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Table 2 Contributions to the vertical velocity at r = 0

dz

0.2
0.4
0.6
0.8

-0.200
-0.400
-0.600
-0.800

0.064
0.112
0.128
0.096

-0.002
0.012
0.034
0.062

is appreciable may be seen from the contribution of the first
two perturbations given in Tables 1 and 2.
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million based on the stream conditions ahead of the model and
the model length.

An identical model has been tested recently in the steady-
state Langley 11-in. hypersonic tunnel in both air and helium
at a Mach number of approximately 10.1 and a Reynolds
number of approximately 0.6 X 106. Although this Reynolds
number is approximately \ the lowest Reynolds number of
Ref. 2, unpublished Langley data have shown that Cma is
affected less than 25% by this Reynolds number variation.
The ratio of these steady-state stability results is plotted on
Fig. 1 together with the ratio of the faired data from Ref. 1.
The agreement between these sets of data confirms the wide
variation in Cma as a function of 7 and lends credence to the
accuracy of free-flight techniques.
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Comparison of Stability Data Obtained
in Free-Flight and Steady-State

Facilities

DAVIS H. CRAWFORD*
NASA Langley Research Center, Hampton, Va.

TESTS in gases with values of the specific heat ratio 7
different from that of 1.400 are being performed with in-

creasing frequency. Helium is useful to alleviate the gas
liquefaction problem inherent in the use of air or carbon di-
oxide for hypersonic flow. Carbon dioxide is useful to simu-
late entry into planetary atmospheres, composed for the large
part of carbon dioxide, and to simulate the imperfect gas
effects characterized by a change in 7 but is more subject to
the problem of liquefaction than is air.

To circumvent this liquefaction problem at high Mach
numbers, a free-flight method of testing has been evolved
which allows the stability of a vehicle to be determined from
an observation of its dynamic response along a short trajec-
tory when fired through a test gas1. Reference 2 contains
experimental stability results obtained in air, argon, helium,
and carbon dioxide by this method which show that the
stability of blunt, flared vehicles is greatly affected by the
specific heat ratio 7 of the test gas. (It should be noted that
an inquiry into the source of these data disclosed that, whereas
most of the data came from free-flight tests, part of the test
data at 7 = f was obtained from sting mounted models.) The
Reynolds number range of these tests varied from two to five

O Steady-State Data ft=0£x/0e}

Fig. 1 Comparison of longitudinal stability parameter
data from free-flight and steady-state techniques.
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Flame Stabilization in Laminar
Boundary Layers

T. P. TORDA* AND S. N. BuSENBERGf
Illinois Institute of Technology, Chicago, III.

Nomenclature
= rate of consumption of combustible'component

ft,
C\ = const

= heat capacity at constant pressure
= diffusion coefficient
= temperature ratio, e = (T — To)/(Tm — T0)
= Blasius function, / = /(??)
= concentration ratio, K = (k — k0)/(km — ko)
= mass fraction of species i in mixture
= pressure
= Prandtl number, Pr = cPti/\
= reaction enthalpy per unit mass
= molar gas constant
= displacement ratio, r = x/x*
= Schmidt number, Sc = /*/pD
= temperature
= velocity in the streamwise direction in the Howarth

plane
= velocity in the streamwise direction in the physical

plane
= velocity in the normal direction in the Howarth

plane
= velocity in the normal direction in the physical

plane
= streamwise displacement in the Howarth plane
= streamwise displacement in the physical plane
= normal displacement in the Howarth plane
= normal displacement in the physical plane
= Blasius variable, 77 = F(t/00/j>00Ar)1/2

= dimensionless variable, f = X/Umr
= heat conduction coefficient
= dynamic viscosity
= kinematic viscosity
= characteristic stay-time, £ =
= density
= reaction time factor
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Superscripts

0 = conditions when there is no chemical reaction
1 = first perturbation
* = refers to conditions at the flame front

Subscripts

0 = conditions at the surface
00 = freestream conditions

A CHEMICALLY active gaseous mixture is considered as
-£*• it flows over a heated flat plate. Of interest is the region
where chemical reaction is initiated in the boundary layer and
the resulting flame spreads to the freestream. In this case, the
gas phase reaction accounts for most of the energy release,
and the secondary catalytic effect of the solid surface is
negligible.1 In the analysis it is assumed that significant re-
sults may be obtained using the boundary-layer approxima-
tions, and this proves to be correct when the analytical re-
sults are compared with experimental ones. The Howarth
transformations2-3

U = u

Y= yX =

and the usual assumption Mp = Cvmpm, and use of the dimen-
sionless variables

e = (T - To)/(To, -To) K = (k -

allow the writing of the governing equations in the following
form:

Continuity Equation

®U/t>X) + (57/57) = 0 (1)
Momentum Equation

J7(5C7/5Z) + F(5C7/57) = ^(52[7/572) (2)
Energy Equation

T7 5e , Tr 5e /vm \ 5e2
U —— 4- V __ = ( _^_ 1 I -a /o\

5Z ^ 57 \Pry/ 572 "^ cp(T - T0) (6)
aq

Species Equation

5Z 57 " \ScJ 5T2
a

P4^" (4)

The global equation of state p = p^T7 has been used in the
preceding equations.

The approximate boundary conditions are, for a flat plate
at constant temperature,

at 7 = 0: [7 = 0
at 7 = oo : U =

= 0 6 = 0

57/57 = 0
K = 1

K = 0 (5)
e = 1 ,

(6)
The continuity and the momentum equations [(1) and (2)]

are solved using the Blasius method. The energy and species
concentration equations [(3) and (4)] are solved using an
iterative method. It is noted that a Blasius-type solution may
be obtained for Eqs. (3) and (4) for the case of no chemical
reaction, i.e., a = 0. Such solutions are obtained first and
are denoted by e° and K°, respectively. Then the method of
successive approximations is used to obtain better approxima-
tions to solutions considering chemical reactions, i.e., a ^ 0

Let 77 = 7(£7ro/X^)1/2andlet/(??) satisfy 2/'" + //" = 0,
with the boundary conditions at 77 = 0: / = 0, /' = 0 at

: /' = i. Then setting

500
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Fig. 1 Variation of characteristic stay- time with plate
temperature.

Eq. (3) becomes

From this it follows that

Similarly, we have

(7)

(8)

The expressions for e° and K° hold near the leading edge and
up through the region where the chemical reaction is slight.
In order to obtain successively better solutions, e and K are
expressed in series form such as

e =

K =

=50 ft/sec
=100 ft/sec

1.5

0.5

PLATE TEMPERATURE TN DEG

Fig. 2 Variation of the distance for flame attachment
with plate temperature and freestream velocity.
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Dooley r=1.0 (Pr=5c=0.95)
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Fig. 3 Variation of the temperature ratio within the
boundary layer at varying distances from the flame front.
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Fig. 5 Temperature profiles within the boundary layer.

where

and we obtain the following equation for el:

V , / de* _ -qac

\Pr/ drj2 2 drj

Similarly, we have

Irf 2 drj

the boundary conditions being

at rj = 0: el = 0

(9)

(10)

at 77 = = 1

K1 = 0
K1 = 1

Equations (9) and (10) are readily integrated using numerical
techniques on high-speed electronic computers. Higher-order
approximations can also be obtained; however, these are not
needed for the application considered below.

0.5

0 1 2

BLASIUS NORMAL DISPLACEMENT,

Fig. 4 Variation of the concentration ratio within the
boundary layer at varying distances from the flame front.

Application and Conclusions

The present method was applied to the case of the decom-
position of an azomethane stream flowing over a heated plate
(C2H6N2 -> N2 + C2H6). This reaction has been studied by
Sickman and Rice4 who give its pertinent properties. An
IBM 1620 digital computer was used in solving Eqs. (9) and
(10), and the results are shown graphically in Figs. 1-5.

Figure 1 shows the exponential variation of the charac-
teristic stay-time £ with the plate temperature. This type of
variation is supported by the observations of Ziemer and
Cambel5 and Dooley,2 and it is due to the dominance of the
reaction term in Eqs. (3) and (4).

Figure 2 shows the variation of x* with the plate tempera-
ture. Here the freestream velocity enters as a parameter, and
the exponential behavior is again evident.

In Figure 3 we see the variation of the temperature within
the boundary layer. The parameter r = x/x* is of impor-
tance. It is seen that the temperature profile changes from a
typical Blasius profile f or r = 0 to one with persistently higher
temperatures as r increases. The result of Dooley's solution2

(Prandtl number equal to the Schmidt number with a value
of 0.95) is also shown. In this paper, the values Pr = 0.91
and Sc = 1.0 were used, and the significant quantitative dif-
ferences between the two solutions are evident.

Figure 4 shows the variation of the relative concentration
of undissociated azomethane vs the Blasius coordinate rj.
These curves behave in a manner similar to the temperature
profiles shown in Fig. 3.

Figure 5 shows the temperature profiles in the r-y plane.
The flame front corresponds to a local maximum in tempera-
ture and can be readily located. Outside the boundary layer
it is seen that the flame is in the shape of an inclined plane.
For smaller values of y, the flame front tends to bend towards
the plate till it becomes practically normal to it. This is the
type of behavior of the flame front actually recorded in photo-
graphs of reacting boundary layers by several observers.5-6

The advantage of the present solution is that it allows the
treatment of chemical reactions with arbitrary orders of reac-
tion and of cases where the Prandtl number does not equal the
Schmidt number. Moreover, the present approach can easily
be extended to flows with pressure gradients, which have been
found6 to influence strongly the stability properties of the
anchored flame.
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Pm+i is the Legendre function that remains finite when its
argument equals unity for all values of its order m + 1 (see
Ref. 3). Using the series expansion of Pm+i, this equation
was solved numerically for m at values of 9 ranging from 0°
to 180° by 5° increments. The results are given in Table 1.
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Accurate Values of the Exponent
Governing Potential Flow about

Semi-Infinite Cones

JOHN L. HESS* AND SUE
Douglas Aircraft Company, Inc., Long Beach, Calif.

IT is well known that, for axisymmetric, in viscid, and in-
compressible flow about a semi-infinite cone, the velocity

V on the surface of the cone varies with the distance s from
the vertex in the following manner :

V = (1)
where C is simply a scaling constant. The flow is thus com-
pletely characterized by the exponent m, which is a function
of 6, the semivertex angle of the cone. Tabulated values of
m do not appear to be readily available in the literature. Ref-
erence 1 gives a small graph of m vs 6 and also lists three
references, including the original work of Ref. 2. However,
none of the three is contained in ordinary technical libraries.

The equation relating m and 0 is

Pm+l'(- cosG) = 0 (2)
where the prime denotes differentiation and the function

Table 1 Values of the exponent governing potential flow
about semi-infinite cones

6, deg , deg 1/ra

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

0.0000000
0.0037441
0.0145329
0.0316314
0.0544316
0.0825162
0.1156458
0.1537334
0.1968232
0.2450773
0.2987690
0.3582834
0.4241237
0.4969244
0.5774709
0.6667277
0.7658769
0.8763705
1.0000000

90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

1 . 0000000
0.8779641
0.7715075
0.6779398
0.5951432
0.5214293
0.4554368
0.3960580
0.3423826
0.2936569
0.2492515
0.2086375
0.1713675
0.1370604
0.1053903
0.0760764
0.0488761
0.0235785
0.0000000
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Variable Collision Frequency Effects
on Hall-Current Accelerator

Characteristics

H. E. BRANDMAIER*
Curtiss-Wright Corporation, Wood-Ridge, N. J.

Nomenclature

B ~ magnetic induction
b — ion-slip parameter
E = electric field
e = charge on electron
/ = current density
L = reference length
M = Mach number
m = mass flow
ma = atom mass
N = interaction parameter
P = pressure
S = parameter defined by Eq. (4)
T = temperature
V — velocity
z' = dimensionless axial coordinate = z/L
a = degree of ionization
(3 = Hall parameter defined by Eq. (5)
7 = specific heat ratio
rj = energy conversion efficiency
p = mass density
o- = electrical conductivity
T = time between collisions
re = mean electron collision time
0 = voltage difference between inlet and exit
w = cyclotron frequency

Subscripts

ei = electron-ion collision
ea = electron-atom collision
ia = ion-atom collision
0 — accelerator inlet
z = axial direction
6 = azimuthal direction

ONE-dimensional magnetogasdynamic (MGD) analyses of
the coaxial Hall-current accelerator have recently been

presented by Brandmaier, Durand, Gourdine, and Rubel1

and by Cann and Marlotte.2 Each considered the steady
continuum flow of an ideal, electrically neutral, slightly ion-
ized, three-species gas mixture through a narrow constant
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