@ https://ntrs.nasa.gov/search.jsp?R=19700011109 2020-03-12T01:25:26+00:00Z

RO

:\} -

£
o
2
i

N70-20414

g ACCESSION NUMBER) /mm.n
B // Q GORE

£ // HAGESY 0 )
& - '
Yy )4 /J é @Q J
- 4 A
. % \ALTSA TR OR THX OR AD NUMBER) CATEGDRY)




RE-ORDER NO. 22 fu.

AN ANALYTICAL AND EXPERIMENTAL STUDY
OF HEAT TRANSFER IN A SIMULATED
MARTIAN ATMOSPHERE

Final Report

by

S. H., Chue, N. Hanus, E. R. F., Winter




AN ANALYTILCAL AND EXPERIMENTAL STUDY OF HEAT TRANSEFER

IN A SIMULATED MARTIAN ATMOSPINIRIE

I'inal Report

Submitted by

lleat Transfer Laboratory
School of Mechanical Engincering
Purdue University
Lafayette, Indiana

to

NAT[ONAL ALRONAUTICS AND SPACE ADMINISTRATION
Jet Propulsion Laboratory
Thermal Control Division
Pasadena, California

Period Covered: November 1, 1968 - October 15, 1969

Principal Investigator: E. R. I, Winter

Contracting Officer's Representative: Donald Ting

Contract Number: 952374 (sub NASA)

L —

Authors: S. H, Chue
N. Hanus
K. R, F, Winter

October 1969

This work was performed for the Jet Propulsion Laboratory,
California Institute of Technology, sponsored by the

National Acronautics and Space Aglministeation undeg
Contract NAS7-100,




ACKNOWLEDGMENT

The authors would like to express their sincerc
appreciation to Dr. li. R. G. Lckert of the University
of Minnecsota lor critically reviewing the [(inal manu-
script and oflfering many helpl.  suggestions,

Special thanks arc also duc to Jake Bradac,
Research Service Co., 985 Englewood Dr. in Minncapolis
for helping in the design and the skillful construction
of the cxperimental cquipment, and to Bud Goggia of
the Jet Propulsion Laboratory for his paticent assistance
in conducting thc cxperimental portion of this investi-

gation,

—




SN YR e 1

iv

PRECEDING PAGE BLANK NOT FILMED.

[,

Iv.

TABLL OF CONTENTS

LLIST OF ‘TABLES « o« « o .«
LIST OF FIGURES, .+ « .
NOMENCLATURE. v« « « « .

INTRODUCTION. . + .+ .+ .+ .

SURVEY OLF THERMAL AND TRANSPORT PROPERTIES

Ol WORKING ELUIDS . . . .

2.1 Theoretical Predictions of
Transport Properties . .
2.2 Experimental Correlations ol

Transposrt Properties of Purc Gases.,

2.3 Thermodynamic Propertics of Purc

Gascs o
2.4 lhcrmouynamlc Propcrtlos ol Gas
Mixtures . .+ .+ .+ .« . .

2.5 CGited References.

REVIEW OF FORCED CONVECTION HEAT 'TRANSEER

UNDER REDUCLED PRESSURES . . .

3.1 Flow Regimes .+ . . .+ .+ . .
3.2 Past investigations. . . . .
3.3 Solutions and Correlations for

Prediction of llcat Transfer . .
3.4 C(Cited References. « « v« .

EFFECT OF DIVFEFERENT MARTIAN ATMOSPHERIC

MODELS ON THE CONVECTIVE HEAT TRANSFER
COEFFICIENTS OF A SURFACE LANDER . .

Estimation of Boundary between
Continuvum and S1lip Flow . .

on lleat Transfer Coefficients
3 Concluding Remarks . . ., . .
4 Cited References., « .+ .+ .+ .

4.
4.2 liffccts of Martian Atmospheric Models
4.
4

Page
Vi
Vi

L Vil

0%

069

70

78
S1
83



VI.

VIT.

EXPERIMENTAL FACILITY AND TEST PROCEDURI

.

5 Experimental Facility
5.
5.

1

2 Test Procedures

3 (Cited Reference

RESUL'TS AND ANALYSIS . . . .
CONCLUSTONS AND RECOMMENDATIONS

Conclusions . . . . .

7.1
7.2 Reccommendations .

GENERAL REFERENCES.,

Pape
85
85
92
07
98
L1103

103
103

105




Table

2.1

2.2

vi

LIST OFF TABLES

Values of o and «/x Derived Irom Smoothed
Viscosity Data of CO, at Various Tempera-
tures, from Reference |7]) . . . . . .,

Page

Constants for Transport Property Calculations, 9

s o) %k

The Collision Integral a(22)® por the
LLennard-Jones (6-12) Potential, from
Reference [5) 0« T

Corrclation Constants for Viscositics

at Low Pressures . . . . o N

v
1

Corrclation Constants for Thermal: Conduc-
tivitics at lLow Pressurces

Mcan lree Path for Air . . . . . . .

Solutions for Stcady Incompressible
Planar Flows., . . .+ .+ + .« .+ .+ . .

Heat Transflcr Solutions for Incompressible
Planar Flows. . . . . .

Investigations on Cross Flow over a Cylinder
Investigations on llow over a Sphere. .
Martian Atmosphecric Models . . . . . .

Heat Transfer Cocefficients for Various
Martian Atmospheric Models . . . . . .

Experimental Results . . . . . . . .

22

22

29

37
44
45
71

82

99

— s




Figure
5.1

5.2

5.3b

5.4a
5.4b

vii

LIST OF FIGURLS

Page
JPL Low-Density Wind Tunncl Chamber. . . . 80
Schematic Diagram of Low-Density Wing
Tunncl at Jet Propulsion Laboratory, _
Pasadena. .+« . . o . ... 0. . 8O

Photograph of rlat Plate . . . . . . . 87

Schematic Cross-Section Diagram of
Flat Plate . . . . .+ . . .+ . . . ., 87

Photograph ol Cylinder Spccimen . , ., . . 88
Schematic Diagram of Cylinder Cross-Scction . 88
Wind Tunnetl Test Facility . . . . . . . 4l
Graph of hyyp vs. hegpp for Cylinder . o 100

Graph of hexp vs. hegpp for Flat Plate. . 100




k"

L

viii

NOMENCLATURE

thermal diffisuvity

surlace arca

skin friction cocfflicicent

speciliic heat at constant volume

specific heat at constant pressurc

molar hecat capacity at constant volume

molar hecat capacity at constant pressure

diamecter of cylinder or sphere

energy [Tux

hcat transfer coelficient; also enthalpy

thermal conductivity of a pas

monatomic or translational thermal conduc-
tivity of a polyatomic gas

"internal'" thermal conductivity of a poly-
atomic gas

characteristic dimension

molccular weight

pressurc or normal momentum flux

heat input

heat losses

wall heat (lux

heat flow rate




h il

y

) X

recovery lactor

modilicd rccovery factor

universal gas constant

speed ratio

temperature

critical temperature

reduced temperature

strecamwisc velocity component

latcral velocity component; specific volume
strcamwisce distance coordinatce

lateral distance coordinatc

Greek symbols

n

accommodation cocfficient

denotes viscosity or thermal conductivity
in Keyes' correlation

specific hecat ratio

boundary laycr thickness

eddy diffisivity: € of momentum; Ll of
heat; also denotes depth of potential
well or the maximum encrgy of attraction
hetween a pair of molecules

Boltzmann's constant

mcan free path

dynamic viscosity

fluid density
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callision diameter or reflection coefflicient
fanpgeptial momentum {lux

calaision integral invelving two molecules

Supscripts

aw

exp

mix

()

adiabacic wrli value

cxperikenyei vitae

vilues of the noident streon

mixoiere

ar zero pressiarc; 1t standard atmospheric
condit.ons; «»rd also denotes gas proper-
gios at the «a11 in slip flow

surface valuc

valucs of the reflected strcam, rcference
value

wall value

mean valuc

frece strecam value

local circumferential value at position making

an angle 0 with the frec strcam

Dimensionless Numbers

Kn
M

Nu
Pr
Re

Knudscn number
Mach number

Nussclt number
Prandtl number

Reynolds number




St

St

Xi

Stanton number

modified Stanton number
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I.  INTRODUCTION

During the coming space flights to Mars, thermal
design and thermal control will be essential to the
success of the mission. The Mar;ian surface lander
could conceivably be cxposed to ambicent temperatures
from -180°F to 100°F, and wind velocitics up to 250 fps.
The surface atmospheric pressurc has been estimated in
the ncighborhood of 6 millibars and carbon dioxide is
belicved to be the major constituent present.  The low
pressure existing on thc Martian surfacc lends itself
to speculations as to the validity of continuum flow
heat transfer corrclations as well as thc manner in
which the transport properties vary under such conditions.

Before an analysis could be performcd the above
speculations must be clcared up, though unfortunately
still not in an absolutecly positive manncr in onc respect.
1t is shown that thc éxperimcntal results of Johnston
ct al.®*, usually cited to.support the argument that the
transport properties are functions of pressurc below
about 0.1 atm (or approximately IOQ millibars), could

be used as the basis for a tentative flow regime

® See Section 2.5




classification. 'The agreement of this classilication
scheme with other schemes proposcd on direct experimen-
tal basis, c.g. thosc of Schaaf and Chambre** and Stalder,
Goodwin and Crcager**, might scrve to indicate that thesce
data had been previously misinterprceted. On this basis
it is henristically concluded that thc bulk transport
properties —~emain at values predicted by the kinctic
thcory while low prcssure phenomcnon due to slight
rarefactiun could be adequately accounted for by classi-
cal slip (low analysis.

The flow regime criterion indicates the occurrence
of continuum flow over bodies having sizes of practical
importance on the Martian surface. Only laminar flow is
cxpected to exist since the Reynolds numbers arc small
as a rcsult of low gas densities,

Measurements of forced convection hcat transfer
from simply shaped objects in a simulated Martian atmos-
phere were performed to further evaluate the recliability
of the establishcd solutions and corrclations when uscd
under reduced pressurcs. These cxperiments were con-
ducted in a low density wind tunnel. Average film heat
transfer cocefficicnts were measured for a flat plate
and a cylinder under various pressures and wind veloci-
ties in gas mixturcs supposedly prescnt in the Martian

atmosphere.  The models were electrically heated and

#% Sce Scction 3.4




fully instrumented so that radiation and conduction
losses could be accounted for. The steady state power
input was monitorcd for computing these cocelficients.
Transport property values for calculating the dimen-
sionless paramcters were determincd using the Chapman-
nskog thcory. Free stream propertics were uscd for
calculating the hcat transfer coceflflicients for the (lat
plate; while propertics cvaluated at the (ilm tempera-
turc were employed for calculating the overall heat
transfer cocfficients for the cylinder, as suppested
by the originators ol the correlations. A maximum
deviation of 10 pcrcent was found between the experi-
mental data and the values computed (rom the PPohlhauscn
solution for the flat plate and thc corrclations for the

cylinder.

In keeping with common practice, two systems of units
will be used in this report. The cgs system is used
for the transport and thermal properties while the
British Engineering system is used for the heat trans-
fer coefficient and several other related parameters.
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II. SURVEY OF THERMAL AND TRANSPORT PROPERTIES
OF WORKING FLUIDS

The present litcerature survey on thermal and trans-
port propertics has been conducted within the scope of
the present investigation. Thus, the objective is not
to producce an extensive review of what has been done in
these ficlds. Only interpolation, cxtrapolation and
mixing methods which could be uscd with rclative casc
have been included. The relative accuracy of the various
methods are compared, so that a rcasonable choice can be

made by the user.

2.1 Theoretical Predictions of Trunsport Properties

2.1.1 Single Component Systems

2.1.1.1 Viscosity

Theoretical calculations of the viscosity of gasces
from kinetic thcory have so far met only with limited
success in spite of thc amount of cffort in that dircc-

tion. This is beccausc the calculation of viscosity must

‘'make use of a molecular model for the gas which requires

that certain potential parameters be known. Thus far,

these potential parameters cannot be calculated from
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first principles (c.g. rom quantum mechanical methods)
cxcept for a very few simple cases.  For all practical
purposes, these potential parameters arc obtained by
fitting an assumcd functional form of the potential
function to the expcrimental data. As it turns out, the
most rcliablc potential parametcers known at the prescent
arc obtainced from nonc but the viscosity data themselves,

Other complications arise from the fact that for
rcasons of simplicity the potential functions used in
transport property computations arc spherically sym-
metric, such as the lLennard-Jones potential viich is by
far the most widely used. In rcality many molecular
species do not have this form of symmetry. Strictly
speaking, only monatomic gases have truly spherically
symmetric potentials., Potential functions of molecules
having an appreciable dipole-moment, the so-called polar
molecules, are clearly angular dependent. LEvcen non;po]ar
species, such as carbon dioxide, may deviate substan-
tially from idcal spherical behavior. In the casc of
carbon dioxide, the deviation is duc to molccular com-
plexity, as the carbon dioxide molecule posscsses a
permanent quadrupole structure.

Another difficulty in using thcoretical relations

‘for computing the transport propertics lies in the fact

that the potential parameters are not universal constants.

Keyes [8) has clearly demonstrated this for the
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Lennard-Jones potential.  His results are reproduced in
Table 2.1, just to give an idea ol the variations cxpec
ted cven when the data used overlap cach other. ‘The
Lennard-Jones potential has only two adjustable param-
cters, o and e¢/k, (these will be defined later when the
thecoretical calculations are discusscd in detail) and
thercfore rcquircs only two experimental rcadings at two
different temperaturcs to completely specify them., The
trend, which can casily be verificd by comparing compila-
tions of thesc paramcters by diffecrent authors, is that
as o incrcases ¢/x decrecases. llowever, the rclationship
governing the variation of o and «/x is not known, and
all that can be donec is to hope that aifferent pairs of
values quoted by different authors would predict trans-
port values within a reasonable deviation from the true
values. A comparison of the potential paramcters for
polar gascs determined from the averaged Stockmeyer
polar potential and thc non-polar Lcﬁnard-Jones poten-
tial, as given in page 267 of refercnce [13] also illus-
trates a similar trend of variations between o and e€/«k.
Furthermorc, thec actual numerical values given hy the
two potential functions are not vastly diffcrent (rom
each other. Thus, cven [or polar gases, thcre is no
advantage in using other more complicated potential

functions.
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Table 2.1 Valucs of o and ¢/v Derived from Smoothed
Viscesity Data of €O, at Various Temperatures,
from rclerence |8].

g x 10° o ’/K_- i;mpcruturcs at whfgg“
Data were Taken .
3.955 196.1 273, 373
3.938 202.8 373, 473
3.909 212.2 173, 573
3.874 224.8 573, 673
3.850 235.4 673, 773

The Chapman-linskog theory to be discussed below is
based on the classical particle-particle collision model,
and includes no quantum c(fects on the particle behavior.

It has been shown, secc reference [6] Chapter 10, that

these results require modification in the temperature

range below 100 K. This is outside the temperature range
of the present investigation, which lies roughly between,

170 to 320 K.

Estimation of Gas Viscosity. Thcorctical models
arc undoubtedly welcome for interpolating or cxtrapolat-
ing beyond the temperaturc range of the existing cxperi-

mental data. Though various empirical correlations can

|jprofitably be used for interpolation, their validity

in cxtrapolation cspecially far beyond the range of

experimental data is often doubtful. The only theorctical

A

g



- Boltzmann constant (1.38 x 10

mcthod discussed here is that based on the Chapman-
inskog thcory of low density gases,

In the first approximation the Chapman-knskeg
theory gives the following expression lor the viscosity

of a pure dilutc gas:

. T
p x 10 2.6693 OTT?,??

where
y = viscosity in poisc or g/cm-s
M = molccular weight
T = absolutce temperaturc, in K
6 = collision diametcr, in R
and 9(2’2)* = collision integral involving two molcculces

The collision integral is a slowly varying function
of the dimensionless temperaturc x1/+, in which ¢ is the
'¢ org/K) and . represents
the depth of the potential "well' or the maximum cnergy
of attraction betwcen a pair of molecules. The two

paramctcers ¢ and t« arc rclated through the Lennard-Jones

potcntial

o =) (]

hence, they arc commonly referred to as potential param-
eters. Selected values of o and €/, for various gases
rclated to this particular study, arc given in Table 2.2.

Valucs from different sources arc quoted, and it should

4
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Table 2.2 tConstants for Transport Property Calculations
y

Gas Molc"culur o, A /e, K Expt. Temp. f
Weight Range, K

Argon 39,94 3.421§ 119,54

3.418 124. b

3.54 C 79, € 190-1850
€O 44,01 3.9523 200, a

3.996b 190, b

3.94 € 195, ¢ 270-1680 ;
N 28.02 3.6813 91,54

3.681b 91.5b

3.80 C 71. ¢ 130-1700
Air 28.97 3.6893 84 a

3.617b 97 b

3.7 ¢ 79 ¢ 190-1850

4 from reference |[2]
from reference [6]
€ from refercence [13]

be noted that the data trend reported carlier holds for
most cases. Also to be noted is the extent of deviation -
in these values. In most instances, thc temperature
range of the data is not reported. It is cxpected that
the wider the temperaturce range of the caperimental data
the more reliably can the parameters be established, and
the morc rcoliable is their use for extrapolation. More

extensive tabulations of these parameters arc widely

quoted in the litcraturce, and will not be repeatced here.
Notc that the kinctic theory model predicts that

the viscosity of a gas should be independent of pressure,

~
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This gencrally agreces well with experimental data up to
about 10 atmosphcres. At higher pressurces, as the
kinctic theory assumptions become poorer and poorer,
the viscosity incrcascs rapidly with pressure, especially
at low temperaturcs. Since this is outside the scope of
the present investigation, this so-called "dense-ga
correction” will not be pursued further, On the other
hand, at pressures below 0.1 atmosphere, the apparent
viscosity obscrved in laboratory size viscosimeters
decrcasces with decrcasing pressure |7]. llowever, this
decrcasc does not invalidate the kinctic thcory predic-
tion and can bhe attributed to the cffect of siip of the
molccules on the surface. Because ol thei: small size,
slip occurs much carlicr in viscosimeters than in most
applications. As slip is essentially a boundary phcnome-
non, the bulk viscosity of the fluid is ecxpected to
remain unchanged at its nominal valuc., It probably will
not be until the incipience of near free molecule flow
that th. bulk viscosity becomes significantly different
from the nominal valuc. Under extremely rarefied condi-
tions, the ordinary concept of viscosity looses its
significance since now there is no velocity gradient in
the gas.

Viscosity is not influenced by the internal degrces
of frccdom of the molccules since the momentum cxchange

mainly concerns the translational kinctic cnergy. Thus,

¢ ————
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the Chapmun-Linskog formula has been found to hold remark-
ably well for polyatomic gases.
To lacilitate easc of reflerence, the collision

2,7)%

intecgral Q( has becen repreduced from reference (6.

This is given in Table 2.3.

2.1.1.2 Thermal Conductivity

Introduction. Much said in the introduction to the

precceding scction on Viscosity is truc also for the
thermal conductivity. In addition, howcver, the situa-

tioa is furthey complicated by the fact that cnergy can

+

also be carricd in the internal degrees of frecedom of
polyatomic mulccules.

Lstimation of Thermal Conductivity of Gascs at Low

T TR AR S RIS g oo

@ Densities. The Chapman-Enskog formula for the thcrmal

conductivity of a monatomic gas at low density, in first

app.oximation, is

' v o_ /T/M
k x 10 1.9891 02 Qm—f

where k = monatomic or translational thermal conduc-
| tivity, in cal/cm-s-K
and other symbols are the same as defined for viscosity.
The same potcntial parameters as tabulated in Table 2.2
are uscd for calculating k'.
",

An important result, predicted by rigorous kinctic

theory relating p and k' is as follows:




Table

LLennard-Jones (6-12) Potential,

2.3

The Collision Integral

12

&

from Reference |6

»2)*

for thce

<t Wt NORE
3 . L

0.30 2.785 2.7 1.0069

0.35 2,628 2.8 1.058

0.40 2.492 2.9 1.048

0.45 2.368 3.0 1.039

0.50 2.257 3.1 1.030

0.55 2.150 3.2 1.022

0.60 2.005 3.3 1.014

0.65 1.982 3.4 1.007

0.70 1.908 3.5 0.9999
0.75 1.841 3.6 0.9932
0.80 1.780 3.7 0.9870
0.85 1,725 3.8 0.9811
0.90 1.675 3.9 0.9755
0.95 1.629 4.0 0.9700
1.00 1.587 4.1 0.9649
1.05 1.549 4,2 0.9600
1.10 1.514 4.3 0.9553
1.15 1.482 4.4 0.9507
1.20 1.452 4.5 0.9464
1.25 1.424 4.6 0.9422
1.30 1.399 4.7 0.9382
1.35 1.375 4.8 0.9343
1.40 1.353 4.9 0.9305
1.45 1,333 5 0.9269
1.50 1.314 6 0.8963
1.55 1.296 7 0.8727
1.60 1.279 8 0.8538
1.65 1.264 9 0.8379
1.70 1.248 10 0.8242
1.75 1.234 20 0.7432
1.80 1.221 30 0.7005
1.85 1.209 40 0.6718
1.90 1.197 50 0.6504
1.95 1.186 60 0.6335
2.90 1.175 70 0.6194
2.10 1.156 80 0.6076
2.20 1.138 90 0.5973
2.30 1.122 100 0.5882
2.40 1.107 200 0.5320
2.50 1.093 300 0.5016
2,00 1.081 400 0.4811

3
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where R = universal gas constant (1.987 cal/mole-K).
In polyatomic gases additional hcat is conducted
by mcans of thc internal degrces of (rcedom and a cor-
rcction to the monatomic value is nccessary to predict
the thermal conductivity of polyatomic gases,
Various corrcctions have been proposcd. Only two
simple practical corrcction procedures will he Jiscussed
below. The lirst mcthod is duc to Lucken, which can be

cxpressed in any of the lollowing forms:

“p, 5) pu
Pr = 1
or
k _ 1 4 C
U S

The other is a so-called Eucken-type correction due
to Hirschfelder [5], which also can bc expressed in

similar forms:

C u

kK = [1.328 1? + 0.431] R &
_ 0.753 . .
Pr - 1 + N p

or

c
El‘- = 0.115 + 0.354 ¢



14

Note that these corrcgtions actually allow the
thermal conductivity to be computed from knowledge of
the viscosity alonce. The modificd Eucken correction of
Hirschfclder had been put onto a (irm thecorctical basis
by Mason and Monchick [9], who obtained this as a first
approximation to their rigorous thecory. At high tem-
peraturcs thce claborate theory differs little from the
simple modificd Eucken correction. Illowever, at low tem-
peraturcs the rigorous theory leads to better agrcement
with experimental data. For practical applications, the
rigorous theory is rather cumbersomc. Thus, based on
experimental obscrvations, the procedurc below is rccom-
mended. For temperatures above room temperature, the
Hirschfelder cquations are to be used, whercas at room
temperature and below, the Eucken correction is to be
used:* to be more definitive, we may choose T = 40 C
as the dividing tcmperature.

Values of Cp/R required for making the corrcction
can be obtainced f(rom rcfcrence [4].

The Eacken correction can lcad to cerrors in k on
the order of 10%., For the temperaturce ol intcrest, the
Hirschfclder modification is expected to bhe cven poorer.

If such errors arc unacceptable, the Bromley cor-

. e . . by . . .
“rection can be used. This is discusscd in detail in

* (Corrcction procedure derived from the following expres-

sion given in Relcerence [9]: "At room tempcraturcs
and beclow, the modificd expression is usually poorer
than the simple Bucken correction..."

B -



reference [11). As the gas of interest, mainly CO, and
N2, have linear molccules, only the part rclated to such

molccules is given below:

k = [1.32 ¢, + 3.40 - OTZO b
where h = thermal conductivity at low pressure,
in cal/(s)(cm) (K)
1 = viscosity, in poiscs
Cy = molar heat capacity at constant volume,
in cal/(g-mol) (K)
I, = reduced temperature, 1T/T.

Tc = critical temperature

molecular weight

and M

This relation is not too cumbersome to use. The
required critical temperatures of CO, and N, arc given
below.

O, N, Air

K 3042 126.2  132.0

2.1.2 Multicomponent Systems
.Various mixing rules have been proposed for evaluat-
ing the transport propecrties of a gascous mixturc. Illow-
ever, many of thesc arc restricted to binary mixturcs
yonly and their extension to systems having more than two
“components becomes almost prohibitively involved. Thus,

in the pfesent review, only those methods of reasonable
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complexity and involving paramcters that arce recadily

available arc reported.

2.1.2.1 Mixing Rule for Viscosity

The mixing rule for viscosity given below is due

to Wilke [14]

= r} xi“] -
Mmix j=, D
.
J-Z, Xj i
M.|-3 wold (MUY
1 i| ? il "
where $.. = = [l + [1 + [-] [L
i 8 M. . M.
. j " i
in which n = number of specics in the mixture
Xi» Xj = molc fractions of species i and j
My “j = viscosities of spccics i and j at
system pressure and tcmperature
Mi’ Mj = molecular weights of spccies 1 and j

This method has been found to predict valucs of

H within an avecrage deviation of about 2% of the

mix
measured values,

A useful rclation for computing the ¢ij values is

H.! (M.
= =L 1
TR [“i [“.?

1

2.1.2.2 Mixing Rules for Thermal Conductivity

The thermal conductivity of gas mixtures at low

densities may be estimated by the Wilke Method

[N

o
i g arow P
§Uen T e
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K -y Xiki
mix = ?
. ¢
jélXJ 1)
!
( M.W'l - (u V1 f}d 172 %
_ 1 1 2 ]? __l‘;
where ¢ij =31 * 1+ | e Z
JJ = \ JJ ;] g
( -1 r (k') L (M. )172 ‘
= 1 1 + Mi_ ’ 1 + ki ’ ’il.l * %
8 M. k7 M-
iboL J J
in which
k;, kj = moniatomic conductivity of species i and

j at system pressurce and temperature.
others are as dcfincd above.

Note that the vi.cosity ratio or the monatomic
conductivity ratio of the gas components arc becing uscd
in computing the function ¢ij'

This mcthod is reported to predict values of kmix
with an average deviation of a.out 4% of the mecasured
values for mixturcs of non-polar polyatomic gascs,
including CH,, 0,, N,, C,ll, and CO.

The accuracy of the predictions can he improved
by a modified form of thc Wilke formula, which was

derived by Mason and Saxena [10] from rigorous kinetic

theory by means of well-defined approximations. Agrce-

“ment is reported to be ncarly as goodas obtained with

the Mull rigorous theory., This is
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3 ks
mix L n x.
T+ 1065 ) Lol
j=1 X J
j#i
The ¢ij functions used here arc the same as thosc

uscd with the Wilke flormula.,

In both the above methods, the viscosity data should
be usced when available. [f these arc unavailable, k'
values cuan bc obtainced from measurcd component k values

by use of the Eucken-type factor.
k' = k/E

The relations used for computing L depend on the tempcera-
ture range,
An extremecly simple mixing rule applicable to non-

polar gases is duc to Brokaw [1]). This is

k . = O.S[k

+ k
mix sm ™m

where kS and krm arc the conductivities based on simple

m
and reciprocal mixing

ksm =1 xiki

and
| 1=in
' Krm i
The accuracy is generally poorer than Wilke's
formula.
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A more satisfactory mcethod involves the division of
the thermal conductivity of the miaxturc of polyatomic

gases into two portions [2]:

k .o o= k!

. v + k"
mix mix

mix
Here k' represents the monatomic conductivity, as hefore,

whereas k' represents the "internal" conductivity.

The formula used for computing kﬁix is given as
1
o f ki
mix . & n X
B B
j=1 J Xi
j#i

[Mi-Mj][Mi- 0.142 Mj]
[Mi + Mj]z

j functions are the same as defined previously.

This formula of course can be used for computing

where wij = °ij{1 + 2,41
Here the ¢i

' -
mix

of a monatomic gascous mixturc, though such cases
seldom arise in practice. The accuracy scems to be
slightly better than the Mason-Saxena method, which is
equivalent to writing

yij = 1,005 ¢ij

The formula for computing ;ix is the same as the

Wilke formula, i.e.
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=
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-
=
+

M AT =

n
Knix = .Z

> LX
| ol .
>

Xy

J
j#i
where kg are the internal conductivities of the pure
gaseous components. If experimental conductivities of
cach gas are known, then the k" values arc best obtained
as the difference between exparimental and monatomic
conductivities computced with the Chapman-Enskog theory.

If not, k has to be obtained by extrapolation using the

same formula.

2.2 Experimental Correlation of Transport

Properties of Pure Gases

Interpolation of transport properties by means of
the Chapman-Enskog formula is a rather complicated pro-
cedure. For this purpose, some empirical correlations
would no doubt reduce a substantial amount of computa-
tion time. One further advantage offered by the existing
correlations is that a single equation, of the three-
constant Sutherland type, has been found to correlate
successively both the viscosity and thermal conductivity
data for a wide variety of gases, including highly polar

gases such as steam. This equation is of the form

1053. = AT
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where By viscosity, in poise; or thermal conduc-
tivity, in cal/cm-s-K, at zero pressure.
A,B,C = appropriate constants

T

absolute temperature (K)

The values of the constants A, B, and C are widely
scattered in the literature. For this reason, they are
tabulated for all the gases which have been come across,
in the course of this work, and not merely for the three
gases of interest. These are given in Tables 2.4 and
2.5, In all cases, the constants that are believed to
be most up tn date are used.

These correlation formulas are valid only at low
pressures. The pressure effects arc not significant :
within the scope of the present investigation and they
are not reported.

In general, correlation formulas are not used for
gaseous mixtures since even a binary mixture could have
an infinite number of compositions. Any of the mixing
rules listed earlier can be used to find the transport
properties of the required mixture.

All the correlations presented in Tables 2.4 and
2.5 were taken from various publications of Keyes in

the Trans. ASME during the period 1950 through 1955,
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Table 2.4 Corrclation Constants for Viscositics
at lLow Pressure

Gascs A B C Temp.
Range, K
A 2.173 218.4 14 55- 273
1.910 136.6 0 180-1873
He 0.848 1.593 0 1,64- 20
log(]Osu) = 1,722 + 0.6268 log T 20- 140
1.805 251.0 50 140- 373
Ne 1.975 37.7 0 80- 160
2.356 98.9 18 169- 370
log(10%uy) = -0.0705 + 0.636 log T 370-1100
H, 0.623 70.8 17.7 90- 551
Q, 1.739 142.0 5.0 90- 373
N, 1.418 116.4 5.0 90-1695
/
Air 1.488 122.1 5.0 90- 1835
Cco 1.495 143.2 6.0 80- 549
COo., 1.554 246.0 3.0 198-1686
H,0 1.501 446.8 0 373- 873

Table 2.5 Correlation Constants for Thermal

-

Conductivities at Low Pressure

Al

Gases A B ¢ Temp.
Rangc, K
A 0.384 178.8 8.6 90-620
lc 2.35 43.5 10 15-375
Kr 0.225 240. 12 130-580
Ne 0.83 70.5 10 90-579
Xe 0.154 378. 2% 155-273
H, 3.76 166. 10 90-595
0, 0.606 206.2 6 86-373
N, 0.615 235.5 12 90-823
Air 0.632 245, 1 90-584
co 0.586 218.0 7.8 90-375
co, 3.333 4433 10 190-592
H,0 1.546 1737.3 12 373-823
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2.3 Thermodynamic Propertics of Purc Gascs

The pertincent thermodynamic propertics required in
the prediction of heat transfer arce the specilic heat
at constant pressurc and thc density

Empirical cquations have becen established for
specific and molar hecats at various pressures and tem-
peratures. Such a collection of cquations has bheen
given, for instancec, in "Empirical Specific leat Lqua-
tion Based upon Spectroscopic Data," by R. L. Sweigert
and M. W. Bcardsley, Georgia School of Tcchnology lngi-
neering Expcrimental Station, Bulletin No. 2, 1938,
which has becen reproduced in part in [3, 12]. To be
able to intcrpolatc between these pressurces, the {cllow- §

ing thermodynamic relation has to be used
P 3%v
Cp - C, = - I T( ] dp
P P, Pr aT2 p T

This requires the availability of the p-v-T data in the
range considered. However, the prescnce of p-v-T data
alone is sufficient for deriving the specific heat at

all other pressures if the values at a common referecnce
pressure, say at zero pressure, are known, The experi-

mental values may then be used merely as a check of the

}
numerical process. The procedure for obtaining the
values at any pressure other than the refercnce value

is therefore very cumbersome. It is best obtained (rom
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tabulated data, such as from reference |[4]. Owing to
the low pressurc cxisting in the Martian atmosphere,
the spceciflic heat values would not deviate very much
from the zcro pressurce reference values,

The density ratio, p/p where Py 18 the density

0°?
at standard conditions (273.16 K and 1 atm) can be
predicted with sufficient accuracy with the idecal gas

rclation:

- To

P P
b, Py T

From reference [4], the crror is scen to be within |

part in ten thousand down to tempcraturcs of about 200 K.

The value for p, for the working gases arc quoted hclow
Po Air Argon Co, N,

g/cm 1.2930 x10° 1.78377x10° 1.9770x10° 1.25046x10°
1b/in® 4.67143x10° 6.44432x10° 7.1424x10° 4,51760x10°°
1b/ft® 8.07223 107 0.111358 0.12342 7.80641 107

2.4 Thermodynamic Properties of Gas Mixtures

Since the densitics of the gascs under operational
conditions arc very low rclative to thc critical density
of any of the components, the Gibbs-Dalton law is expecc-
th to hold very well. Thus, the various thermodynamic
;roperties of the mixture could be computed from the

following relations:

P o

e
PR
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cp . ]
mix mix i

where W.l = mass fraction

Molar specilic hcats

Cpmix (or CVmix] g Xi Cpi [or Cvi]

where X; = molc or volume fraction

Molecular weight
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I[1T. REVIEW OF FORCED CONVECTION HEAT TRANSFLER
UNDER REDUCED PRESSURES

The present survey of convective heat transfer
under reduced pressurce is divided into three scctions,
The first scction concerns the classiflication ol the
flow situation into various regimes depending on the
degree of rarcefaction., The sccond gives a review of
the existing solutions in the diffcrent regimes., Only
cxternal flow solutions are reportced. Solutions obtained i
with simplifying assumptions such as thosc applied spc-
cifically to liquid mectals have becn cxcluded, since !
these obviously lic outside the scope of the prescent
investigation. Dctailed procedurcs (or obtaining thesc
solutions arc not reported as it is ﬁot the purposc of
this survey to repcat unnccessarily any of this material,
which can be obtained cither from standard sources or
from the speciflic references listed in the bibliography.

The last scction reports cxisting solutions and corrcla-
tions for predicting hecat transfer for the special cases
of flow over a flat plate, a cylindqr and a sphere.

However, the listing is not meant té be exhaustive. In

the continuum regime, the analogy between fluid friction

and heat transfer has been used extensively, especially
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in turbulent flows. Therefore, in this regime, the

(luid friction corrclations arc also reported.

3.1 JFlow Regimes

It is well known that the degree of rarcfaction of
a gas influcences the flow and heat transfer characteris-
tics ol the gas to a surface. For the purposc of clas-
sifaction, we distinguish four different regimes depend-
ing on the ratio of the mecan free path A ol the gas
molccules to the characteristic dimension I of the [low
system. This corresponds to ordinary (continuum),
slightly rarcfied (slip), moderatecly rarcfied (transi-
tion) and highly rarcfied (free molecule) situations.

The mecan free path is related to the viscosity of

the gas by the cquation

u = 0.5 pui (1)

Here, u is the average velocity for the molccules having

a Maxwellian distribution, given by

i-/% T - //E; a’ (2)

where R = gas constant

Y ratio of specific heats

a acoustic velocity at tqmpcrnturc T.

Substitution of lq. (2) into (L) gives

A
A = 1.255 /% (;j (3)
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which can be put into the following form

A[Jll = 1.255 _Eiz (4)
Po /ﬁ polo

where the subscript 'e' denotes quantitics at standard
atmospheric conditions. lor air, on substituting the
rclevant values, lig. (4) becomes

A[—B—] = 3.3865 x 10°7 (“—l /it
P Hy

0
where ) is now in ¢m and T in centigrade degrees.,

The quantity A[#%] is t.ubulated in Table 3.1, from
which it is secn that at ordinary pressures, the mcan
frce path is truly negligible in comnpdrison with any
characteristic length that may occur in gas dynamics

and convection problcms.

Tabliec 3.1 Mcan Free Path for Air

Temperature, K A l%] x 10%, cm.,

150 2.63
200 3.92
250 5.28
300 6.68
350 8.10
400 9.55

The parameter used to characterize the flow regimes
as defined earlier is usually known as the Knudsen num-

ber. Making use of Eq. (3), it can be written as

i
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Continuum FFlow

M

—— < 0.01 for Re »>» 1

YRe

M. 0.01 for Re < 1

Re

Slip Flow
M .
0.01 - < 0.1 for Re »-» 1

/RC ¢
M

0.01 - - < 0.1 for Re - |
Re

Transition I'low

0.1<%<3

Free Molcculec Flow

lHlowever, it should be realized that the above cri-
teria is only approximate as only at low spceds is the
mean frce path esscntially constant over the (low domain
and thus the abovce ratios are well defined. Lven under
such conditions, the lack of precision in the definition
ol thesc boundaries is apparent, sincce the same order of
magnitude is used for the regime boundaries defined by
both M/Re and M/YRe. At high speeds, A is probably to
be evaluated at wall conditions--and also § now depends
on M, the local heat transfer condit&bns, and the posi-
tion on the body as well as on Re. Thus, care must be
exercised in evaluating the Knudsen number criteria with

respect to the particular phenomenon of interest.
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3.2 DPast Investigations

In this scction, the diffcrent methods employed in
solving the problems in cach regime arc outlined. [Past
investigations of forced convection heat transfer {rom

bodics immersed in an external stream arc summarized.,

3.2.1 Continuum Regime

Of all the four (low regimes mentioned in Scection
1, this is thc most wecll developed, perhaps becausc this
corresponds to ordinary surrounding conditions. Interest
in this has been shown since the time of Newton. To
date, the most complcte formulation of continuum flow
mechanics is found in the Navier-Stokes cquations. Even
for two-dimensional or axisymmetric (lows, the solution
of thc Navicr-Stokes cquations is still exceedingly com-
plicated. Thus far very few exact solutions have been
obtained and most of these are for very Simplc flow con-
figurations such that most of thc terms in the equations
drop out. Even with the help of high spced computers,
not many numecrical solutions of thc Navier-Stokes cqua-
tions have been r;portcd; as this is still a timec con-
suming and costly matter.

Fortunatcly, most of the common fluids have very

! OWTTRT
L‘_\,g}

small viscositics and consequently the Reynolds number

-
¢

is very large. Realizing this, Prandil was able to

achicve a far reaching simplification, resulting in the
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(* well-known Boundary Layer cquations. lor two-dimensional,
laminar, cxtcrnal flows, thc momentum cquations for a

fluid having constant propertics arc

au ou oul _ _ op 27u
P {“)T A TV oy ax v uyT (6)
and
IPp .
, Ty 0 (7)

The problem is completely determined together with

the continuity cquation, given by

Ju v _
ox *uy 0 (8)

-
kY

and the appropriatc houndary conditions as well as the
cxternal pressurc gradient in the strcamwisce direction.
This is so beccausc the pressure ccasces to he an unknown
quantity under the bouadary layer assumptions, being now
given by the free strcam Bernoulli cquation

gg *opuy, %E? =0 (9)

The above cquations have been cxtensively investi-
gated for thc stcady planar situation. There arc
tabulated in Table 3.2,

Heat transfer betwecen the fluid and the wall occurs
when the temperature in the fluid is different from that
of the body. In order to predict the hecat transfer, we
need an additional thcrmal energy equation. Subjcct to

the same constant property assumption, this is,

-
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Table 3.2

Solutions for Stcady Incompressible Planar I'lows

Casc Treatced Investigator Reference

I'lat plate 8lasius NACA 'TM 1256, Z. Math.
Phys., 56, 1908, p. 1

wedge flow:
u, (x) = Cx" lFalkner-Skan Phil, Mag 12, 1931,
p. 805 ARC T H M 1314,
1930

Hartrece Proc. Cambr. Phil.
Soc., 33, Part 11,
Y037, p. 223

I'low with

u,(x) = uy-ax" nowari: I’roc. Roy. Soc.,
L.ondon, A 164, 1938,
p. 547
Tani J. Phys. Soc., .Japan,
4, 1949, pp. 149-154,
Back flow Stewartson Proc. Cambr. Phil.
Soc., 50, 1954, p.
454.
2T ot 32T sul?
pCp (U 5 * VY U;] k 3y7 + “[5?] (10)

The viscous dissipgtion term can bc important for
high Prandtl number fluids cven at modcrate spceds. lor
fluids of Prandt]l numbers on the order of onc, however,
the velocity must rcach the acoustic speed before this
term becomes important. Thus for ordinary situations,

this term can hc neglected, and Eq. (10) rcduces to
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puﬁ+vka7— (11)

. 9T 3T 2’T
pC 372

The system of cquations including hcat transfer
have also been extensively investigated. Thesce are
tabulated in Tablc 3.3,

When the llow is turbulent, both the Navier-Stokes
and the energy cquations remain valid if the instantanc-
ous pressure, temperaturce and velocity components are
uscd. lHowcver, a solution in terms of the instantancous
valucs docs not have direct application and morcover,
this is beyond the present state of the art. The
present proccdurce is to time average the cquations.,
After some further simplifying assumptions the result-
ing time-averagcd boundary layer cquations rctain only
onc doublec correlation term cach. Following Bossinecsq,

these double corrclation terms can be related to the

gradients of thc mcan quantities

VT ou
u'v? am 57
e . oT
- ;TT' C‘,. W

Substitution of thcsc relations into the time averaged
equations reduces them to forms similar to those of (6) and
(11). Only row the terms involying the molecular effects
in the momentum and energy equations in laminar flow are
replaced by F%[(" + pc.}%%] and 5%[(k'0 pcpch)%§] respectively.
Even though the form of the equations remainsessentially unchanged

P e

T e

-
T
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their solutions become extremely complicated. For the
momentum cquation alonc, over sixty numerical techniques
have been reported for its solution, though the myriad
of solutions does not all make usc of Bossinesq's con-
cept, which is by far the most commonly uscd. That so
many solutions arc possible is duc to the fact that the
turbulent cquations have morc unknowns than the numboer
of cquations. No attcempt is made to cnumerate all of
these solutions. At present, ncarly all cagincering
predictions of heat transfer in turbulent (low arc basced
on the analogy between heat and momentum transfer,
Satisfactory rcsults werce obtained with the cxception

of fluids of extremely small Prandtl number.

For flow over a f(lat plate, an approximatc velocity

profile based on mixing length or similarity thcorics
has becn developed. llowever, for casc of intcgration,
a 1/7-th power law is often usced to represent both the
velocity and temperature distributions. Using proce-
dures similar to thosc in laminar flow, cases for arbi-
trary wall temperature and heat flux have also been
trcated [20, 21].

In all the solutions considercd up to this point,

the cffects of the viscous dissipation has been neglected.

. |When this effect is included, the thérmal energ)y equation

(10) for laminar flow can be put into the.following form

when the fluid properties are assumed constant.




39

oT o _ 94T Pr (du)?
UH*Vﬁgf—a[———ayz *q(w]] (12)

It is thereforc scen that the dissipation cffect depends
not only on the velocity gradient but also on the Prandtl
number. For high Prandtl number (1'ids this can bhe
important cven at moderate velocitics and velocity
gradicnts. llowever, [for gases, thce Mach number must
approach unity before this effect is signiflicant.

Eq. (10) has bcen solved for an adiabatic flat
nlate by Pohlhausen [17]. Since thec cnergy cquation
is linear in T, the general case of a nonadiabatic wall
can be obtained by superposing solutions of Eqs. (19)
and (11) in such a way that the boundary conditions are
satisfied. This results in the statement that thc low
spced relations can be uscd if now the hcat transfcr
coefficient is defined in terms of (T, - Tyy) instcad
of (T,-T_.). Thus the vroblem reduces to that of linding
the recovery factor, r, which allows the adiabatic wall
temperature T,, tc be determined, since these two quan-

tities are rclated by

where Tg¢ is the stagnation tempcratdro, defined as the
temperature that a gas will attain i brought to rest

reversibly and adiabatically.
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Turbulent high velocity flow over a flat plate bhas
also been studied |1, 9) and it has been found that the
same conclusion applics.

In all the solutions considered so far the cffect
of variations in fluid propertics has been neglected.
Such solutions are cxpected to hold up to low super-
sonic fiows, (M - 2) and modest temperature differences,
at scctions far away from the lecading cdge such that the
clffect of the lecading edge shock could be ignored.
Schlichting [22] suggested that the cflfect of variable
propertics should be taken into account when the tem-
peraturc difference cxceeds 50°C or 90°),

Now, the system of boundary layer cquations is
given by

alpu) , 3(pv) _ ,

90X oy
du Ju| _ d 9 du
JCR S0 SRR S At (13)
AT T ) oT dul?
"Cp[“ ax Y WJ - ‘a—y(" ay) “(a‘fJ

Using the llowarth transformation [14]

this system of equations becomes
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Ju IV 0
ax  an
pm[u%%fv‘g—‘r’]— - -%%%*r;'):a—‘i[un ;—ﬁ] (14)
where v = Bg{v—u 26] = - I: %% dn

The boundary conditions for this system are identical
with thosce for the original system i{ y and v are
replaced by n and v respectively.

licnce it can be scen that the assumption of con-
stant up and cp/Pr rcduces equation (i4) to the samc
form as if the (low were incompressible. This therefore
lcads to relations [or the friction factor and the
Nussclt number identical to the corrqsponding constant
property solutions. All properties can be cvaluated
at the frce strcam temperature and the viscous cllect
can be taken carc of by introducing the adiabatic wall
temperaturc. This analysis illustrates that the property
variations tend to compensate and despite large varia-
tions in a rcal gas thc constant property solutions have
a rcmarkable range of validity. g

Van Driest [26] has reported a more elaborate

analysis of the laminar case by introducing a Sutherland

1
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law variation for p. The case for turbulcent flow has
been trcated by Deissler and Loeflfler [4] using power
law variations for pu and k. Despite the temperature

dependence of the (luid properties, the constant prop-

erty recovery f(actors remains in satisfactory agreement.,

The cffect of compressibility can be treated in a
similar manncr as the variable property analysis,
Usually flor thce sake of simplicity, the ideal gas law
is used to relate the pressure, density and temperature
of the gas. This rclation is assumecd to hold for Mach
numbers below hypersonic speeds, corresponding to
M > 6; (p. 312 of reference [22]}). VFor Pr = 1, the
adiabatic wall temperature in compressible [low is
identical with that for an incompressible fluid,
Emmons and ‘’rainerd [10] have shown that in the casc
of Prandtl numbers diffcring from unity the deviations
in wall temperaturcs caused by compressibility effects
are very small. Thus the incompressible equation
remains valid.

All the solutions reported are for the planar flow

configuration. Practical cases undoubtecdly involve bodics

having arbitrary shapes. Approxiuate mcethods have bheen
devised for calculating the heat trans(er coeflicicat
for laminar [6, 7, 23] and turbulent [2, 24, 19] flows

over a body of rcvolution with arbitrary shapc having

-
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constant wall temperaturc up to the point of scparation.
In the casc of the laminar constant-propcerty boundary
laycr, Spalding and Pun |25] have carricd out an cxten-
sive survey of the mcthods used for calculating heat
transfer from an arbitrary shaped body. A comparison

of the mcthods was madc by applying them to the calcu-
lation of hcat transler from the front half of a
circular cylinder in cross flow. The simple peometrical
shapes such as the cylinder and sphere have been rather
cxtensively investigated., Thesce are tabulsoted in Tables
3.4 and 3.5. llowever, at present analytical solutions
cxist only when the flow is laminar, and bcefore scepara-
tion occurs.

Thougl the cffcects of compressibility and property
variations arc discusscd scparatcly above, both tcrms
actually describce the samec phenomcnon obscrved in high
spced flows. All turbulent heat transfer solutions
rcported so far arc basced on the integral mcthod.
However, recently many attempts have becen made to
predict heat transfer by using the diffcrential equa-
tions. A good collection of numecrical mcthods uscd
for predicting the isothermal turbulent boundary layer

is given in Volume 1 of the Proccedings of the 1968

AFOSR- 1EP-Stanford Conference on Computation of Turb-

ulent Boundary Laycrs. Lxtcensions of these methods

ey
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into heat transfer have been reported by several authors,
e.g., Spalding et al., Cebeci and Smith, and Mellor and

Herring.

3.2.2 Slip Flows

Slip flow is the branch of rarcfied gas dynamics
corresponding to only slight rarefaction for which the
departure from continuum gas dynamics is slight. From
the flow regime classification for slip flow given in
Section 1, it is seen that for the ratio M/Re or M//Re
to lie in the given range either M must be large, or Re
must be small, or both. Hence slip flow is usually
dominated by very strong compressibility or viscous
effects. Thus it is to be expected that the boundary
layers in the presence of slip are laminar. They will
often be quite thick and in fact the Reynolds number
may be so low that boundary layer theory is strictly
not applicable. It is also to be expected that inter-
action between the boundary layer and the supersonic
inviscid frce stream flow will become important.

The fundamental problem of the correct formulation
of the slip flow phenomenon has not been resolved in a
satisfactory way. It has been argucd that some modifi-

cation of the Navier-Stokes equations, such as the

Burnett cquations [28] or thirteen momcnt equations [31]

could account for somc of the experimentally observed

m———
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pheromena associated with slip flow. llowever, recent
experimental cvidence scems to indicate that the Navier-
Stokes cquations, together with velocity and temperature
jump boundary conditions, arec not only adequatc but
probably cven superior to thesc modificd forms.

The slip boundury conditions arc [35]

_2-0 ou oo aT
sty = 525 1 {5,

i~ o o< 2-a 2y Aol
1(0) = lw "——a Y—1'+ T)—I:'[:)y]o

llere, the subscript '"o" indicates that the paramcters
arc cvaluatcd for the gas at the wall.

o = reflection coefficient, represcnting the

fractior of diffusely reflccted molccules

a = accommodation coefficient
The definition ol these cocfficients in terms of the
physicai fluxes at the wall will be given in Scction
3.2.4.

There have becn some disagreements on the tempera-
turc jump condition f(or polyatomic gascs. ;llowever, for
macroscopic considcrations, these do not represent any
scrious obstacle since they only correspond to dif.cer-
crnt macruscopically determined values for o and a. At
present it scems that the most scerious obstacle against
accurate prediction of slip flow is the tack of confi-

dence in the cxperimentally mcasured :ccomodation

| Fa ]
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coceflicients., Devienne |30) has suggested that ncarly
all the mecasnrements should be uiaken up again, with
complete specification of all relevant lactors--and he
has listed no less than thirteen of them!

Closed form solutions have been obtaincd for the
flat plate by neglecting the viscous dissipation term
and applying the Oscen approximation to the borndary
laycr cquation [29, 30). The Oscen simplification that
the velocity deviates from the free stream valee by a
small amount should bhocome progressively better as the
slip increasces. However, it should also be realized
that the Osccu zolution gives an incorrect limit in
the continuum regime, hence, the solutions so ohtaincd
would not bc reliable cven in the neuar-continuam region,
Solution for forced convection heat trarsfer in slip
flow from a normal horizontal cylindcr has been ob-
taincd by Saucr and Drake [33) using scveral simplify-
ing assumptions. The corresponding solution for &
sphere was rceported by Birake and Kanc [29].

In general, the ceffect of slip is to decrcase the
hcat transfer and skin friction from the corresponding
continuum values. In tlis reswect, it should be noted

that the solution reported by Schaaf for the llat plate

‘gives Nusselt numbers higher than the countinuum solution.

This seems to contradict the general trend established
by other solutions, both in internal and external situa-

tions.
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3.2.4 Free Molecule Flow

This regime corresponds to that ol extreme rarcfac-
tion. The basic assumption is that intermol-cular col-
lisions can be neglcected. Consequently, it is valid to
neglect the cffect of the reemitted particles on the
incident strecam., Hence, the incident low is entirely
undisturbed by the presence of the body, cven in super
sonic llow. Therelfore, no shock waves are cxpectaed to
form in the vicinity of the object.

Contrary to the transition f{low recgime, the funda-
mental characteristics of free molecule flow arce suffi-
ciently simple so that theoretical analysis may be made;
this is especially so for convex surfaces because now
all incident molecules must oviginate in the free stream,
These calculations have generally been verificed experi-
mentally. 1In calculating the flux of momentum or cnergy
it is assumed that the approaching moleccules are in
Maxwellian cquilibrium with respcct to the macroscopic
velocity.

As expeccted, the specification of the mechanics of
collision of the molecules with the wall is given in
terms of the accommodation coefficicnt a and the reflec-
tion coclficient o, which have been cncountered helore
in describing the slip flow boundary conditions., These

coefficients are defined as follows:



T s o i

51

w = A L
L. -k
1 W
where Ib = cnergy (lux (energy per unit arca per scecond)

and the subscripts i, r, and w refer to the incident,

rcflccted and wall conditions, respectively. In some

cascs 1t 1s convenient to replace E by I' in the above
definition. This assumes that the cnergies are propor-

tional to the temperatures. lowever, this condition is
only valid for monatomic molccules since only the cnergy
ol translation is dircectly proportional to the absolute

temperature.,

= I =
and e (lw 0)
i W
- BL“QARE
LSRN L
where t = tangential momentum flux

1]

P normal momentum (lux.

The concept of describing the overall intcraction in
terms of these coefflicients is usceful only if they are
rcasonably constant for a given gas-surflace combination,
This appears to be the casc for technical surfaces, at
lecast for a and o. The experiments of Stickney [45]
indicated that o' might be sensitive to the inclination

of the velocity vector to the surface.
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ltcat transfer and “riction predictions in {ree
molccule flow have been obtained for {low over a flat
plate [43], a cylindcr in cross-flow [44] and over a
spherec {41]. A very dctailed summary ol thesc situa-
tions togcther with a method for constructing solutions
for morc complicated body configurations out of thesc

simple gceometrical shapes were reporced by Oppenheim |39,

3.3 Solutions and Corrclations lor Prediction

of llecat Transfer

In this scction only closed form solutions and cor-
rclations will be listed. ‘The spacc available does not

permit the reproduction of all tabuluar solutions.
3.3.1 Laminar Continuum Flow

3.3.1.1 Flat Platec
The skin friction coecfficient is given by the

Blasius solution |[3]
. 0.664

“r
/Rex

CE g

The heat transfer solution for constunt wall tempera-
ture was first obtaincd by Pohlhauscn [18]. Ilis solution
can be approximated by correlation rclations in thrce ranges.
Only that in the intermediate Prandtl range is rcported.

This is

%
§
%
¥
E

Nu, = 0.332 prt/? Re;c/2 0.5 < Pr < 10
The corrcsponding solution for uniform hecat flux is

given by
Nu_ = 0.453 pr'/? Re!/? 0.5 < PPr < 10
X X
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In fluid (low at high velocities, the above relations
remain valid if now the hecat transfer coefficicent h is

defined as "
4w

lw h I:1w

h =

where gy = wall heat [lux

The adiabatic wall temperature is given by

To= T o+ op Y2 '1‘m[1 ) M’]

aw 2¢ 2
and the recovery lactor r can be approximated hy
T 0.5 « Pr 5
3.3.1.2 Wedge Flow
The wedge [low skin friction and hcat transfer

cocfficients arc functions of the exponcnt m of the

external velocity distribution. Lckert [7] gives

7;. ‘b”(O)

and ¢"(0) can be approximated to less than 1% from thec cxact
solution by

9" (0) = 1.120(8 + 0.2)°"°° (B > 0)
and

a 1 "
NUX = —-[; (bt(O) VRCX

the values of ¢;(0) can be approximated to less than 26

from the exact solution by
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3.3.1.3 Cross-lI'low Over Cylinders

It is necessary to distinguish between two casces
depending on whcther or not the body is symmectrical
about an axis parallel to the stream at large distarces
from the body [22]. The velocity distributions for both
cases have becn obtaincd by Howarth using the Blasius
scries [3]). llowever, only the symmctric casc has heen
treated when heat and mass transfer werce incorporated.

The best approximation of thc cxternal velocity

distribution is given by Eckert as [7]

3 5
u x| x)° X -
ﬁ; = 3.61 [ﬁ] 3.275 [D] 0.1679 [D] RCD 19000

where D = diametcr of cyliander

Using this vclocity distribution and the scriecs
tabulations of Froessling [12] Eckert obtained the fol-
lowing cxpression for the local Nussclt number, for air

having a Prandtl number of 0.7

Nu

VRQD

X2 x‘o
= 0.9450 - 0.70696 [ﬁ] - 0.3478 [H]
By using an cxpression for GE given by Hiemenz [ 13])
0

u X x|® x]*®
G: = 3.6314 [ﬁ] - 2.1709 [5] 1.5144 (5]
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Frocssling obtained the following cexpression for NU/RC;)/2

”
——— = (.9450 - 0.5100 [%’ - 0.5950 [x]

I'roessling has also shown that for Jarge Prandtl numbers,

/3

. . 1 . - .
Nu is proportional to (Pr) on the centire surface in
the boundary layer. This same relation has been found
cxperimentally to hold for values of Pr not very large.

Thus, thc above rclation can be written merce gencrally

ds

_ NU__ Ly g0z - 0.5744 [5}/ - 0.0708 (%]'

JPr /Rcb )

—

Martincelli, ¢t al, [17] studicd the data of Schmidt
and Wenner and proposed the following . npirical cquation
for predicting the local Nusselt number on a cylinder
up to 0 = 80° in a flow having a main strecam turbulence

less than 1%

IS LTSS A Re”[l . [é% J]

Since the analytical solutions arce unable to predict
heat transfer in the separated rcgion, the average
Nusselt number is often more useful, cspecially when
heat transfer from the whole cylinder is required.
Douglas and Churchill [5] gave the following cmpirical

correlation, which applies to gases only



o
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%
;

Nu = 0.45 Rc$/? £ 0.00128 ke,

valid for Re, » 500. houglas and Churchill did not give

any cqu~2tion for Re,, < 500, but llsu [15] has noticcd

b
that the cquation suggested by Eckert and Sochngen

corrclates the data for ReD < 500 accuratcly

Nu = 0.43 + 0.48 Rch/7

ffor both the avove correlations, thce gas propertics arc

to be cvaluated at the film temperature, O.S(Tw +1,).

3.3.1.4 Sphere

For the pressure distribution obtained by Fage |11}

u _ X x)3 A’ x]7

Froessling obtained the following cxpression for the
local Nusselt number

Nu

= 1.369 - 1.579 + 1.81 %

X

D
Knudsen and Katz (10} rccommended the following

correlation for the prediction of average Nusselt num-

bers for flow of tluids past spheres

_ 13 , 0/
Num = 2,0 + 0.60 Pr RL”
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Th!s correlation is valid for wide ranges of Reynolds

and Prandtl numbers:

0.6 - Pr < 400
L+ ke, < 70,000
3.3.2 Turbulent Continuum I'low
For turbulent flow over a (lat plate the skin fric-

tion is usually cstimated from any of the cmpirical

.corrclations. The most accurate of this is probably

that duc to Prandtl-Schlichting. This is ol the form

~  _ 0.455
“r ~ Tlog Re)Z- %3

The heat transfer cocfficient is now obtained by
any onc of the many Reynolds analogices. These were
listed extensively in Knudsen and Katz [10] and
Schlichting 12z). The simplest of this is the Colburn
analogy, given by

C

-

Nu = Re Pr'/3

e

Note that this applics also to laminar [low. lkckert
18] suggested that the [luid propertics be cevaluated

at the tempcraturc

2 0.1 Pr + 40
e Pr + 72

(tf, - T.)) + T

w

Y
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In laminar high velocity flow, we have come to the
conclusion that the samc low velocity results remain
valid il we replace the low velocity driving potential
Tw - T, by Ty - T,y. Since this conclusion is only
hbascd on the lincarity of the cnergy cquation, the samc
should also hold in tushulent (low. Thus the high
velocity problem again reduces to the determination of
the recovery factor. For Prandt! number in the neighbor
hood of unity (0.5 - Pr < 2), this is given by Achermann
[1] =s

r = Pr'/?

For [low over a cylinder and a sphere, theoretical
solutions arc available only in laminar flow. From
comparisons with cxperimental data, it is observed that
the frecce strecam turbulcence has a sysicmatic influence
on the ncat transfer cocfficient. llowever, this varia-

tion has not been correlated.
3.3.3 &lip Flow

3.3.3.1 Flat Plate

Heat transfer to ovr from a flat vlate in slip (low
has been investigatcd by Schaaf [36) as well as Drake
and Kanc [29). Both Schaaf and Drake and Kane obtained
solutions for a diatomic gas and an accommcedation coctfi -

cient of 0.8, Their solutions are of the same form
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%
i . Schaaf:
; i‘; 0.38 2
§ St = —i?ﬁ [éxp(Zf) erfc Z, - 1 + 7= Zz]
g wherc St = average Stanton number = pcﬁQ
_ /Re Tr P
and 2, = 763 W
g
: brake and Kanc:
; P . 2 .
: Nu = 0.52M {cxp(z,‘) erfe Z, - 1+ L.}
/n
where Nu = average Nusselt number
/i )
and Z, = ey
Both results are obtained by neglecting the viscous
dissipation. For gases having Prandtl number of 0.72,
(NAE the continuum limits of these equations arc
Schaaf: Nu=0.956 /Re

Drake and Kane: Nu=0.429 /Re
The Pohlhausen solution is
Nu =0.594 /Re
Thus it is seen that both solutions yield wrong
limiting values. Schaaf's solution is 1.612 times
higher than the correct result whereas that of Drake
and Kane is too low by a factor of 1.384. The actual
solution may be expected to lie somewhere in between

" these two solutions.




[T A N

60

3.3.3.2 Cylinder

Numerous cxpcrimental investigations had bcen con-
ducted in the slip flow regime using fine cylindr: :al
wires--mainly in conncction with hot-wirc ancmometry.
A convenient summary of such experiments can be found
in refercnce [27], which also gave a series of over
1000 convcctive hcat transfer cocfficients for normal
cylinders in subsonic slip flow. Lven with such an
cxtensive amount of data no corrclation formulas have
been found. This is because now Nu = (Re, M) or Nu =
f(Re, Kn). The samc rcference argucd that thc usc of
Knudsen number as thc sccond paramcter in corrclating
slip flow data is prcferable. This prcfercence identi-
fies the anaomalous behavior in slip flow as a "rarc-
fied gas phenomenon" rather than as a '"Mach number
effect" associated with compressibility. This prefer-
ence is supported by an analysis given by Saucr and
Drake [33] which is capablc of predicting this
anomalous bchavior using a simplified slip flow
analysis. lowever, the prediction of this approximate
analysis is not numerically exact, though qualitative

agreement is excellent. The local Nussclt number for

a constant wall tempcrature cylinder is given by

;
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@ . 2
hD ¢ ™" .du

-.k.zl)LL . _; " 1 2 Iy _1 . 1 2 u
{Z(DL) uJJu)+7(DL)’JJu)] +[%(DL)2uYJu)+7(DL)2YnhLﬂ

where X = 2%%
1 _ Y 2-a A

a = thermal diffusivity, t?/scc
0 = anglc mcasured from forward stagnation point,
rad.
V = Vy/n (n = 3)
V, = frec strecam velocity, (t/scc
D = diamcter of cylinder, (t
A = mcan frce path, ft
u = dummy variable
J_ = Bessel function of order n of the first kind
Y = Bessel function of order n of the sccond kind
The average Nusselt number can be found by integrat-
ing over the surface of the cylinder. For small values
of X, (value of x for 6 = 7)), this can be approximated

by the following expression:
. .4 $, DL . ]
Nu DL[I ;;I (DL)x“ + T (1 + ZDL)x“ + "]
3.3.3.3 Sphere
Heat transfer to a sphere in slip flow has been

reported by Drake and Kane [29]. The average Nusselt
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numbcr for a spherc having constant surface temperature

is given by

a0 - ? -
N = z[ (1 +c¢ P+ ap
u=2+ - 7 5
w oo{EI,(thNaBJ,(uB)J +[Y, (aB)+NaBY, (aB)] }8

where a = Y2Re Pr
_ 8 2-a Y M
and Na = §[1.996 m Y*I] ——
B = dummy variable

The cffects of compressibility and dissipation have bheen
neglected.
A simpler relation for practical application is

1given by Kavanau and Drake [22]

Nu = Nu, v
1.0 + 3.4. [W} Nu,

where the subscript "o'" denotes values in continuum

flow,

3.3.4 [Irce Molecule Flow
In order to facilitate the comparison ol the hcat
transfer results with corresponding results in continuum
flow, free moleccule flow rcsults arc most convenicntly
!expresscd in terms of a modified thermal recovery flactor
r' and a modified Stanton number St', first introduccd
by Oppenhcim [39], both of which depend only on the

speed ratio, S. Thesc are defined as



PR,

st1 = Q Y
and St T Rl (T, = T,] a6+ D)
S = .....2... = /g M
V2RT
where Q = heat flow ratc
To¢ = stagnation tempcraturc = T [t + lm%~L Sk

A = total hcat transfer arca
o = accommodation coefficient

M Mach number

and u = macroscopic gas velocity

Though the recsults quoted below have been traced
to their original authors, thesc cxpressions have becen
put into thc form suggestced by Oppenheim, which reduces
all rclationships to a form common to all gases irre-
spective of their molecular structurc. The samc refer-
encc also described a method of applying these simple

geometrical shapes to compound surfaces.

3.3.4.1 Flat Platc [43]
For a flat platc, at angle of attack 0, with front
and rcar surfaces in perfect thermal contact and with

A equal to the total arca on both sides of the plate,

' the values of r' and St' are
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r'= §%{282+1 - 1 : }
' 1+/7(S sin 8)erf(S sin 0)exp[(S sin0)?|
St'! = - 1 {cxP[-(S sin 0)?%] + /u(S sin 0)erf (S sin 0)}
4/7S /

For a flat plate, at angle of attack 0, with front
and rcar surfaces insulated from onc another and A cqual
to the arca of onc side of the plate, we have for the

front side

r =S—§{zs’+1- L }
1+/7(S sin 0)[1+erf(S sin 0)exp|S sin 0)?]

St = ——l—{exp[-(s sin 0)?] + /%(S sin 0)[l+erf (S sin 0)]}
4/7S ‘

For the rcar side, we nced only to rceplace 0 by (-0) in

the above equations.

3.3.4.2 Right Circular Cylinder [44]
For the right circular cylinder with axis normal to
the direction of flow and A the surface arca without cnd

contributions, r' and St' are given by

(2s +3)I.,[-S—;] + (25“1)1,[%}

(571 Lo (2] + 521, [3]

e R

where 1y and 1, are the modified Besscl functions,

r' =
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3.4.3 Sphere
For a sphere with A cqual to the surfacc arca,

Saucr [41] obtained the following rclations

22
(zsz+1)[1+-% i erfc(S)] N 3§§%l erf(S)
r' = { L ] N

Sz[l+ % i crfc(S)] + 2%7 erf{(S)

St' = i |87 + S ierfe(S) + )} orf(s)
357 3

where ierfc is the integrated complementary crror function.
From these results, it may be obscrved that for all
the thrce bodies, and for the frontal side of the insulated
flat plate, the rccovery factors arc always greater than
unity. Hence, in contrast to continuum {low thc cquilibri-

um tcmperaturc in frece molecule flow is grcater than the

- local stagnation tcmperaturc. This phenomenon has been

verilicd experimentally by Stalder et al, [44] for a cylin-

der in both monatomic and diatomic gases.
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IV. EFFECT OF DIFFERENT MARTIAN ATMOSPHERIC
MODELS ON THE CONVECTIVE HEAT TRANSFER COLFFJCIENTS
OF A SURFACL LANDER

The determination of the convective heat transter
cocificient for the Martian atmosphere requires the
consideration of the following flactors.

1. An accuratc atmospheric model. This is
required in order that thermal and transport
properties as well as the opcrating Mach and
Reynolds numbers can be accurately predicted.

2. A criterion for e?aluating which flow regimec
will occur under the given atmospheric condi-
tions.

3. The behavior of the transport properties of
a gas at low pressures.

The last factor has been considcred previously in
the Survey of Thermal and Transport properties. The
decrease in the apparent viscosity has heen attributed
to slip over/the confining surfaces and the bulk vis-
cosity of thé‘ gas away from the surfacc has hecn assumed .
to romain constant at the nominal value predicted by the
Kinetic Theory. The validity of this statement is

heuristically assumed in the present investigation.
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llowever, this can be checked cxperimentully by mecans of
a velocity survey under slip flow conditions., [If iz
measurcd profile agrces with that predicted based on the
above assumption, then t'~ uncertainty associated with
th.s statement will be conclusively removed. Up to now,
no such profiles have been reported, at lecast to the
knowledge of the authors. This problem, being of a
fundamental nature, surcly deserves investigation,

Much discussion has been reported on Factor 2; how
cver, no conclusion has been reached. This is kecause
most of these Jdiscussions are also of a heuristic nature
and not based on experimental obscrvations. It will be
shown that from the cxperimerntal results of reference
[3)], a criterion for this subdivision can be deduced.
The evaluation of the flow regime will be bascd on this
criterion deduced here. |

Finally, the uncertainty about the atmospheric
modc.s can only be resolved by dircct measurement. This
is beyond the scopc of the present investigation. 7There-
fore, it is proposcd to cvaluate thc hcat transler coef-
ficients for all thc proposed models to determine the
extent of their effects. A tabulation of thesc proposcd

atmospheric mndels is given in Table 4.1

4.1 Estimstion of Boundary Between Continuum and Slip Flow

The division of gas dynamics into various flow

regimes, bhscd on valucs of the ratio A/)., where ) is
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the mean frec path and L a charactceristic dimension of
the system, was (irst proposcd by Isicn {8). Thercaflter
many scts of valucs of this paramcter, whjch has now
bcen named the Knudscn number, for defining the boun-
darics of the flow regimes have been introduced. The
various criteria which have been suggested arc in somc
disagreement, as all of these arc mainly bascd on
heuristic assumptions,

Starting from the cquation uscd for computing the
slip coefficient of a gas from viscosity mcasurcments
in a symmetric oscillating disk viscosimcter, it can be
shown that by making a well-definced assumption on the
slip phenomenon, the boundary between continuum and slip
flow regimes can be cstablished. In addition, the samc
sct of cxperimental viscosity data can also be uscd to
deduce the upper boundary of frec molecule llow. Though
this still does not provide a precisc delimitation--
because thc apparent viscosity measurcd under slip may
depend on the geometry of the viscosimeter, we arc at
least in a better position to cvaluate when slip should
be taken into account in gas dynamics and hcat transfler
problems. If this critcrion turns out to provide a good
cstimate, then it will be obviously natuiral for us to
refer all apparent viscosity measuremcents from other

viscosimeters to the form considered here,
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The equations (or computing the slip coeflficicat ¢

from mcasurcments in a symmetric oscillating disk

viscosimeter is given in reference [3] as

4l ]

nominal viscosity of gas, predicted by the

where n
kinetic thecory
np = apparent viscosity of gas, valuc mcasurcd
in symmetric oscillating disk viscosimeter
under rarcficd conditions
and d = spacing between rotating and fixed disks.
Maxwell [S5] has shown that the slip coefficient

almost equals the mean Sree path A, for slip over smooth

surfaces. Hence, we may write

(=) - 1]

A =Sll—] -1

2

n |

But, d is also the characteristic dimension L of the

apparatus. We, therefore, obtain the following expres-

sion for A/L

b4l - ] @

Now, if we arbitrarily define the incipicnce of

slip to be the point where the apparent viscosity falls

outside the precision limits of reliable correlation

formulas or theoretical predictions--these limits usually
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vary, dcpending on the nature of the gas; lor common
gases, this may be taken to be 2 per cent--then, con-

tinuum flow occurs when

% < %[1.02 -1 (3)

It should be pointcd out that this definition of slip is
by no mecans prccisce. A 2 percent deviation from the
nomipal valuc may be too scverc a cowdition for gasces
having polar and complex molecules. For deviations of
the apparent viscosity close to 2 percent, or tor A/L
close to .01, the continuum theory may still be used as
a good approximation. On the other hand, we¢ should
rcalize that slip occurs only under slight rarcfaction,
the upper limit of the slip flow regime cannot be casily
estimated, and we, therefore, have no mecans of knowing
at what value of the deviation shall we ccasc to apply
the continuum approximation,

It is seen that thc order of this magnitude corre-
sponds to the criteria proposed by Schaal and Chambre ‘
[6]. lowever, to be of any practical valuc, we should %
write the M/Re and M//Rc ratios in a morc precise lorm
than mcrely use an order of magnitudec analysis.

Recall that

Le ()
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-, lor a diatomic gas, this bccomes

A ,
To= 1.484 T (4)

¢ llence,
3 M
Re

H L

< 00674 (5)

1f the Reynolds number is large enough that boundary
layer analysis is valid, then thc characteristic length

ol the system is 6. But

where £ = length of plate corresponding to a boundary

layer thickness of 6.

S Hence,
O
' M

e

e L RS R T T T S T S A T e

< .0337 (6)
L

From the same experimental data, the incipicnce of
free molecular flow can also be deduced, as follows.
The free molecule viscosity Z of a gas betwecen two paral-

lcl plates is given by Kcnnard [4] as

2= —F o (7)

(2nRT) 2
where the parameters arc defined by standard notations.
Figure 8 of rcference [3]) shows that thc apparcnt vis-
cosity obeys thc above relation closely for Z smaller

than 400 x 10”7 poise. As the nominal viscosity, as
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predicted by kinetic theory, is a function of temperaturce,
it is thercfore secn from equation (2) that the Knudscn
number at which frec molecular flow occurs depends on

the temperaturc of the system. It should be noted that
the incipient frece molecule viscosity may differ for
different gascs, hccause therc exists at present insuffici-
ent cvidence to generalize the above obscervation that the
valuc of np (= 400 ~ 10'7 poisc) below which cquation (7)
is valid applies to all other gascs as well., As the gasces
used in reference [3] were nitrogen and air which have
molecular weights differing but little from cach other,
the difference in np, if any, is so very small as to be
indiscernable from their data. Until sufficicnt data

has been accumulated to provide a definitec answer to this
question, it may bc assumed to rcmaiﬁ constant at

400 x 10”7 poise. Just to get an order of magnitude for

this value, let us take n to be 1600 x 10”7 poisc.

nominal
Equation (2) immediately gives

r

I)‘-> 1.5
Thus, equation (4) gives

M

~ 1-0
Re,
This criterion compares favorably with those suggested
by Stalder, Goodwin and Creager [7] and Schaaf and
Chambre [6]. It should be realized that this varies
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with the temperature and probably also with the structure

of the gas--both % and ﬁ%~ decrcasc as tcmperaturc
! L

decreases.
In recapitulation, we have the following classifica-
tion criterion:

Continuum Flow

A <
< .01

Frec Molecule Flow

A,
L 1.5

Alternatively, this can be expressed in terms of
ratios involving the Mach and Reynolds numbers. However,
now the ratios depend on the atomicity of thec gases. For

diatomic gases, this criterion becomes

Continuum Flow

M o
Rep < 00674 ,  Re ~ 0(1)

M . 0337 Re, >> 1
/Re,

Frece Molecule Flow

M >
RE_"- 1-0

It should be pointed out that the frec molecule

limit is a function of temperature. This classification

[T
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lowers the freec molecule limit to the point that it
almost climinates the ill-defined regimc usually desig-
nated as the transition regime. The validity of the
above classiflication remains to be verified by more
cxperimental cvidence. The data given in Figure 5 of
reference [7) already scem to indicate the validity of
the frec molccule limit,

I'rom the atmospheric properties tabulated in Table

opereen

4.1, we sce that the maximum Mach number than can occur
is 0.745. Sincc the valuc of y of the gas mixtures arc
all close to 1.4, the Reynolds number range in which

continuum flow occurs is approximately given by

\

74.5}% _
Rez > [m] = 490

Also, from the samc tahle, the Reynolds number based on
a length of 5 ft is of the order of 10°. It is, there-
fore, seen that slip [(low is of no importance in the
analysis, and the continuum flow analysis should be

valid except at the immediate vicinity of the lcading

edge. Also, from the Reynolds number tabulation, the
flow is seen to be laminar, unless therc cxists an adverse

pressure gradient,

4.2 Effects of Martian Atmospheric Modcls

on licat Transfer Coefficients

llaving cstablished the flow regime under the given

atmospheric conditions, the heat transfer cocfficients h
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can be calculated from the corresponding solutions. As
exact solutions for both laminar (low over a flat plate
and a cylinder exist, it is, therecfore, morc cxpedient
to calculate h from these existing results,
The mean heat transfer cocelficient over a 1lat plate
is given by
N STIURS S
R = .664 k PR? [-—_] - (7)
H 1?
Denoting the valuc of h for a plate of length L 't by

h(L), and that for a length of 1 [t by h(l), we have

R(L) = ﬂ/—%l (8)

1 (PU_Y3
wherc h(1) = .664 k Pr? [

m
Assuming the Prandtl number for the diffcrent models

to be constant at 0.72, the flat plate reclation gives

pu_y 3
] (9)

For the cylinder, the cxact solution of the local
heat transfcr cocfficient given by lickert [1] for air is

2 [
N 0.9450 - 0.7696 [};} - 0.3478 [j-;] (10)
/Re

\

where Nu and Re are paramecters based on D, the diameter
of the cylinder and x is the distancec mcasured aleng the
circumference. As the Prandtl number for air is not very

different from that of the gases in the different models,

SRR | R
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“he ecerror incurred by using this cxpression is not very
large.
Substituting for Nu and Re, wec have

pULYF

x]? x|"
where f(0) = 0.9450 - 00,7696 [ﬁ] - 0.3478 [ﬁ]
and 6 = anglc mcasured from forward stagnation point

- 2
D

Similarly, by defining a unit cocfflicicent for h = |

we have
- h(@) '
h, (D) = === ()
0 /D
where .
pu_ys

Equations (9) and (12) are seen to be similar, the
cffect of the different models will, therefore, be iden-
tical in both cases. The values for h(1) and ho(l) have
becen tabulated in Table 4.2, Thesc calculatio:s were
based on the continuous wind specd and a [rec strcom
having propertics of thc Martian surfacc.

Since the analytical solutions arc unablc to predict
heat transfer in thovseparated region, the average hcat

transfer coefficient cannot be obtained by intecgrating

re,

the values of h, over the cylinder. In order to calculate

the average coefficients, cmpirical rclations must be

Y]
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used. No single cquation has been found for correclating
all data over the cntire Reynolds number range from 2 to
250,000. The best representation is given by the follow-

ing two cquations rcported by lisu |2]

Ni = 9.46 Re’/? + 0.00128 Re

D Re

> 500

n b

and

Nu = 0.43 + 0.48 ne,')/’ Re), - 500

In using thesc rclations, the gas propertics arc to be
cvaluated at the film temperature. Values of the average
hcat transfer coefficients from a cylinder onc foot in
diameter for the different atmospheric models have also
been tabulated in Table 4.2. The comparison of the pre-
dictions or correlations with experimental data obtained
in a low density wind tunnel at the Jet Propulsion Labora-

tory in Pasadena, California is discussed in Chapter VI.

4.3 Concluding Remarks

The following conclusions can bec drawn f{rom the

preceding discussions.

1, A criterion for classifying the flow regimes
has been arrived at based on the apparent
viscositics measured by a symmctric oscillat-
ing disk viscosimeter at low pressures.

2. Based on this criterion, the flow and heat

convection in a Martian atmosphere over an
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immersed body is found to be in the laminar
continuum regime.

3. The hcat transfer cocfflicicents for the differ-
cnt atmospheric models do not vary very sig-
nificantly. For a flat plate, it lics hctween
a low valuc of 0.552 Btu/ft’ hr°F for Model 8
and a high value of 0.958 Btu/ft’ hr°l for
Model 9. For a cylinder in cross flow, the
local unit values are in the same ratio as
for the rlat plate, and of the same order of
magnitude. However, the effect of the differ-
ent atmospheric modeis on the average heat
transfer coefficients for the cylinder are not
similar to that on the flat plate and the local
values on the cylinder before separation. This
is b cause these average valucs depend also on
the structure of the wake as well as the posi-

tion of separation.
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V. EXPERIMLENTAL FACILITY AND TEST PROCEDURI

5.1 Lxperimental Faciliiy

In scparate runs, a flat plate and a cylinder were
mounted in an open-circuit, suction-typc wind tunncl
installed inside a 16-(oot long and 4-foot diamcter low-
pressure chamber, ligures 5.1 and 5.2, ‘The 12x12«12 in,
test section of the tunncl was constructed of aluminum
with removable lucite scctions for test model inscrtion
and support.

Details of the models are given in Figures 5.3 and
5.4. For the f{lat plate, the heat transfer surflace was
composed of 9 Kapton Thermofoil hcaters (Minco Products
Co., Minneapolis), coated with pressurc-sensitive adhes-
ive and mounted in thrce rows of three hcaters to one
side of a 1/4" thick 6061 T6 Aluminum platc, having a
highly polished surfacec [inish on the other side. The
cntire model was constructed and assembled by Rescarch
Service Co., Minneapolis in the following manner: A
thick layer of Fiberglass Strand insulation was "sand-
wiched" betwecen two of the above-mentioncd plates. They
were fastened together with 14 counter-sunk {lat hcat

screws onto a u-shaped canvas - laminated phenolic bonding
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Figure 5.1 JPL Low-Density Wind Tunnel Chamber
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Figure 5.2 Schematic Diagram of Low-Density Wind Tunnel
at Jet Propulsion Laboratory, Pasadena
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Figure 5.4a  Photograph of Cylinder Specimen
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Figure 5.4b  Schematic Diagram of Cylinder Cross-Section
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material which cnclosed the fiberglass insulation. The
hollow cylindrical noscpicce, made of Delrin, was drawn
flush against thec upstrcam cdge of the p1atcs by two
rods. These rods werce connccted to the backside of the
noscpicce, ran through the center of the "sandwish,'" and
were tightened on the downstrcam part of the model.

The top platc, uscd for testing purposes, contained
16 thermocouples for surface temperaturc mcasurcment.
They werc bonded with copper oxide cement into small
holes drilled from the inside of the plate to within
1/16" of the polished test surface at strategic (for
calculating conduction losses) locations (see Figure
5.3b). All thermocouplc and power leads werc brought
out of the model through the four support rods attached
to the sides of the model.

Guard hecaters were also used in constructing the
cylinder test specimen. ‘The central scction, cmployed
as testing surface, consisted of a 1" 0.D., 1/2" 1.D.
aluminum tube with a 3x2" cylindrical Kapton hcater
pressed to the inside. A 1/8" long ring of paper-
laminated phenolic backing material and a guard hcater
section, similar to thc main section, wecre positioned
on each side to reducc the axial heat loss. Teflon
tubing on both sides protected the model from further
hcat losses. All picces were held together by a rod-

screw arrangement passing through the hollow, interior
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of the test cylinder. The hollow interior was filled
with Fiberglass insulation and scrved also to bring out
thermocouple and power leads. Surface temperatures

werce mcasured with 24 30-gage chromel-constantan thermo-
couples placed at six cross-scctional locations (45°
apart) as closc to the surface as possible (sce Figurc
5.4b). In order to avoid disturbances on the surflace,
the thermocouples were inserted axially through slots

of circular cross scction. The thermocouples fitted
snuggly into the axial slots and were bonded to the mctal
with copper oxide cement.

Since the thermal resistance of the aluminum test
modcls is negligible in comparison to the convective
resistance of the cexternal flow, the temperaturc mecasurced
with the thermocouples below the surface can be assumed
to be equivalent to the surface temperaturec.

A threce-dimensional traversing mechanism also con-
structed by Research Services, Minncapolis was used to
position the free-strcam temperaturc and velocity probes
(see Figure 5.5). The cavity at the top of the wind
tunncl test scction nccessary for the travel ol the probe
was closed by a thin sliding stainless stcel plate mounted
flush with the top wall by means of small magnets. A
flexible shaft was attached to the positioner of the
traversing mechanism for remote control of the longitudi-

nal motion of thec probe.
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Figure 5.5 Wind Tunnel Test Facility

Free-stream temperature was mecasured with a chromel-
constantan thermocoun!e aliyred parallel to the strecam
and inserted into a 1/8' dla. tube (open cnd upstrcam)
which was designed according to details given in Refer-
ence 1. This design minimized heat losscs duc to con-
duction, radiation and velocity.

A static and a total pressure probe of the Prandtl
design was used to determine the free-strcam velocity
by reading the differential pressure in microbars, using

i MKS Baratenn Pressurc Meter,
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-~ 5.2 Test Proccdurcs

The free-strcam temperaturce and velocity of the gas

RN Y IO N R Y

were always taken well outside the boundary layers of the

models. For the [lat plate, the probes were positioned

LR

1.5" above the geometrical center of the plate surface;

for the cylinder they were located in the central plance

AT

bisccting the test scction, 2" upstrcam and 1" above the
top of the cylinder.

Velocity profiles taken in the horicontal and ver-
tical dircction indicated that for the entire length of
the plate as well as for a sizeable distance upstrcam of
the cylinder, the frce-stream velocity varicd less than

0.

. % in that part of thc stream unaffcected by the test
(

- section walls.

From the latest Mariner probes which passed by Mars
in August 1969, it was established that the Martian
atmosphere is almost exclusively composcd of CO,. The
pressure rangc due to uncertainties on the Martian sur-
face was narrowed down to lic between 3.5 and 8.5 mm lig.
Consequently, the experimental plans were revised to
take these developments into account, i.e., 100% CO, was
used in all test runs and the pressures insidc the
chamber were kept within the range mentioned above.

For the experiments, the following procedure was

employed: The chamber was evacuated, backfilled with
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— CO, gas numcrous times to rciach the desired purity, and
{wf left overnight so that the pressurc inside the chamber

would stabilize to the value of the desired total pres-
sure. In addition, the Baratron, used for measuring of
the velocity, also necded approximately 5-10 hrs. to
stabilize. Once the desired stabilization had been
accomplished, the motor driving the fan as well as the
power supply for the model was turncd on simultancously.
The fan spced was adjusted until the rcading on the
Baratron indicated the calculated value for the desired
free-strcam velocity and the power supplics were adjusted
to reach the anticipated stenir-state surface temperaturc
(for a constant heat input) as fast as possible. The
reason for initially forcing the surface tecmperaturcs

to a higher value lay in the fact that the vacuum seal
bearings used in driving the fan were limited to 3 hrs.
of opecration because of,the danger of overhecating.,
Stcady-statc temperaturcs were usually rcached in about

2 1/2 hrs, by frequently manipulating the power input,
thus "zeroing" in on the desired stcady-statc surface
temperatures.

At this point it should be noted that thc power
input could be individually controlled to both guard
heating sections as well as the lain§hoating scction.
This was a relatively easy operation with the cylinder.

Onc power supply was used for heating the main test
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surfacc while the other two supplicd hcat to the guard
sections which werc constantly adjusted to keep the heat
loss (~(Tmain'Tguard)) from the main section to a mini-
mum,
The flat plate hcating procedure was more difficult.

Six power supplies instcad of thrce were uscd, threce

for heating of thc top surface and tiirce for the bottom
surfacc. The input to cach ot the latter threc was
always kept cqual to that of its corresponding heater
for thec top surfacc, thus making the heat less from the
top piate to thc bottom plate negligible, [t can be
seen (r.m Figure 5.3b that both the top a.d bottom platces
have 9 heaters aligned in 3 "rows," cach row consisting
of 3 heaters in the flow direction connected in parallel
to a power supply. The center row of hecaters installed
in the top plate served for the heating of the main
"test" surface whereas all other heaters were used as
guard heaters in order to control the hcat losses from
the main "test" surface. Thus, the greater fraction of
the main hcater power input was carricd away by convec-
tion from the "test” surfacce. Therefore, the guard
heaters were constantly adjusted to minimize the tom-

perature diffcrences (and thus the hcat loss) between

the "test" surface and the other parts of the model.

Power was provided by means of a multiple Datex

power supply which was connected to a 9500A RMS Digital
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Voltmeter with which voltage and amperage could be recad
alternatingly for each heater. The Datex digital volt-
metcer, used for the print-out of the data from stra-
tegically-placed thermocouples, could be conveniently
checked cvery 15 scconds (if so desired) so that appro-
priatc adjustements in power input to the models could
be achicved instantly to k:ep the surfiace temperatures
at the desired values. Once the anticipqtcd stcady-
state "test' surflacc temperaturce was approached, the
test surfacc power supply was lowered to the input
ccrresponding to that particular stcady-statc temperature;
the guard heaters were also adjusted accordingly. "True"
steady-state surfacc temperature was thought to be cstab-
lished when the diffcerence between plate surface tempera-
ture and free-stream tempcrature was approximately con-
stant over a period of 5 minutes. Maximum stcady-statec
heat input was in all cascs limited by the maximum tcm-
perature of 300°F allowed for the Kapton heaters.

The portion ol thc main heater input less the csti-
mated losses is assumed to be carricd away by the gas
flowing over the heating surface. The heat losses are,f

‘.

considered to be due to the following factors:

For the flat plate-

1

a) Radiation from the heating surface of the

specimen to the surroundings.
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b) Conduction through thc hollow nosepicce.
c) Conduction and convection to thc wakce of the
plate.
d) Conduction from the main test surfacc to guard
scctions.
For the cylinder-
a) Radiation from the heating surface ol the
specimen to the surroundings.
d) Conduction from the main test surface to guard
scctions.
Loss (a) was calculated by Kirchhoff's and Stefan-Boltz-
mann's laws. Losses (b) and (c) werc estimated by
assuming a linear surface temperature profile in the (low
direction at ecach end of the flat plate and assuming that
its gradient is proportional to thc corresponding hecat
loss. The heat loss (d) was also approximated by taking
- a linear temperature distribution between cdrresponding
thermocouple readings at various locations between test
and guard sections.
The four losses (a), (b), (c), and‘(d) added up to
40% of the total '"test'" surface heat input for the flat
plate case but accounted for only 5% of the cylinder hcat
input. They were calculated individually for cach test
| run with proper corrections.
The relatively high heat loss for the flat plate

can be attributed to the fact that at low pressures and
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therefore low forced convection hcat transler cocefficicnts,
thce maximum hcat input, limitcd by thc maximum hcater tcm-
peraturc, is quitc low comparcd to the possible input at
atmospheric pressures. Consequently, the rcelative heat
loss at low precssurcs is quite pronounced. Radiation
losses in cither model accounted for approximatecly J%

of the main hcat input; the grcatest losses in the case

of the flat platc werc those of conduction through the

A T N

noscpicce and convecction to the wake of the plate.

Dcenoting the arca of the "test'" surfacce by A, the

i byt

rate of main hcat input by ¢;, the sum of the heat losses

L)

by Ag>» the avcrage surface temperaturc of the test surface
by Tg, and the temperaturc of the frcc strcam by T_, the

average heat transfer coclficient by convection is found

from the equation

H qi - QQ'
A(TS‘.TU;)

steady-state

.

5.3 Cited Referencc
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‘. Experimental Resules

CYLINDER
h h %
p(mm llg) u,(fps) 4q,(%q;) exp . COMP  differ-
(Btu/hr 't°°F) (Btu/hr Mt?°) cnce
4.55 88 5 1.48 1.37 + 8
4.55 88 5 1.47 1.36 + 8
4.55 129 3 1.78 1.00 +11
4.55 177 3 2.06 1.88 +10
i 4.55 212 3 2.21 2.08 + 6
f 3.00 100 7 1.31 1.20 + 9
: 6.00 88 4 1.69 1.51 "2
! 9.80 88 4 2.10 1.95 -+ 8
FLAT PLATE
p(mm Hg) u_(fps) qz(% qi) E(l)exP H(l)comp diié‘fcr-
(Btu/hr ££°F) (Bw/hrf{t°F) ence
4.55 100 44 .48 .48 0
4.55 100 34 .53 .48 +10
4.55 150 32 .69 .59 +17
4.55 150 40 .55 .59 -7
4.55 200 41 .71 .68 + 4
4.55 200 40 .64 .68 - 6
4.55 230 38 72 .73 -1
4.55 230 36 71 .73 -3
3.10 150 a1 .54 A9 +10
0,20 150 36 .66 .69 -2

o
g



100

P 22
FO |
% T v
t:l
20
4 w
£ Q
% -
: <18
| )
F -4
~
2
o
=7

_ Nexp
>

12

hespl 1) (B1U/ hr 1 °F)

o

N 1 1
12 X T 8 20 22
heomp(Btu/hr f1 °F)

Figure 6.1 Graph of Hexp vs. h for Cylinder
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heat losses on the experimentally obtained values of the
heat transfer coefficients.

In analyzing the experimental results, lines indi-
cating the per cent deviation were included in the com-

parison graphs, Figures 6.1 and 6.2, to show the decgrec

of agrccement between the experimental and computed values

of thc average hcat transfer coefficients., VFigure 0.2
for the flat platce, demonstrates that most experimental
values lic within a range of 10% deviation from thosc
of the computed values. From Figure 6.1 it can be secn
that the same extent of agreement secms to exist for the
cylinder except that thc experimental values arc con-
sistently higher than those computed. The lact that
this can be partly attributed to the differcnce in the
Prandtl number between CO, and air, for which the cor-
relations for the cylinder were obtained, suggests that
the experimental results for the cylinder are in better
agreement with the computed values.

The estimated heat losses in the experiments
proved to contain the highest degree of uncertainty.
Other pertinent parameters, such as temperature,
velocity, and pressure accounted for less than 2%

uncertainty. The possible heat loss calculation error

iapproached 10%. This particular uncertainty stemming

from the heat losses involves the emissivity valuc for

-
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VII. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

1. The experimental results dcmonstrate clearly
that laminar continuum flow conditions cxisted
over the entire range of this investigation,
Hence convective heat transfer rates in a
Martian atmosphere can be obtained from cxist-
ing analytic solutions,

2. The maximum error between the mcasurcd and

; calculated values for models tcsted was of

% ] the order of ten per cent. The major portion

(:E of this error is attributed to the uncertaintics

in the estimation of the heat losses.

3. The difference in the Prandtl number of air and
carbon dioxide (0.71, 0.77 recspectively) does
not contribute significantly cnough to the

results to warrant the use of a specially

prepared working f{luid. -

7.2 Recommendations

1. No further cxperiments under laminar [low con- ;

ditions arc rccommended,

A s -
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2. Experiments under turbulent flow conditions
with much higher free-strecam velocities and

larger test models might be performed, if

-— 30 desired.
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