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ABSTRACT

The current state-of-the-art is reviewed with respect to the calculation of
convective stagnation point heating at supersatellite reentry speeds. Receiatly

* ~calculated transport properties have beon compare'4 with experiment. It is
- - noted that theoretical and experimental estimates of the total thermal conductivity

are in much closer agr'eement than reported by earlier investigators,

Similarity soluti-one employing these recently computed transport properties
are presented for the convective heat transfer rate in ana ionizsed, dissociated
gas for equilibrium air and equilibrium nitrogen at reen~try 6peeds up to
70, 000 feet/sec. Solutions are also obtained for the case when large rates of
injection are introdL-ced at the stagnation point. Table. ),f boundary layer
characteristics including profiles of temperature, velo.-I.ty. and enthalpy are
presented for the axisymmetric and two-dimensional stagliAtion poinlt.

This task was initiated under the REST Program under the cogrizance of Air
Force Ballistic Systems Division; the maior portion rf the worL, however,
has been company supported.
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I. INTRODUCTION

One of the immediate problems in the design of v-hicles entering the Earth's

atmosphere at supersatellite velocities is the determination of heat transfer

from a stream containing dissociated and partially ionized gas. In order to

attack thia problem, one must know with a certain degree of accuracy the trans-

port and thermodynamic pro;perties, and the rate processes involved. A complete

solution of the overall problem, where one takes into account body geometry and

general ablating surfaces, is at present nonexistent. Specialized solutions are

available, however. Examples are: simplified chemistry (i.e., equilibrium),

simplified geometry (i.e., stagnation point), and simplified ablation (i.e.,

pseudo-binary mixture of air and ablated gas).

One of the earlier studies which accounted for the influence of electronic heat

conduction at high temperatures was that of Adams! in which the frozen air
boundary layer with a fully catalytic wall was treated. Adams're sults,based on sim-

plified transpcrt properties, indicated that at entry apeeds of 45, 000 ft/sec,
the convective heat transfer rate with ionization eff.-cts was 30 percent higher
than convective heating without ionization obtained by extrapolation of existing
theories.

* To illustrate the significance of entry speeds, lunar probes reenitry the Earth's
atmosphere at 35. 000 ft/sec while Mars probes reenter at 45, 000 to 65, 000 ft/sec.
Air begaas to ionize significantly at less than 10, 000"K and is completely single-

"-.onized at 20, 000K. At 50, 000 ft/sec and altitude of 190, 000 feet, the stagna-
t~on temperature is 15, 000"K.

Van Tassell and Pallone2, employing similarity-type solutions, used Hansen's 3

propý rties to study the heat transfer rate for air in equili')riurn dissociation and
ionitVaion. Comparing their results and those of Adams with Avco RAD experi-
mental results they found good agreement between theory and experiment for

flight sapeds up to 35, 000 it/sec. Cohen 4 , also using similarity-type solutions
and employing Hansen's propcrties, was able to show -tgreezrrent with Van Tassell
ud Pallone for flight speeds up to 40, 000 ft/sec.

A severe departure from the above-mentioned theory was obtained by Scala 5o

His results for equilibrium N 2 showed extremely high heat txransfer rates. The
transport properties used by Scala were based on a charge-induced dipole model
for the szecies N 2 . N. N+, and e-. PaJ.one and Van Tassell 6 compared trans-
port properties computed from Yos? collision integrals based on the species,

W2z. N, N÷, N++, and e- and were able to show discrepancies in Scala's high
temperature model. These discrepancies are -discussed in detail in reierence

6 where theoretical predictions of thermal conductivitj are compared with sesti-

mates of thermai conductivity derived from lVLaecker art experiments,

-1
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Hoshizaki8 , using similarity-type solutions accounted for the effects of disso-

ciation and ionization through the useful conce-nt of total thermodynamic a-nd
transport property (I. e., reaction conductivity, first discussed by Hirshfelder,
and subsequently used in reference 2). Hoshizaki employed Hansen'& properties
and obtained correlations applicable to an Earth or Venus atmosphere which
agreed well with his own experimental heat transfe.r data. Comparison of the
Hoshizaki correlation equation (equation 20 of reference 8) shows 4 ood agree-
ment with the results of reference 2, 4,and 6, for flight spends up to 40, 000
ft/sec. Adams' results for a frozen boundary layer were also in good agree-

Sment with Hoshizaki.

Fay and Kemp9 proposed a simplified binary diffusion model in which one

diffusion equation as well as three overall conservation equations are used just
as it the case of the dissociated gas boundary layer. This model is based upon
an assumption that the relative .elocity between the ions and atoms is negligible
compared with other diffusion velocities. The justification proposed for this
assumption is that the charge exchange cross section for N -N4 collisions
(based on estimates by Yos') is much greater than that for other heavy-particle

collisions, thereby impeding the relative motion of the ions with respect to the
atoms. The results of Fay and Kemp for equilibrium N 2 are in good agreement
with those of Pallone and Van Tassell over a large velocity range.

The comprehensive experimental results of Rose and Stankevicsl 0 using the

electrical driven shock tube confirmed the conclvsions of Pallone and Van
Tassell and the theoretical results of Fay and Kemp for equilibrium N 2 in addi-
tion to verifying the theories of Cohen and Hoshizaki for equilibrium air. The
agreement between theory and experiment was thus fairly well established ior
flight speeds up to 50, 000 ft/ sec.

Attaining equivalent flight s-eeds substantially higher than 50, 000 ft/sec in theI shock tube has proven difficult so that sufficient experimental verification of
hoat transfer rates is generally not available for the very high speed flight

regime. Furthermore, uncertainties in calculating the total thermal conductiv-
Ity for partially ionized air have discouraged previous efftrts to extend theoret-

ical predictions of stagnation point heat transfer to flight speeds above 50, 000
ft/sec.

Howe and Schaeffer 1 1 have examined the effects of uncertainties in the total
the;:" -'l conductivity of air on convective heat transfer for stagnation teralpera-
tura ap to 30, OOK. Using a merged shock-layer type oi solution they em-
ployc.d the following variations of Yos' 7, transport prcpertias. (1) Yos'
thermal conductivity of regrence 7, (Z) Yos' thermal conductiv-.ty increased
by an order of magnitude at the high temperature end, and (3) Yoe thermal
conductivity faired into Hansen's thermal conductivity at 13, 000"K. Their

I



I results indicate that the convective heat transfer rate is relatively insensitive
to large uncertainties in the total thermal conductivity. For example, an
uncertainty oi a factor of 10 in the total thermal conductivity of air influences
the convective heating rate by only a factor of 1.75 at a flight velocity of 70, 000
ft/sec. and by a factor of 2 at 85, 000 ft/sec. This effect has also been shown
in reference 6, where a comparison wai made of the heat transfer rate using
Maecker's arc dav and Yos' theoretical data.

The object of the present report is to extend the equilibrium air analytical
study of Pallone and Van Tassell 6 to flight speeds up to 70, 000 ft/sec. For the
present study we employ the most recent transport anti thermodynamic prop-
erties calculated by Yos 1 2 , and examine the stagnation point convective heat
transfer. Results are then compared with experiment. including recent Avco
RAD shock tube data 13. Boundary layer profiles fe: both two-dimensional and
aixisymmetri: bodies are included in this report. Reaults are also presented
showing first order effects of simulated ablation, I. e., pseudo-binary -mixture
of air and injected air.

The effects of blowing on the convective heat transfer has been the subject of
n*any studies, including those of Resholko and Cohen 1 4 who used constant-

property boundary layer solutions. Libby 1 5 relaxed these restrictions on the
"thermodynamic and transport properties by taking the properties as simple
functions of the tem,-erature. The results of b-3th studies, however, are ap-
plicable only to very tow flight speeds because of the choice of transport prop-
erties. Of special note is an excellent report by Howe and Schaefferl 6 which
e, tploys variable transport and thermodynamic properties with a merged-layer-
type solution to study stagna.Ž,on point flows for flight velocities between 30, 000

* and 50. 000 ft/sec. Coupled radiative and convective heat transfer is presented
as well as a comprehensive study of the effects of moderate rates of injection.
In the present paper, the effects of blowing to show first-order effects of abla-
tion are examined at flight speeds up to 65, 000 ft/sec by extending the calcula-
tions for the convective heat transfer rate to include large rates of air injection
at the stagnation point. Both two-dimensional and axisymmetric bodies are
studied.

-3-
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U. THERMODYNAMIC AND TRANSPORT PROPERTLES

Thermodynamic and transport properties calculated by Yos 7 and used in the
analysis of Pallone and Van Tassell 6 have been superseded by Yoes 12. These
new properties, which are employed in the present report, are shown in
figures 1 to 8.

The new thermodynamic properties are very slightly changed as a result of
Yoes' new calculations. For example, the specific heat for air is only 5 to 15
percent higher at temperatures above 15, 000*K. A comparison of Yoes' new
thermodynamic properties with those presented in AEDC-TP.-64-183 (September
1964) shoved excellent agreement for temperatures up to 15, 000"K, which is as
high as the AEDC tables go.

Significant changes are indicated, however, in the transport properties of figures I
to 6, especially for the region of partial ionization. At 14, 000"K, for example.
the total thermal conductivity for nitrogen is approximately 50 percent higher
than Yos' earlier predictions in reference 7.

"Theoretical calculations of transport properties are based on kinetic theory.
That is, explicit formulas for viscosity and thermal coaductivity as functions
of collision integral, particle mass, and mol fraction of particular species
are obtained from the first Chapman-Enskog approximation, or slight variation
thereof (see Yoe 7).

For temperatures up to 10, 000"K, the transport properties can be predicted
with fairly good acciracy so that reasonable agreement exists among various
investigators. However, above 10, 000'K, where par.ial ionization exists,
there has been considerable disagreement in the prediction of the total thermal
condictivity. Total tharmal conduct!vity, which appears in the definition of the
Prandtl number, Pr v pCp/k, includes the effects of ordinary translational
energy transport, thermal diffusion, and chemical and ionization reactions.

1

In the region of partial ionization (9. 000 to 16, 000*K) resonant charge-exchange
processes in which an electron is transferred from an atom to a positive ion
of the same species (e. g., N + N+.* N+ + N) are a major component of the
thermal conductivity of the gas. By including the effects of charge-exchange
Yoes obtained a diffusion cross section between atoms and atomic ions which

was almost an order of magnitude larger than the gas-kinetic cross section
used im most previous high temperature transport property calculations.

The most recent calculations by Yos 1 2 yield charge-exchange cross sections
for oxygsn which are in excellent agreement with the experimental measure-
ments of Stebbings, et al. 12 No experimental cross sections have yet been
measured for nitrogen but Yos' recent theoretical cross sections for nitrogen
appear to be in fair agreement with the recent semiemperical estimates of

.4-
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Kaof, Mason, and Vanderslice 12. Yos' new nitrogen cross section resuits in
a caLculated thermal conductivity which is about 50 percent higher than his
previous calculations, at the regions of interest here. This new prediction of
thermal conductivity for nitrogen is also in good agreement with that of Ahtye
for temperatures up to 15, 000"K. (See reference 18.)

Experimental verification of thermal conductivity can be made using two gen-
eral techniques. The first, and mnost commonly used technique, employs the
constricted laminar arc-column originated by Maecker19. Using the constricted
arc Maecker was able to determine total thermal conductivity for nitrogen at
atmospheric pressure and temperatures from 5000 to 15, 000"K. The second
experimental technique employs overall heat transfer measurement in a shock
tube from which one then infers the values of the total thermal conductivity,

With the first technique, the Elenbaas-Heller equation for radial energy trans-
port in an optically-thin cy-indrical arc column

.rdy P rad 0 ( 1)

is integrated once ad solved for the thermal conductivity K, at a rad- A di.s-

tance r' ,

(a E2 _ (E 2 -P) r dr

where E is the electric field strength in the colunrn, r is the radius of the con-
stricting tube. a is the electrical conductivity of the gas, and Prmd is the
pover radiated from the gas per unit volume. The gas properties 0, K, and
Pd are generally functions of the gas temperature T. as vell as of the nature
of tne gas and the pressure. The general procedure of the measurement is to
first determine the electrical conductivity a (T) from the integrated form of
Ohm's law, using measured values of E. I, and the radial temperature dis-
tribution T(r) for several different arc currents. The temperature profiles
are obtained from continuum and line radiation. In the final step, the thermal
conductivity [(I) !q obtained from equation (2) using the previously determined
value of a (T) and the measured valiue of Pd . Further details of this experi-
mental technique are given in reference 1.

Additional experiments to determine the thermal ccnductivity of gases at
elevated temperatures using the constricted arc column have been carried out
at Avco RAD by Bennett, Yes, Knopp, Morris, and Bade 12%

"-13-



Initial arc data obtainei by the above researchers confirmed .Maecker's
experimental values for nitrogen at 50 00to £5, 000*K. This ex.erimertal arc
data when used ,ith the ELtnbaas-Helier energy balance (equation (1), "slid
for optically thin gas) resulted in values of thermal conductivity at the higher
temperatures which were greater by an order of magnitude than Yob 1 2 pre-
dictions. However, the experimental values were open to question since the
experimental thermal conductivity is an apparent function of arc current.
This observation suggested to Bennett, et al, that some energy transport
mechanism might be present which had not been Allowed for in the reduction of
the data.,

A systematic analysis o; the data and careful research on the abso- Aon coeffi-
cient of argon and nitrogen in the vacuum ultraviolet led to the cone.usion that
the arc column emits significant radiation in the far ultraviolet and is relatively
opaque to such radiation for pressures on the order of one atmosphere. This
finding suggested that the assumption of an optically-thin gas column is not
applicable for use in the E-H energy balance.

When the vacuum ultraviolet radiation was included in an approximate manner
in the assumed radiative loss for the analysic with nitrogen, the dependence of
thermal conductivity on arc current was eliminated. Furthermore, the experi-
mental values were now found to be in good agreemeat wi~h Yos' predictions,

F as can be seen from figure 1. However, before one can araw final conclusions
the experimeutal thermal conductivity should be obtained from solutions of the
E-H equation with nongray radiative transfer terms.

To get a quantitative understanding of the effect of thermal conductivity on the
heat transfer rate, boundary layer solutions were obtained using the four
thermal conductivity curves shown in figure 9. For each boundary layer
solution the values for p and Cý were taken from figures 2 and 3, respectively.

Figure 10 shows dramatically the effect of thermal conductivity on the heat

transfer rate. In compar:ig the temperature profiles for the above cases it
is interesting to note that the heat transfer rate is controlled primarily by con-
ductivity in the vicinity of the wall. The dip in the thermal conductivity foi the
temperature region 7000 to9000(K produces the effect of a relatively insulating
layer which divides the boundary layer into two regions, a high temperature
outer layer, and a lower temperature inner'l•ayer. Values of heat transfer rate
tabulated in figure 10 also give evidence -that this apparent layer of relatively
low conductivity gas effectively insulates the body surface from the high tem-
perature gases which exist at the edge of the boundary layer.

-14-
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MIl. ANALYSIS

The well-known boundary layer equations describing te.1 two-dimensional and
axisymmetric flow of a gas in equilibrium dissociation and ionization are givell
below. The effecZ of diffusion Is contained in the reaction conductivity which,
in turn, is contained in the Prandtl number. Transverse curvature and pres-
sure di.ffusion effect s have been neglected.

Continuity equation

+ a-- (put + - (pzl) 0 (3)

Momentum equation in x-direction

-d+u au ap a a.).(4-- _~~ '; 7x" + P" "v} "Z -a - -TY + - (4)
ax a, a ay aY

Energy equation

aH aH a 9a!! a"/2
aia a ±~ 1,i a( 1 au 2/2)

ui -,+ua P 1N a,) ý Y ay C , Y(5)

Input tables of thermodynamic- properties are ermployed in the present analysis
in place of the equation of state. In addition, the analysis of the injection
region can be made of practical interest by adding the heat balance relation,

iY (P)./ (6)

Introducing the Levy-Lees tranbformation and the concept of local similarity,
the above equations reduce to tha following form:

Nn u2"' p
[N-t.,.÷ + i +2 - - o (7)

* .]



where,

PWF f"

U H
SIrJ f Us H-

0 0D

The appropriate bouadary conditions for these equations are:

P, -. V'2
At q-.0: f f(O) , - - 4 0

NO U, t
1

.At 31-* ,, : ý I ; I"

In addition, if the energy balance is required as an optional boundary condition,

the following equation holdsi,

. - P, f (0) (9)

if there lb no injection, or ii the use of an energy balance is not desired, then
either s. or [t is given and the remaining boundary values are found in the
solution.

DESCRIPTION OF Pl•OGcAM

Particular solutions to equations (7), (8) and (9) were obtained by employing
the itArative integration method described in detail by Van Tassel and Pallone 2

--•In this stheme, an additional traniformation is introduced which reduces the
above system of ordlnazy differential equations to a set of five first-order di!-
.feren"ia equadons which are then solved by an iteration. pr~ocedure employing
1000 points across the boundary layer. The Prandtl number and pp ratAo are
allowed to va: y continuously, and convergence is very rapid. A typical boundary
Layer solution requires approximately one-half minute of machine time with
usually less than 10 iterations per case.

- 18-
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IV. RESULTS AND DISCUSSION

Boundary layer characteristics (including velocity and temperature profiles,
and heat transfer rates) were computed at the stagnation point for a spherical
and cylindrical body with a radius of one foot and a representative stagnation
pressure of one atmosphere and 10 atmospheres. The calculations covered the
range of flight speeds from 5000 to 70, 000 ft/sec. Values of the blowing
parameter. - fw . included 0. 0. 0. 25, 0. 50, and 1. 0. The injected fluid was
assumed to be equilibrium air.

Table I summarizes the results for the cases studied in this report. The bound-
ary layer profiles fer these cases are given in tables II through VII. For
laminar boundary layers it is well known that q varies with the square root of the
pressure PI . Since the transport properties are known to exhibit a very weak
dependence on pressure, it follows that the heat transfer rates of table I can be
scaled for arbitary stagnation pressures. Typically, such scaling would be valid
for a Mars reentry trajectory where stagnation pressures may vary from 0.01
atmosl~here to several atmospheres.

It may be noted in table I that when blowing is present, and in particular i f,
is kept constant, then 4 as a function of flight speed wilt go through a maximum.
This peculiar behavior of 4 should not be interpreted in the practical sense
that 4 will decrease for constant blowing with increasing V,. Rather, this
behavior in i is a result of our definition of f and of the constraint that P1
remain constant with increasing vm If one defines the blowing parameter as
f, = - (p')w/•/2pip] (dufdzx), so that pp is evaluated at conditions at the edge

of the boundary layer, rather than at the wall as is done in this report, then
4 will increase monotonically with increase in V.,

The calculated heat transfer rates for zero blowing are presented in figure I I
for comparison with recent shock tube measurements. Since we are interested
mainly in the flight regime above 40, 000 ft/ser the numerous theoretical results
cited in the literature which are applicable to flight speeds below 40, 000 ft/sec
have not been included. It may be noted, however, that Hoshizaki's correla-
tion equation for equilibrium air (equation 20 of reference 8) based on Hansen's
transport properties would lie somewhat below our curve at V. = 20, 000 ft/sec
and would intersect our curve at V. = 44, 000 ft/sec.

For clarity, only the curve fits from Rose and StankevicsI 0 are shown in
figure 11 although their curve fits represent a considerable number of data
points extending up to equivalent flight speeds of 50, 000 ft/sec.

The Avco RAD shock tube data shown in figure 11 indicates that shock velocities
very near 13 nmu/ p sec (equivalent flight velocity of 56, 000 ft/sec) are now
being attained in the electrical driven shock tube. At the flight speeds above
50, 000 ft/sec. the Avco RAD experimental data falls slightly above our
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calculated results. Because the test models have a relatively small nose

radius it seems unlikely that radiation from the surrounding gas cap could be
significant at the prevailing test conditions. It is possible. however, that the
model may be seeing ultraviolet radiation from the slug of test gas. Experi-
ments are currently in progress to accurately determine the relative contri-
butions due to radiation from the slug of test gas and from the surrounding
gas cap.

The stagnation point velocity gradient ased in the calculation of heat transfer
rate for the two-dimensional bodies wa- based on Newtonian theory2 0 and was
calculated to be approximately 6 pecent larger than the stagnation point velocity
gradient for an axisymmetric body. This value for the two-dimensional body
has been verified experimentally by Korkan 2 1 ,

Theoretical predictions of the convective heat transfer rate for equilibrium
nitrogen are shown in figure IZ and compared with recent Avco RAD shock
tube data. The agreement is excellent at flight speeds between 30, 000 and

40, 000 ft/sec. Not enough data is available at the flight speeds above 50, 000
ft/sec to clearly show the trends indicated in the experimental data of figure 11.
Theoretical heat transfer rates calculated by Fay and Kemp 9 using a simplified
binary diffusion model are shown in figure 12 to be only slightly higher than
those obtained in the presen+ -eport. It can still be said, however, that in
figure 12 the agreerrent bet' .n both theories and experiment is very good.

Results obtained 'Or axisymrnmetric bodies using a pseudo-binary mixture of
air and injected air are plotted in figure 13. The effect of the blowing parameter
is seen to be seen to be strongly nonlinear at the higher blowing rates.

In order to obtain a quantitative understanding of the effect of transport prop-
erties on the heat transfer rates comparisons have been made with previous
investigators as shown in figure i4. The results of Resho*ko and Cohen for
a constant-property boundary layer are shown for two different temperature
ratios. When the constant-property restriction is relaxed slightly, as for
example, in the result shown for Libby1 5 where the transport and thermo-
dynamic properties are taken as simple functions of the temperature, then

the heat transfer parameter Nw'VRe is reduced. When the exact thermodynamic

and transport properties are used, figure 14 shows that the level of Nu/vxe- is
even further reduced, and in addition, a velocity dependence is introduced.

-21-
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MAO I-IS" TABLE I

SUMMARY OF RESULTS FOR EQUILIBRIUM AIR

ATM KFT/SEC BTU/FT2 SkC

P1  P/2 f V_ NI 4 1f

1.0 1 0.25 0.0 5 .660 13.64 .530

o 10 .446 81.1 .476
20 .303 46. .419

30 .Z30 881. .360

40 .107 1380 298
50 .0364 2100. .240

60 .0118 2730 .195

1.0 1 0.25 0. 25 4 .560 .3Z

! _10. .446 44.9 .263
20 .303 199.3 .217

30 .230 43. .172
_ _.... .. . o4 .107 652. .129

so_50 .0364 810. .0925

1 60 .0118 897. .0640
70 .0071,3, 918. .0432

1.0 1 0. 25 0. 5 5 .660 4.23 _ 165
10 .446 21.3 .125

20 .303 82.6 .0897

30 .230 151.1 .0617

_40 .107 188. .0371

_O .0364 186.. _213
60 .0118 153. .0109
SI . oo7iZ zOl. .00477

1.0 1 0.25 1.O 5 .660 .74 .Z782

_10 .- 46 1.71 .0101

zo .303 2,07
30 .230 .87 3.56x10-

_.__ 40 107 1.117 Z1-.- - ] • .I t s .0364 .o • ,

-25-
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ftAD -TABLE I (Cont'd)

ATM KFT/SEC BTU/.JFT 2 EC

P /2 -fw I NI N u/1Re

1.0 1 005 5 - A-. 4 7Z -184
1 10 .446 24.1 .141

S20 .303 96.4 .105
30 .230 182. 0742
40 .107 234. . 0463

50 .0364 248. .0283
..... o 60 .C118 223. .0160

S'70 .00712 198. .0093

1.0 10 0.25 0.0.

10 .445 J .258x103 .472
20 .301 .. :4x10 3  .417

30 i .230 2.85x10 3  .395
40 .128 5. 0OxlO03 . 305

_50__ .0476 _7. 73 , 10 .253

60 _ _.0194 1_9,55x10 .0

7o0 T .0121 12.47xlo .182

050 10 0. .5 5 .660 13.4 .165

10 .44r 66.9 .122

20 .301 260. .0875
30 .Z30 486. .0615

40 .128 621. .0381

S50 .0476 630 . 0221
60 .0194 538. .oils

.- 70 .0121 15373.8 , 0542

.1 _____________ -- - i .____ , -i

-...............
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N

TABLE I (Concl'd)

ATM _ K-FTSEC BTlC/FT22 EC

p, 0/I iw V N I q NuA/R•-

0 1 0.5 J. 0 20 .303 281. .305
30 .230 -ý40,- .2z61
40 .1071 1083. .,?15

.0 .0364 1530. .1;5
60 .oi1s- 191,o .142

0 1 0 .55 30 .230 319. .1305

40 .1071_ 427. .0975
50 .0364 625. .0711

60 .0118 708. .0505

0 1 0.5 0.5 30 .230 129. '0525

40 .1.07 4.
___50 .0364 175. 0201

_-60 .0118 157. .• o011

c O 5 1.0 30 .363 -3

40 .1071 1.062 2. 1 oX1 . o4
so -0,3o64 .21l3 1 •I:•0-

_______ ______ 50 ~1L I

___________ ______________ _____________ ____________ .
_ _ _ _ _ _ _ _ _ i t - -

-27-
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STABLE H_

Sl€s BOUNDARY LAYER PROFILES FOR EQUILIBRIUM

AIR WITH ZERO BLOWING AT I ATM. P/Z=.25. j=l.0

(a.)V. =30, UO0 Ft/sec

Pr f _f_ ____ Y N

j (-K) (10 -3 Ft)

J I 0.0 0.0 .00720 299.64 0 1.0

1 .?IL36 f .5658- .012486 .1_-777 .096185 2944.4 .113 .4611A
1')55146 .28625 .20401 4417.0 .3!8 o38573

.66F6.615 519 .462321 .33037 59. .79 .3Z911

.84- 'C .64± 5~~080 .62549 .46349 6457.0 1.303 .29950

1. V614 .?Z&6 39920 .76422 .61223 6947.5 1.953 .27586

5? .57 .137017 .76019 7428.6 2.726 Z .27370

jmLZ4 '1 .720 .9349 .99407 77554.3 3.560 .243061".6955 .89t&8 1.96647 .97533 ,.94582 8180.0 4.536 .Z3425

1 .9343 888 i i. 1710 I 99166 .98012 8440.8 5. 55 .23170

t-. 26 83111.38774 .978 .9940L85. 71~1 &60 Z3068a

5428 .:1'2 1.803" .99991 .99964 I 8602.1 8.801 .23018
Z.87553 182 Z.2,328 o99 [.99993 8604.6 9.901 .23016

2.96471 .8_1__ 12.2312 1jo0 99999_ 8605.0 10.96 .23015
2 .0 8605.1 11Z.04 Z301 5

9Z 1 _ _ _ _ _ _

- I ,I
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RAO t184•

TABLE 1 (Cont'd)

(b)V. = 40, 000 Ft/sec

77 Pr i• g T YN
I- (10- 3 Ft)

-0 ,17n40 0 I 004100' 303.31 U T.Ir

.19560 .5750? .0093789 .10650 .072651 3390.8 .108 .43M58

.30606 .64345 .025369 .18425 .12420 4638.8 .234 .37525

.56034 .62122 .097781 .38789 .25630 %428.0 .724 .3030Z

'.66*.88 .70484 .14377 .47532 .32557 6846.5 .988 .28Z79

.78C0S .80581 20277 .56709 .41199 7302.7 1.329 .26232
7425966 .63986 .49!83 .77630 1.65 .24426

._9"%38 .87148 .32608 .71380 .57930 [6.88630 2.06 .22926
1.1358 1.0803 .45191 .82415 .72404 10918. 2.91 .18404

1.2616 1.2021 .56044 .8989Z .84550 -11974 3.73 .14450
1.3650T 1.2028 .65593 •q53 9ZIs2 IZ448. 4.47 .12355
1.4S73 1.?013 .74457 .97215 .96321 [12645. 5.17 .11442

L.5.447 1.2013 .83024 .98665 .98390 12735 5.86 .11022

1.6285 2.Z0QI .91319 .99390 .99334 12776. 6.50 .10836

17126 1.2010 .99700 .99741 .99748 12793. 7.18 .10755

1.7964 1.2010 1.0806 _, .99897 .99911 12800. 7.84 .10723

1.8800 1.2010 1,1641 .99962 .99971 12802. 8.51 .10712
1,96ZI 1, jq_0 1,2463 ,99987 .99991 12803. 9.15 .10708....Lih.IL !j.8 010. 192496 - __M98 12804_ 9._ L_ 107Q6

2.1263 1.2010 1.4105 .99999 1.0 12804. 10.46 .10706

2.2029 1.2010 1.4870 1.0 1.0 12804. 1i.08 .10706

S~-29-
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.l -.14 TABLE I (Cont'd)

(k) V_ =50, 000 Ft/sec

-_ Pr f T Y N

OK (10- 31t)

0 .7000 0 0 2600 x..loJ 300.56 0 1.0

.21737 .66450 .010886 .11195 .069254 4251.5 .138 1 _39523

.38933 .58504 .040377 .23123 .13994 6131.5 .410 ..31433..

.55379 .73863 .039330 .3624k .22Z I 00 _2.QL .74 2736
.71244 *89394 .15698 .49134 .34477 8266.5 1.278 .23364
.85546 1.1139 .23583 . 1341 .47837 1118.7 1.94 .17340

.92936 1.Z030 .28386 .68843 .58408 12399. Z. 39 .1251z

.98945 1.1524 .32728 .75819 .68475 13326. _283 .Bz1.0374 1.0856 .36510 .81972 .76805 13783, 3ý .o CA

1.0804 1.0171 .40150 .87129 .83472 14149. 36 .0S8141J
1,1081 .96811 .42032 .90052 .87092 '4348. 3.83 .052802

1.1364 .92600 .45187 .92616 .90201 14518. 4.13 .048458

1.1653 .89105 .47R97 .94753 .92782 14660, 4.42Z -.045101 1

1.2157 .84748 .Z4j .Q71435l 05999-. 1"36 4. 9ZL.40A24
1.Z626 .82Z75 S7345 _.98719 .97825 14936. 5.42

1.3075 .80889 .61792 99A07 -9. R4R 14992. 5.89 .037479
1.3513 .80091 .6f 159 .99738 .99409 15024. 6.36 036924
1.3947 .79660 .70490 .99889 .99707 15041,. &83 .11.06A&q
1.4378 .79438 .74803 .99956 .99L60 15049. &2.8 .- 03AS0
1.4309 .79328 1.79105 .99983 .99936 15054- 7.75 3 . 03439

1.5 .39 .79275 1.83402 99994 .99973 150)56. 8.22 .o34n
i.5675 .79251 .87770 .99998 J.99990 15 0jb 8.67 036391

.79241 .92136 1.0 .99997 15057. 0.15 .036384
1.6585 .79236 .96866 1.0 1.0- 15057. 9.6- __ .1
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RAO ,.,,6 TABLE 1 (Concl'd)

(d)V =60,000 Ft/sec

_ _ Pr f f T Y N

(10-3 Ft)

0.0 .700 0.0 0.0 .00180 299.64 0 1.0

.065218 .65881 .6A014x1o .020854 ,015455 2243.8 .0169 .51689

.12402 .57071 .0025679 .0468_', .029843 3269.7 .0529 t 43763

Z2494 .62517 ,0088672 v093064 _0O7663 4762.3 .138 .36567
.28407 .56145 .016680 .13355 .080256 5730.5 .234 .33170

.37865 .62261 .032086 .19290 .11473 6439.4 .400 .30040

.42274 .67475 ."4J227 .22190 .13365 6707.2 .490 .28777

.51193 .79711 .063717 .28298 .17986 7263.9 .701 .26194
.59400 .90027 .089307 .34146 .23282 8080.4 .938 ". 3569
.63441 .86650 .10371 .37173 .26172 9013.2 1.081 .22635

.72438 1.1339 .14033 .44501 .34193 11365.0 ____.6.548

.80167 1.2002 .17788 .53189 .46087 12960.0 1.940 .099357

.84595 1.060 .20295 .60410 .55552 13959.0 2.268 .0635951

.89901 .82065 .237&6 .71378 .68041 14945.0J 2.731 0&44L

.96468 .53333 .28968 .86361 .81960 16090.0 3.422 .02161

.L210612  .31225 ,38006 .98338 .93899 17350.0 4-6 2 _0141A
1.1065 .26520 .42502 .99607 .96714 17736.0 5.253 .013055
1.1817 .22498 .50007 .99983 .99300 18119.0 6.323 .012014

L2180 .21647 .53638 1.0 1.0 18245.0 6.852 .011815
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V. CONCLUSIONS

1. Discrepancies between experiment and theory have been .I•gnificantly

k reduced both by an improvement in Yos' predictions and also by a further
reflncent in the data reduction Lzom arc experiments.

2. The heat transfer rate to the wall is strongly affected by the shape and
the occurance of the dip in the graph of thermal conductivity versus temperature.

3. Good agreement between theory and experiment ha3 been obtained for
_i equilibrium air for flight velocities up to 55, 000 ft/sec; for equilibrium

nitrogen agreement between theory and experiment is excellent up to flight
velocities of 50, 000 ft/sec,

I

I

I
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