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primary importance when the number of layers is relatively
small. This analysis can be easily reduced to treat plates
with two distinct facings and a single core. This analysis is
applicable for sandwich plates with thick or thin cores pro-
vided the facings are not so thick as to introduce appreciable
transverse shear deformation in addition to that of the cores.
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Transonic Flows by Coordinate
Transformation

P. O. BARONTI,* S. ELZWEIG,| AND R. VAGLIO-LAURIN$
Advanced Technology Laboratories Inc.,

Jericho, N. Y.

NUMERICAL solutions of transonic flows about two di-
mensional airfoils have been obtained by Murman and

Cole1 by integration of the transonic small disturbance equa-
tion in a finite domain around the airfoil. The far field
boundary conditions are derived analytically but they have
to be periodically recalculated during the computation.

This problem is avoided if the infinite domain around the
airfoil is transformed into a finite one by a transformation of
the independent variables x,y to the variables suggested by
Sills,2 e.g., the variables £ = tanhax and rj = I — e~~^.

In the new coordinate system, the domain being defined by
— 1 < £ < 1 and 0 < 77 < 1, the small disturbance equation
becomes

(7 + l)oMV(l - £2)0d + 02(1 ~ i?)[(l - i?) X
*„ ~ *,] = 0 (1)

and the exact boundary condition on the boundaries £ = ± 1
and 77 = 1 is 0 = 0. Along the axis, 77 = 0, the boundary
condition is given, e.g., by 0, = 0, fore and aft of the airfoil,
and by <£„ = F'(£)/p along the airfoil; F(£) being the airfoil
shape. Thus, the numerical process is reduced to seeking a
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Fig. 1 Pressure coefficient along nonlifting circular arc
airfoil.

relaxation solution in the finite domain, without the need of
computing the far field values.

A typical numerical solution of Eq. (1) for a nonlifting cir-
cular arc airfoil of thickness d = 0.06, at a freestream Mach
number of 0.8, is presented here for illustrative purposes.
The calculation employs a coarse mesh AT? ~ A£ = 0.05 with
a = ft — 1 and a point relaxation technique; the result is
shown in Fig. 1 and compared with the experimental data of
Knechtel.3

The computation has been repeated by using the approach
of Murman and Cole. For comparable accuracy it has been
found that the transformation affords considerable savings in
computational time.
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Aerodynamic Characteristics of Slender
Wedge-Wings in Hypersonic Strong

Interaction Flows

C. M. RODKIEWICZ* AND T. K. CHATTOPADHYAYf

University of Alberta, Edmonton, Canada

THE purpose of this Note is to apply the results obtained by
the present authors in Ref. 1 to predict the aerodynamic

characteristics of slender two-dimensional wedge-wings in
hypersonic strong interaction flow. In Ref. 1 the hypersonic
strong-interaction flow over an inclined surface was analyzed
using an asymptotic expansion in inverse powers of the inter-
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Fig. 1 Forces acting on a
wedge-wing.

action parameter x- Starting with an expansion of the form

+ 0(x-3/2)] (l)t

for the pressure and similar expansions for the displacement
thickness 5*, the transformed stream function / and the non-
dimensional total enthalpy H, a set of four coupled simulta-
neous ordinary differential equations were obtained. These
equations were solved numerically and the unknown con-
stants Po,pi,p2,pz were determined from these solutions after
some algebraic manipulation.

The shear stress on the wall TW* can be obtained in the form:

n *1J *POO 1*00

TiKb

X1/2
T2

where the constants n(i — 0,1,2,3) are given by

TO = [(po)1/2/2]/o''(0)

(2)

(3a)

(3b)

/2*(0)//o'(0)]

(3c)

/.V/o*)] (3d)
The f unctions /o (??), /i (77), /2(??) and /s (17) are the terms of dif-
ferent orders in the expansion of/, as defined in Ref. 1.

Figure 1 shows the different forces acting on the wedge.
Assuming that the wedge angle and the angle of attack are
small the lift and drag forces can be expressed as2:

Lp = (pB* - pT*}dx*

Lv = Cl (TT*dT - TB*eB)dx*J o

*OT + pB*6B)dx*DP =

(4a)

(4b)

(4c)

(4d)

The subscripts p and v represent the contributions of the pres-
sure and viscous forces and the subscripts B and T refer to the
bottom and top surfaces of the wedge respectively. Writing
OT = ft — ex, and OB = ft + a and substituting for p* and r*
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Fig. 2 Effect of changing the surface temperature on the
lift coefficient, drag coefficient and lift/drag ratio.

{ All physical quantities are represented by the superscript *
and the subscript °° refers to the freestream condition. Quanti-
ties, nondimensionalized with respect to the corresponding free-
stream value, are denoted without any superscript.
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Fig. 3 Effect of changing the semi wedge-angle on the lift
coefficient, drag coefficient, and lift/drag ratio.

from the expansions (1) and (2), the Eqs. (4), after the neces-
sary integrations, give

r> - Lp
L ~

- A
~

i . _
3 I 7

r°T2

(5)

2A2 4r0A3 (6)

where A = xillz/Mm, Xi being the interaction parameters
evaluated at the end of the wedge.

Figures 2-5 show some of the results of the present analysis.
In Fig. 2 CL, CD, and L/D ratio are plotted against the angle
of attack a for Hw = 0.0, 0.5, and 1.0. Both CL and CD in-
crease with increasing Hw, but the L/D ratio decreases. In
Fig. 3 the effects of changing the semiwedge angle /3 are shown.
Here again, both CL and CD increase with increasing £, how-
ever, the L/D ratio remains substantially constant. The
effect of changing the parameter A (= x*1/2/^/a>) on the L/D
ratio of a 2° wedge is shown in Fig. 4. The L/D ratio im-
proved significantly with decreasing values of the parameter
A. This agrees with the findings of Mirels and Lewellen.2

4.0

3.0

L/D 2.0

1.0

0
10° 15°

Fig. 4 Effect of changing the parameter A on the lift/drag
ratio of a 2° wedge.
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Fig. 5 Effect of changing the parameter A on the lift/drag
ratio of a flat plate compared \vith the results of Ref. 2.



2282 AIAA JOURNAL VOL. 9, NO. 11

Figure 5 compares the L/D ratio for a flat plate (0 = 0) with
the results of Mirels and Lewellen.2 Agreement is good for
small values of the angle of attack.
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Structure of Turbulent
Diffusion Flames

PAUL M. CHUNG*
University of Illinois, Chicago, III.

Nomenclature
constant pressure specific heat

heat of combustion
width of the shear or mixing layer
molecular weight

m
n
t
Uk
Uk
u,v,w
x,y
Xk
Y

instantaneous absolute temperature
Uk — (Uk)
absolute velocity vector in tensor notation
x, y, and z components of velocity, respectively
Cartesian coordinates
position vector in tensor notation
y/L

z = Cartesian coordinate, or the instantaneous mass frac-
tion

X = integral scale in the limit of small mean velocity
gradient

p = density
<0> = SJQ*a

Introduction

IN the existing theories wherein the turbulent transport is
described phenomenologically as a function of the local

properties in analogous to the laminar transport, the mixing
of the two fluid elements containing two different chemical
reactants will immediately allow the reaction to commence
between the two reactants. Therefore, these turbulent
mixing theories predict the existence of an infinitesimally
thin diffusion flame sheet in the chemically equilibrium limit,
as it is with the laminar diffusion flame. A typical analysis
leading to such a flame sheet was given by Libby.1 A chemi-
cal reaction, however, is a molecular process, and the mixing
of the fluid elements is not sufficient for the combustion of the
initially unmixed reactants.

The molecular diffusion of chemical species between the
fluid elements which have been mixed takes finite amounts of
time and, therefore, the combustion zone must be of finite
thickness even in the limit of an infinitely large Damkohler
number.

The existing experimental results2"4 of turbulent diffusion
flames bear out the aforementioned aspect of the combustion.
The mean concentration profiles of the reactants show that
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the flame zone wherein both reactants coexist is very thick
indeed.

In order to rectify the aforementioned difficulties with the
conventional phenomenological theories in describing the
mixing and chemical reaction, a simplified statistical theory5-6

has been developed by the present author for the high turbu-
lence-Reynolds number flows. This theory has been suc-
cessfully employed to analyze the turbulent flowfield with a
uniform mean velocity gradient,5 which we define as the
homologous flowfield. In the present paper, this theory is
employed to analyze the structure of the diffusion flame
established within an homologous turbulent shear field.
The homologous field is chosen because it is the simplest
shear field for analysis, and because it is expected that the
basic structure of the flame is independent of the flow con-
figuration and boundary conditions as it is with the laminar
flames.7 The details of the results and analyses to be dis-
cussed here are found in the AIAA preprint.8

Analysis

We consider the mixing layer formed between the two
isotropic streams of equal turbulence energy E shown in
Fig. 3 of Ref. 5. In order that the flow be homologous, we
assume that the mixing layer is bound by two slippery planes,
respectively at Y = 0 and 7 = 1 , which are perfectly per-
vious to mass and momentum. We further consider that the
stream at Y = 0 consists of a pure fuel whereas the stream at
7 = 1 consists of an oxidant and a chemically inert gas.
The two streams are considered to be at the uniform tempera-
tures of £i(0) and fo(l), respectively.

We consider that the mean fluctuations of all scalar quan-
tities are zero in the bounding streams. The fluctuations of
the scalar quantities in the mixing layer are then caused by
the mixing of the chemical species and by the chemical reac-
tion taking place in the layer.

The following one step chemical reaction is considered for
the combustion:

a (fuel) -f- & (oxidant) —> d (product)

where a, b, and d denote the number of moles.
The specific rate coefficient k is considered to be given by

k = k0exp[-AE/(Rt)] (1)

where k0 is a constant and AE and R are the activation
energy and the gas constant, respectively.

The instantaneous rate of generation of the combustion
product, Wp, is then given by the law of mass action7 as

Wp = - l/t*)]zr"Zfb (2)

where

K = k0(dMp/MraMfypa+b-1 exp - &E/(Rt*)
In the preceding equations, ( )* represents the mean

chemical equilibrium value at one of the flame edges to be
discussed subsequently. The subscripts r, /, c, and p denote
the fuel, oxidant, inert gas, and the product, respectively.
Note that the meanings of r and / were interchanged in Ref. 8
by mistake.

The instantaneous rates of generation of the fuel, Wr, the
oxidant, W/, and the temperature, Wt, by chemical reaction
can be readily related to that of the combustion product.7

The starting point of the analysis is the Fokker-Planck
equations developed earlier5 for the flow and scalar fields with
no laminar sublayers and mean pressure gradients

2X

(UkUk) c)2/ (4)


