VOL. 7, NO. 12, DECEMBER 1969

ATAA JOURNAL : 2281

Viscous Shock Layer at the Stagnation Point with
Nonequilibrium Air Chemistry

F. G. Brorr~ER*
Sandia Laboratories, Albuquerque, N.Mezx.

A finite-difference method and a nonlinear overrelaxation method are investigated for solv-
ing the viscous shock layer at the stagnation point of a blunt body. An air gas model is em-
ployed with finite reaction rates and accurate thermodynamic and transport properties.
For a body with a 1-in. nose radius and at a velocity of 20 kfps, the present results at 100, 150,
200, and 250 kft show that boundary-layer theory with the inviscid edge flow in chemical
equilibrium is appropriate for some altitude below 150 kft. When the altitude is 250 kft,
the effects of shock slip must be included in the viscous shock-layer solution. For this case,
the air is only slightly dissociated and ionized. The present results, with a seven-species
air model, are in general agreement with the diatomic air model results of Cheng and Chung.

Nomenclature

¢ = mmass fraction of species ¢, p:/p

Cpi = specific heat at constant pressure of species 7, ft2/(sec?
oR)

& = frozen specific heat at constant pressure of the mixture,
Zcicp;, {12/ (sec? °R)
1

D;; = multicomponent diffusion coefficient, ft?/sec

D;; = binary diffusion coefficient, {t2/sec

bid = velocity ratio, u/u.

h = enthalpy, Zhic;, ft?/sec?

1

hi = enthalpy of species 4, ft2/sec?

i = mass flux relative to the mass-average velocity, slug/
(ft%sec)

i = thermal conductivity of mixture, Ib/(sec °R)

ks ks, = forward and backward rate constants

l = density-viscosity product, pu/(ox)-

Li; = multicomponent Lewis-Semenov number, ¢,pD;;/k

if = binary Lewis-Semenov number, &,pD;;/k

M = molecular weight of the mixture, 1/{Z¢;/M;), Ib/lb-
mole i

M; = molecular weight of species 7, Ib /lb-mole

NI = number of chemical species

Pr = Prandtl number, ¢,u/k

P = pressure, lb/ft?

R = universal gas constant, Ib ft2/(lb-mole sec? °R)

Rx = nose radius, ft

Re, = shock Reynolds number, po, Vo Rx/us

r = distance from axis in axisymmetric problems, ft

T = temperature, °R

Tk = temperature, °K

U, = velocity components tangential and normal to body
surface, ft/sec

v = transformed normal velocity (Eq. 3a)

V. = freestream velocity, fps

w; = mass rate of formation of species 7, Ib sec?/(ft4 sec)

x = distance along surface from leading edge or stagnation
point, ft

Yy = distance along normal from surface, ft

€ = density ratio across shoek, po,/ps

) = transformed y coordinate

£ = transformed z coordinate, 1b? sec?/f{22—2

An,At = step sizes in transformed coordinates
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0 = temperature ratio, 7/7,

Ke = curvature of body, 1/ft

u = viscosity, lb sec/ft?

p = density, b sec?/ft*

pi = density of species 7, Ib sec?/ft*

A = shock standoff distance, ft

Subscripts

bw = conditions at body surface

e = conditions at outer edge of shock layer or boundary

layer

r = quantities evaluated at some reference condition
= conditions behind shock wave

© = freestream conditions

Supersecripts

7 = 0,1 two-dimensional, axisymmetric body

1. Introduction

T the stagnation point of a blunt body, the Navier-
Stokes equations can be reduced to ordinary differential
equations with two-point boundary conditions. This prob-
lem is often considered easier to solve than the partial dif-
ferential equations for a thin shock layer or a boundary-
layer flow around the body. However, for flows with many
chemiecal species and fast reaction rates, the ordinary differ-
ential equation can be exceedingly difficult to solve. Also, to
start the solution of the partial differential equations, the
stagnation-point ordinary differential equations must be
solved to provide initial profiles of the dependent variables.
The solution of the same type of ordinary differential equa-
tions occurs for initial profiles for boundary-layer flows at
the tip of a sharp body such as a cone or wedge.

The purpose of this paper is to investigate and develop
techniques for solving the viscous shock-layer flow at the
stagnation point of a blunt body for air with chemical reac-
tions occurring at finite rate. At the same time, the solution
for boundary-layer flows at a stagnation point, or a tip of a
cone or wedge, will be considered. In the problems of in-
terest, there can occur many chemical species as a result of
the dissociation of air and the ablation products. Initial
profiles at the tip of a sharp body are the easiest to obtain, as
the term involving the chemical production term is zero and
the governing equations are the same as those for chemically
frozen flow. The initial profiles at a stagnation point with
finite rates are exceedingly difficult to obtain, being similar
to the problems encountered in obtaining locally similar solu-
tions along a wall.! Two techniques for solving ordinary
differential equations with two-point conditions are investi-
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gated. These methods of solution are much more satis-
factory than previous initial value techniques with iteration
of guessed boundary conditions.

The flow in the stagnation region of a blunt body has been
classified into a number of regimes by Probstein,? and these
results have been rearranged into Fig. 1. Also shown in this
figure, as given by Inger,® is the value of the shock Reynolds
number at which the Rankine-Hugoniot relations break down
and the inviscid flow is no longer in equilibrium. As this
figure shows, the boundary-layer theory can be employed
only at the lower altitudes, but the appropriate altitude in-
creases as the nose radius becomes larger. The present in-
vestigation will consider the regimes from boundary-layer
flow through the viscous layer flow.

The thin, viscous shock-layer equations, as developed by
Ho and Probstein,* and independently developed and simpli-
fied by Cheng,? are the ones considered in this study. These
equations are the same as the first-order boundary-layer
equations, except a normal momentum equation must be
included. The difference between the boundary-layer
theory and the thin-shock-layer theory is in the manner the
boundary conditions are applied at the outer edge. For the
shock layer, the Rankine-Hugoniot shock conditions aie
applied at a finite distance from the surface, which is deter-
mined by matching the appropriate velocity behind the
shock wave. In the paper by Cheng? modified Rankine-
Hugoniot relations are employed, which take into account a
shock transition zone, but the gas is assumed frozen across
this region. With these modified Rankine-Hugoniot rela-
tions, the thin-shock-layer analysis can be extended into the
merged layer regime, but this is not completely appropriate
if one is interested in flows with finite chemical reactions.
Another approach is to solve the flow throughout the viscous
shock layer and shock transition zone, as has been done by
Lee and Zierten.® This method is not physically correct,
as the Navier-Stokes equations are invalid for the structure
of a strong shock wave. The present investigation is re-
stricted to the domains pertaining to the viscous layer, vor-
ticity interaction, and boundary layer where chemical non-
equilibrium effects are more important and shock slip effects
can be neglected.

There have been a number of papers concerned with the
viscous, thin-shock-layer theory at the stagnation point of a
blunt body. A complete review of the viscous hypersonic
blunt-body problem was made recently by Cheng.” Many
of the papers have employed a perfect gas model, such as
Refs. 4 and 8-14, or equilibrium air, such as Refs. 15-18.
Also, there have been several papers®!?~23 concerned with
the viscous shock layer for a binary gas mixture with a finite
chemical reaction rate. The papers by Stoddard?? and
Buckmaster?® are even more restrictive, as the analytical
solutions presented require a small degree of dissociation
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and negligible recombination rate. Also, most of these
papers employ simplified thermodynamic and transport
properties. The paper by Lee and Zierten® has employed
the most complete chemistry; however, the species equations
are decoupled from the other thin-shock-layer equations.
This brief review is intended to show that a significant amount
of work has been devoted to the understanding of the fluid
dynamics of the viscous hypersonic blunt-body problem,
but there is a need for solutions of this problem with realistic
gas models. It is the intention of the present investigation
to help provide these types of results.

2. Governing Equations

The general equations for a multicomponent chemically
reacting gas mixture are given in Ref. 24 and these can be
written for the shock layer in a manner similar to Cheng.?
The resulting partial differential equations are the same as
those employed in boundary-layer studies in Ref. 25, except
the normal momentum equation

(dp/dy) + kepu? = ey

must be included. The governing equations are transformed
by introducing new independent variables

U

o) = [ e, nzs) = o2 [V oy @)

and new dependent variables
= u/u, 8 =T/T. (@b)

The resulting equations are given in Ref. 25 withe = —1
(see Eq. 5). For the case £ = 0, which corresponds to a
stagnation point or the tip of a sharp body, the equations
become, for continuity,

@v/dp +f =0 (Ba)
for tangential momentum,

d/dnldf’/dn)] — V(df'/dn) ~ BI(M.0/Me) + (f)*1 = 0
(3b)

for normal momentum

(dp/dn) + [ku*(2))V*/uii] = 0 (3c)
for energy

L () i [ (A0 ]
Z dn(Prdn> VdﬁepTe[l(dn)’L?M” +

N d de; NI = e\ d8
2 CPr <Lei dn + kz=:1 Abi dn > dn B

i=1
k7t

2f NI w)
o T addE I 2 h(;) =0 (3d)

1
for species continuity

d[1 de; M de de;
dn |:Pr <Le,~ dn + k; Abz dn >] i dn T

k#1
2 A\
it /i ( P ) =0 Go

where
B = (2£/u.)(du./dE) [at stagnation point 8 = 1/(1 + )]
€ = peue[(due/dx)/(dp/dx)]

NI i NI ¢
Lei =

E M 7 j;_ M jceii

I J#L

=1

= M, M, NI
Aby, = Le..- - [ﬁ Ly + (1 - E‘) Z LijCj]

j=1
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If the binary Lewis-Semenov numbers, £i;, are constant for
all the species or if a trace species is being considered, the
term Abs is zero. In the previous equation, the pressure
and thermal diffusion terms are neglected because of the
boundary-layer assumption; and the force diffusion term is
assumed zero. The equation of state also is required and is

written as
NI . p
= (p.,/RT -
0 (p /R > M) L @

where it is assumed the gas consists of a mixture of chemically
reacting perfect gases and the pressure change across the
layer is neglected as a result of Eq. (3¢). However, there is
a variation of the rate of change of the tangential pressure
gradient across the layer at the stagnation point, which can
be determined from Eq. (3¢). When the pressure is solved
from Eq. (3¢) and differentiated with respect to z, the fol-
lowing is obtained at the stagnation point:

3 dus/dz 10 (1—¢
e“psm(dp/dx)‘ 263[1_5(1—1/8)]2-%-

j;"ls (f)2dn §—1
{0+ DRecls(L — ¢) + €]}V (5)

where
8 = (Bv/R,)[1 + (A/Rw)]

For the boundary-layer problem, the value of 2 = —1 when
the flow for the body streamline is used as the edge conditions.

The conditions at the surface and outer edge of the bound-
ary layer determine the necessary boundary conditions for
the foregoing equations. At the wall, it is assumed that
the tangential velocity is zero and the surface temperature
is specified. These conditions are expressed as

w(0) = 0,T0) = T, (6a)

In addition, the boundary condition on the mass flux of a
species ‘4" at the surface (pw,)s is

(pw)s = My = (cipv)e + (Go)s | (6b)

The mass flux of a species at the surface, 7;, depends on the
surface material and how it interacts with the gases in the
boundary layer. In the present study, only the extreme
case of a fully catalytic surface is considered. For a fully
catalytic wall, the gas is assumed undissociated and unionized.
The total mass flux at the surrace is zero for this case.

The flow at the edge of the shock layer is obtained from
the Rankine-Hugoniot relations

Ps = Poo + Pme2(1 - vS/Vm)
hs = he + V21 ~(/Vo)?] Q)

NI NI
Vs Po  DuTs
T, =\ hs — ¢ AhF Cyy o = =
( 1;1 ) El ! Voo Ps psTcn

An iteration process is used to solve the preceding equations
where, initially, (v;/V.) is assumed zero and the denominator
in Eq. (7) is taken equal to 7000. The mass fractions of species
across the shock are taken constant. The use of the Rankine-
Hugoniot relations (7) rather than the modified relations as
employed by Cheng® will limit the applicability of the
analysis to shock-layer Reynolds numbers greater than
approximately 100. The boundary conditions at the outer
edge of the shock layer are expressed as

V(n) = ~{eRes/(1 + NIs — € + el}V?  (8a)
f’("le) = 17 0(772) = 17 Ci(ﬂe) = G = Cis = Cig (8b)

For the shock-layer flow, the value of 7. = 7, must be varied
until condition (8a) is satisfied.
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When the shock-layer Reynolds number becomes large,
the solution of Egs. (3) from the body to the shock is not
necessary. In this case, the boundary-layer approach can
be followed where the edge conditions are obtained from the
inviscid flow at the surface where the air is assumed in
chemical equilibrium. For the boundary-layer approach,
the value of 5, = 6 and condition (8a) is not required.

3. Thermodynamic and Transport Properties
and Chemical Kineties

The thermodynamic properties of enthalpy and specific
heat of the individual species (0, Ns, O, N, NO, NO*)
are obtained from tabulated values as given by Browne.?®~%
The thermodynamic and transport properties based on the
air model employed in this paper have been determined
for an equilibrium composition at a pressure of 1 atmosphere
and temperatures up to 20,000°K. The present results for
enthalpy have been compared with predictions of Predro-
ditelev?® and Hansen.® These authors are in close agree-
ment except at temperatures around 4000°K. The present
frozen specific heat at constant pressure has been compared
to the results of Hansen. The present results for enthalpy
and specifie heat are in good agreement with the predictions
of these authors except at temperatures above 10,000°K.
This is expected, as the present gas model is valid only when
there is a slight amount of ionization.

The viscosity and thermal conduectivity of the gaseous
mixture is calculated from Wilke’s semiempirical relations
(see pp. 24 and 258 of Ref. 24). The viscosities of the indi-
vidual species are those given by Yun and Mason.’® The
viscosity of NO™ is assumed equal to that of NO. The
present frozen thermal conductivity and viscosity of equilib-
rium air at atmospheric pressure have been compared to re-
sults of Hansen® and Yos.?? These properties are in rea-
sonable agreement with the predictions of Yos when the
temperature is less than 10,000°K.

The thermodynamic and transport properties employed
in the shock-layer solution in this paper are more accurate
than is indicated by the equilibrium properties. When the
temperature behind the shock is very high, the predominant
species are molecular oxygen and nitrogen which are included
in the gas model with reasonable accuracy. The tempera-
ture decreases toward the body, and probably no significant
amounts of ionized atomic and molecular species have time
to be produced. Therefore, the present gas model is con-
sidered reasonable for the cases investigated in this paper.

The net mass rate of production of a chemical species per
unit volume is obtained from the usual relations as given in
Ref. 25. The following chemical reactions are used for the
pure air gas model:

r=1 0,+ M, =20+ M, (9a)
2 Ny, + M, =2N + M, (9b)
3 No+Ne=2N+N (9¢)
4 NO+ M;=N+ O+ My (9d)
5 NO+0=0,+N (9e)
6 No+0=NO+N (91)
7 N+ 0 =NO*++ e (92)

The forward reaction rates for the aforementioned reac-
tions are expressed as

ks, = Tx% exp(ln CO, — C1I, X 103/Tk)

where the backward rate is the same form as the forward,
with the constants C replaced with I’s. The values of these
reaction-rate coefficients as obtained from Bortner® are
given in Table 1. The corresponding third body efficiencies
relative to argon are given in Table 2.
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4. Method of Solution

From previous experience with initial value techniques and
the resulting difficulties encountered, a finite difference
method was initially chosen as the method of solution. The
finite difference equations were made linear in the unknown
variables and any coupling between the equations was
eliminated. If coupling between the equations is allowed
(this is required for the quasilinearization technique as de-
fined by Bellman and Kulaba®), the resulting system of
algebraic equations for a gas mixture with many chemical
species requires an excessive amount of rapid-access com-
puter storage. Therefore, the present scheme uncouples the
conservation equations.

The governing Eqs. (3) are written in the following form:

(d*W/dn®) + aa(@W/dn) + ccW + s =0  (10)
where, for the tangential momentum equation, W = f’
o= — WM/, as = —28f/1 (11a,b)
oz = —(B/D)(M./M)(8/e) — (f)?] (11c)
for the energy equation, W = 6,
o= [¢' — &V +d+b)l/e (12a)

¢ . NI eh; O Wi -
- B e 5 (5l

25000~
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Fig.3 Temperature across shock layer.
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Table 1 Reaction rate coefficients

Reaction CO(r) Cl(r) C2(r) DOo(r) Di(r) D2(x)
r=1 3.61 X 10® 59.4 —1.0 3.01 X 105 ¢Q —0.5
2 1.92 X 107 113.1 —0.5 1.09 X 10% ¢ —-0.5
3 4.15 X 1022 113.1 —1.5 2.32 X 1021 ¢ —1.5
4 3.97 X 10% 75.6 —1.5 1.01 X 102 0 -1.5
5 3.18 X 108 19.7 1.0 9.63 X 101 3.6 0.5
6 6.75 X 1018  37.5 0 1.50 X 1013 0 0
7 9.03 X 10° 32.4 0.5 1.80 X 10v ¢ —1.0
'\ 1
o =ale, | =—) — = X
{ ’ ( on T.

NI . Pe) ,
1;1 [WiAhiF - eh,ﬂa—a ( pl>:|}/6 (12¢)
for the species equation, W = ¢; 4 =1,2,...NI)
ar = [b — V]/b, an = —eW.}/b; (13a,b)
a; = (WL + b.")/b; (13c)

where
NR

b <wz> J[i
(=)= Bi—ay X
B 9 El

p
c1, D1, ]
[((72,« + TK - a,) Lj,. — <D2r + TK - ﬂr> Lbr]

The other quantities introduced into the previous expressions
are given below;

a = u T, B =1/1+))
due/dz { —1(boundary layer)

ol

= Peclhe

dp./dz | See Eq. (5) (shock layer)
o (0 (tip (;f cone)
e = =
AE/dx —_— i i
wdE/dx 0T fduds (stagnation point)
ZL@Z‘ = l Nz = dck
TP be = Pr k; Abs dn
b=t

NI X

Cpibi Wi

b= — Z #,-—L=W¢°—Wilci
i=1 C» P

1
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Fig. 4 Mass fraction of molecular oxygen across shock
layer.
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Table 2 Z (;_np;, third body efficiencies relative to Ar

1 =1 2 3 4 5 6
0. N, o) N NO NO+
(G—NI)=1(") 0 0 0 5 . n
= 3 (M) 1 2.5 1 0 1 0
=4 (M3) 1 1 20 20 20 0
Wi = e(w/p), & = I/ Pr
2 M]M )
due RN{ Des (boundary layer)
dr V.
R [s(I — €) + €] (shock layer)
N
NI . '
d=— _c_p_l b; &, () = ‘L_)
i=1 Cp d‘f] d"?

The ordinary differential equation (10) is written in finite-
difference form, with the usual difference quotients involving
three points. The resulting equations are linear algebraic
equations and, with the boundary conditions, give a system
of the tridiagonal form. An efficient method of solutiont
for computers is available. If the ordinary differential equa-
tion is nonlinear, then oy, as, and oz must be approximated
by assuming an initial distribution of the independent vari-
able W. Then the solution can be obtained to give a new
value of W. This procedure can be repeated until the as-
sumed value of W is the same or nearly the same as the calcu-
lated value of W. For some problems it is necessary to
weigh the assumed and calculated solution to obtain a new
assumed solution for the next iteration.

For the iteration procedure to converge and to have a
reasonable rate of convergence, several items have been found
important in the method of solution. How the chemical
production terms are written is wvery important. The
linearization technique employed in Ref. 25 cannot be used
in this case, since that procedure involves a Taylor’s-series
expansion of all of the species and the temperature.. When
this procedure is followed, all the species and energy equa-
tions would be coupled together. As indicated above, the
production term is written as

wi/p = WP — Wil (14)

where, for a binary mixture of oxygen, the only reaction is
Eq. (92) and

W = 2MokspYeYan, Wo' = kup®YoYon 15)

Table 3 Conditions for example investigated

T De T

Case Altitude Theory® (°K) Re, (psf) (°R)
A 100K BL 1400 1.43 X 10* 12772 12603
1 150K BL 1000 1.54 X 10® 1377 11330
2 150K SL 1000 9.31 X 10* ... -
3 200K SL 1000 1.38 X 10*

B 250K SL 1000 1.99 X 10!
V. = 20 kfps

Re—1iin s for all cases

? BL = boundary layer; SL = shock layer.

T This method apparently has been developed by several
authors, but Bruce, Peaceman, Rachford, and Rice generally
are given the credit in this country.® In Russia, this procedure
is known as the ‘“chasing” or double-sweep method, which was
developed by Gelfund and Lokutsievski.®
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For the case of an air mixture, reactions 4, 5, 6, and 7
contribute to the chemical production term of atomic oxygen.
In each reaction, either the forward or backward term in-
volves the mags fraction of atomic oxygen and allows the
chemical production term to be expressed as relation (14).
Similar comments can be made about the production term
for other species. For rapid convergence of the finite-
difference solution, it is desirable that the terms W2 and
Wi be as nearly constant as possible. For the case of
oxygen, the value of 1 is proportional to v,, and, when the
oxygen is highly dissociated, the value of o, changes rapidly
for a small change in vo, since ¥o, = (1 — ¢o)/Mo,. There-
fore, it was found better to write the terms W and Wyt for
oxygen as

W = 2Mokspyan(vo + 570 = krBym (16a)
I’VOI = kbll_)z'YO'YMl + kfxp'YM1 (16b)

For the case of the air mixture, the terms W% and W' were
expressed in a similar manner to relations (15). Then the
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Fig. 6 Mass fraction of atomic nitrogen across shock layer.
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Fig. 7 Mass fraction of nitric oxide across shock layer.

We and W,! for atomic oxygen were modified by adding
Mok spyayo and k,p7yan, respectively, to these terms, as has
been done in relations (16).

When the conservation equations are uncoupled and the
dependent variables are solved one at a time, the order in
which the variables f’, 8, and ¢/’s are solved must be chosen.
The present investigation has shown that the species equa-
tions should be solved before the energy equation. The
mass fraction of species obtained from the solution of the
species equations are used in Eq. (14) to evaluate the chemical
production term that is required in the energy equation.
The terms W# and W' are not recaleculated in Eq. (14).
The transformed velocity V is obtained from the integration
of Eq. (3a).

The method of nonlinear overrelaxation® also has been
used to solve Eq. (10). An investigation was made for a
binary gas of oxygen to compare the nonlinear over-
relaxation method with the finite-difference procedure. It
appears that the finite-difference procedure generally con-

100 & 100 k—
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______ 150 k—

T
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R, =1"
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Fig. 8 Electron number density across shock layer.
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verges faster, as one would expect. For example, for a linear
ordinary differential equation, the finite-difference procedure
would give the solution directly, whereas the nonlinear over-
relaxation method would still require an iteration procedure.
The nonlinear overrelaxation method, however, probably will
give convergent solutions for cases when the finite-difference
method diverges.

5. Discussion of Results

In the AGARD seminar it was requested that two flight
environments be investigated, which are called case A and
case B, and the conditions are given in Table 3. When Fig.
1 is used, case A should correspond to a boundary-layer flow
with equilibrium inviscid flow at the edge, whereas case B
is in the merged layer regime. The computer program that
solves the viscous shock layer also will solve the boundary-
layer equations that are needed fo investigate case A. Since
the present viscous shock-layer solution uses the Rankine-
Hugoniot relations, the resulting solutions cannot be ex-
pected to be completely valid for case B where shock slip
effects are important. Three other cases also are investi-
gated as indicated in Table 3. With the aid of Fig. 1, case
1 with boundary-layer theory should not be appropriate,
whereas cases 2 and 3 with shock-layer theory should be a
reasonable approach.

In the present solutions, the binary Lewis-Semenov num-
bers all have been assumed equal to 1.4. It also is assumed
that the shock is concentric with the body, which makes
s = 1. At the wall the gas is undissociated and unionized,
which corresponds to a fully catalytic wall when the wall
temperature is low.

The tangential velocity gradient at the stagnation point
is given for the shock-layer solutions in Fig. 2. For the
150- and 200-kft altitude cases, there is a boundary-layer
region. For the 250-kft case, a boundary layer cannot
be readily identified. The tangential velocity gradient for
the two boundary-layer cases also are presented. It should
be noticed that the boundary-layer results are nondimen-
sionalized by the tangential velocity gradient at the body
surface, which is smaller than the tangential velocity gradient
behind the shock that is used for the shock-layer results.

The temperatures across the shock layer as obtained from
the boundary-layer and shock-layer theories are given in
Fig. 3. The temperature is high behind the shock and de-
creases as the gas dissociates toward the body. This situa-
tion is especially true for the 150-kft case, but the gas has not
reached equilibrium before the boundary layer iz entered.
The temperature close to the body surface is nearly the same
for both the shock-layer and boundary-layer results for the
150-kft case. This figure indicates that a well-defined
boundary layer with the inviseid edge flow in chemical
equilibrium occurs at some altitude below 150 kft.
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Fig. 9 Stanton number variation with Reynolds number.
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The mass fractions of the various chemical species are
given in Figs. 4-7. For the 250-kft case, the air is slightly
dissociated, but for the other cases, there is an appreciable
amount of dissociated species. The conditions corresponding
to the edge of the boundary layer in the shock-layer solution
at 150 kft indicate that the gas has not reached chemical
equilibrium. Therefore, the assumption that the inviscid
flow is in equilibrium for the 150-kft case is not correct.
This agrees with the information presented in Fig. 1. The
electron number density is given in Fig. 8, where the shock-
layer and boundary-layer results are nearly the same for the
150-kft case. For the 250-kft case, there is only a slight
amount of ionization.

The present results obtained for Stanton number are com-
pared to various theories in Fig. 9. In this figure, addi-
tional results to the five cases given in Table 3 are presented
to make the plot more complete. The free molecule and
boundary-layer results were obtained from Ho and Prob-
stein.t  The free molecule results are for infinite Mach num-
ber and complete accommodation. The boundary-layer re-
sults are based on the work of Fay and Riddell,*® and the
enthalpy at the wall is taken as 0.025V.2. The viscous
shock-layer solution of Cheng® for a perfect gas also is given
in this figure. The analysis of Cheng includes body- and
shock-slip effects that have been neglected in the present
analysis. The present results for small-shock Reynolds
numbers are not valid, due to the neglect of the shock- and
body-slip effects. The present results with a complete air
model and with a catalytic wall are in reasonable agreement
with the diatomic-air model results of Cheng® and Fay and
Riddell.*
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An Experimental Study of Fuel Droplet Ignition

BerNARD J. Woon* aAnp WiLLis A. RosSER JR.{
Stanford Research Institute, Menlo Park, Calif.

By means of photographic techniques, the size histories, ignition lags, and loci of ignition
of small (from 100 to 300 4 in diameter), single, freely falling fuel droplets suddenly exposed to
a hot, oxidizing atmosphere in a furnace were determined as a function of initial droplet size,
oxidizer temperature, fuel composition, and droplet spacing. The results show that ignition
lag depends significantly on the temperature of the atmosphere, on the droplet-droplet spac-~
ing, and on the chemical nature of the fuel, but it appears to be only weakly affected by the
oxygen concentration in the oxidizer. The ignition lag seems to be independent of the initial
droplet size if the droplets are large enough to ignite. This characteristic insures that drop-
lets with initial diameters smaller than a characteristic value will not ignite during their life-
times. In spite of the complexity of the ignition process, the experimental results give quali-
tative support to theoretical models representing approximations to the physical situation of

a spontaneously igniting fuel droplet.

I. Introduction

XTENSIVE studies''? of the combustion characteristic of
single droplets have contributed to a satisfactory ana-
lytical theory of steady-state droplet burning. The ignition
process, a transition from a state in which the rate of chemical
reaction is small to one in which the rate is large and is asso-
ciated with a visible flame, is considerably more complex.
Recently, the results of theoretical studies of droplet ignition
and extinection, based on the model of a spherical droplet in a
hot, gaseous environment, have been published.? Experi-
mental studies, however, are essential as a firm empirical
basis for the development and refinement of a satisfactory
analytical theory of droplet ignition. The work described in
this paper was undertaken with this specific objective in mind.

II. Experimental Studies
A. Approach

To understand the process of droplet ignition, certain
parameters and their mutual dependence must be determined
quantitatively. For a specific fuel of known thermodynamic
and transport properties and a specific oxidizer temperature,
we must know the rate of vaporization preceding ignition,
the size of the droplet at ignition, and the duration of the
ignition lag. Experiments on these variables have been
carried out by many investigators using a variety of tech-
niques.® In general, however, those who were able to observe
the ignition behavior of individual droplets employed large
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drops [diameter (D) > 1000 u] suspended on fibers; those
who employed small, unsupported droplets depended on
average mass or diameter changes and time extrapolations to
obtain vaporization rates and ignition lags.

Our approach was to attempt direct and simultaneous
measurement of the rate of vaporization, the diameter, and
the ignition lag of small (D ~ 100 p), freely falling droplets
suddenly exposed to a hot oxidizing atmosphere, and to deter-
mine the effect on these parameters of droplet initial diameter
and oxidizer composition and temperature.

B. Techniques

1. Measurement of preignition and postignition droplet
vaporization rates

A photographic technique employing dark-field illumina-~
tion was adapted to follow a liquid-fuel droplet along a free-
fall trajectory in a heated furnace. The device, shown
schematically in Fig. 1, consisted essentially of a camera, with
a sufficiently long bellows to give 10 X magnification, looking
through a furnace equipped with quartz windows into a
dark-field condenser. The condenser collected light from a
Strobotact and focused it in a hollow cone at a point near the

- vertical axis of the furnace. Light diverging from this focal

point fell outside the aperture of the camera lens, unless
a spherical transparent droplet was situated in the cone.
In that case, the droplet acted as a secondary lens that focused
an image of the condenser into the field of view of the camera.
The film recorded a bright ring with a diameter proportional
to the focal length (and therefore the diameter) of the droplet.
The constant of proportionality was determined empirically
using glass spheres of known size fused on the ends of fine
fibers in addition to freely falling liquid droplets sized by a
standard replication technique.®

A monodisperse stream of droplets was produced by means
of a resonant reed atomizer” driven at 60 cps. This device

1 Model 1531-A, General Radio Corp., Cambridge, Mass.



