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LIST OF .SYMBOLS

i;l => vector quantity
ou/Pette
mass average velocity of gas mixture at any point
diffusion velocity of molecule of ith kind referred to Co
specific heat at constant pressure per unit mass, of ith species
specific heat of mixture Tp = %(bs/Q)Cps
multicomponent diffusion coefficient
binary diffusion coefficient
multicomponent thermal diffusion coefficient
internal energy of fth,species per unit mass
internal energy of mixture, e = Z(pi/p)ei

Blasius function

enthalpy per unit .mass of.fthwspecies

enthalpy of mixture h = Z(bi/p)hi
i
Boltzmann's constant

forward or reverse reaction-rate constant

-equilibrium coefficient in terms of concentration

equilibrium coefficient in terms of partial pressures

rate at which molecules of ith species are formed per unit volume due
to chemical reaction

mass of molecule of ith kind
molecular weight of ith species

molecular weight of mixture

)
-number ‘density = number of molecules of ith species per unit volume

number density of mixture, n = §.ni

)
molar density = number of moles of ith species per unit volume
iii
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P

= dimensionless coordinate, 1 .= %'\
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LIST OF SYMBOLS (Concl.)

‘= .molar density of mixture, N ;=Z-Ni
i

= local pressure
= Prandtl number , Cﬁp/k
= heat-flux vector

= universal gas constant

= Schmidt number, u/lez

= local temperature

= component of mass average velocity in X direction

= component of mass average velocity in.Y direction
= force on ith molecules due to external field

‘= coordinate in physical plane

= coordinate in physical plane

Le
VeX
= dimensionless mass concentration of ith species; KA; = pi/p

= coefficient of thermal conductivity

= coefficient of dynamic viscosity

L}

. kinemstic -viscosity, V.= u/p

= density. of fth‘species

= density of mixture, p = %-pi

Subscrigts

e

w

= outer edge of boundary layer

= surface of flat plate

iv
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ABSTRACT

The general conservation equations for a multicomponent gas mix=-
ture with chemical reaction are considered. They are reduced to the bound-
ry-layer -equations by the usual order of magnitude analysis, for a two-
component and a three-component system. It is shown that a two-component
system can be used strictly only for a system following chemical equilibrium
For the case of a nonequilibrium reaction, it is shown that the three-com-
ponent system can be reduced to a quasi-two-component system by the use of
only mildly restrictive assumptions concerning the similarity of the proper=~
ties of oxygen and nitrogen. The studies indicate that the boundary-layer
similarity varisble, 7, is the sole independent variable only if chemical
equilibrium is assumed. .Otherwise the variables also depend on the axial
coordinate, X.

Arguments for the existence of a buffer layer where no reaction
occurs are presented for the case where there is no chemical equilibrium.
The thickness of the buffer layer is shown to depend on the wall temperature
and the altitude through the pressure.

.An outline of the various sources of gas properties at high tem~
peratures and their usefulness is made. A comparative study of the various
methods of experimentally studying the hypersonic boundary layer is also
carried out. Some consideration is given to the types of instrumentation
which have been and might be used.

OBJECTIVE

The purpose of this study is to demonstrate the effects of
dissociation on the velocity and temperature distributions in the hypersonic
laminar boundery layer, thus indicating the effect of the dissociation on
skin friction and heat transfer at the surface.
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INTRODUCTION

The analytical problem considered in this report has been simplified
considerably from the general problem of the boundary layer in very high speed
flow. To emphasize the dissociation effects, extraneous phenomena have been
neglected. For example, since there will be shocks in front of or attached to
any body traveling at hypersonic Mach numbers, the air entering the boundary
layer will have been dissociated to some extent already, and will have begun to
recombine to some intermediate concentration of atomic speciles. Hence, in
general, the air entering the boundary layer will have an atomic concentration
which varies along the boundary layer (assuming a curved shock). Furthermore,
it 1s known that there is a pressure gradient in the flat-plate hypersonic
boundary layer, which is self-induced by the change in thickness of the bound-
ary layer.

‘Ignoring the above effects for the present, then, one can consider a
problem which consists of a typical laminar boundary layer with an external
flow of normal air at a very high velocity and with dissociation occurring
within the boundary layer alone. If this flow can be solved, then an attempt
can be made to add the above complicating factors, to study their interaction
with the dissociation effects.

In conjunction with the analytical studies, a comparative study of
real-gas properties has been made, and a chart listing the various properties
found in each reference is included in the body of the report.

‘Consideration has been given to the various experimental facilities
being used at the present time in the study of hyﬁersonic flow. It was de~
sired to find what data could be obtained from existing techniques, and to
compare these facilitles with a shock-detonation tube, where a detonation wave.
is used to give the gas a high total temperature.

CONSERVATION EQUATTIONS

The general equations which hold for a multicomponent gas mixture,
either with or without chemical reaction, have been stated in detail by
Hirschfelder, gﬁ{g;.,l through a generalization of the work of Chapmen and
chling.2 In particular, the equations modified for the presence of chemical
reaction and polyatomic molecules are employed in this report. While the

1
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coefficients of diffusion and viscosity are not changed by considering mole-
cules with internal degrees of freedom, the coefficient of thermal conductivity|
-and the heat-flux vector are affected.

Following the notation as given in the list of symbols, the conserva-
tion equations may be written in the following form.

. CONSERVATION OF MASS

The continuity equation for each species is

:_;;_7_5 7 V'ﬂ‘-(go a _Q—Z) = 'K-c (1)

If this equation is multiplied by mj, and summed over i, the total
continuity equation is obtained. Thus,

2 + VPl =0

or (2)
since 2 nym; = p by definition, and & myK; = O, and Z nymy Cy = O from mass
conservetion considerations. i

Finally, if equation (1) is multiplied by m; and the relative mass
concentration A = (nimi)/pxis substituted for njm;, then, with the aid of
‘equation (2), it can be shown that equation (1) becomes

,o/ag_/fz' + CoVH, )= -Vpa; O + my K 3)
t A

This latter form of the species continuity equation will be used
throughout the remainder of this report. It should be noted that for an r
component system, only r-l separate species continuity equations (5) need be
used, along with the overall continuity equation, (2), since

iél/{;‘ = 1o

anﬁ.k& = pi/p, Hence,.in a two-component system, knowing A1 and p, for example,
would allow one to calculate p; and pao.
CONSERVATION OF ENERGY

Summstion of the separate energy equations for each species gives the
energy equation for the mixture. In terms of the enthalpy, this equation is
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P4 +coovh) = 2P * o UP +PP-Co-V-8 ~P: VUl -2
ot ot (h)

where

= -Avr +r ZpCh rAT 5 D (2-C)
| e w i mp, (5)

is the heat flux vector, and h ==§‘K&hi is the enthalpy of the mixture.

CONSERVATION OF MOMENTUM

Again, summation of the separate momentum equations for each species
-gives the overall momentum equation for the mixture:

,o(aco + (GoV)Co) = -V-P L Z’/? (6)

DIFFUSION VELOCITY

The diffusion velocity for each component is defined as follows:

P!

/?' D-m: < (7)
<

< (4

'£=Q(‘é/%")=~’§ JZT m D; &5 L DI vlnr
- J#E

‘Where

o = V1) + [ _ bm Vb P - 20 (PR, L -1 Z,)
EQUATION OF STATE
The .equation of state of each species is that of a perfect gast

- Pj = n4kT, so that the overall equation of state is

. Or .
Po 2Bl ©)

where

‘i n ¢ i < (10)
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is the molecular weight of the mixture at any given point and Ry is the uni-
versal gas constant.

The above equations are simplified by the assumptions usually made
in a boundary~layer study, as well as some assumptions which are necessary
only in a multicomponent flow. The assumptions necessary for a general
laminar boundary-layer study are as follows:

a) The flow is a two-dimensional steady flow.

b) No external forces exist.

¢) Thermal diffusion is negligible.

d) The usual boundary-layer order of megnitude assumptions
apply.

Assumptions c) and d) must be clarified at this point. It is not
clear at the present time what role thermal diffusion would play in the case
of relatively high temperature gradients such as exist in the hypersonic
boundaﬁy layer. Some authors? have included the thermal diffusion term, while
others”™ have disregarded it in view of the fact that not enough is known about
the coefficients. Chapman and Cowling5 show that for mixtures of hydrogen and
nitrogen one can expect the ratio of the thermal diffusion coefficient to the
binary diffusion coefficient to be of the order of 0.10 at the most. .Further=-
more, in most combustion studies where the temperature and concentration
gradients are comparable to the hypersonic boundary layer, the thermal
diffusion is neglected on the grounds that the mass transferred is negligible
compared to that transferred by convection or diffusion due to concentration
gradients. The reasoning is that the dimensionless temperature and concentra-
tion gradients are of the same order of magnitude while the coefficients are
not. In this study, the latter reasons are assumed valid, and thermal diffu-
sion is neglected.

In stating that the usual boundary-layer order of magnitude assump-
tions hold, one is meking a tacit assumption about the reaction rate, which
must be clarified. The boundary-layer approximations can be made because, in
the boundary layer, a change in any variable in the flow direction is very
small compared to the change in this variable in a direction perpendicular to
the flow direction. This physical fact is used in stating that the derivative
3/dx is of order 1/L while 0/dy is of order 1/5 where L and & are the length
and thickness of the boundary layer, respectively, and d << L. In meking the
same assumption in the species continuity equation, one is really assuming that
not only the rate of diffusion of species but also the rate of creation of
species by reaction is small in the flow direction compared to their values in
the direction vertical to the flow. While this assumption is very restrictive
in combustion problems, it should not introduce any new difficulties in the
present problem because the reaction to be considered is a dissociation re-
action which is self-demping, i.e., if the temperature is increased, the in-
creased rate of dissociation then lowers the temperature. Hence, any zone of
dissociation in the boundary layer will tend to grow with the boundary layer

N
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and become more diffuse, rather than tend to become a thin self~-propagating re-
action as would occur in an exothermic reaction. Therefore, except at the
initiation of the boundary layer where a singularity exists in all the usual
boundary=-layer solutions, the boundary-layer assumption should hold for the
concentration, and thus the changes in x or flow direction should be small com-
pared to the changes in the y or radial direction.

With the above assumptions, equations (2) to (8) become

Q) é.’f_‘!o * a_f_@ = O
2X, 57
£) Pls 2Ki + U i = = D (PAY) + M T
oA, égg .%g
Pls B + P Qb = Lo dP - éW@? ) *u/uUo )
C? ZLY %;Z- é&k ‘a;y % ’A%(/
Jd) z,=-297 + 22 YA
. /) y ‘-
2. 2 P (1) .
e ru, Mo + PY IU. Stlo ) — 2/
) : (74 210 ;a {14 5 and
A % = Z’ ; D 20% 2%h)
2P . J 24

/O'J = Q_{_’_’J n)

where v z vecause 2 = o

2% 2%,

In the above equations ug, vp, and Xg, Yo, are the velocities and
coordinates in the physical plane. For the flat plate with no pressure
gradient OP/dX, = 0, of course.

EQUATIONS FOR A TWO-COMPONENT MIXTURE

The sssumption that a dissociating flow consists of two components
is often made to simplify the equations. In this case, the two components are
molecular and atomic "air." Actually, this assumption can be used only if (a)
chemical equilibrium exists at every point or the reaction rate is very slow
compared to diffusion across the streamlines (Lees' two cases®), or if (b)

5
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enough is known about the rate constants in the dissociation of Oz and No to
provide an average rate which would hold for the dissociation of air. The last
condition does not seem feasible since No does not begin to dissociate until
most of the Op hag dissociated, indicating a large difference in the activation
energies for each of the reactions. However, when no chemical rate is in-
volved, such as in the case of chemical equilibrium, or rates slow compared to
diffusion processes, then a two~component system seems adequate since the mole-
cular weights of No and Op and thus N and O are aslmost equal, and since the
transport and thermodynemic propertiles are also very similer. To write the
specific equations for a two-component system, one need only compute the diffu-
sion velocities.

The last of equations (11) is the relation for the diffusion velocity
For .a two-component mixture

Y= _0F m ngz Eéﬂifééﬁ) /
7P ‘252

where D1z =012 for a binary mixture.

Now n;

P‘g + - = 1 »
n n
and
L = N, 17 — v‘éj = A, L
O ATy ) &, + i X, K- ) > 0y 7
72 e mz? iy

since K + A2 = 1.

Therefore,
_9_(%)—_--9@'/;0)___ -/ o, Ok
270 270 /’ﬁ//-,_/g_l)fﬂ,)z m;, 2/0

2 ”m,
= /2 )2_/2& 24
ne S P2 2y
and
¥ = - LBle 24
A/’ 2; (.12)
o

Likewise, since % pivi = 0

so that in general, for a binary system,

6
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72— - xéLz o) 4
¢ = === == (13)
7

Thus, the condition that Ficks' law be used for the diffusion
velocity, as stated by Lees7, is unnecessary for a two=-component flow.
Actually, Ficks' law is written in terms of mole fractions for a system at
constant temperature and pressure so that n, the total number density, is a
constant. However, it may be used for systems with varying T or P if the con-
centration of one component is very small compared to the other, or if the
molecular weights are equal. These assumptions, made tacitly when Ficks' law
is used, are unnecessary for this case.

.The equations for a binary system are as follows:

27 % % Z
Ao R # o0k Qb — Lo P ) #ae/9kts )*
o, 2y 24, 24
Zy - - A 27' —-/’a&,z j’/ 94" (14)

/ﬂa@% * 25 24/0 — &P 7".2%(6@4_(0
é4, 270 2%

A (-0 ) 0 14
- 2) 22

where M; and Mo are‘the molecular weights of species one and two. zy may be
written in the form given by Lees by noting that o

7
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A= 2k A
4
7 &
and ./1? = a//f C;; g7 ,4{? ) )
o

,where,ﬁi(o) is the heat of formetion at zero degrees absolute. Then, since

each component is a perfect gas, Cpi~= Cpy (T), and
U _ U o7 = G 27
270 éa 9; 9;6

and 2h - TG 5 Th
% 23, ¢ 24,

=G 27 » 24 2u
é%z ¢ é%a

/ 24+ /i- ’o'f‘ %) 24 %«]

The above equations are essentially those considered by Lees;.8 As

‘Then,

(15)

o

is assumed (no equation necessary for. K&), or when.nu]?;can be considered
small compared to the rest of the terms in the equation for® Kl, since it would
be very difficult to evaluate: hnfz;,the rate term, for the decomposition of
air rather than its separate components.

-One might wonder why a two-component system could not be used where
the temperatures stay low enough so that only the decomposition of Oz need be
considered. After all, No and Oz have transport properties which are very
similer, and since only one dissociation reaction is being considered, there
should be no confusion in what reactionsrate paresmeters to use. The reason
that this cannot be done is that the rate at which Oz decomposes depends on
the local concentration of Oz, not on the concentration of Oz end Np. In a
two-component system, one can tell only what fraction of the whole concentra-
tion is made up of moleculsr species. One cannot tell the difference between
Oz and Nz molecules. From the stendpoint of diffusion, heat capacity, ete.,
this information never becomes necessary. However, to know the local reaction
rate, one must know the Oz concentration; that is, one must be able to dis-
tinguish between Oz and Npo molecules. For this reason, a three~component
system should be used. In general, the use of such a system involves more
than simply adding anocther equation to the set. The transport properties be~
come extremely complex, and terms are added to the energy equation and heat-
flux vector. However, it is ppssible to simplify this system of equations in=-

8
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to the so-called quasi-two-component system used for the remainder of this
study.

- QUAST-TWO-COMPONENT SYSTEM

Consider a three-component gas mixture made up of Oz (subscript 1),
0 (subscript 2), and N (subscript 3). This means that the external flow Mach
number must be low enough so that.only a negligible amount of Np dissociates
_into N. For this range of temperatures, then, there is no reaction involving
Nz. The assumption is also made that the molecular weights of Oz and No are
the same, and that the thermodynemic properties are the same. That is:

/mc = /ké - /%QE */%QQL

2z (16)
and ,{lﬁé,Jg
G = c_% o (17)

The assumption is also made that 33 =£31 = 03 i.e., that O and No,
having essentially the same properties, do not diffuse into each other. The
gas mixture, then, consists of Nz and Oz molecules and O stoms. Within this
mixture, one can distinguish between Oz and Ny only insofar as calculating the
concentration of Oz for the reaction rate. For all other intents and purposes,
Oz and Np are the same gas. With these assumptions, then,

032='&_23=’&£I =99/Z 5
£, = b, =0 (18)

3

Using Hirschfelder'§9form for the multicomponent diffusion coefficient
for a three-component mixture, one can write the following general relation be=-
tween the multicomponent and binary coefficients:’

D‘;' = ’8¢'J Az’a’ (19)

v

where A,l, _ /1/_?/,1'/'7‘?0&; - ’&z)
TR

/ * Nz /;%k‘é%3 "“éév )
/¢4a£%3fhﬂé¢£23 *‘4é‘£22

4

2|

with the others being obtained by cyclical permutation of the indices. Next,

9
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if the assumptions involving thetﬁﬁj and My are employed, .one.obtains the fol-

lowing set ‘of relations:
A/Z = /_ A/-? = /i/’ = /7/-—-
M, #Ny MMy 2, #93
AZ/-': / /
ﬁé? =/ ) (20)
A /% +7;

‘Note that the concentration ratios may be written in terms .of moles per unit

volume or molecules per unit volume.

velocities. Thusy
- Y= / my Dy Arith) + my Dy 20 f
7s,f 970 J;o

Ny P

the following relations may be used.

L = 7, 17,
Z Mm, + D2tz 1y # M, 0705 P
/772 m3z

= /4

K, (1= 20 ) p 1y (01—
O )

The last of Equations (11) may now be used to calculate the diffusion

= _h: m, 09,2/ s\ 2("4) ,
7 @ " rng? 2y,
‘ (21)
%= nr m, L) /a(i’;/fz)¢ 24 )
k4

OZP QZ 2?0

Y= N2 m, F, /m/z.; gg’%)
/ 3

To convert the number or mole fractions into relative mass fractions,

(22)

10
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since Ko =1 - Ky - Aas.

Likewise,
/7.? = _/_774 /{3
G My K, (1- 2
3 )+ K (L2 - M ”m _—
/ ( mz) 3//97; mzl +/77" (23)
and e > 2;‘

The derivatives of the sum of equations (22) and (23) is taken next, and
meking use of the assumption that mi =ma, one mey write it as,

a /7/7‘-/73-——-2 /73) m,&,«_/j_’._%v
2; /{{/7"‘(){‘—4)7‘- /77,] My (34, 24/ (2k)
‘where
[ =0 L = N L i)t
S A /7‘/13‘(/77,/

/Y/ﬁ*/'%)//-%) - jz

again from equations (22) and (23).

Finally, to write the diffusion velocities in terms of the desired
variables,.one must write (nl)/ (ng_ + ng) and. (ng)/(ny + na) in terms of the K.

Thig can be done as follows:
N = Ny ~ £
N+ 2,19, 4 N3/ 124 A AKX,

Pz~ <

since m; is assumed equal to ma.

 Substitution of equations (24) and (25) into equations (21) and a
slight rearrangement gives the desired form for the diffusion terms in the

continuity equations.
-4 pﬂ/z 2 ( 1K )

oK, Y =
K, +4
Pl = — P, &é = A D (K1K;) (26)
27 %
A4, = —_K& ),y L [K * K,
: 7 /f.jf-i(/g -z 5 / )

1
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These relations may be checked by noting that the relation for the conservation|
of mass by diffusion is satisfied. That is:z

St = Doy = rb)s -k -4 Jatr)_,
A

GrAs 14 29

With the above relations for the diffusional mass transport, the
species continuity equations [equation (11b)] may be written. Also, equation
(11d)may be written in terms of the concentration gradients. Thus,

ZZ 22?7" 7+ 42;7/7‘/ . (114)
But

2y = -pb, [A A 2 f%/ﬁ 14y #4,
é < iy Dy birg) 24 %

and since by assumption /il = ﬁs,

2k = —/"o&/z// etk "’/
; %
= -/%&,?/Z 9,6 7'-/3»2._: 7‘/4%
g 7.

= = bz 27,{ .2’!4 ,
‘ 24, | - (2)

Therefore, with the assumptions made concerning the Oz and Np, the

heat«flux vector can be written in exactly the same form as for the binary.
system;

"?"2 - (- /‘&" )Z/ p (28)
2% 2% 9‘3 |
where OT/dy, has b.een written in terms of Bh/ayo and OK;/dy,, as before.

.The complete set of equations for this ternary mixture can be written
now. .As was mentioned befor_e,, ‘however, it is necessary to consider only two
of the three possible species continuity equations, and the overall continuity
equation. Since there is no reaction rate considered for the Nz, the equation
for K3, being the simplest of the three, js one choice. The, equation in Az; )(O))
is chosen as the other, since Ho = 1 = (K.l + K.g) and Kl + Ka is a natural -
grouping in the eguations, and since, as will be discussed later, the boundaries

12
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where ﬂé‘E 0 (Limit of dissociation) are very important. The complete set of
equations for the three-component, quasi-two-component system are as follows:

@) Q_/;[_.z" 7‘“‘.’)&4‘ = &
24, 2;;

b Plts s # Pt e = 2 S8, i\ Fi2. T,
/ on 7 ;/ 57) 7"

C) e MUr FAU K = -2 [ Ao V23 2&
2*0 )Z % /"/L/ d

d) A o+, o = / g_@)

ol o4
4 _2 # o £F
) /’//%%ﬁ‘;}jﬁ - /Z) 9 7544{%// (29)
£ 2:—21/% /w,a 2/94/
) PA (; (929 (/ P) ;

P=La7T
7) P

L) H= _L

AR

Equation (29h) is written for the specific case where Mz = M;, and
(M) /M) = 1/2. In general,

VA
5

‘but- for the above conditions, this reduces to

M- /I/f-/)/z # /Jé

7,
//7‘ /1/7‘/1//

and substitution of equations (22) and (23), again with the above conditions on
molecular weights, gives the desired results. :

13
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M= L)+ 14
w2 )

‘For the special case of a flat plate with a uniform exterior flow,
the main problem with which this study is concerned, (3P)/(dXo) = 0. Hence for
the remainder of this report, the pressure term will be neglected.

CHEMICAL REACTION~RATE TERM

Before continuing with any revisions or transformetions of the
boundary-layer equations, the chemical rate term appearing in equation (29b)
should be carefully exemined. .This term, moK,, expresses the rate at which
‘mass of species 2 (atomic oxygen) is created by chemical reaction, per unit
volume. To write this rate, something must be known about the proper chemical
equation for the reaction. According to Hirschfelder,lo the reaction for the
recombination of atomic oxygen depends on a three~body collision, and hence the
‘reaction should be ywritten as followsig

’ %
O+0+X__ G
44

where X is any third body (i.e., snother O atom,.or an Oz or Nz molecule) and

ky and ke are the reverse and forward reaction-rate constants, respectively.

Sinece the reaction is usually written as a dissociation reaction, the ky and ke

appear reversed in equation (30). Actually, this equation holds for both the

dissociation and recombination of oxygen; depending on the direction in which

the reasction happens to be proceeding.

Lt ) (30)

: _ From equation (30), one can find the rate st which atomic oxygen is
'being formed, meking use of the law of mass reéaction rates. .Thus, the rate at
vhich moles of O are being fdérmed per unit volume, ‘is, using Penners' form of

the rate law,

Zgﬂé)z 24 N, W, 7‘2/4; MM, (31)

where Nz, N3, and Ny are the moles per unit volume of O, Oz, and any third body,
respectively. Since X can be any of the constituents of the mixture, Ny = N,

1k
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) 24 NN AM] (52)

where A, is the equilibrium constant written in terms of concentration. That

is, _
ﬂé = ’—’éﬁ (33)

9
The equilibrium constant is usually written in terms of psrtial pressures.

. Then, _
Fo=Fip L = A, L (54)

e P

and,

Also, it is desired to calculate mgsKz which is Mg;ﬁdg ) . Therefore,

/5?§;2E; = ,41Q42222?) = f<§4§;4€/695/Q227L /%;;‘1é222§
T '

/4
P
S I N s AR, s 4/_/
" P A7 M
where p = NM.

Next, the equatien may be rearranged as follows:
. 2
m A, = —z}/f//a /A’_L‘Z 2o 4 /
e
‘The term multiplying the bracket can be revised, using the equation

.of state. Thus,
NP M, = Vg M = r’r Pat
7 O )M fer)™

N, PP
My BT TR

il

and since My/Mz = 2, and M/M; = 1/(Ma2 + 1), the equation for mzKz can be
written, finally as

my &, = %d__)— - (z4) 2L ) A "_’?;A/]‘

bp) P

=-Pur ,
(35)
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.8p that wtis defined as

/2&)2(_&)._ 4F — Ao 4

/l’f/ 7P

- 27»/—/4-&# (36)
27

=(24) 2 15}

A/f/

According ‘te Hirschfelder ,112 ky may be approximated by considering
the reaction Hz + 2H. His calculations give the following results:

5/
2k 2 L2007/ T 2 ©

00 Orofes)? sec (37)

Also, using the values of Fricke for the equilibrium constant, Hirschfelder
elaims that the following expression gives good accuracy for temperatures up to
5000°K.

A = erp (158- é2200 ) (28)

Using the above values, an approximation .of the reaction rate may be -obtained.
Note that in the definitions of w, ky, and Kﬁ, w 1s a function only of the tem=
perature and concentrations. p does not enter into the definition explicitly.

FLAT-PLATE EQUATIONS IN PHYSICAL PLANE

At this point, the equations covered in (29) can be rewritten for the
case of a flat plate with uniform external flow, (OP/dX,) = O, and using the
definition . of the rateé law, In writing these equations, one new variable is
defined to make the equations look more similar. Thus, A= 1 - A> is used.
Equations (29) become, then,

Q) oty + 2475 — O
24, 270'

b) ru-t +ptk o8 = 2 [ Al 28 ) - P
o4, ; 274 24

vc) Ay O F P DN = 2/_'5_{?. V2 %) (39)
£ 2

227 YA
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&) Ao So +F Y% Dlle = s?_//dé‘:é
w0 T4

&) Ao Qh -, U =2 2[4 - &‘w"c Z/‘%}]/@)

L G el !
f ) P=EC-¥)LART = Constan? (39)
/W, ‘(Cont o )

It should be noted that the energy equation (39e) may be written in
other forms. If the product of u, times the momentum equation 1s added to the
energy equation, one obtains the well-known form where the total enthalpy
,{34- K+ (W2/2) is involved. If the ‘equation is written in terms of the tem~
perature rather than the enthalpy, then, since the equation of state connects
the density with temperature, there is a better connection between the energy
and state-equationj however, the energy equation becomes more complicated
through the appearéncé of the reaction-rate term. These two forms are listed
at this time for future reference.

a)/%og%ﬁsf/% 9,{,-_ 9/_2[ s ..(/.._%éz)?ggfé) —

-(-24:4; ) 242 }]

(%0)

Plo OT + PO = _L Q(a / ,eZ(’ M 7 +
o1, 5, ot 9 2% 5% 2%

faf/%—/f;)

Here Cﬂv *J@z) is the heat released due te";eactian° . In combustion
problems this is considered to be a constant, given by some average value. Howy
ever, in this case the assumption depends on the temperature range involved,
and it may not be possible to use a constant value.

TRANSFORMATION OF EQUATIONS

"In accordamce with ususl boundary layer practice, equations (39) can
‘be transformed into a corresponding incompregsible plane by means of the

17
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D@rodnitzynl5 transformation. Whereas, without dissoclation, this transforma~
tion effectively decouples the momentum and.energy equations since pu ® con-
-stanty with dissociation, since pp ;4 constant, the equations are not completely]
decoupled, and the new plane is Eot completely incompressible. However, as
other authors have pointed out, the effects due to these variations are
small, and can be taken care of by an iterative solution of the momentum equa=
tion and energy equation.

If x, ¥, U, and v are the coordinates and velocities in the corre-
sponding quasi»incmmpressibls flow, then they are connected to the physiecal
variables with the following relations.

A
a = o
AN
b) X = Ao
C‘) 9()_9(),. 2¢) 24

a4, o+ 29 2k

d) 20 =L 2
24, R 2% (41)

e) U = 4o

f) %=L~ ruld
DXo.
Here pg is the density along the edge of the boundary layer. The
vélocity relations are found by defining the stream function in thé usual way:

//40:/2_? )
- éa;i

PY =2 2¥ )
24,

(42)

and performing the given transformetion of variables. That iss

Ps = Ag.if él}é
‘e 2¢

Y

7

Y = - </i__§é #* __29,_éfl)
24 2%

0/’) K/o::

Also)
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Now, defining @€ = _% , and

o4
-V (43)
X

in the trensformed planes, one obtains the relations given in equations (4le)
and (41f).

_With the definitionms given in equations (41), and defining
c—/“
lfe Le

one can write equations (39) in the following manner.

(h)

4) 2@*2_2"_—.0

ox ?
b “ *%—% )éa C Ik )—-
) 9@/& Séay
c) « 2k ,47/‘24*:=Ve_a_ & A oK
ox o9 syl & £ 2.

| <) aé’@ffﬁ%gz )’e.@ C‘g_@)
A (45)
e) u%*af% )/99/7)[ Z_/’/%}/
” ye(%—”j

Ve 1s the kinematic viscosity along the edge of the boundary layer,
and Pp and Se are the Prandtl number and Schmidt number, respectively. .They
are defined as

andy 5; — A (46)
/B,

where all quantities are for the mixture at a given point.

The forms of the energy equation given in equations (40) can also be
written in terms of the new varisbles. Thus,
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a) a(%s,wf_l:—_— )/69//_4 /-,Dj&_) //_p/ //

)

.
(%7)

|

ar iz “oq

3
b) 497f¢gz- J_géé)(cp /7%% az - C W ) o
% 2 A 524?

R

4t (=4,

At this point, it is instructive to write t'-oh‘e equations in.one more
different form. . This form involves the use of the so=called boundary-layer
‘variable, 1. -However, instead of asswming immediately all variables are func=-
tions of n alongy, as is usually.done, one can transform the equations, instead
of from x and y, to s and 3, say, where

- ek 48)
S= X and 7—/-@9 Z_y (48)

Also, a dimensienless stream function is defined in the usual way,
except that £ is now a function of x and 3.

¥ =T ¥)* ) (49)

With these definitions, a straightforward change of variables leads
to the following set -of equations, from equations (45):

2) 2_;2[52%/_6 fof— /ﬁw‘-/— A - _fa//

22 or a¥ 2y

4) _2/0 L A f%%:- X ) Of 5 — H ks

< /t' 27 .9? 2 24 2 2
0) 2[cZh) +FOF = ox [of T - 2 f
2L 292/ oy 3y ny ¢ a2y*

Y 453 VELR) (-HFAg))

7'-;"_4: = z,r/arf;?/ F s
% 2 or 2y

where the energy equation has been written in terms of the total.enthalpy.

The boundary conditions for the above equations are, in general,
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é§> 27== o F=f"=0
A = A (1)
A=A ()
Sy =K, (¥)
6?727==CZ? Fi=z
= KelX)
/t;=’¢ﬁ§efﬁﬁ)
A =Moo Cr)

Of course, if the incoming air has no disseciation, then As, Ase,
and Age are not functions of x.

(51)

The important thing to notice about equations (50) is the dependence
of the dependent variables on X. In the usual boundary layer analysis, these
varisbles are assumed to be functions of 7§ alone. In terms of the momentum
equation, this meens, for instance, that Of/OX = 32f/dXdN = O. Now, the re-
sulting equation must be independent of X, or the assumption cannot be made.

- Looking at equation (50a), then, it is clear that X is not independent of x
unless chemical equilibrium exists. This is true since even if one assumed

K =HK(n) and £ = f(n) so that Of/dx = OK/Ox = O, there would be a term 4xw/Je
on the right<hand side of the equation, so that x would appear explicitly in
the equation. If chemical equilibrium exists, however, the net rate of pro=-
duction of O by chemical reaction is zero at every point, and w = O. . Then,
however, equations involving K and Kz are unnecessary, since all concentrations
may be calculeted from equilibrium considerations.

Equation (50b) is the only equation which has a term multiplied by
X, which is not of the form where an assumption about the dependence of the
variables on 7 would remove the explicit X. However, if A depends on X as well
as 1, then K3, Ag, and even f, through c, depend implicitly on x since A
appears in the equation. Actually, C depends on ﬁs and 4, but, as Probstein
showed,l the dependence of f on C is not very pronounced, so the assumption
that f depends on 1 alone should not be too inaccurate. However, as mentioned
above, the assumption is strictly true only in the case of chemical equilibrium,
or no reaction at all, of course.

21




——  The University of Michigan « Engineering Research Institute

METHODS OF SOLUTION

Before considering any actual methods of solution, it is instructive
to picture the temperature distribution through a high external velocity bound-
ary layer with heat transfer into the wall, with no dissociation. The temper-
ature profile is shown in Fig., 1.

7-é- //.__’—,..,

w—
Fig. 1. Temperature distribution with no dissociation.

Next, if one allows dissociation to occur, it is evident that as the
temperature increases (coming from T, toward the wall), a temperature will fi-
nally be reached where dissociation becomes important. From this point on
toward the wall, the temperature will decrease from the value it would have
with no dissociation. In Fig. 2, the dotted line represents the actual tem-
perature distribution with dissociation; the full line, the temperature with=-
out dissociation, as in Fig. 1.

2
‘Fig. 2. Effects of dissociation on temperature profile.

The profiles are drawn with the maximum temperature much greater
than the wall temperature so that there is heat transfer into the wall, because
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in the practical case, the wall temperature must not rise over approximately
-1000°K, which is much less than the stagnation temperature at the flight Mach
numbers envisaged. Hence in any practical problem, there will be heat trans-
fer into the surface. The effect of dissociation, as can be seen by the sketch
in Fig. 2, is to reduce the heat transfer by reducing the temperature gradient
at the body surface. ‘

It is evident if chemical equilibrium is assumed, that the tempera-
ture at which dissociation begins to have an appreciable effect, as the temper=-
ature is increasing, is also the temperature at which dissociation ceases to
have any effect as the temperature is decreasing. That is, there is a buffer
layer next to the plate where no dissociation occurs. This situation is pic-
tured in Fig. 3.

Zone of

/ | dissociation

/ Buffer Lager r—— L
V' %
Fig. 3. Buffer layer for case of chemical equilibrium.

dissociotorn  ends

Now, this situation is sure to be altered when an actual chemical
rate exists. Chemical equilibrium will probably not exist. Since, however,
according to equilibrium figures, the temperature at which the relative weight
concentration of atomic oxygen is 1% is 2500°K, and since the wall -temperature
is only about 1000°K, it seems evident that there still should be a layer at
the plate surface where no dissociation or recombination takes place. This is
because at these temperatures the recombination rate is extremely fast, there
being a zero activation energy, and because the fluid is moving slowly compared
to the external velocity. Hence the relaxation time must be very small com-
pared to the residence time. This ratio could be expressed, for example, by

B ruSE

—
o ——————

(mZZ.z )recam b;nq}‘;()l‘)

that is, by the ratio of the nitrogen convected to the atomic oxygen which dis-
appears due to chemical reaction.* This ratio may be written in terms of

*Note that the ﬁiffusion terms, in the boundary-layer equations, are of the same
order as the convection terms, ‘so that this ratio should hold for the time as-

sociated with the cross stream diffusion of mass as well as the time associated
with the convection of mass.
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Hirschfelder's values ‘(equations 36, 37) and an order of magnitude found.

DAy

R, = _L%4 ox
(Z,é,,,)zﬁ : P _/_(_z__z_
<;QV) ;:i(ZQJLI-)

'~ T

VA %, 7% £
PETE) )

‘where L is the distance from the leading edge. This ratio may be simplified
to

/A
/Ei ey A aks
2.6xp0" /T '/z(ﬁ ‘/Mz)
Joo /P° ,&74-/

Finally, if Ko and K are taken to be of order 1, T is taken to be
about 2000°K, and P is assumed to be approximately 1/10 of an atmosphere, then

R A
sxi0%

or R;v 2 x 10‘6 U/L, and for Rt<< 1 no significant reaction occurs.
Thus, except at or very near the leading edge, where singularities
exist in all the functions, U/L can be of the order 10? before the ratio is
significantly affected. Of course, all the values used are approximatations,
‘but they indicate a general order of magnitude, and show that there should be
a buffer layer even when a reaction rate is considered. The concentration pro-
files would then look something like those pictured in Fig. k.

\ |

drssocialionr

Zoh f olc
7h1cAhess ofF P
Boandary Layer

Buffer Zéyer'
A2 :

a——

Fig. 4. Concentration profiles in boundary layer.
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PROPOSED FUTURE WORK

With the above arguments in mind, the following method of attack is
proposed. First, with the assumption of chemicel equilibrium, the boundaries
of - the zone of reaction may be found. They are arbitrarily defined as those -
lines along which the relative mamss concentration of?atomic oxygen is 1%, i.e.,
Ké 0.01l. - Next, to see whal the effects of a reactiocn rate are, a perturba~
tion analy$is will be made with the net rate of reacticn,wg being the small -
parameter. This will indicate the changes in both the boundaries of the reacs
tion zone, and the profile of the temperature to be expee¢ted from a chemical
 reaction rate. Finallyy a numerical analysis can be made, using the best avail«
sble reaction-rate data. This should be performed with the idea of finding
the effects of a 10% or 20% change in any of the chemical parameters, so as to
take account of any later more accurate determination of these parameters. . The
end result of these caleulstions will be to calculate the heat transfer and.
gkin friction at the plate surface. For this first problem, the parameters
are Mach number and externmal flow density and temperature (altitude).

It is interesting to note that, for the case of chemical equilib#ium,
the boundaries of the reaction zone are lines of 7 = const. = ¥, say. Hence,
once these lines are found, i.e., the reaction zone solved, and the temperature
and slope of the temperature profile are knowny the problem resolves itself ins
to finding the heat transfer in a fictitious boundary layer with no reaction,
which has the given value of temperature and temperature derivative, at the
given n* closest to the plate surface. This means, physically, that the new
pfbblem consists of a regular boundary~layer problem with a new external
stream temperature and a new thermel boundsrys-layer thickness, these being set
by the temperature and temperature derivative at the 5 = n* closest to the sur-
face of the plate. Since the thickness of the thermal boundary layer is assoc-
iated with the Mach number or the Prandtl number, this indicates that the so=
lution of ‘the boundary layer with dissociation following chemical equilibrium
can be found by congidering a boundary layer with no dissociation with a new
stream tempersturey and with either a new stream ‘Mach numbery or perhaps a new
Prandtl number (i.e., different fluid). This implies that a type of similarity
‘exists between high speed flows with disseciation, and those without dissocia=-
tion, which involves changing the external conditions to teke account of the
dissociation. It may be that a change of working fluid can be segounted forg
this would mean that testing could be done with a nondissociating’medium which -
would mean @ great saving in time and effort. This should be Investigated more

fully.

Finally, the above studies can be carried out for the case of a dis-
 sociated free stream, where the dissociation is caused by a normal shock in
' front of the flat plate and also for the stagnation<point region of a blunt
body, where there must be some surface reaction. In the latter case, an at-
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tempt can be made to calculate the extent of such surface reaction, the end of
such a region being the beginning of the buffer-layer region as described above.

PHYSICAL PROPERTIES OF AIR

Information about the physical properties of air is necessary for
the solution of aerodynamic problems. These properties will change at high
temperatures. The oxygen in air at normal pressure begins to dissociate (All%
atomic oxygen) at A 2500°K and is completely dissociated at 10,000°K. Nitrogen
starts dissociating at ~/3500°K. Ionization of NO starts at about 6000°K, and
~50% of air at 25,000°K is made up of ionized particles.

The earliest computations of thermodynamic properties of air in ther-
. mal equilibrium were presented by Bethe ,18 He obtained the properties of air
from the quantum mechanical partition functions based on the rigid rotator—
harmonic oscillator with a correction for nonrigidity and anharmonicity.
Kreiger and White,zo Gilmore,52 and Logan55 employed essentially the same ap-
proach, combining constituents into a mixture based on the ideal-gas law.

Bethe neglected the effects of NO formation and Kreiger and White neglected
ionization. Logan used spectroscopic data. instead of the rigid rotator--
harmonic oscillator model for the energies.

A different approach is that of Hirschfelder and Curtiss,l? who em-
Ployed the Beattile-Bridgeman equations of state for high pressures and the
Virial equation of state for lower pressures. The second Virial coefficient
was computed from the Lennard—anes"6~12 potential. Hall and Ibell2 also used
the Virial equation of state and computed the second, third, and fourth Virial
coefficients from the Lennard-Jones 6-12 potential, but did not consider dis-
sociation. Hilsenrath, et al., 5 employed a similar method also making use of
PVT and other experimental data. Hilsenrath and Beeckettd' compute&:thermodyu
namic properties from ideal-gas thermal functions of constituents and -equilib-
rium concentrations. Their work is being continued to include more than just
a mixture of nitrogen and oxygen. They assumed an ideal-gas mixture of oxygen
and nitrogen increased proportionately to compensate for other constituents not-
included at the time. ' '

Only References 31 through 39 include the presently accepted energy
of dissociation for nitrogen (9.759 ev). All earlier references employed the
lower energy of dissociation (7.37 ev).

Tabulations of transport properties of air are rather limited. Vis-
cosities, conduectivities, and Prandtl numbers have been computed based on em-
Pirical expressions (References 30, 33) or the Lennard-Jones 6-12 potential
and the Eucken relationship (References 19, 21, 23, 26).
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For the most part transport properties are unknown at high tempera-
tures due to the lack of experimental data and the unknown aspects of atom-
molecule interactions. A discussion of interaction parameters for atom-mole-
cule mixtures is presented in Reference 38. Some predictions have been made
(Reference 39) which indicate that the Pfandtl number and viscosity do not vary
much from the predicted by simple models at temperatures below 9000°K.

Computations based on the Lennard-Jones 6-12 potential have given
relatively (at moderate temperatures) usable results. Many of the data, such
as force constants and collision integrals, necessary for such computations,
are tabulated in Reference 1. It would seem, then, that the use of the Len-
nard-Jones potential would at least be a consistent and reasonable approach to
the problem of computing physical properties.

Table I presents a summary of results of computations available. The
basis of the method employed is indicated.

EXPERIMENTAL TECHNIQUES FOR THE STUDY OF HYPERSONIC FLOWS

A great deal has been written about the difficulty encountered in
attempts to simulate hypersoniec flow problems in the laboratory. The wide ar-
ray of similarity parameters to be matched (ratio of specific heats, Mach num-
ber, Reynolds number, Nusselt number, Schmidt number, etc.) presents a formid-
able task. In addition, it now becomes imperative to consider the effects of
dissociation, vibrational excitation, electronic excitation, and ionization
along with the attendant relaxation times, These effects are not scalable but
rather depend on local temperatures and pressures. Instrumentation that might
be utilized in assessing these effectd is greatly limited and obtains but ques-
tionable accuracy.

In view of the complicated fluid-mechanic and chemical interrelation-
ships, it is not surprising that different experimental techniques lend them-
selves more readily to specific areas of experimental interest. Accordingly,
it is intended to review briefly those techniques currently being used in the
study of hypersonic flow as well as some of the newer techniques suggested by
various scientists. Some consideration will also be given to the instrumenta-
tion available for these studies, limited though it is. As of this time the
authors are not prepared to specify one particular research tool as the optimum
for studies of the hypersonic laminar boundary layer.

Pertinent references to the above area are included in the bibliog-
raphy.
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HYPERSONIC WIND TUNNELS

Some work has been done toward extending the Mach number range of
conventional blowdown supersonic wind tunnels by inereasing the reservoir con-
ditions of pressure and temperature. Noteworthy among these types are the in-
stallations at NACA Langley Field and at Brooklyn Polytechnie Institute. "The
former utilizes a zirconium pebble-type heat exchanger that has anticipated
capabilities in the order of 4500°K stagnation temperature. The Brooklyn fa-
cility utilizes a pebble-type heat exchanger to charge an adiabatic compres-
sion tower that drives a hypersonic tunnel at anticipated temperatures up to
8000°K and pressures of 3500 psi. Even so, such schemes do not simulate flight
conditions in the high Mach number range (15-20).

A modification of the methods above is to use a monatomic gas, rather
than air, as the working medium. In this way much lower test conditions of
temperature and pressure may be utilized without the danger of component 1i-
quefaction. The experimental results are also more readily evaluated as there
are no dissociation effects to assess. The latter consideration presents a
strong objection to this technique. However, many tests can be made at high-
Mach numbers to study the Mach number effect without the complication of dis-
sociation. Toward this end, Bogdanoff and co-workers at Princeton University
have developed a hypersonic tunnel which utilizes helium as the working gas.

SHOCK TUBES AND SHOCK TUNNELS

Probably the greatest source of experimental information in the hy-
personic range to date has been the shock tube and its modifications. In es-
sence the technique is simple and inexpensive and lends itself to a wide range
of experimental investigations.

_ Tn the simple shock tube (a low~pressure test gas separated by a
single diaphragm from a high-pressure, high-temperature reservoir gas), the
usagble testing region is that uniform zone immediately behind the shock wave
and preceding the contact surface which separates the original test-section
gas from the reservoir gas. Although high stagnation temperatures may be re-
alized in this zone (and hence some meaningful experiments may be conducted),
the maximum obtainable Mach number is in the low supersonic range. Furthermore,
the time duration of this uniform flow condition is extremely short, about 100
microseconds belng the greatest realized to date.

To circumvent these limitations, Cornell Aeronautical ILaboratory and
the Naval Ordnance Laboratory have modified the simple tube by using an expan-
sion nozzle on the downstream end of the tube which serves to accelerate the
low supersonic gases to extremely high Mach numbers. Further performance in-
creases are achieved by using the hot combustion products of hydrogen and oxy-
gen as the reservoir gas.
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ARC DISCHARGE TUNNEL

A novel hypersonic tunnel, now in operation at the Arnold Engineer-
ing Development Center, consists of a conical-shaped nozzle wherein extremely"
high stagnation conditions are realized by discharging stored electrical en-
ergy across a gap in an air-filled container. ‘Using such techniques, stagna-
tion temperatures of approximately 15,000°K and stagnation pressures of 20,000
psi have been obtained so that test Mach numbers of 15 still yield essentially
the correct static temperature desired for simulation. 'Furthermore, the run
time is greatly extended over that of shock tubes. The difficulty lies in the

. faet that the. test-section conditions of pressure and temperature are contin-
ually changing with time due to the blowdownetype operation. Furthermore,
Mach number changes somewhat with time as the throat of the nozzle is gradually
.enlarged due to vaporization. A further disadvantage is incurred by vaporiza-
tion of the discharge terminals, which serves to contaminate the air stream.

Preliminary results that are available to date lead the associated
tunnel personnel to believe that chemical equilibrium is attained throughout
the nozzle and that the flow is approximately isentropic. It appears that a
larger volume of reservoir gas and a prolonged spark duration could make this
method very promising.

HYPERVELOCITY PELLETS

Considerable progress has been made toward firing bullets or pellets
at extremely high velocities. Such a technique is especially attractive in.
that the free stream conditions for high speed flight can be duplicated quite
accurately and thus lend credence to the results obtained. Shaped charges,
hydrogen guns, helium guns, nylon pellets, in addition to the innovations,

- have been utilized (chiefly by personnel of the Naval Ordnance Laboratory at
White Oak, Maryland, and of the Naval Ordnance Test Station at Inyokern) to
attain these extremely high velocities.

The chief disadvantage to these techniques is the limjted instrumen-
tation that can be gpplied profitably. To be sure, the pellets! path can be
prhotographed at a number of stations and the velocity and shock pétterns de-
termined. Different gases can be used to eliminate or vary the dissociation
| effects as evidenced in changes in the shock-wave stand-off distance and the
characteristics of the wake. However, any measurements on the skin of the pel-
let or on the boundary-layer characteristics would appear to be extremely dif-
ficult, if not impossible. The shape of the pellet would also be quite limited.

 OTHER METHODS

In addition to the above outlined techniques that can be applied to
the study of hypersonic flows, several variations and new methods have been
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suggested and are in the process of experimentation. Among these are the ap-
plication of an electromagnetic field to the acceleration of an ionized gas
and electromegnetic fields applied to the acceleration of small missiles in a
tube. Some of these methods show great promise, although the equipment becomes
quite prohibitive in cost. No authentic flight data have been obtained in such
devices to date as far as the authors know.

A possible variation of the shock tube for purposes of hypersonic re-
search and which to the authors' knowledge has not been tried as yet, is to
use a gaseous detonation wave as the reservoir gas and to test in the detona-
tion products immediately behind the contact surface. Preliminary idealized
calculations indicate that this zone is typified by high Mach numbers and stag-
ngtion temperatures (the latter because of the detonation process as well as
the increase in stagnation temperature due to the unsteady expansion). Even
if the predicted high Mach numbers could not be obtained (as is the case in
conventional shock tubes for the gases in this .zone), the stagnation tempera-
ture should be extremely high and hence an expansion nozzle could be utilized
on the end of the tube. Admittedly, the test gases are not air but combustion
products of water vapor, carbon dioxide, monatomic and atomic oxygen, hydroxyl
radical, etc. This would, of course, limit the area of application of this
technique. However, it may find unique applications for specific experimental
studies.

Several other modifications of the shock tube have been suggested.
One method is the use of the nonsteady expansion region behind the contact sur-
face as mentioned above in the description of the detonation tube arrangement.
The difference here is the use of a second diaphragm in an additional driver
section (air in the section between diaphragms)so that the stagnation tempera-
ture in back of the second diaphragm would be :increased. There is evidence,
however, that the theoretical conditions behind this interface may be difficult
to achieve experimentally. The use of a shock tube with a .contracted low pres-
sure region to make use of reflected shock waves for increasing stagnation tem-
perature is another possibility. In general, there are many possibilities .of
employing expanded or contracted.sections at various initial conditions com-
bined with one or more diaphragms to obtain & variety of test conditions.
Strong shocks may also be produced by means of other drivers such as spark
discharges or high explosive charges. Of course, simplicity 1s advantageous,
but may have to be sacrificed to obtalin desired Reynolds numbers and static
temperatures at high Mach numbers.

INSTRUMENTATION

The tests of interest in hypersonic flow studies involve extreme tem-
peratures and complicated chemical changes in the composition of the air. This
consideration, along with the extremely short running times available in hyper-
sonic facilities, seriously restricts the type of transducers that can be .em-
ployed. In shock-tube applications the thin film resistance thermometer has
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been of some value and response times in the order of one microsecond are re-
ported. One limitation for its use in the shock tub is its fragility. As a
result Rose and Stark at Avco have been developing a calorimeter gage which

is based on an "infinitely thick" sensing elements. Hot wires were also found
to be too fragile. An additional problem in the case of the hot wire is the
necessity of knowing the density to determine the temperature. Optical methods
for the determination of density such as interferometry and x-ray absorption
techniques are affected by the composition of the gas employed. Dissociation
would therefore be a problem. Determinations of shock-wave positions by
schlieren or shadowgraph as a measure of real-gas effects is a possibility.
Spectroscopy also offers some hope.

High response pressure transducers are also available but again are
subject to many doubts. Usually these transducers are subject to temperature
or a temperature gradient and it becomes difficult to obtain a valid dynamic
calibration at the high temperatures.
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APPENDIX
VISCOSITY OF THE MIXTURE
The viscosity of a mixture has been formulated analytically by Bromley

and Wilke.l7 Following their development, one defines the mixture viscosity
as follows:

h

= 425:1 A
A T =y / / 2" ’ (A1)

+ —

xz &%
where - y#e
_X‘. = M = prole Faction (A-2)
V4

and

[ &)

%, /_//f STA

For the present case, n = 3 with My = Mg, and py = pg, with Mz/Ml =
Mx/Ms = 1/2. With these simplifications,

4=/
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Hence, all the ¢i j can be written in terms of ¢12 or a constant.
Substituting for the ¢ij: one can find the viscosity of the given mixture in
terms of the viscosity of the molecular oxygen or nitrogen, p;, and the atomic

oxygen, pz.

MM = A /'Z+'Z? ’L/dz X (A-k)
[Z}f—.Z} *Z;@z X, + (Z,f_X3)¢Z/

In terms of mass concentrations, (A-L) becomes

=, s i /;;/'e 214 =K3) ](A_5)
N3/ P2

4+ A +20- 4 20-k-k3) + ot k3 ) P2 /|

And fipally, in terms of the variables used in the text, where ._}{, =1 - }(é =
K1 + Ka, equation (A-l) is as follows:

=, K /7‘//4 20-x) / (26

Ar20-#) 8B, / 20-%) +r£ 4,
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D@rodnitzynl5 transformation. Whereas, without dissoclation, this transforma~
tion .effectively decouples the momentum and.energy equations sinee pp ® con-
stanty with dissociation, since pp % constant, the equations are not completely
decoupled, and the new plane is Eot completely incompressible. However, as
other authors have pointed out, the effects duge to these variations are
small, and can be taken care of by an iterative solution of the momentum equa=
tion and energy equation.

If X, ¥y, u, and Vv are the coordinates and velocitles in the corre-

sponding quasi~incompressible flow, then they are connected to the physical
veriables with the fellowing relations.
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Here pg is the density along the edge of the boundary layer. The
vélocity relations are found by defining the stream function in thé usual way:
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