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Fig. 6 Downstream and upstream static pressure ratios.

pressure ratios is that the experimental results do not ap-
proach unity as #./m; — 0. This is caused by vortex action
generated from a combination of misalignment and slight
differences in the diameters of the upstream and downstream
tubes in the secondary injection device. These effects are
accentuated by the small size of the experimental system,
and more accurate results would be expected with a larger
system.

Figure 6 shows that the effects of changes in 4,/4; on
P,/P; increases as 8 decreases. This figure also indicates
trends similar to those discussed for Fig. 5 as r,/miy, — 0.
The curves of To/T, (not shown) are of similar character.
The temperature variations are small across the injection
region, thus the velocity ratios shown in Fig. 5 essentially
represent Mach number ratios.

Conclusions

In summary, this study indicates that: 1) the primary
flow upstream of the injection slot is essentially unaffected
by the secondary injection; 2) the acrodynamic interaction
between the flow streams is completed within z/D; = 2; 3)
the flow separation in the mixing region is a strong function
of 8; 4) the results of Refs. 4 and 7 indicate general flowfield
characteristics that disagree with the experimental results
of this study and the water-table results of Glick and Thur-
man?; 5) the analysis of Glick et al.? yiclds incorrect results
because it allows a downstream flow area greater than the
tube cross-sectional area; 6) the present analysis has wider
application than that of Ref. 2 because it does not depend
on a known value of Ppi,; 7) the velocity inerease across the
mixing region is strongly dependent on V,/ Vi; 8) changes in
P and P, across the injection region are not strong functions
of 6 or A,/A;; and 9) temperature changes across the injec-
tion region are small.
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Effective Sky Temperatures for Several
Martian Atmospheric Models

JoserH P. WacHTER*
Martin M arietta Corporation, Denver, Colo.

Nomenclature

A = total ecm-atm of CO; in the Martian atmosphere

B, = blackbody hemispherical flux at wave number »,
geal/cm? day

n = number of atmospheric layers in model

P,P.: = pressure and effective pressure, mb

P* = average pressurein the interval dP from Eq. (3)

Q = downward atmospheric heat flux, gcal/em? day

R = Ry, t) = f(dB,/dTY(1 — +;)dy

T* = temperature taken from an atmospheric model for the
pressure P* °K

T = temperature taken from an atmospheric model for the
pressuwre P,°K; 1’ for P*°K

Tay = effectivesky temperature, °K

AT = temperature difference across an atmospheric layer

% = reduced path length of CO; measured by the height in
cm of a column of CO, reduced to standard tempera-
ture and pressure, cm

oy = volumetric percentage of species =

v = wave number, frequency/(speed of light)

I = Stefan-Boltzman constant

Ts = transmissivity function?2

{ ) = evaluated at the average pressure of an atmospheric
layer

Subscripts

s = conditions at the planetary surface

t = conditions at the top of the atmosphere

Introduction

THE thermal analysis of a Martian lander and the design
of Mars surface environmental simulators require the
calculation of the downward radiation flux from the Martian
atmosphere. This may be expressed in terms of an effective
sky temperature 7'y, defined as the temperature of a black-
body emitting the same total downward flux as the atmo-
sphere. It is a function of the orientation of the receiving
surface, composition and temperature profile of the at-
mosphere, and the effective thickness of the absorbing gases.

The downward heat flux can be caleulated using the method
of Elsasser.n.? Ohring? applied Elsasser’s method to deter-
mine the atmospheric radiation flux while determining the
Mars surface temperature. However, the atmospheric model
Ohring used is substantially different from current models.
Other studies of the Martian atmosphere have not provided
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Table 1 Description of Martian atmospheric models and their effective sky temperatures

Composition, volumetric percentage

Atmospheric model COq Ne Ar P;mb AP, mb T,°K Ty, °K

Viking engineering model®
Minimum surface density 100 0 0 4 0.125 280 168.6
Minimum surface density scale height 0.2 180 100.7
Most probable 68.5 18.5 13 9 0.25 230 142.9
Maximum surface density 19 60 21 20 0.50 180 107.7
Maximum surface density scale height 0.50 280 176.7
JPL lower atmosphere model I¢ 80 10 10 10 0.2 180 111.9
210 131.9
230 145.4
290 183.2

the data necessary for thermal analysis of landers or simu-
lators. These data are provided here in the form of Ty s
for several current Mars atmospheric models.

There is no simple correlation for T, as a function of the
zenith angle formed by the normal to the receiving surface;
Ty 1s & minimum for a horizontal flat plate and a maximum
for a vertical plate. 1t is assumed herein that the planet is
flat with a stratified atmosphere, and the receiving surface is
a horizontal flat plate. Following Ohring and Mariano,*:s
CO; is the only absorbing gas considered. Although there
may be small amounts of water vapor and ozone present,
the atmospheric absorption due to them is negligible. Ni-
trogen and argon are assumed to be the only other com-
ponents of the atmosphere. No variation of atmospheric
composition with altitude was considered.

Implicit in the use of Elsasser’s radiation model is the
assumption of the Lorentz line shape for the far infrared
absorption lines. The line shape (absorption coefficient as
a funetion of frequency for a single spectral line) is deter-
mined by two processes, Lorentz line broadening and Doppler
line broadening. Lorentz broadening is due to molecular
collisions whereby the frequency of the emission is slightly
changed by intermolecular forces during an encounter by the
radiating molecule. Doppler broadening is due to the
molecular motion of the radiating molecules. The relative
importance between the two processes depends on the pres-
sure, temperature, and concentration of the absorbing gases.
Ohring and Mariano* checked the Lorentz assumption for
the Martian atmosphere and concluded that the neglect of
the Doppler broadening is justified.

Method of Computation

Following Elsasser'.? the downward thermal flux at the
bottom of an atmosphere is given by

Tt T
Q=— ﬁ R(u,T)dT + fo R(u, T)dT =

n

X = B (@, T)AT + [ Rw,Dyar (1

i=1

The effective sky temperature is given by

Ty = (Q/a)* 2)
Tables of R(uw,T) for 193°K < T < 313°K and tables of

0“’3 R(u,T) dT

as a function of log u are given by Elsasser? for COs.
The increment of the reduced path length across a pressure
interval dP is given by

du = (A/P)(P./1000)(273/T*)112dP 3

The different amounts of line broadening caused by the
presence of several species are accounted for by the use of an
effective pressure P Carbon dioxide self-broadening is 1.3

times as effective as nitrogen broadening, whereas argon
broadening is 0.78 times as effective.6.” Thus, for the as-
sumed constituents of the Martian atmosphere,

P = P*(1.0 + 0.3aco, — 0.22a,,) 4)

Since Lorentz broadening is due to molecular collisions, it is
necessary to usc volumetric percentages, o, in the calcula-
tion of P

The integrals in Eq. (1) were evaluated numerically by
dividing the atmosphere into layers of equal pressure incre-
ments AP given in Table 1. The last layer at the top of the
atmosphere was subdivided into 15 pressure intervals to in-
sure convergence of the integral in this region.

The tables of R(u,T) were extrapolated to lower tem-
peratures where necessary by noting that B(u,0) = 0 and
checked using the tabulated integrals given by Elsasser.?
Linear interpolation on log u and temperature were used in
the R(u,T) tables. Also,

Ty 7,7 103
fo R(ut,T)dT—[Eg] Y Ru, 1T

was assumed.

The reduced path length is defined as zero at the planetary
surface. Eq. (2) was integrated numerically for each at-
mospheric layer, integrating from the surface to the average
pressure of the layer.

Results

The five model atmospheres from the Viking Project Mars
Engineering Model8 and the Jet Propulsion Laboratory
(JPL) Lower Atmosphere Model I¢ for four surface tem-
peratures were considered. All of these atmospheric models
were developed for preliminary design purposes and do not
include the results of the 1969 Mariner flights. The at-
mospheric compositions, surface pressures, pressure differ-
ences across layers, surface temperatures, and the effective
sky temperatures are presented in Table 1.
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Application of the Line-Source
Technique for Vacuum Thermal
Conductivity Measurements

Lawrexce R. GrEENWOOD*
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HE space environment can alter the thermal and me-

chanical properties of engineering materials.! Properties
must be measured in the environment of interest (i.e., in situ)
to obtain valid results.? The necessity of making in situ
measurements of thermal conductivity in a variety of en-
vironments (e.g., vacuum, planetary atmospheres) led to an
evaluation of available techniques for this application. The
conventional techniques, such as the guarded hot plate and
comparator, are not well suited for environmental studies
because the large contact areas between a heater plate and
the sample could alter the interaction with the surrounding
environment. The line-source technique appears to be well
suited for making in situ measurements in a variety of en-
vironments, because the measuring apparatus is inside the
sample, and all surfaces are free to interact with the sur-
rounding environments. There are little data available,
however, on the accuracy of this technique, or on its use in
vacuum. This Note presents the results of a recent study
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Fig. 1 Line-source technique for measuring thermal
conductivity.

Presented as Paper 69-1013 at the ATAA/ASTM/IES 4th
Space Simulation Conference, Los Angeles, Calif., September
8-10, 1969; submitted September 29, 1969; revision received
November 10, 1969. :

* Head, Space Vacuum Laboratory Section. Associate ATAA.

AIT Professor, Mechanical Engineering Department. Member
AA.

VOL. 7, NO. 3

wherein 1) the accuracy of the line-source technique was
established for application to an ablative heat-shield material,
and 2) the technique was applied to make vacuum thermal
conductivity measurcments.

Line-Source Technique

A heater wire and thermocouple are placed inside the
sample as shown in Fig. 1. Application of the equation for
heat conduction with an instantaneous line-source leads to

K = [q/4m (0 — 0)]1In(ts — 1)/ (tx — to) ey

where K = thermal conductivity, ¢ = heat input, § = tem-
perature, ¢ = time after initiation of heat generation, and
ty = correction factor.

The assumptions necessary to solve the basic differential
equation of conduction to obtain Eq. (1) include: 1) a semi-
infinite heat sink (i.e., no change in the sample surface tem-
perature), 2) no heat loss at the sample ends, 3) a heat source
that is vanishingly small, and 4) an instantaneous heat input
at time zero. The integration of the basic differential equa~
tion results in a series solution, and to obtain Eg. (1) the
agsumption is made that r2/4at is very small, where r is the
radial distance from the center line of the sample to the point
where the temperature changes are measured, and e is the
thermal diffusivity. A detailed discussion of the assumptions
involved is given in Ref. 3.

In the experimental application of Eq. (1) to measure
thermal conductivity, the assumed conditions can ounly be
approximated, and departures from these initial assumptions
result in errors. When logt vs temperature (6) is plotted
for a line-source measurement, Eq. (1) indicates that the re-
sulting curve should be linear. However, since the assumed
conditions can only be approximated, a plot of the experi-
mental data will deviate from a straight line. Errors due
to assumption (1) can be made negligible by a proper combi-
nation of sample size and test time.

Van der Held and Van Drunen?® have shown that the error
due to assumptions can be eliminated by including the ¢
correction factor, a constant which must be determined ex-
perimentally for each sample. A number of researchers
have proposed methods of determining ¢, but all methods are
difficult to apply and introduce uncertainties into the thermal
conductivity calculations.

Since the value of 4 is independent of time, it is apparent
that the influence of £ on K becomes less as the test time in-
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