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potential. Moreover, we have noted that the general three-
dimensional differential approximation is quite akin to the
one-dimensional form in that the Milne-Eddington directional
approximation appears to be equivalent to the replacement, of
an exponential integral by an exponential with a different co-
efficient.
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Transition of Air Laminar Boundary

Layers

D. E. Broxsoum Jr.*
Rhodes and Blossom, Canoga Park, Calif.

Nomenclature

w = insulated wall condition

wy = insulated wall condition at end of laminar flow (start of
transition to turbulent flow)

wy = insulated wall condition at end of transition (fully de-
veloped turbulent flow)

o = freestream conditions

s = conditions behind normal shock

R = universal gas constant

m = molecular weight

P = density

u = velocity

d = length of flow along body

Re = Reynolds number

1 = viscosity

Y = roughness length in boundary layer

#* = boundary-layer momentum thickness

0 = fluctuation in freestream velocity (magnitude of ve-
locity disturbance)

M = characteristic length of freestream turbulence mecha-
nism

d/M = scale parameter of freestream turbulence

/U = magnitude of freestream turbulence

Ky = Stanton number, dimensionless heat-transfer parameter

A = Karman-Pohlhausen stability parameter

C; = skin-friction coefficient

P = pressure

Introduction

ECENT high enthalpy data indicate rapid increases of
transition freestream Reynolds number with increasing
enthalpy.!'=* The boundary layer, however, under these
high enthalpy conditions does not see the freestream condi-
tion, but another condition, which is much hotter and less
dense than the freestream. Figure 1 shows definition of
Reynolds numbers for transition.
Von Karman® used the insulated adiabatic wall fluid
conditions to obtain a modified Reynolds number (Re.),
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Fig. 1 Definition of Reynolds numbers.

which was then used in order to correct for compressibility
effects

Rew = polied/ e
1s modified to
Re, = pitotd/

By use of this early correlation, the data of Refs. 1-4, plus
some incompressible data of Refs. 6-8, are correlated inde-
pendent of velocity in the 450- to 16,000-fps region. This is
seen in Fig. 2. A residual parameter, describing the size
of freestream or roughness element at the wall relative to the
boundary-layer momentum thickness, is present in data at
all these velocities. The final Reynolds numbers (Re.,) for
transition obtained vary from 250,000, for a roughness element,
of 1% of the momentum thickness, to 26,000, for a roughness
element equal to the momentum thickness.

Effect of High Enthalpy

In order to transform the freestream Reynolds numbers
into local modified Reynolds numbers as described previously,
a series of computations was made to change the freestream
conditions to conditions behind the normal shock. This
was done with the Rankine-Hugoniot condition for mass-flow
ohservation, p.t. = psUs, coupled with the real gas viscosity
change due to stagnation temperature rise. This latter rise
of the local viscosity is the only change in the freestream
Reynolds numbers under these conditions. The Reynolds
number behind the normal shock is less, due to this rise in
the viscosity

Re, = psusd/ﬂs = Pmumd/#s

A second series of computations was made to transform the:
freestream Reynolds numbers into equivalent modified
Reynolds numbers as described previously. This series was
made by the assumption that the static pressure was con-’
served across the boundary layer, and hence the following
equation held that

P, =P, = po(B/Mmo) T = pu(R/my) T

These flat-plate Reynolds numbers (Re,) are considerably
less than the local Reynolds numbers behind the normal shock
(Re.), due to the additional drop of the local density. Both
sets of local Reynolds numbers are plotted against velocity
in Fig. 2. It will be seen for satellite conditions, 25,000 fps,
that the normal-shock local Reynolds numbers are a factor
of 7 below the freestream Reynolds numbers, whereas the flat-
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Fig. 2 a) Transformation of Re, into Rey; b) Correla-
tion of Rey, with flight velocity.

plate local Reynolds numbers are 120 times lower than the
freestream Reynolds numbers.

Effects of Freestream Turbulence and Body Roughness

Data are plotted as a function of body roughness, expressed
as a ratio of momentum thickness Y /6* for the start of transi-
tion from laminar flow. The parameter @/..(d/M)Y5 holds
for freestream turbulence with the same value of transition.

Figure 3 gives experimental justification of the following
equation:

Re., = 26,000/[Y/6* + @/u(d/M)V5]12

Since the data from Refs. 1, 4, and 8 are correlated to
+15%, by means of the assumption of a constant A of the
Karman-Pohlhausen theory of laminar boundary layers,’
universal predictions of Re,, can be made to this accuracy.

Width of the Transition Zone

Width of the transition zone, from fully developed laminar
to fully developed turbulent, is a function of Re,, as is shown
in Fig. 4. Above an Re,, of 450,000, Re., — Re.,.

Validity of Testing

Since the technique correlates wind-tunnel, shock-tube,
wake, and flight data, it is probably of universal validity.
Since the boundary-layer transition is shown to depend on
Mach number, Reynolds number, specific enthalpy, wall
roughness, freestream turbulence (magnitude and scale),
and geometry, these parameters must be matched in test to
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provide valid transition data for purposes of scaling from test
data to flight conditions.

Conclusions

A method is given whereby transition can be estimated tc
plus or minus 159, in Reynolds number at any velocity from
450 to 16,000 fps, provided potential flow and wall (o1
stream) roughness is known. The correlation, using Von
Karman’s insulated adiabatic wall Reynolds numbers, is ex-
tended to 60,000-fps velocities and altitudes from sea level
to 285,000 ft. Additional computations are given for specia.
cases of behind-normal shock and flat-plate ratios of free-
stream to local wall Reynolds numbers.
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Specific Impulse Calculations for Air-
Breathing Propulsion

Donatp R. AvLeEn* aAnp WiLniam M. BYRNE Jr.T
Beech Aircraft Corporation, Wichita, Kansas

Nomenclature
A = area
AA = air augmentation ratio
F = thrust
g = gravitational acceleration
Is = specific impulse
O/F = ratio of propellant oxidizer to fuel
P = pressure
V= velocity
w = weight flow rate
Subscripts
e = exit
f = fuel
g = jet
m = mixture
n = net
0 = oxidizer
P = propellant
p-n = propellant net
o = freestream conditions

Introduction

HE rapid rise in the number of potential applications
of air-breathing rocket propulsion systems to low-altitude
hypersonic missions has caused the writers to develop a quick
and simple method for calculating performance of propellants
for these systems. This note describes a method for making
air-breathing propellant performance calculations with the

|

Fig.1 Combustion apparatus model.
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assistance of chemical equilibrium composition computer
programs of -the type normally used for rocket propellant
performance calculations.

The theoretical model for this calculation method is shown
in Fig. 1. The onboard propellants are reacted in a primary
combustion chamber (4), and the resultant fuel-rich products
are then exhausted into the main combustion chamber (B).
In the main combustion chamber (B), the fuel-rich products
are subsonically reacted with ram air and are then expanded -
through a supersonic nozzle to the atmosphere. The work-
ing substance in the main combustion chamber is considered
to be homogeneous and invariant in composition as it passes
station 3 (Fig. 1). The combustion pressure in the main
chamber never exceeds the ram recovery pressure. And,
for the examples used in this note, the main chamber com-
bustion pressure was defined as being exactly equal to the
maximum ram recovery pressure.

The net specific impulse for the onboard propellant under
given conditions of air augmentation is readily derived from
the output of the previously mentioned computer program.

Method

The chemical equilibrium composition program used for .
this method requires chemical descriptions of the propellant
ingredients including air, a statement of the enthalpy of each
of the propellant ingredients, and the relative amounts of
fuels and oxidizers used. The ram air is treated as a portion
of the oxidizer fraction. Air elements, such as nitrogen and
oxygen, normally have zero for heats of formation, but in
ramrocket and ramjet systems the rocket has done work on
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