. 
FC 	rs.pd? • U. -0( ) enp(-T)  	 (5) 

The Pato constant 	takes the form (Ref. 4) 

T°K  -s Is ft C( 4500  ) 	 (6) 

Ref. 4 states that the bust matching values of .  s and C for' 

nitrogen are 

s e 	 (G8 

i 10-'45 	 (6b) 

Tho r,  to ocpation for vibradonal•rolanation in the caso 

above harmonic oscillator,  model is (see cat;. Rof. 

-crAt. 	Z 
z L 	re (7)  

The dEpoPirnontal results of the vibratAonal rolanation time 

measurement attrarnaPized An the pap c-o by ritoncmy 
	C3rnith 

(Rol'. 5) show that the Pelanation Limo fop nitro3on can best be 

appro;:hnnted by 

a 
1.6131:r  -  'FDIC -4.21 

71 	 (75T)"5" 	
Cr," .1 so No 

TiLS dissociative yak: nation rate equation (5) can bo wpittaa 

in tho same for as Ea. (7) with Z and 2g 7:70,91 ecsd 

ch and 0/, 

(8)  
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11-2.2, Steady one-dimensional nozzle flow  

For a steady one-dimensional flow, the rate equation (5).  

(and also Eq, (7) ) can be written in the form (see Eq, (14). Part 1) 

deC K(OtE- (10 	 (9) dt 

where EC id the local Damkbhler number, 
xo .  K o  tat 

To an order of magnitude„ the DamkOhler numbers for disso-

ciative and vibrational relaxation are proportional to; 

dissociation, 	eta-IT-e 
(10) 

vibration, 	?u-IT5a2i  

Intraducing the approximate effective polytropic constant 

for the relaxing flow for which 

5 coast. ( 14 S —g") 	 (11) 

the proportional factors of (10) are red-uced to ; 
2 

dissociation, 	u-4T It- I -8  (s rz 1.5 in the present work) 

1 	 (12) 
vibration, u- 

For any possible value of rz, the factors of (12) show that in 

the supersonic region of tho nozzle flow the DamkOhler numbers 

decrease very rapidly along the nozzle. Thus it is seen that 

those relaxing nozzle flows ultimately approach near frozen 

flow at large area ratios . 
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The freezing point can be defined in various ways o When 

the nondimensionalized rate equation (9) is rearranged.as 

d(•ot 	ci(E  ) 	 + IC (op, - ae) =e dotE 

the formal solution can be writtdn as 

foxp( Sicdt) 	41 

	

cAEQ  	 (13) exp(fEcdg) 

One way of defining the freezing point is to take the point at 

which the value of F.C. is so small that the inter:spat 11(0 remains 

almost constant beyond that point (see Figol (a) and (b) ) . If 

K-F 	is such a Point:o Eq. (13) reduces beyond that point to 

dc4r: 
otE 	 + coiner. 

that is, 

	

cl cks 	r-,r- 	E can 

E.O. c 	constant. 

The freezing point lt value is dependent mainly on the 

index of temperature to which the Dal-IL:Uhler number is pro-

portional. In the case of glow with a rapidly decreasing K 

value. along the nozzle, the integral clCd 5approaches the 

Pseude-Rirniting vahle (99% of limiting value, ecy) earlier 

than that for the case of K falling slowly and the value of IfF 

is consequently larger. The appropriate mean value of t-CF 

(freezing point lK value) for vibrational rolanation is determinc.,,d 

from the exact solutions for an hyPerbolic nozzle 

A  
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sudden freeling 

7-  approximation of K 

K 

K-KF 

0 	 

Fig.1 (a). Variation of K 

true K 

(not to scale). 

sudden freezing 
approximation of 

1 
freezing point 

1 
to 

0 

tKdt 
to 
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by Ste'tory and Park in Ref. 6 for air. The expression used 

for relaxation time in air is different Co that given in Ea. (8), 

but the absolute value of the relaxation time used in Ref. 6 

agrees approximately with those calculated by Eq. (8) for the 

range of temperatures considered in Ref. 6, i.e. 20000IC. 

Thus the result Obtained in Ref. 6 can be used for the work with 

nitrogen here. The freezing point K value found in Ref. 6 was 

KF (vibration) 9 	 (14) 

where the length no  in this case is taken as the distance from 

the throat to the point at which the area ratio is two. The 

frecaing criterion Eq. (14) is net related to the criteria of 

Bray (Ref. 7) and Blythe (Ref. 8). Nevertheless the PCVAii:S 

of the calculation of freezing temperatures using Eci, (14) 

6) agree closely 1±b% in T ) with those utilizing Bray's 

criterion.. 

The freezing criterion for dissociative relaxation can also 

be written in the same form as Eq. (14). The freezing point 

FC value here is found from 

A) the'computed resulte of dissociative relaxing flow 

presented - by Bray (Ref. 7) ( see Fig. a (a)  and 
ii) .a one sample solution of the rate equation for a near 

frozen flow (see Fig. 2(3) ). The sample solution was obtained 

by performing the nufnorical integration using a desk calculator 

as in Ref. 5  the nozzle geometry and settling chamber condi-

tion being similar to thoSe of the imperial College one-inc,sh 
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1.2 

xo=0.1" 
k 51c1d4  

0 	 4  i=x/xo 	8  
Fig. 2(a). Typical dissociative relaxation in a significantly 
reCombining flow, taken from Bray (ref. 7). Oxygen, 
T,F5900 	p.=115 atm, hyperbolic nozzle. 
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i 	=1 w1015  
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0 	c, • =x/x0 	.2 
 

Fig. 2(b). Typical dissociative relaxation in a near frozen 
nozzle flow. Nitrogen, T0=7080 °K, p0=1.93crtm,hyperbolic 
nozzle. 
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plasma-jet wind tunnel . The freezing 1•C value found was 

Kp (dissociation) = I 	 (15) 

with the resulting error in ap less than 5%. 

When dissociation and vibration are both frozen, the 

energy equation becomes, from Eq. (3), 

HE  - 3.5 +1.56.1RT +1122  const. 	 (16) 

The frozen specific heat at constant pressure, Cp D and at 

constant volume, Cv  „ are both constant and so the effective 

specific heat ratio is 

CPE— 
City p  • OM 

where 

CPF ( 3.5 -0- /05 )R 

:C 	Cp 	. 6‘)R = ( 2.5 S 0„5 )R „ 

All the flow properties can be determined using, the perfect gas 

relations with the specific heat ratio determined by Eq. (17) „ 

11-2.3. Shock Wave stand-off distance of sphere 

When a sphere is placed in the testing section of a wind 

tz,innel through which the flow as dissociatively rale:dna, the 

stand7off distance of the bow shock wave over the F eMisp hero 

is affected by the relaxation characteristic:3 in the nozzle as 

well as behind the shock wave ( see 	. There are 



three limiting cases in the degree of nonequilibrium in the flow 

through the nozzle and behind the bow shock wave. They aro; 

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

behind the shock wave e  K very large; 

in) came E-P ; equilibrium throul--h the nozzle but frozen 

behind the shock, K intermediate; .and 

iii) case F-Iz ; frozen both through the nozzle and behind 

the shocks, K -very small . 

The condition 17-E is again ruled out because it is unlikely to 

coupe hero the affect of vibrational relaxation is neglected 

because of its relatively small effect on density compared with 

that of dissociation, except for one'oase to be mentioned later . 

For the above mentioned three limiting oases, the stand-off 

distance of the shock wave can be determined bu using-  Eq. (25) 

of Part I, iI-2.3. 

For the cases E-17  and F F i.e. when the flow- behind 

the shock wave is frozen, irrespective of the de roe of non-

equilibrium through the nozzle, the density ratio fd Pe  in 

Eq. (25) of Part I can be determined from the Rankino-Iiugoniot 

relation for a perfect gas with r given by Eq„ Q/7) . When 

the flow behind the shock wave is in equilibrium, the density 

Patio can be found voE.,..dily from the work of Bornstein (Ref. 9). 

In Fig. 3. the stand-off distance of the 0.4" dia, sphere 

placed in the Imperial .College one-inch plasma-jet wind tuthiei 

under each of the above mentioned conditions is shown. 	The 

calculation was carried out in the same way as in 	except 



E- 	equil. in freestream 
-E 	behind shock 
F- 	frozen in freestrearn 
-F 	behind shock 

Mao 

measurement 

case F-F for dissociation, 

"pm 

E-E for vibration 
displacement thickness 

4 	6 	8 	10 	12 	14 	16 
Ht x 103, Btu/lb 

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

nitrogen, measurement at rh = 0.08 lb/min. 
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that the density ratio An equilibrium flow vas obtained from the 

work of Bernst6in. In Fig. 3, the measured stand-off 

distances are also shown ( see 	and compared' with 

the theoretical values. 

in Pig, 3, 6 IC:3Mb limiting cacao, the case f4-F for 

• dissociation and E-E for vibration is also shown. In sonerat 

the three limiting cases mentioned eanlier).can each be funthor 

subdivided into three oases socomlinn to the degree of vibra-

tional nonequilibrium . For the purpose of corapepis,on with 

the enporimental results ( of II-3.2.). the CeE3C;',  Of F-17  ECP 

dissociation and E=E for vibration tek€;±1 together eoc:ms to t:•,,o 

most important because the measuped stand-0'4'f distances are 

closer to the F-F ( for diSsociation) case. Therefore the stand 

off distance for this case was calculated and is shown in Fin. 3 

11-2.4. curtlary layer and heat transfer for frozen cile,sicciated 

' nitrogen 

The flow of dissociated diatomic gas Consists of a binary 

minture of atoms and molecules, and therefore the fundamental 

boundary-  layer equations, Eqs. (28) to (34) of Part I, are 

directly applicable. In the present work, consideration is 

limited to frozen flowS only. 

The viscosity of nitrogen at high temperatures is calcu-

lated by Adrnur and Mason (Ref. 16) for the nondissooiated 

state end by Yos (Reg. 11) for the dissociated State° The 
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vishosity Tcialues at 0.1 atm. obtained by these authors are compared 

in ME. 4 of .Part I. (An extrapolation was made to obtain the 

values at 0.1 atm from Yoes data which do not give values 

below I atm.) The tvork of Ahtyo and Pcng (Ref. 12) on nitrozen 

provides viscosity vatuds of day 60% of the other-s mentioned 

above at high temperatures and is not considered here On the• 

ground that their work uses the conventional Sutherland formula 

as its  basis. The Sutherland formtila does not tette account 

of the quantum Mechanical effects in collisions at high tempera-

tures and so cannot ha used at high temperatures. As ceon 

from Fig. 4 of Part I, the works of Admut and Mason ( Ref. 

I0) and that of Yos ( Ref. 11) agree closely over the range of 

t.omperatures considered here, i.e. T < 7Q( 0K c. En the 

Present work, the viscosity was approximated to match the 

data of these authors by 

6.31 3: /0-4(_
2TooT)0.784  poise 	

(13) 
1.• 

The boundary condition for the wall value of the atom 

concentration must ha the law of surface reaction. The =act 

form of the surface reaction law is not known and so the 

linear reaction law (Ref. 13) 

(mg-1 	d w "v11 W 
	 MO) 

was assumed to hold . Tilo surface catalytic reaction veto 

constant ktv  in Eq. (20) depends on surface matetlieli  stazface 

temperature and the way the surface is prepared - Since ale 
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recombination ficat•transger is Eire n 

qp 	tid(f1D 7-T) w 	 (21) 

one Sees that the SL1Pra0.5 recombination heat transfer inOPGSSO3 

as the catalytic rate constant increases. The catalytic reac-

tion pato constants of materials are, however, not yet known 

egaet4,T. 

The Prandtl and LOVES numbers in a dissociated diatomic 

gas VJOP8 calculated first by Hansen (Ref. 14) (for air) end 

Ahtye and Peng (Ref. 12) (for nitrogen) using the simple 

collision model of Kennard (Ref. 15} • Later they were calca-

lated razore accurately by Yos (}301'1, 11) using a echgced 

Chapman-Vnskog method . The data based on the siniple 

. collision theory (Hansen, Ahtye end Deng) disagree with those 

based on the Chapman-Enskog method (Yes) by about 20% 

In the present works  the data of Yos WEIS used on the ground 

that his work involves mere accurate collgsaor& Cross-sections.) 

According to Yost  the frozen Ppm-ea number de.croases from 

the undiesociated value of 0.72 toward somewhere around Q.4.5 

at medium dissociation levels, and the Lewis; number decreases 

from the urzclissociated value of L4 to unity for the fully Oir..,S0- 

ctated szate. 

/I-2A.1. Heat transfer to a hernipphere 

/1,2.4.1.1-.  -Stagnation point boat transfer rate 
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The typical variation of the atom concentration within the 

stagnation point shock layer in front of a sphere placed in a. 

near-frozen flow in a wind tunnel was obtained by solving the 

differential equations as in previous work of the present author, 

Ref. 16 . The ease chosen for the oomputation is the one with 

the same nozzle geometry as considered in 	where 
pc) 	0.3 atm and Hto n,  9200Btuilb. 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 very 

closely equal 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 
1. 	TI 

C‘w 	{ P861%0  ac`W ScC  

	

[I + 21  due, 	0.47 p-sw 	• 	(22)' d. Se  
dx  

Calculation shows that the second term in the parenthesis of 

RIBS in Eq. (22) is less than 0.1 under all operating conditions 

for kw  4 50 fps and therefore, within the uncertainty in . kw, 

Eq. (22) can be approximated by • 

	

ok3w dbe ()) 
	 (23) 

FOP these flow conditions, therefore, the heat transfer rate due 

to recombination is 

	

tips kwhd paw (4) 	 (24) 

Since the Prandtl and Lewis numbers are affected mainly 
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by the atom concentration alone, (see e„g. Hansen (Ref. 14)D 

the condition (23) states that the Prandti and Lewis numbers 

are approximately constant within Mitt boundarY layer at the 

stagnation point of the tested model For a flow with constant 

Prandtl and Lewis numbers, Fay and Riddell (Ref. 17) obtained, 

for frozen flow, 

	

1 nwEr4 	 . 	hd } (25) 

	

sw 	0.536 e0-611/4,0-1 ti ( Le063  -1 )— h te 

11-2.4.1.2. Overall heat transfer to a hemisphere 

The distribution of local conductive heat transfer Pate 

( the term conductive heat transfer is used in the present work 

as denoting that part of heat transfer which is due to collisions 

alone, i.e.„ the part expressible as q = N(dT/dy), in order to 

distinguish from convective heat transfer which is the sum of 

the conductive heat transfer and recombination heat transfer) 

over a hemisphere has been obtained by Kemp, Rose and 

Detre (Ref. 18). 

The local atom concentration at the wall over the hemisphere 

is not known. However, in the near frozen flow considered in 

the preceding section, the approximate relation (23) simplifies 

the matter greatly . If.  the flow at the edge of the stagnation 

point boundary layer is frozen, as in the sample solution men- 

tioned in 11-2.4.1.1., the flow at the local boundary layer edge 



118 

is almost certainly frozen, because the local Darnktitiler number 

cannot be greater than that at the edge of stagnation point 

boundary layer . Thus 

q(zi, 0(0  0 	 (26) 

The surface temperature takes the maximum value at the 

stagnation point and the minimum value at the shoulder, i.e, 

the point where the hemisphere adjoins the cylinder. The. 

surface catalytic rate constant kw  varies at the temperature 

over the hemisphere. In the present work, a simplification 

was made by assuming 

kw  constant x Tw 	 (27) 

The assumption Eq. (27) is based on the fact that the true 

surface, catalytic reaction rate is an increasing function of 

temperature ( see Ref. 19), and that the variation of tempera-

ture over► the surface is small. 

Now using the condition Eq. (27), the local recombina-

tion heat transfer rate becomes 

qp kw  Pw  
qsr laws Pws 	Ps (28)  

At the ( ideal) Mach numbers around 2.6 for which the sample 

solution cf ,q)II-2.4.1.1. was performed, the local conductive 

heat transfer rate given by Ref, 16 is approximately proportio—

nal to pressure, i,e, 

qc 
(lac 	Ps (29)  
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Using Eqs. (28) and (29), there follows 

(30) 

The two overall heat transfer rates over a 0.4" diameter 

hemisphere, which are due to conduction and recombination, 

Qo  and Qp respectively, are obtained by using Rqs. (25) and 

(30) and the local conductiVe heat transfer distribution given 

in Ref. 18 mo=ved by graphical integration. The conductive 

heat transfer parameter given by Eq. (25) is multiplied by 1.1 

in order to correct for the vorticity interaction effect (see 

. Newtonian approximation (dueidx)0 0,  um, /R was 

used to calculate the stagnation point velocity gradient . The 

results are, neglecting the small terms, 

-0 	1 	 hd -1- 1.394 
Qo 	5  tr 1.12 x 10 	.6  111/44, 	f + (Le0.63  -1 ih to  m hto  ,c 

bin
)  ( 1- h  to (31) 

kw 
Qp g/  2.75 oc)rn ht6- 7-r; 	 (32) 

11-2A.2. Heat transfer  to cone 

II-2.4.2.1. Local heat transfer rate  

In the frozen flow over a flat plate or a straight cone, the 

reduced velocity profile f is similar and is independent of 

both energy arid atom concentration profiles. When the surface 



catalytic recombination rate constant Itw  Li finite, the atom 

concentration profile becomes 

(— ',' )1)  + rots' - 2 gf 	0 
Scc 

(33)  

The problem of solving Eq. (33) has been studied by various 

authors (see e.g. Ref. 20). According to Ref. 20, the 

wall atom concentration near the leading edge of a flat plate 

OP a straight cone becomes 

x 
+ 

NO 	2,„,c 

in which is  is the characteristic length 

2 	2 
9 1 3  S f ) 0 	IT 	e p  -e kwsc 	(35) 

11/4,  

For a 150  semi-ancrle cone of 0.4" max.  diameter placed at.,  

the exit of the wind tunnel nozzle considered in f,11-2.4.1.1.0  

the magnitude of the characteristic length xc  is 

for 	 50 fps 	 (36) 

10 ft 	 (37) 

Eq. (37) therefore reduces Eqc (34) approximately for the cone 

considered to 

so that 

kwhd Pw 

c(vi 
0%6 

(34)  

(38)  

(39)  
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The conductive boat transfer rate over the cone is 

estimated from both the Blasius solution and the work of Pay 

and Riddell (Ref. 17). The Blasius solution gives, 

for 	%%to  = 0 and n= .2 Le- 1, 

L
nw4; 
6;AL-ft) 	= 0.47 	 (40) 

The corrections for the Prandtl and Lewis numbers and n 

are made by extrapolating those given by Fay and Riddell 

Because of the similarity in the relevant mations, the 

individual correction factors for et, n and T,•. must, be the 
same for both the stagnation point and the flat plate solutions 

Thus 

nVt7 glro 	-0.6 0.10.63 hd  01.v 1:76 7 0°47 	1?-2.v 	I 	1) N-:0-  . 	(41) 

(Since the beat transfer parameter is only weakly dependent 

on the velocity profile and because the influence of velocity 

profile on the effect of e„ n, and Le  is of secondary magnitude, 

the extension of Fay and Riddell's work to the case of a flat 

plate is thought to be a good approximation.) 	The effect of 

ue2/hte  has been computed for the particular case of 

- 0.66 and ue2/hge  =1.5 in which the F3Rasius profile are 

used and the method outlined by Eas. (40) and (41) of Part I 

and it was found to increase the factor 0.47 in Eq. (41) to 

0.48. The calculated Prandtl number varies between 0.72 
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and 0.45 and tio2/hte  lies between 1.4 and 1.8 depending on 

the atom concentration in the particular chosen condition. 

These variations in Pvandtl number and ue2/hte  are neglected 

and the value 0.48 was used for the factor in Eq. (41) for all 

cases. Thus the final form of heat transfer rate parameter 

over the flat plate and cone becomes 

ht 1 1 	I a v nwgjv 	0.48 FP*6 °A' 1 (E.,e
0.63  -1) hto  . (42) Ay - it  

11-2.4.2.2. Overall heat transfer to cone  

The overall heat transfer rates to a 150  sernivertex angle 

cone of 0.4" diameter placed in the previously considered 

sample nozzle flow due to conduction and surface recombina-

tion are obtainedby integrating the local heat transfer rates 

given in the preceding section over the surface area . The 

integrations are straightforward because ch, is constant (Eq. 

(39) ) and q0  is a function only of x. The results are,. 

neglecting the small terms, 

-5 -0.6 0.1f tr,00.63_1)Z 	1.394 	 an ei Qc  1.35 x 10 0' 11 w  

(1 	to h w)  

1.96 cc ell Tv/ 

(43)  

(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 pressures between 

1 and 30 atm . The results are presented in Ref. 11 in a 

diagram and so they are not reproduced here. These data 

are extended for lower pressures using the proportional 

relationship 

w oc p2 

so that they may be compared with the experimental results 

in ,11-3.4. 
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11-3. EXPERIMENT 

To confirm the theories given in the preceding chapter, 

the following measurements were taken: 

I) 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 

iiil the radiative heat transfer. 

The wind tunnel and the models used are the same as those 

described in Part I except that the surface materials of the 

convective heat transfer models were different . 

11-3.1. Operation of wind tunnel with nitrogen 

The arc is initiated in argon either at 160 v or 320 v 

open circuit as described in 	and changed over to 

nitrogen operation by controlling the two gas supply valves. 

The mean operating voltage of the arc was around 60 v . . The 

repeatability of the tunnel 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 nitrogen flow . The record of voltage and 

current of the main electrodes has shown that there is an 

oscillation due to the fluctuation of the arc in nitrogen with 

frequencies of about 2.5 kcis together with harmonics of 

frequencies of the order of a few megacycles. Therefore, 
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Table 1. Repeatability of tunnel  

nitrogen nitrogen 

gas flowmeter pressureo  psig. 0 0 

power control setting, % 20 40 

open circuit voltage 320 •320 

average litpb, 	Btuilb 4705 8/87 

number tested 17 13 

standard deviation An Po . 	% 2.94 0.88 

standard deviation in Hun/ , % 4J5 5,44 
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any steady state value of meas=urement in nitrogen is a time 

average (see §11-3.1.3.). 

11-3.1.1. Deteernination of flow properties  

The power balance method and the pressure-mass flow 

method are used to determine the flow properties. . The 

power balance method is the same as that described in the work 

for argon, iI-3.1.2. The experimental error in this method 

is given by Eq. (48) of Part 

The pressure-mass flow method is worked out by 

considering the nature of the flow through the tunnel to be 

, frozen. The freezing criterion Eq. (W) was applied to 

determine the freezing point of vibrational excitation in the 

Imperial College plasma-jet wind tunnel. The result shows 

that the vibrational excitation is frozen in the convergent 

portion of the nozzle in the tunnel . Also, using the freezine 

criterion of Eq. (la), .the dissociation is seen to be frozen at 

low subsonic Mach numbers in the plasma-jet wind tunnel . 

For the sake of simplicity, therefore, both vibration and disso-

ciation are assumed to be frozen at the settling chamber values, 

and the relations for the completely frozen flow, Eqs. (16) and 

(17) are utilized to calculate the flow conditions. Using the 

specific heat ratio of Eq. (17), the settling chamber condition 

is computed from the perfect gas relations as a function of the 

settling chamber pressure and mass flow rate through the 
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110Zzle. The results are presented in chart form in the 

Appendix and are tabulated in Ref. 22. The geometrical 

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 il-3.1.2.) 

 

0.15 	1. 
ga 	0,432  L &(ib/min) )1.  (445) 

 

The procedure for the correction for the displacement thickness 

is described in the chart . 

In the pressure-mass flow method for nitrogen, therefore, 

the enthalpy  Ht (= Htmr) is read directly from the chart given 

in the Appendix for the measured values of pc, and 	(corrected 

for displacement 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 

method in this case - 

The tested flow conditions as determined by the above 

mentioned two methods are described in more.detail in the 

subsequent sections. The characteristic constants of the flow, 

i.e. mean free path and Reynolds number, are similar to the 

values for argon shown in Table 1 of Part I . 
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11-3.1.2. Effect of gas contamination  

The model surfaces always showed an deposit of foreign 

materials on the surface during the course of each ouperimen-

tal run in nitrogen. This first became noticeable about 10 sec 

after starting the arc under the worst condition and clearly 

visible after about I minute., This is thought to be due to the 

contamination of the nitrogen by the electrode materials. 

In the Imperial College plasma-jot wind tunnel , the main 

eroding part is the copper anode, since the tungsten cathode 

has shown very little wearing rate compared with the copper 

anode. Copper is first vaporized by the bombardment of 

electrons, and the energy absorbed In this process is 3.29 ev 

per atom . The vaporized copper atoms are ionized under the 

influence of the electrical field, absorbing another 7.724 ev. 

The total energy of formation of one copper ion in the gas is 

therefore 11.0 ev or 16.300 Btu per lb. of nitrogen, i.e. 1.13 

times the dissociation 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 lb per 10 lb 

of nitrogen gas, or about 	= 0.025, where $ is the molar 

fraction of vaporized material . In the settling chamber, 

part a the ionized copper atoms will recombine, but due to the 

low ionization potential of copper, most atoms will remain 

ionized at least until they pass the nozzle throat 

The electrical energy input to the head by the arc discharge, 



!29 

E, is thus divided in nitrogen flow into i) flow enthalpy 

ii) gas contamination by electrode material and iii) wall 

cooling loss, i.e. 

--rn r- 	Ht  + 

where by is the mean effective energy of formation of a 

contaminating molecule, which is 11 ev ( 160300 13tuilb ) for 

copper. 

The amount of vaporization is proportional to the mean 

energy carried by the bombarding charged particles, and 

therefore should be approximately proportional to the opera-

ting voltage of the arc for a given current. This may be the 

reason why there is significant contamination in nitrogen flow 

while in argon the flow is essentially clean. In nitrogen, it 

is the vaporized electrode materials that provide most of the 

free electrons needed to conduct the electrical current, - 

because the mean translational temperature 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 current. 

Comparing Ego (45) with Ego (47) of Part I, it is seen 

that in this case the total enthalpy determined from the power 

balance method is the sum of the true total enthalpy and 

(45) 
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contamination energy, 

Flepb = Ht  Shy 	 (46) 

Supposing that Hg mg is a measure of the true enthalpy, then, 

H 	hv 
ise••••• 1.2  1 4, ca 

Htrnf 	Ht (47) 

In Fig. 4, the above ratio is compared, and it shows that the 

ratio is appreciably greater than unity at low enthalpy levels. 

At high enthalpy levels, the error in the experiment makes it 

difficult to detect the difference between Htpb and Htmf  

because the second term in Eq. (47) in this case tends to 

vanish . 

The power balance method and pressure-mass flow 

method do not agree, particularly at low enthalpy levels, as 

shown in Fig. 4 . In order to check the two methods, there-

fore, another enthalpy value, denoted litbx , was derived 

from the measured heat transfer rate to the hemisphere model. 

The experimental mean values of heat transfer rate to the 

hemisphere model (see 1I.-3.3.) are substituted into Eqs. 

(31) and (32) to obtain hto, using the catalytic rate constant 

of 0.063 Tstv  fps established by the present experiment (see 

1.1-3.3.). The results are compared with Hun/ in Fig. 4. 

It is seen from Fig. 4 that the heat transfer results agree 

better with the power balance method for the determination of 

enthaloy than with the pressure-mass flow method. 	This 
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Fig. 4. Power balance and frozen mass flow methods 
compared for nitrogen 
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figure also shows that the use of Eq. (47) with S.. 0.025 is 

approximately compatible with both sets of experimental 

values of litpb/Htmf  and lithx/Htra . Thus one sees 

that the latent energy of ionization of electrode materials, by a  

is given out either to the surface of the model or to the 

translational energy of the gas before the metallic ions reach 

the model surface. The exact mechanism of the recovery of 

the contamination energy is not known/. From the works of 

Part I, §I-3.3., however, it is apparent that the recombination 

of metallic ions in the boundary layer near the wall may account 

for the increase in heat transfer. 

In the present work, a compromise between the power 

balance and Pressure mass flow methods was made in the case 

of nitrogen flow to minimize the scatter of the experimental 

data. This is done by calculating Hunt first and then 

converting to Htpb by •using the conversion curve found from 

Fig. 4. The resulting Htpb  values then have less scatter 

arising from experimental error than the directly determined 

Htpb 
The conversion curve in Fig. 4 is obtained from the 

plasma-jet efficiency data of Fig„ 5 „ As seen from 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 because the average efficiency is higher than 

in argon. 
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Theoretically, the cooling water loss W will decrease 

as mass flow rate increases. The cooling water loss is the 

integral sum of the heat transfer to the electrode components 

and to the non-electrode parts. The heat transfer to the 

electrodes is controlled mainly by the arc characteristics and 

is not directly dependent on the gas mass flow rate. The 

heat transfer to the non-electrode parts is approximately 
. 

proportional to rnw (see e.g. Eq. (43) ) o Thus the theoretical 

head efficiency must be of the form 

47 -3 c1 - C2 to Ht=1 

The relation Eq. (48) is not confirmed in the present experi-

ment, but at least a trend for the efficiency to increase as the 

mass flow increases is observed in Fig. 5 . 

It is possible to rearrange the continuity equation through 

the nozzle into the form Eq. (22) of Part I for nitrogen flow 

The resulting expression is 

h 	3.5 L5  (A. r P0A* 2 
t  .  o  a 	( 	) 

1 + c(0  

where 

r2)- 
fla  To-T - r 	lot 1-+ -- 

Thus the factor (Poina) is approximately proportional to the 

froien onthalpy hto  . In Fig. 6„ the parameter (poi en)2 is 

Plotted against Wen and it shows that there is an appreciable 

amount of didsociation at high enthalpy levels, because if no 

(48) 



3.0 

2.0 

1. 

x 

. 

QA •A0•  • 10' A 	A 	IP 
0 ii 

0. 

x 
, 

••  

-• :" 

• 
x 

x X 

...---- 
x 

• 

A • 
0 & •- 

• 
c • , 1,40 	401, 

41 WO A 	• 
• 

x 

0 

A 

rh *. 0.08 	lb/min 

rh 	... 012 	. 

rim '=, 0.20 	„ 

means 
rn=008 & 0.12 

I 

)experirriental 

./ 

/ 

X 

/ 

0 	 1 
	

2 
	

3 
Elr'n4oc 10-4, 	Btu/lb 

Fig. 6. Relationship between (pdrh)2  and E/rh for nitrogen 

rin lb/mi 



=136 

energy is absorbed by dissociation, then (poirn)2  must vary 

linearly with EMI . 

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-set is operated with nitrogen, 

but since the exact nature of this fluctuation Is not known, no 

effort has been made to correct for its effect on the heat 

transfer measurements. Because of this phenomenon, the 

heat transfer results are interpreted as a time average of a 

somewhat large fluctuation (± 40% maxi) . Since the measure-

ment of heat transfer to the hemisphere 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 o The results must, however, 

be interpreted as gross averages o In the determination of the 

stand-off distance of the shock wave from a hemisphere, this 

fluctuation plays an important role and, therefore, due considera-

tion is given to it in interpreting the test results in the 

following section. 

II-3.2. Shook wave stand-off distance measurement 

Shook wave stand-off distances from the hemisphere 
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model are measured using the same techniaue as described in 

Part I„ it1-3.2. Typical pictures of the shock wave are shown 

in Fig. 7 and are compared with a picture taken with an argon 

flow . A typical photo-densitometer trace across the shock 

layer is shown in Fig. 8 (see §1-3.2.) 

As seen from Figs. 7 and 8, the shock waves are so 

diffuse that it is difficult to determine their exact positions. 

This may be due partly to a fluctuation in the position of the 

shock wave synchronising with the arc fluctuation. Simpkins 

and Harvey ( Ref. 24) took motion pictures of the bow shock 

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 
tufm;114.1tc,e 

distance and thehchange greatly because of the arc fluctuation. 

The fluctuation of the shock wave stand-off distance as recorded 

by the high speed camera has a frequency of approximately 

2.5 kcis, which agrees with the arc fluctuation frequency 

reported in Ref. 23. The exposure time of the camera usually 

employed in the present study is at least 11200 see and there-

fore is long enough to average the shock shape over at least 

10 cycles of such a fluctuation. The precise significance of 

the observable position which the shock Wave occupies is not 

well known, but because the illumination is much brighter 

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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(a) nitrogen 
Ht= 2560 Btu/lb 

=0 
low= 0.00076 amagat 

(b) nitrogen 
Ht=9270 Btu/lb 
a =0.36 
fit2=0.00051amagat 

11 

(c) argon 
Ht= 1850 Btu/lb 
Sbo= 0 
Pte= 0.0014 amagat.  

F ig. 7. Detached shock waves for hemisphere, picture 
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The other factor that makes the shook wave position 

unclear is the apparent increase in thickness of the shock front 

at low densities. The density of the tunnel exit flow lies in 

the region 

3 x /0-4< roc, < 1 x 10.3amagat 

in nitrogen, and the accompanying mean free path I., is thus 

>1  A 	50 

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

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

distance. 

Coupled with these difficulties is the fact that the nonce 

linearity of the photographic sensitivity of the plates make an 

estimate of the position even more difficult . In defining the 

shock wave position therefore, 12.5 mean free 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, frozen vibration and dissociation 

through the nozzle and tiehincl the shock. The experiment 

thus corroborates the theoretical requirement that the flow of 

nitrogen is frozen completely under the tested condition. 

The experimental results shown in Fig, 3 also prove 
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that dissociation is indeed taking place in the wind tunnel settling 

chamber„ for if the gas is not dissociated, the standoff distance 

must remain constant at varying enthalpy levels. 

11-3.3. Heat transfer measurements, hemisphere and cone  

A hemisphere and a cone of the same dimensions as 

those used in Part 1, i1-3.3, were used for the measurement 

of convective heat transfer from the dissociated nitrogen. The 

surface materials used are; 

I) the hemisphere; copper, stainless steel and 5210$C 

bore-silicate ceramic coating; and 

ii) the cone; copper, chromium-coated copper and 571 

bozo-silicate ceramic-coated copper 

The stainless steel used was °Staybrite° FMB BS 531 having 

the chemical composition of C - 0.07, Si - 0.30, Mn - 0.30, 

Cr - 18.0, Ni - 8.5, and Mod 2.75% . The 52i0-3C bore-

silicate ceramic coating was developed and applied by Fearo-

Solaramic group of Ferro-Enamels Ltd. to the above stainless 

steel . The procedure for coating is the same as for the 571 

coating described in eS'I-3.3. except that the firing is carried 

out at 9500C for 60 minutes e The coating was applied with 

an average thickness of 0.0011" . The 571 coating is applied 

in the eame way as that described in §/-3.3. 

Tests were carried out for the following conditions; 

0.07 -4- en -4 0.2 lbimin, 
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15 	4. E 	80 kNg 

	

0.03 	po 	0.3 atm , 

3 rt 1O 	Peo 	2 x 10-3  amagat. 

The metallic model surfaces always showed an accumula-

tion of foreign materials on the surface as the experiments 

proceeded in nitrogen ( see PI-31.1J This became noticeable 

about 30 sec after starting the arc, arid there was practically no 

change in the average thermocouple peading during the period 

3 to 30 sec immediately after starting (see §I-3.3.) . The 

thermocouple reading was taken, therefore, at exactly 30 sec 

after the initiation of the arc . In the case of ceramic-coated 

models, the deposit was recognizable only after a run of about 

I minute, and at first only around the stagnation region of the 

hemisphere. In earlier measurements, therefore, the surface 

of the model 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 materials at the 

initiation of the arc.' The use of the protective sheets was 

found, however, to have no measurable effect on the results and 

therefore in the later experiment it was abandoned. 

. It was noted that there was a slight increase of heat 

transfer to all models as the number of runs proceeded . 

moth commercial and ox,vgen-free nitrogen were used, but no 

difference in heat transfer was found between them. 

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

and are compared with the theoretical values of 
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The average surface temperatures based on ch = 0.1 lb/min 

are calculated from the thickness. of the model wall and the 

effective thermal conductivities of the materials ; 

I.) copper : 7.7 x 10-2 Btu ft-1  sec •-1  (dog C)-1 

ill stainless steel : 3.77 x 10-3  

iii) ceramic-coated copper : 2.5 x 10-2  

iv) ceramic coated stainless steel : 3.43 x 10-3  fl 

The calculated average wall temperatures are shown in Fig. 11. 

The radiative heat transfer was again neglected for the same 

reason as given in 11143.3. (see also the following section) . 

Figs. 9 and 10 show that all the experimental values of 

heat transfer rates are considerably higher then any of the 

theoretical values for conductive heat transfer alone, i.e. for 

kw  - 0, showing that there is an effective dissociation in the 

flow and recombination at the surface. The value of the 

best matching kw  for each surface is indicated in Figs. 9 and 

10. 	Since kw  Is determined from Eq. (32) or (44) as 

Q QC 	 Q QC  
Tay. 2.75 Gke  1.5; 	OP 	 (49) 1.96 co rin ArTi57)  

where 	Q measured value and 

Qc  theoretical value, 

the error in the determination of kw  can be estimated after 

considering the error in Qc  . At low enthalpy levels there 

should be no recombination heat transfer, however the experi-

mental heat transfer rates exceed the theoretical values by 
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Fig. 11. Approximate average surface temperatures 
of models calculated for rh = 0.1 lb/min. 
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approximately 15% in average. This means that the theore-

tical values of Qc  are, for some reason„ underestimated by 

around 15% . 

Allowing this possible error in the theoretical values of 

Qc  in Eq. (49), the most probable values of kw  are seen 

to fall within the following ranges; 

i) copper hemisphere, 0.033Tw  < kw  4. 0.063Tw  

ii) chromium cone, 	0.070Tw  < kw  G. 0.106TiN  

iii) stainless steel hemisphere , 

0.0/1Tw < kw  4 0.041Tw  

iv) ceramic hemisphere„ 0 4 kw  4 0.030Tw  

v) ceramic cone, 	0 	.4. kw  _0.035Tw  

Substituting the average surface temperature values 

300 4.Tvv  .4 6000K (see Fig. 11), it is seen that the catalytic 

recombination rate constant kw  for the metallic surfaces lies 

within the range expected by Goulard (Ref. 13) 

10 Z. kw  4 60 fps . 

It is now possible to calculate the effective enthalpy from 

the values of measured heat transfer and the obtained catalytic 

rate constant. This calculation was carried out and the 

results are presented in Fig. 4 as Hum  . The calculated 

Hthx  is subject to the inaccuracy in kw  at high enthalpy levels„ 

but should be accurate at low•enthalpy levels where the 



dissociation level is low . As mentioned in W-3.1.1.. the 

enthalpy determined in this way is closer to litpb which 

suggests that the latent energy of ionization of vaporized 

electrode materials is recovered by the translational energy 

of the gas in the same manner as in neneguilibrtum Ionized 

argon gas (,1-3.3.) 

1I-3.4. Radiative energy transport 

The radiative energy transport from the nozzle exit flow 

in nitrogen was measured with the same bolometer as that 

described in 111-3,4. The same calibration curves. i.e. Fig. 

20 of Part l were used. The results of the tests are presen-

ted In Fig, 12. Shown also In Fig. 12 are the theoretical 

values calculated using the data of Yos (Ref. 11) (see 11-2.50) 

As seen from Fig. 12, the experimental values of radiative 

heat transfer are at least three orders of magnitude greater 

than the theoretical value of continuum radiation determined 

using the semiclassical formula of Kramers (Ref. 21), 

irrespective of whether equilibrium or frozen ionization is 

assumed through the nortle. 

The enormously high experimental values of radiative 

heat transfer as compared with the theoretical values may be 

due to either one or both of the following reasons: 

I) The semiclassical theory of Kramers is a poor 
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Fig. 12. Radiative heat transfer from nitrogen. 
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approximation to the true value. In the case of argon, the 

Kramer& theory gives a value for radiated power at least two 

orders of magnitude smaller than the quantum theory which is 

used in the work of Part I (see Ref. 32 of Part I). There is 

apparently no data available on the quantum theopy of radiation 

from nitrogen and therefore gramersv theoretical values are 

used here. 

ii) The discrepancy may due partly to the presence of 

electrons derived from the metallic impurities, i.e. vaporized 

electrode materials Because of the low ionization potentials 

of the contaminants„ and/or the small ionic recombination of 

the contaminant ions, substantial numbers of electrons and 

metallic ions may still be present in the jet exit flow . 

The experimental result of radiative heat transfer in 

nitrogen and also the work with argon (Part I, 61-3.4.), 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 

11-4.1. State of nitrogen flow in the wind tunnel  

The flow DamlUShler numbers in the Imperial College 

plasma-jet wind tunnel for nitrogen dissociation and recombi- 

nation are quite low . Calculation shows that the characteris- 

tic DamkOhler number of the flow in the settling chamber 

with respect to the dissociation of nitrogen is of the order 

unity. Ref. 25 reports that the flow may not reach equili- 

brium in the settling chamber even if the characteristic 

DamkOhler number is considerably larger than unity . The 

stand-off distance of the bow shock wave for a hemisphere, 

and the heat transfer measurements taken ascertain that there 

is dissociation of nitrogen to a degree very much the same as 

that at the equilibrium level . Perhaps in the arc there is 

a dissociation rate quite different from that in a shook- compression. 

In shock-compression dissociation, the molecules obtain 

energy necessary for dissociation through collisions with other 

atoms or molecules, while in arc-dissociation, the energy may 

come partly through collisions with highly mobile electrons. 

Since the cross-section and the mean free path of the collision 

are different in the two cases:, the dissociation rate may also 

be different . 

The comparison of I-Itpb  with .Fltra  shows that a signifi-

cant amount of energy is absorbed in the vaporization. of electrode 



152 - 

materials, which are no doubt ionized subsequently. Thus 

the assumption of ionic equilibrium in the operation with 

nitrogen is seen to be a crude approximation. The presence 

of radio frequency oscillations in the nitrogen flow ( see 

11-3.1.30 ) may partly be responsible for generation 01 excess 

electrons in the flow (see e.g. Ref. 26). An effort is 

currently being made to reduce the contamination level and 

the arc fluctuations. 

The two methods of flow determination, i.e. the power 

balance and the pressura-mass flow methods, agree 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 desirability of an impurity-free plasma-jet wind tunnel . 

11-4.2. Transport  properties 

The viscosity values used.here for the calculation of heat 

transfer rates to the hemisphere and cone models for compari-

son with the.experimental results are those obtained from the 

(reduced) Chapman-Enskog method (see §I1-2A.) . The values 

of viscosity calculated using the Sutherland formula, which 

has been used with much success for temperatures below 

25000K and which is indeed used by Ahtye and Peng (Ref. 12) 

for calculation in the dissociated and ionized regimes, arc 
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lower than the Chapman-Enskog method values by nearly 40% 

within the range of enthalpy levels tested. The present heat 

transfer results show a reasonable agreement with the theore-

tical values calculated by Yos°s method. If the Sutherland 

formula is used, the experimental values will exceed the 

theoretical values by quite a large value at the lowest opera-

ting conditions. The results of the heat transfer measure-

ment presented here, therefore, strongly support the use of the 

Chaprnan-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 effect of n e 	/(c211/4A)e  , the 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 

calculated conductive heat transfer rate was approximately 70% 

of the total heat transfer measured at high enthalpy levels. 

If those effects are neglected, therefore, the theoretical heat 

transfer due to conduction alone will account for only 40% of 

the total heat transfer rate measured. The remaining 60% 

which must be accounted for by surface recombination is 

impossibly high. This leads to the conclusion that for the 

calculation of conductive heat transfer from a dissociated gas 

the effects of n, the Prandtl and the Lewis numbers must be 

considered. It must be recalled also that the values of the 
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Prandtl and the Lewis numbers have been calculated using the 

work of Yos (Ref. 11) which utilizes the Chapman-Enskog 

method, If the method of Hansen (Ref. 14) or equivalently of 

Ahtye and Peng (Ref. 12)(which uses the simple collision model) 

is used, these effects will be less pronounced (the corrective 

factor will be 1.5 maximum) and therefore the agreement between 

theory and exper►irnent will be poorer . This point again 

emphasizes the use of the Chapman-Enskog method for a 

dissociated gas. 

I1-4.3.. Surface catalysis  

The reasons for choosing boro-silicate ceramics for 

testing in the role of low catalytic materials were; 

i) they are the only industrially available high temperature 

ceramics at present that withstand the required 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 a material under the various conditions (Ref. 28) 

do not warrant the use of an elaborate or especially pure 

coating material . 

The second and third points are Important particularly in 

regard to the experimental condition of the present works in 
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these experiments, the conditions were such that in the starting 

process„ thermal shock can cause a temperature difference of 

well over 1000 oe across the faces of the coating. A substan-

tial coating thickness of around 0.001" was necessary because 

the surface needed to be polished frequently with abrasives 

to remove the foreign 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) were not 

suitable for these reasons. 

It is generally believed (Ref. 13) that pure silicon monoxide 

and silica have such a low catalytic activity for oxygen recombi-

nation that they can be taken as practically non-catalytic under 

such conditions as in the present work . But this point is not 

at all conclusive when considering high surface temperatures. 

Also the catalytic recombination rate for nitrogen may be 

somewhat different from.that for oxygen. The bombardment 

of the surface by the high energy particles conteined in the 

plasma-jet wind tunnel flow and the contamination of the surface 

with imourities may change the catalytic rate. . _For these 

reasons the pure silicon oxides were not used in the present 

experiment . The boro-silicate ceramics used instead consist 

mainly of the oxides Of silicon and boron and therefore were 

supposed to have catalytic rates.comparable with that of the 

silicon oxides. The result of the present experiment shows 

that these ceramics are substantially less Catalytic to nitrogen 
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recombination than the metals used . 

II-4.4. Freezing of the wind tunnel flow  

The stand-off distance measurement confirms that the 

How of the plasma-jet wind tunnel used is indeed frozen for 

both dissociation and vibrational excitation. The frozen 

nature of the flow is used in the present work as an advantage ; 

that is, the atom concentration 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 

kw  quite simple. If the dissociation is relaxing through the 

nozzle and behind the shock wave, another unknown factor must 

be determined, i.e. the rate constant . Thus a completely 

frozen flow is suitable for a heat transfer experiment with 

catalytic and non-catalytic -surfaces. 

The frozen wind tunnel flow is a good simulation of the 

flight condition as regards the atom concentration level at the 

edge of the stagnation point boundary layer Up to an altitude 

of about 200,000 ft , the atom concentration at the edge of the 

stagnation point boundary layer of a re-entering blunt body is 

equivalent to the equilibrium value in the inviscid region, and 

therefore it is simulated in the wind tunnel by reproducing the 

same atom concentration level in the settling chamber in a 

frozen flow Beyond 200,000 ft, however, Chung (Ref, 31) and 
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the present author (Ref. 16) have shown that the atom concentra-

tion at the edge of a boundary layer is decreased by the lack 

of equilibrium in the shock layer. For the simulation of 

altitudes above 200,000 ft, therefore, it is necessary to produce 

a near-equilibrium condition in the test section. Near-

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 criterion (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 . 

chamber pressure high enough to produce a near-equilibrium 

flow in the test section for test flow Mach numbers M > 2. 

A possible method of equilibrating the exit flow in a 

nozzle is to add a °catalyst° to the flow which may increase 

the effective recombination 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. 
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11-5, CONCLUSIONS 

i) for an approximate calculation of vibrational excita-

tion and dissociation levels in a relaxing convergent-divergent 

nozzle flow, the criteria 

It F a 4 , for vibration, and 

KT. a 1 for dissociation 

agree with the exact solution to within +5% . 

ii) The increase of the shock wave standoff distance of 

a sphere 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 pressure= 

mass flow methods, are shown to agree approximately after 

correcting for the negative displacement thickness at the throat 

and for gas contamination. 

iv) Copper, chromium and stainless steel have surface 

catalytic reaction rate constants of the order of 10 fps for 

nitrogen recombination and the two boro-silicate ceramics 

used are much less catalytic than those metals . 

v) The heat transfer results support the use of the 

Chapman-Enskog approximation instead of the simple collision 

model in the calculation of transport properties at high tempera-

tures and refutes extrapolation of the Sutherland formula to 

higher temperatures . 

vi) The experimental values of radiative heat transfer 
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are several orders of magnitude greater than those predicted 

by the semiclassical theory of Krasner's. 
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