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mass fraction profiles at x = 1 ft and 5 ft are presented in Figs.
3 and 4. These results indicate that the atom mass fraction
profiles for the boundary layer with the local similarity as-
sumption are in greatest error.

Even if one is willing to accept the accuracy of the similar
solution, which is reasonable for this example, the difficulty of
acquiring the results limits the usefulness of the procedure.
The nonsimikr procedure gives more accurate results while
requiring less time to obtain them.

Reference
1 Blottner, F. G., "Non-equilibrium laminar boundary layer

flow of a binary gas/' General Electric TIS R63SD17 (June 1963).

Fig. 3 Temperature profiles at x = 1 ft and 5 ft in trans-
formed coordinate.

point boundary conditions at various distances along the wall.
These solutions have been obtained by the usual method of as-
suming the boundary conditions at the wall and iterating until
the boundary conditions at the outer edge are satisfied. In
this way, locally similar solutions have been obtained to x = 5
ft. However, even at this distance, the time and effort re-
quired to obtain the correct iterated boundary conditions is
enormous and increases downstream from the leading edge
since exceedingly accurate assumed boundary conditions are
required there. To obtain these quantities the similar bound-
ary-layer equations are solved near the leading edge where less
accurate boundary conditions are required. Then one pro-
ceeds along the wall from the frozen toward the equilibrium
regime extrapolating the boundary conditions and obtaining
solutions further downstream.

To solve the complete partial differential equations of the
nonequilibrium boundary layer an implicit finite difference
procedure has been developed1 which accounts for the "non-
similar" terms not included in the forementioned system of
equations. The flow along a wall with zero pressure gradient
at an altitude of 100,000 ft (Te = 392.4°R and p. = 23.4265
psf) and a freestream velocity of 25,000 fps has been obtained
with this numerical scheme. As these results employ the
same assumptions about the gas as the similar solutions and
approach the exact solution to the problem, the validity of
using local similarity for this problem is evaluated. In Figs.
1 and 2 the temperature and atom mass fraction gradients at
the wall are presented. These are the boundary conditions
at the wall for the similar solution that must be assumed and
iterated until the correct values are obtained. For this prob-
lem, the velocity profiles are obviously the Blasius result and
do not change along the wall. The temperature and atom

—— NON-SIMILAR

—— SIMILAR

01 .02 .03 .04 .05

5.0 FT.

Fig. 4 Atom mass fraction profiles at x — 1 ft and 5 ft in
transformed coordinate.

Effect of Gravity on the Mobility of a
Lunar Vehicle

GEORGE A. COSTELLO*
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This paper presents a dimensional analysis for
determining the effect of gravity on the tractive
effort of a vehicle moving in a soil. The theory
shows that the effect of lunar gravity may be simu-
lated by changing controlled variables. Test re-
sults are presented for a six-wheel model operating
in |-in. gravel. These results show that, for a ve-
hicle traveling in a horizontal plane on a cohesion-
less soil, the percent slip, for a given ratio of draw-
bar pull to vehicle weight, is practically unaffected
by changes in gravity.

Introduction

SIMULATION of lunar g can be accomplished by means
of an accelerating platform, that is, by dropping the test

apparatus at f g. However, this simulation must be neces-
sarily of short duration.

In this paper, the effects of gravity are determined by em-
ploying dimensional analysis and test results. Dimensionless
parameters are introduced and the effect of gravity is deter-
mined by varying these parameters.

Analysis

The variables that are assumed to be pertinent to the prob-
lem under consideration are listed below. The dimensions
are given in terms of mass M, length L, and time T.

V = vehicle velocity, LT~~l

DP = drawbar pull, MLT"2

M = mass of vehicle, M
g = acceleration due to gravity, LT~2

H = coefficient of friction, soil to wheel material (di-
mensionless)

R = radius of wheel, L
w = angular velocity of the wheel, T~l

% slip = (Roo — V)/Rw (dimensionless)
r = soil particle size, L
c = cohesion, ML"1 r-2

tj> = angle of internal friction (dimensionless)
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Fig. 1 Definition of cohesion c and angle of internal
friction <b.
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Fig. 2. Family of dimensionless curves.

P = mass density of the soil, ML ~3

E = bulk modulus of elasticity, ML ~"1 T ~2

i] = viscous property, M L ~l T~l

The last six variables are the soil properties as given bv
Bekker.i y

The soil values c and <j> are denned in Fig. 1. c is the inter-
cept of the shear stress vs normal pressure curve, at zero
normal pressure, whereas 0 is the slope of the same curve.
DP is a force tangent to the plane of operation. It is equal
to the propelling force exerted by the ground on the vehicle
minus the resisting forces. The ratio DP/Mg is the drawbar
pull divided by the vehicle weight and is sometimes called
the tractive coefficient. It is an approximate measure of a
vehicle's ability to tow, bulldoze, accelerate, or climb a hill.
The word approximate is used since the vehicle's ability to
do these things is modified by such factors as weight transfer
and the angle of repose of the soil.

If % slip is chosen as the dependent variable, one may write

% slip = F(DP, M, g, «, R ,r, c, </>, p, r,, „, E)

A dimensional analysis2 yields

m ,. .(DP Rtf% sllp = ' (M? T' B *• *» ?
r c

R' W
Since it is very difficult to vary one or more individual

properties of the soil while holding the other properties con-
stant, it is inconvenient to use the forementioned analysis to
determine the effect of gravity. However, if the soil under
consideration is a nonviscous cohesionless soil, e.g., sand or
gravel, and if its bulk modulus is neglected,

DP Rtf r P

Fig. 3 Test model in soil bin.

It is now possible to hold the variables <£, ju, pR*/M, and
r/R constant while varying the three remaining variables
DP/Mg, Ru*/g, and % slip. Thus, curves of the type
shown in Fig. 2 can be plotted. The values Ci, C2, etc. are
constants.

Using this method, tests were performed for a six-wheel
model (see Fig. 3), operating in J-in. gravel. The data are
presented in Fig. 4 and are seen to be scattered about a single
line, rather than forming a family of curves as illustrated in
Fig. 2. Thus, the ratio of drawbar pull to vehicle weight for
a given % slip is practically unaffected by changing g for the
vehicle operating in this soil.

Conclusions

A dimensional analysis is presented for a rigid vehicle
operating in loose soil. This analysis shows that the effect of
the gravitational field on the mobility of a vehicle may be
determined by changing controlled variables. If the soil is
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Fig. 4 Test data; drawbar pull/weight for various values
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characterized by the complete set of Bekker soil values, it is
found that several variables must be controlled independently.
However, if the soil is a nonviscous, cohesionless soil, such as
sand or gravel whose bulk modulus is neglected, it is only
necessary to change the vehicle speed to determine the effect
of g. Since many lunar soil investigators have postulated a
cohesionless type of soil, the technique of controlling vehicle
speed may be all that is necessary. However, consideration
is being given to production of artificial soils whose mechanical
properties can be varied independently.

In addition, test data are presented for a vehicle model
operating in J-in. gravel, which is a nonviscous, cohesionless
soil. Test results indicate that the ratio of drawbar pull
to vehicle weight is essentially independent of g for a given
% slip. Therefore, it is concluded that, if the vehicle model
tested were operating on the lunar surface in a soil with me-
chanical properties similar to those of the soil used, the ve-
hicle's ability to tow, bulldoze, or accelerate would be reduced
by a factor of six, whereas its ability to climb a hill would be
unaffected.
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2 Langhaar, H. L., Dimensional Analysis and Theory of Models
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Schlieren and Shadowgraph Studies of
Hybrid Boundary-Layer Combustion

R. J. Muzzy*
United Technology Center, Sunnyvale, Calif.

A SERIES of experiments has been performed to check
the validity of the hybrid model and analysis of Marx-

man and Gilbert.1 The structure of the boundary layer was
examined, and the location of the flame zone within the
boundary layer was determined.

A small scale wind tunnel was used in the test, and the
experiment is shown schematically in Fig. 1. Plexiglas
(Polymethyl Methacrylate) slabs 1-in. wide and -J-m. high X
6-in. long were mounted in the test section and ignited in an
oxygen stream. Shadowgraph and schlieren studies with a
horizontal knife edge then were made of the boundary layer
formed over the slab, a system that approximates two-
dimensional flow.

A natural parameter that enters into the theoretical de-
velopment of Marxman and Gilbert1 is the location of the
flame zone within the momentum boundary layer. This
parameter was investigated and a 3-msec exposure schlieren
photograph appears in Fig. 2. The edge of the thermal
boundary layer can be distinguished easily, and if the Lewis
and Prandtl numbers are assumed to be near unity, then the
edges of the concentration boundary layer, the thermal bound-
ary layer, and the momentum boundary layer are located at
the same point.

In analyzing Fig. 2, it is assumed that the gas-density
gradients, which cause the schlieren system to respond, are
related to temperature variations alone. The density also
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Fig. 1 Experimental apparatus.

Fig. 2 Schlieren photograph of the combustion boundary
layer (exposure time 3 msec)*

TEMPERATURE SCHLIEREN PHOTOGRAPH

Fig. 3 Interpretation of a typical schlieren photograph.

depends on the local molecular weight of the mixture, but
the variations in molecular weight are relatively small.

An interpretation of the schlieren photographs appears
in Fig. 3. In order to analyze the photograph, it will be
noted that the angular deflection of a ray of light e that
passes through a schlieren field is proportional to the density
according to the relation2

|c| ~ (dp/dy) ~ (l/T*)(dT/dy)
The gray region 4 in the "freestream" signifies an area of

essentially no temperature gradients (e « 0). The darker
region 3 indicates large negative temperature gradients where-
as the lighter region 1 results from strong positive gradients.
Dividing these two zones is a second gray region 2, where
the temperature goes through a maximum (e ~ 0). The
flame lies in this zone.

The uniformity in region 2 gives an indication of the finite
thickness of the flame, and, in the present analysis, the flame
zone is assumed to lie in the center of this region. Measure-
ments made on this basis indicate that the height of the flame
zone above the surface is about -^d (where 5 is the measured


