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Flat Surface Heat-Transfer Correlations for Martian Entry

M. E. Tauber*
NASA Ames Research Center, Moffett Field, California 94035
L. Yang¥
Sterling Software, Palo Alto, California 94303

and

J. Patersont
NASA Ames Research Center, Moffett Field, Cahforma 94035

Analytic expressions have been derived for estimating the nonablating laminar and turbulent boundary-layer
convective heating rates on inclined flat surfaces for the Martian atmosphere in thermochemical equilibrium.
The equations are valid in the speed and altitude regime where aerobraking would occur at Mars. Comparisons
with limited experimental measurements and calculations for CO; (the Martian atmosphere is 95.6% CO»)
yielded reasonably good agreement, especially for the ratios of heating rates in CO2 to those in air at the same
conditions. In the aerobraking speed regime, the laminar flat surface boundary layer heating rates are 15-25%
greater at Mars than in air. The differences between the turbulent heating rates are even more pronounced. The
turbulent heating rates can be over 50% greater at Mars than in air at the same flight conditions.

Nomenclature

¢t = skin-friction coefficient

h = enthalpy, J/kg

ho = total enthalpy at boundary-layer edge, J /kg

m.wt. = molecular weight of gas

De = pressure at boundary-layer edge, N/m?

Pr = Prandt]l number

q = heat-transfer rate into the body per unit area,
W/m?

Re = Reynolds number

T, = wall temperature, K

Ve = velocity at boundary-layer edge, m/s

Vo = flight velocity, m/s

X = distance along body surface, m

) = surface inclination angle with respect to freestream,
deg

@ = coefficient of viscosity, kg/m-s

I3 = heat-transfer correlation parameter

0 = density of gas, kg/m?

Subscripts

aw = adiabatic wall condition

bt = beginning of boundary-layer transition

c = cone

e = boundary-layer edge

! = laminar boundary layer

s = conditions behind shock

t = turbulent boundary layer

w = wall condition

oo = freestream or flight conditions

Superscript

* = evaluated at condition corresponding to reference

enthalpy
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Introduction

ECAUSE of its relative similarity to Earth, Mars is the

only other planet in the solar system on which men will
land someday. Before such a landing, Mars will be extensively
explored by unmanned vehicles. All of these vehicles will use
some form of atmospheric braking, either to affect capture
into planetary orbits, to descend to the surface from orbit, or
to make direct entries and land on the surface.

During atmospheric passage, the vehicles are subjected to
aerodynamic heating. The severity of the heating is strongly
dependent on the flight velocity and altitude. In addition, the
heating depends on the composition of the ambient atmo-
sphere, which is 95.6% CO,, 2.7% N,, and 1.6% Ar for
Mars.! Expressions for the stagnation point, high-speed, con-
vective heating in pure CO, were derived and compared with
experimental data previously.2 More recently, numerical solu-
tion procedures using the Navier-Stokes equations®* and the
boundary-layer equations’ have been developed for the chem-
ically reacting flow of the Martian atmospheric gases. How-
ever, the numerical solutions require large amounts of com-
puter time and memory and are not suitable for parametric
systems studies or conceptual design evaluations. For such
early studies, it is desirable to use relatively simple, preferably
analytic, expressions to estimate the heating rates rapidly.

The objective here is to develop approximate expressions
for the convective heating of flat-plate surfaces with laminar
or turbulent boundary layers for the Martian atmosphere.
Thermochemical equilibrium is assumed, and surface ablation
is not considered. Simple transformations that relate the con-
vective heating rates on flat plates and on cones at zero angle
of attack will be given. The analytic expressions that are
developed can be used in conjunction with the stagnation
point equations? to provide approximate heating rates on the
windward centerline of bodies or at other locations where the
boundary layer is attached, pressure gradients are small, and
no crossflow occurs.

Description of Method
Although exact numerical solutions can be found for lami-
nar boundary layers, the equations for the turbulent boundary
layer can be formulated only with the aid of experimental data
such as mixing lengths, etc. Therefore, all turbulent ‘‘theo-
ries” are semiempirical. A number of approximate methods
have been widely used to calculate the turbulent boundary-
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layer convective heating on a flat plate. All of the methods rely
on Reynolds analogy that relates skin friction and heat trans-
fer and use some form of coordinate transformation for ex-
tending the well-verified incompressible skin-friction and
heat-transfer formulas to the compressible, high-speed flight
conditions. Among the most widely used approaches are the
reference temperature and reference enthalpy methods.

The reference temperature concept was originated by Rube-
sin and Johnson,? and the coefficients were modified by Som-
mer and Short.” The basic assumption is that a temperature
within the boundary layer can be calculated, using an expres-
sion with empirically determined coefficients, which will yield
the correct skin friction in a compressible, high-speed
boundary layer when the incompressible skin-friction relations
are used. Although the method was first formulated for lami-
nar boundary layers, it has also been widely used for turbulent
boundary layers. Eckert and Drake? extended the method to
high-speed flows in equilibrium having real gas effects by
using enthalpy in place of temperature. The most commonly
used expression for the reference value of the enthalpy is®®

h* =0.22h,, + 0.28k, + 0.5h,, ¢}

By using Colburn’s modification of Reynolds analogy, the
heat transfer to a flat plate can be written as!©

g = (cs/Dp*Ve(Pr*)~"%(hg, — hy,) @

For the laminar boundary layer, the Blasius incompressible
skin-friction relation is used in the form

[T 0.332
2 (Re*)°~5 3)
and the adiabatic wall enthalpy is calculated from
haw = e + 0.5(Pr,)03V2 @)

For the turbulent boundary layer, Blasius’ turbulent skin-fric-
tion expression (valid for Re* <107) is used:

cr_ 0.0296
2 (Re*)°-2

®)

and also
hay = e + 0.5(Pr,)0383Y2 (6)
Next, heat-transfer correlation parameters £ are defined

following the procedure of Ref. 10. The parameters are writ-
ten for laminar and turbulent heat transfer, respectively, as

gx%3(T,,/1500)"
& ="53 " %)
Do (Ve/V)(0.82 — hy,/hg)
and
£ = G:(x — xp,)"%(T,,/1500)™ ®

- pX(V,/V.)"(0.88 — h,/hg)

In Eq. (8), the expression (x — x;,) defines the distance along
the surface measured from the location where boundary-layer
transition begins. The values of 0.82 in Eq. (7) and 0.88 in Eq.
(8) are approximate, average Prandtl numbers raised to the
exponents shown in Egs. (4) and (6). By using the approximate
values in Eq. (7) and Eq. (8), the Prandtl number is explicitly
removed from the heat-transfer correlation. The heating rates
are found by determining the dependence of ¢ (primarily) on
the flight velocity, as will be shown in the next section.
Equilibrium thermodynamic and transport properties for
the Martian atmospheric gas mixture have been calculated
with the codes described in Refs. 11 and 12, respectively.

Tables of thermodynamic and transport properties were gen-
erated and used in the evaluation of Egs. (1-8) for a broad
range of conditions. (To be consistent with the equations given
earlier, the calculated enthalpies!! were shifted by the enthalpy
of formation of CO,, which is 393.15 kJ/mole. Also, an
additional shift of 9.36 kJ/mole was made to yield zero en-
thalpy at 0 K instead of 298.15 K.) The flight conditions that
were chosen covered velocities of 3000-10,000 m/s and ambi-
ent densities from 10~ kg/m® to 10~ 2 kg/m?, corresponding
to altitudes of over 50 to 30 km. The surface inclination angles
have been varied from 20 to 50 deg. A surface that is fully
catalytic to atomic and molecular recombination has been
assumed for the laminar boundary-layer cases. Turbulent
boundary-layer heat-transfer measurements made in air show
no significant heating reductions due to finite-rate wall cataly-
sis. (Experimental measurements are needed to determine wall
catalysis levels for laminar and turbulent boundary layers in
CO,.)
Heating-Rate Expressions

The laminar and turbulent heat-transfer correlation
parameters are evaluated for the conditions listed in the pre-
ceding paragraph. Wall temperatures in the range of
1500-2000 K have been used, and it has been assumed that the
dependence of £ on T, is sufficiently weak to set m = 0 in Eqgs.
(7) and (8). (The validity of assuming m = 0 is subsequently
checked and will be briefly discussed later.) The exponent » of
the velocity ratio has been systematically varied to approx-
imately minimize the dependence of £ on surface inclination
angle. As expected, based on the results of Ref. 10, £ is a
strong function of flight velocity. The values of the laminar
and turbulent heating correlation parameters that have been
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numerically calculated from Eqs. (7) and (8), respectively, are
plotted as a function of flight velocity in Figs. 1 and 2. For the
laminar case n = 0.5 is used, and for the turbulent case n = 1
is used. Although the correlation parameters have been calcu-
lated for five values of the ambient density, only the largest
and smallest values of ¢ are plotted in Figs. 1 and 2 for each
plate angle and flight velocity. Straight lines have been fitted
through the values plotted in Figs. 1 and 2, and analytic
expressions are found for the lines. For example, for laminar
flow ’

£ =f(Vy)=1.58 x 10-4Y%03 €]

and combining Egs. (7) and (9) yields the expression for the

laminar heat transfer to a fully catalytic surface, in W/m?, for
3000< V,, < 10,000 m/s,

g =1.58 X 10~4p,V,./Vox)*3VE%0.82 — h,/hy) (10

By the same procedure, the turbulent heat-transfer expressions
are found to be, for 3000< V,, < 6000 m/s,

&, =270x10"3V2"
G, = 2.70 X 1073(x — xp) 223 (V,/ Vo) VZ12 (11a)
X (0.88 — h,,/hg)
and for 6000< V,, < 10,000 m/s,
£, =1.547x 1072V }®
Gr, = 1.547 X 1072(x — x,,,) " 02p3(V,/ V)V L5 (11b)
X (0.88 — h,,/hg)
Note that in Fig. 1 the laminar calculations could be fitted by
Eq. (9) to within about =+ 6%. For the turbulent case (Fig. 2)
the variation is larger, being a maximum of about + 7% for
V. =< 6000 m/s, and reaching =+ 15% at 10,000 m/s.

For a sharp flat plate at an angle 6 that is greater than about
15 deg, Eqgs. (10) and (11) can be further simplified, although
with a loss of a small amount of accuracy, by using the
Newtonian flow approximations for pressure and velocity in
the form

Pe = po V2 sin?
(12)

V./Ve = cos 6
Note that by substituting Eq. (12) into Eq. (10) or (11), the
expressions for the heat transfer become functions of the
flight conditions and body geometry. For laminar flow, Eq.

(10) becomes

g; = 1.58 X 107%(pcos 8/x)%3sin 8V 3%(0.82 — h,,/hy) (13)

and for turbulent flow, Egs. (11) yield, for 3000<V, <
6000 m/s,

G, = 2.70 X 1073(x — Xp) ~*2(p.5in28)%3cos 6V 2
X (0.88 — h,,/hg) (14a)
and for 6000< V,, < 10,000 m/s,
i, = 1.547 X 1072(x — Xp)~*Hpeo5in?8)*5cos 6V 2%
X (0.88 — A,/ hy) (14b)

The inclined flat-plate heating-rate expressions given by Eqgs.
(10), (11), (13), and (14) can also be applied to pointed circular

cones at zero angle of attack. For the laminar boundary layer,
the Mangler transformation applies and yields for the heating
rate on a cone, with a half-angle that is equal to the flat plate’s
inclination angle,

e, = 3%q a1s

The transformation, which is derived in a general form in Ref.
9, gives for the turbulent boundary layer approximately

q., = 1.184, (16)

Note that the differences in the heating of the two geometric
shapes is much greater for a laminar boundary layer than for
a turbulent one. The Newtonian flow approximations, Eq.
(12), also apply to sharp cones at zero angle of attack; in fact,
Eq. (12) is more accurate for sharp cones than for inclined flat
plates.

A limited number of calculations have been made to deter-
mine the dependence of the correlation parameter on the wall
temperature directly. For wall temperatures from 1000 to at
least 2000 K, the laminar heat-transfer parameter varies ap-
proximately as

& ~ (T,,/1500)~ 0% an

For the turbulent cases, the heating rate can vary somewhat
more with wall temperature; the exponent in Eq. (17) can
approach — 0.1. However, it is questionable whether the in-
clusion, in an approximate formulation, of such minor effects
is meaningful. The assumption that m = 0 is justified, espe-
cially in light of the comparisons that will be presented in the
next section.

Comparison with Other Results

It is essential to compare the approximate expressions that
have been derived here with experiments and other calcula-
tions to lend some credence to the present results. Unfortu-
nately, there is very little high-speed, experimental, heat-trans-
fer data available for the CO, laminar boundary layer, apart
from the stagnation point measurements that are summarized
in Refs. 2 and 13. Futhermore, no high-speed heat-transfer
measurements could be found that were made in CO, flows
having turbulent boundary layers. Therefore, results from
turbulent boundary-layer expressions derived here will be
compared with values that have been computed using other
methods. In addition, the ratio of the heat transfer in the
Martian gases to that in air will be compared for both the
laminar and turbulent flat-plate boundary layers.

In 1970, Stewart!* measured the forebody heat transfer on
models of the Viking Mars entry vehicle both in air and in
CO,. The laminar heating-rate comparison is shown in Fig. 3.
(The Viking vehicle’s forebody was a 70-deg half-angle cone
with a nose radius that was equal to one-half the body’s
radius.) The tests were conducted in the Ames 1.07 m (42 in.)
combustion-driven shock tunnel at a test-section stream veloc-
ity of approximately 4250 m/s. The test stream Reynolds
number, based on model diameter, was about 7 x 10°. Metal-
lic models and thermocouples were used; therefore, the sur-
faces were fully catalytic. The only information that could be
gleaned from Fig. 3 is the ratio of the heat transfer in CO, to
that in air. The ratio was determined at 12 forebody locations
and varied from 1.25 to 1.39. This range of values is plotted in
Fig. 4 and compared with the ratio of calculated Martian gas
flat-plate, laminar heat transfer to that for air and gives a
value of 1.29. The Martian gas laminar heating rates were
calculated using Eq. (13) and were normalized by using an
equivalent laminar heating expression for air.!> Although the
blunted cone measurements are compared with flat-plate cal-
culations in Fig. 4, the agreement is good, very possibly be-
cause normalized values are compared. Also shown in Fig. 4,
but at 8 km/s, is a narrow range of heating rate ratios that
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Fig. 3 Effect of gas composition on measured heating rates on
Viking forebody.14

were computed with the boundary-layer equations for both air
and CO, using the BLIMP code.!®!7 The heating rates in both
gases were calculated!® at the windward centerline of a blunt-
nosed biconic at a 20-deg angle of attack. The vehicle was
flying at 8 km/s, and the ambient gas density was 1.33 x 10~¢

~ kg/m?. The calculated heating-rate ratios'® on the aft frustum
of the biconic vehicle range from 1.12 to 1.15, compared with
a value of 1.16 for the present correlation. (The slight differ-
ence in composition between the Martian gas and pure CO, is
expected to have a negligibly small effect on the convective
heating. Because the geometry of the body that was studied in
Ref. 18 differed greatly from the flat surfaces considered here,
comparisons of absolute heating rates were not made.) How-
ever, the agreement confirms the conclusion that the laminar
heating rates in the Martian gas can be from 12 to 40% higher
than in air, over the speed range that is covered in Fig. 4.
Furthermore, the approximate relationship between the lami-
nar heating rates that has been derived here in both gases (the
line in Fig. 4) can be used to quickly estimate the heating rates
on a flat surface in the Martian atmosphere when the heating
has previously been calculated in air. The expression has the
form

(qcoz/‘yair)l =5.363V ;%7 (18)

and comes from using Eq. (13) with the corresponding equa-
tion for air.1’

Since no high-speed, turbulent heat-transfer measurements
are known for predominantly CO, flows, comparisons will be
made with two other calculations. The first one is a turbulent
flow computation that was done using a semiempirical method
developed by Spalding and Chi,'® and the second used the
BLIMP code.!® Calculations were made in CO, and in air
using both methods. The computation using the BLIMP code
was performed on the same biconic body and at the same
flight condition that was just described for the laminar flow
heating rates; however, an early boundary-layer transition
criterion was imposed.!8

The values from the Spalding and Chi method have been
calculated by Savage.?’ The following conditions were used

for the four test cases: V, = 5000 and 7000 m/s, po =7 X
10~ *kg/m3, x — x, = 10 m, and T, = 1500 K. The results are
presented in Table 1. For the reference enthalpy 4 * values that
have been calculated here, Eq. (13) is used for the Martian gas.
For consistency, a corresponding turbulent heating correlation
equation for air was developed and is given in Appendix A.
Equation (A1) differs somewhat from the expressions derived
in Ref. 10, partly because more accurately calculated transport
properties?! have been used here.

As can be seen from Table. 1, the present A#* method
predicts heating rates that are generally higher. The average
and maximum differences between the present method and
that of Spalding and Chi are 19 and 26% for the Martian gas
and CO, and 18 and 30% for air. The differences for the
Martian gas and CO, are within the range of uncertainty of
either method. The relative ability of the reference enthalpy
method and Spalding and Chi’s formulation to predict turbu-
lent heating in air is briefly discussed next.

It has been documented?>? previously that, when compari-
sons with data measured in air were made, the Spalding and
Chi method can underpredict the turbulent heating rates sig-
nificantly. However, another comparison®* found reasonably
good agreement between the data and the Spalding and Chi
method. It is also well documented?>?* that the reference
enthalpy methods tend to overpredict the heating rates when

- the ratio of the wall temperature to the total temperature is

below about 0.25. For the example results presented in Table
1, T,,/Ty=0.44 for V, = 5000 m/s, but decreases to T,/
Ty = 0.23 for V,, = 7000 m/s. More fundamental is the obser-
vation?2-2* that 20-30% disagreement was common between
measured turbulent heating rates and values that were calcu-
lated using the various approximate ‘‘theories,’’ including the
two compared here. Although based on very limited compari-
sons, the agreement of the Martian gas and the CO, heating
rates shown in Table 1 is adequate, considering the simplicity
of the expressions that have been derived.

The ratio of the turbulent heating rates for the Martian gas
and in CO, to that in air is shown in Fig. 5. Included in Fig.
5 are the ratios of the heating rates for the Spalding and Chi
method from Table 1. Although the absolute heating rates
predicted by the A* method and by Spalding and Chi can
differ significantly (as shown in Table 1), the ratios of heating
rates at Mars to those in air agree well. For example, at 5 km/s
Spalding and Chi’s heating ratios are 1.48 and 1.60 compared
with the A* value of 1.56. At 7 km/s, Spalding and Chi’s
ratios are 1.48 and 1.51, whereas the 2* method gives 1.47.
Also shown in Fig. 5 is the range of turbulent heating rates
that were calculated!® at 8 km/s, on the aft frustum of the
biconic vehicle’s windward centerline. The body locations
chosen were far downstream from the points where transition
began, since these points were different in air and CO,. The
heating ratios found from the calculations in Ref. 18 varied
from 1.30 to 1.33; by comparison, the A* method yields a
value of 1.35 (see Fig. 5). (Absolute heating-rate values were
not compared, again, because the body geometry!® was very
different from a flat plate.)
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Fig. 4 Comparison of laminar heat-transfer ratio with measure-
ments and other calculations.
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Table 1 Turbulent boundary-layer heating-rate comparisons

(W/em?)
Method and parameters Velocity, m/s
5000 7000
Reference enthalpy, A* - -
8 =40 deg
Martian atmosphere 83.1 282
Air 53.1 192
6 =20 deg
Martian atmosphere 37.1 126
Air 23.7 86.0
Spalding and Chi
6 = 40 deg
CO, 73.1 245
Air 49.5 166
6 =20 deg
CO2 31.6 99.7

Air 19.7 66.0

The approximate expressions for the turbulent heating-rate
ratios that are plotted in Fig. 5 are given next. These relations
can be used to quickly estimate the turbulent heating rates in
the Martian atmosphere if the heating rates are known in air.
Equations (14a), (14b), and (Al) were used. The expressions
are, for flight velocities of about 3000-6000 m/s

(dco,/Gair)e = 0.473V M (19a)
and for velocities of 6000-10,000 m/s
(dcoy/ Qi) = 271V 50 (19b)

The ratios given by Eqgs. (18), (19a), and (19b) are indepen-
dent of altitude, body inclination angle, and distance along the
surface. (Of course, the preceding parameters are used to
compute the heating in air.) Note that, in the important aero-
braking flight regime from 8000 to 5000 m/s, the present
correlation predicts turbulent heating rate increases, over the
rates éxperienced in air, that range from 35 to 56%, respec-
tively. Therefore the flat surface turbulent heating rates at
Mars exceed the air values by more than the laminar heating
rates over most of the flight regime that is of primary interest
for aerobraking. (The stagnation point heating-rate expression
in a CO, atmosphere® gives heating rates that are only 5-10%
higher than in air at the same flight conditions. The reason
why the stagnation point heating rate in CO, differs so little
from the value in air, compared with the laminar flow on a flat
surface, is explained briefly in Appendix B.)

Concluding Remarks

Analytic expressions have been derived for estimating the
nonablating, laminar, and turbulent boundary-layer convec-
tive heating rates on inclined flat plates for the Martian atmo-
sphere in thermochemical equilibrium. The equations are valid
in the speed and altitude regime where aerobraking would

occur at Mars, The laminar boundary-layer heating-rate ratios
found from values measured both in CO, and in air compared
well with results from the present formulation. Limited com-
parisons of the turbulent boundary-layer heating with values
calculated for CO,, using the approximate method of Spalding
and Chi, indicate that the reference enthalpy approach that is
used here overpredicts the heating by an average of 19%.
However, differences of over 20% are not unusual among the
various approximate methods that are used to predict turbu-
lent boundary-layer heat transfer at high speeds. The ratios of
heating rates in CO, to those in air that were calculated at the
same conditions by using Spalding and Chi for turbulent
heating and, in addition, a boundary-layer code agreed well
for both laminar and turbulent flows. Therefore, it is recom-
mended that, if codes are available that predict the heating
rates reliably in air, the use of Egs. (18), (19a), and (19b)
should be considered for calculating the laminar and turbulent
heating, respectively, in the Martian atmosphere. A major
advantage of the analytic heating relations that have been
presented is that they can be efficiently used for Martian
mission studies where many repetitive calculations must be
performed.

Appendix A

The reference enthalpy method was used to calculate the
heating on inclined flat plates in air using the formulation of
Ref. 10 but employing the transport properties of Ref. 21. The
computed heat-transfer values were fitted with an equation
having the form of Eq. (9) to a numerical accuracy of about
=+ 9%. The resultant turbulent heat-transfer expression, which
is applicable in the speed range of 3000-13,000 m/s, is

e = 5.70 X 10-5(x — xp)~02p0%
X (Vo/ Vo) VEL%(0.88 — h,,/hg) (A1)

If the Newtonian approximations for boundary-layer edge
pressure and velocity, Eq. (12), are used, then Eq. (Al) be-
comes

g = 5.70 X 1075(x — xp;) ™ 02(04,5in%8)%8cos 6V 38
X (0.88 — h,,/hy) (A2)

Appendix B
Approximate expressions are derived to illustrate how lami-
nar boundary-layer heating depends on gas composition and
how that dependence differs for flat surface and stagnation
point flows. From Egs. (2) and (3), it can be seen that approx-
imately

g ~ p*Ve(Re*) ™02 ~ (p*Vp*/x)"3 (B1)

After substituting for the density using the thermal equation
of state, Eq. (B1) becomes

g ~ [pm.wt.)*p*V,/RT*x]*3 B2)

where ® is the univeréa] gas constant. For the laminar heating
on a flat surface, Eq. (B2) gives, to first order,

g ~ [(m.wt.)*p*1%° (B3)

Since the coefficients of viscosity in the Martian atmosphere
(m.wt. = 43.5), CO, (m.wt.=44), and air do not differ
greatly,?® the heating-rate ratio depends on the molecular
weights of the gases, to first order, and is about 1.23. (Note
that 1.23 is the approximate average value of the range shown
in Fig. 4.) )

At the stagnation point, V, is undefined but can be written
as

-

d (B4)

% |
&
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The velocity gradient can be found from Newtonian theory®!5
for a spherical segment and is

dVe _ & g& 0.5
<—a;>x=0~<rn)(ps> ®3)

where r, is the nose radius. Therefore, when Eq. (B2) is
applied at the stagnation point, it becomes

g ~ [(m.wt.y*u*]1%%(po/ ps)*% (B6)

The major distinction between Egs. (B3) and -(B6) is the prés-
ence of the density ratio term in the latter. The density ratio is
substantially different in' CO, and air. For example, at aero-
braking atmospheric densities and at speeds of 5 and 8 km/s,
the density ratios across the normal shock wave on the stagna-
tion streamline are, approximately, 0.043 and 0.046 for CO,,
and 0.087 and 0.062 for air,2® respectively. Therefore, the
stagnation point heating rate ratios become, approximately,
1.03 and 1.14 at 5 and 8 km/s, respectively, and are substan-
tially lower than the flat surface value of 1.23.
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