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FOREWORD

This report was prepared by The Ohic Stete University Research
Foundation under USAF Contract No. AF33(657)-10110. The contract
was initiated under Project No. 1366, "Aerodynamlecs and Flight
Mechanics,"” Task No. 136615, "Mechanisms and Magnitudes of Aero-
dynamic Heating at Hypervelocities." The work was administered
under the direction of the Flight Dynamics Laboratory, Research
and Technology Division, Mr. L. E. Hooks, Project Engineer.

Thls report covers work conducted from February 1963 to
February 1964.

The authors wish to express their appreclation for the en-
couragement and support of Dr. John D. Lee, Director, The Chio
State University Aerodynamic Laboratory.
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' ABSTRACT

Using an arc driven shock tube facility, measurements of convective
heat transfer at the stagnation point of a blunt body have been carrled
out at simulated flight velocities ranging from 20,000 to 40,000 feet per
second. These measurements were performed using standerd calorimeter
techniques with air as the test media.

The present results indicate no significant ionization effects on
aserodynamic heating and indicate that the Lee's approximate equation for
stagnation point heat transfer can be used for engineering calculations
at flight veloclties up to 40,000 feet per second.
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E SYMBOLS
ﬁ a1 = pspeed of sound driven tube gas
E Cp = gpecific heat constant pressure of gas adjacent to body surface
Cc = gpecific heat for gage material
E €y = Fay apnd Riddell recombination parameter
du
2+ = stagnation point velocity gradient
dx
h, = gtatlc enthalpy of gas adjacent to body surface
h¢ o = total enthalpy of gas flow
I = current
£ = gage thickness
Mg = moving shock Mach number, Vg/aj
Ny _ qwrx Py
KW(hto'h‘W)
k Py = 1nitial pressure driven tube
Py = pressure behind moving normel shock
Py = stagnation point pressure
E Pry = Prandtl number of gas adjacent to body surface
Elw = heat transfer rate to body
i Ry = blunt body ncse radius
.& R = universal gas constant
E R = specific gas constant
R, = gage resistance at reference temperature
U X
1
E Rex = V—w
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SYMBOLS (continued)

t = time

stagnation temperature

ml-ﬂ
n

Tw = blunt body surface temperature

= veloclity at boundary layer edge

[ R
=
]_l
b

Voo = flight velocity

e
o
45
1|

= moving normal shock velocity

coordinate along body surface

Wu
2
i

Z = compressibility factor for gas adjacent to body surface
u
i; oR, = change in gage resistance with temperature

Fa) = shock detachment distance

AR = change in voltage drop mcross heat transfer gage
gi Mg = viscosity of gas adjacent to body surface

vy = kinematic viscosity of gas adjacent tc body surface

qa/pl = density ratio across moving normal shock

Pg = stagnation point density
Peo = free stream density for free flight condition
o] = density zoge material

X
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I. INTRODUCTICN

The heat transfer associsted with the atmospheric re-entry of a space
vehicle traveling at super-orbital or hyper-velocities is characterized by
two key aspects, One of these is the presence of ions and electrons in
apprecigble amounts in the stagnation region which, in influencing transport
properties, may have an effect on the aerodynamic heating rates., The second
aspect is that of the increased importance of radiative heating., Both of
these phencomena have received considerable attentlon during the past two
years; however, there still exists some uncertainty with regard to the pre-
diction of re-entry heating rates at super-orbital velocities.

Until 1962, the problem of stagnation point aerodynamic heat transfer
in partially icnized air had been the center of considerable controversy
because of the wide disagreement in the results of existing theoreticall-
and experimental5‘6 investigations. In particular, the theoretical results
of Scalal and the experimental results of Warren® both indicated stagnaticn
point heat transfer rates to be a factor of two or more greater thnan that
predicted by other investiigators for flight velocities in excess of the escape
velocity. However, it has been shown recently! that the high heat transfer
rates calculaied by Scalalt were due to the use of what would appear to be
unregsonable transport properities. IExecluding Scala's results, the afore-
mentioned theories show moderate agreement, i.e., within 30 per cent of each
other at flight velocities up to 50,000 feet per second.

The stagnation point convective heating rate data presented in this
report were obtained to help define super-orbital velocity convective heating
rates to the extent required for preliminary design of re-entry vehicles.
These measurements were made in The Ohic State University arc-driven shock
tube facility which is capable of generating hyper-velocity flows possessing
total enthalpies of more than €0,000 BIU/1bp.S-1l1 Standard calorimeter tech-
niques were used to measure the serodynamic heating rates at the stagnation
points of four sphere models st simulated flight veloecities from 20,000 to

40,000 feet per second. Simulated altitudes ranged from 106,000 to 182,000
feet.

Manuscript released by the authors March, 196k, for publication as an
FDL Technical Documentary Report.
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II. TEE ARC-DRIVEN SHOCK TUBE FACILITY

The facility in which the present experiments were performed is The Ohio
State University arc-driven 4-inch shock tube facility shown in Fig. 1. This
facility, which uses arc-heated helium as the driver gas, 1s capable of gen-
erating shock velocities in excess of 40,000 feet per second. The energy
for this facility is supplied by a capacitor bank which has an energy rating
of 200,000 Joules at its waximum voltage of 6000. The driven tube, which is
28 feet long, terminates in a dump tank producing & high-enthalpy, supersonic
free jet in which a model may be placed for aerodynamic testing. All of the
measurements reported here were obtained in this manner using untrested room
air.

The operating range of the 08U facility is shown in Fig. 2 in terms of
the standard shock tube paremeters, the shock Mach number Mg, and the initial
driven tube pressure p,, and also in terms of the simulated altitude and
flight velocity based on the simulation of total enthalpy and stagnation
point pressure. Alsc shown are the velocity-altitude conditions simulated
during this investigation and a typical re-entry trajectory for a super-orbital
veloelty lifting re-entry vehicle. Note the maximum shock Mach number attain-
able as a function of the initial driven tube pressure, and also the low den-
sity limit which is imposed by the'available test duratiocn.

Tt should be noted that the flight velocity simulated in the shock tube,
besed on total enthalpy, may be related, to an excellent approximation, with
the standard shock tube parameters by the expression

v, = vg/g(l-pl_/;;) . | (1)

Thus the flight velocity simulated depends only on shock velocity, being for
8ll practical purpcoses independent of the initisl driven tube pressure. The
altitude simulated may then be determined from stagnation point density con-
siderations through the use of references 12 through 1k.

One important consideration in the application of shock tubes to the pro-
duction of hypervelocity shock waves ie the test duration available. The test
duration, which decreases with increasing shock speed and decreasing tube pres-
sure, may be quite small at the shock tube operating conditions necessary for
the simulation of super-orbital velocity flight at altitudes above 100,000
feet. It is thus important that measurements of the test duration available
be carried out for any particular facility. Extensive measurements of this
type have been made in The Ohio State University facility and these are reported
in reference 11. In addition, the variation in hot gas radiative emission
was monitored on each run during the present program in order to obtailn informe-
tion on the test duration for that particular run. A random sample of test
duration data obtained in this manner during the present experiments is presented
in Fig. 3 for initial driven tube pressures of 1 mm Hg and 60 microns.



Fig. 1. Arc-driven shock tube facility
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Fig. 3. Arc-driven shock tube test duration measurements



Also shown are some data from reference 11 for z position 15 feet from the
diaphragm station. BSince it tekes on the order of 5 microseconds, depending
on the configuration being tested, to establish steady flow conditions in
the nose region of a model, a test duration on the order of 10 microseconds
should be taken as the minimum allowed for obtaining usable data. It can

be seen that in general such a test duration is availsble. Date obtained
during the present program have been disregarded for runs for which the test
duration is believed to be insufficient.

A more complete description of this facility mey be found in references

8-11, while similar shock tube facilities are reported in references & and 15,
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III. MEASUREMENTS OF AERODYNAMIC HEATING

Stagnation point serodynemic heat trensfer measurements have been carried
out over a range of simulated flight velocities and altitudes, and for several
size models, using calorimeter heat transfer gages. The development and appli-
cation of the calorimeter gage, for use in shock tybe heat transfer experi-
ments, has been discussed in detail by P. H. Rose~0s17 of the Avco-Everett
Research Laboratory where much of the early development work waes carried out,
In essence, the calorimeter gage mey be used to measure heat transfer rates
by monitoring the time-rate-of-change of the gage heat content. Since this
heat content is related to the average temperasture of the gege, which in turn
is related to the gage resistance, then the heat transfer rate may be deter-
mined by measuring the variation 1n gage reslstence, or for e constant current
circult, the variation In voltege drop across the gage. It is importent to
minimize any heat loss from the gege, and thus the choice of gage thickness is
eritical.

The type of model used in the present experiments is shown schematically
in Fig. 4. Each such model consisted of a pyrex or glass sphere, attached to
& sting, end having & calorimeter gage mounted at the stagnation point. The
caelorimeter gages were constructed from C.0Cl=-inch thick uncoasted platinum
foll.

The properties of the platinum were obtained from reference 18. The room
temperature resistance of each gage was measured before use and each was also
periodically checked during use. It was found that at the extreme conditions
of velocity and initial driven tube pressure, the resgistance of the gage some-
times changed over a period of time bhecause of the erosive actlon of diaphregm
particles which impact on the gage as the driver gas passes over the model at
the end of the shot.

The circult for messuring the wvariation in the gage resistance 1s shown
in Fig. 5, and is the same as suggested in reference 16. Four leads are
attached to each gage-~two leads for the de power circuit which provides a
constant current flow, and the other two as part of the differential cireuit
for measuring the variation in voltage drop across the gage. The purpcese of
the resistors denoted by Ry in Fig. 5 is tc reduce the effects of transient
voltages induced in the differen tial amplifier whean charged particles from
the partially icnized test gas impinge on the uncoated surface of the calorime
eter heat transfer gage. These resistors must be several orders of magnitude
smaller than the intermal resistance of the differential amplifier, asnd several
orders of magnitude larger than the calorimeter gage resistance. When these
conditions exist, the particls-induced transients act as signals from an ex-
tremely high impedsnce source so the Ry 's short them to ground. By contrast,
the voltage drop across the gage due to its instanteneous resistence is a
signal from a low-impedance source so it is unaffected by the Ry's. The noise
voltage is thus reduced or eliminated while the signal is displayed by the
oscilloscope. It was found that reasonable results are obtainable using Ry in
the range of 100 to 1C,000 ohms. The begt value for Ry will depend on the
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particular test conditions. For the present results an Ry of 5000 ohms was
used and the two resistors were balanced to within 0.1 ohm.

The data reduction for the present measurements has been performed using
the relation

g = phe 1 AR
Wudgg -IE: 3 ‘ (2)

where AE /At is the time-rate-of-change of the voltage drop across the gage,

I is the gage current, and pfc and 0GRy = AR/AT are properties of the platinum
gage materinl.l7,19 Corrections were applied to account for variations in
gage properties with temperature, and the distribution in heat transfer over
the gage, using the results of Rose.l

Several typical oscillograms of & calorimeter gage output are shown in
Fig. 6. The vertical scale is the variation in the voltage drop across the
gege, AR, which for a constant current in the circuit is proportional to the
variation in gage resistance. The horizontal scale is time. It can be seen
that following the arrival of the shock, there is a pericd of 3 to 5 micro-
seconds during which the flow is non-steady and both the heat transfer rate
and the induced noise level are high. It should be noted that the induced
noise is the nmost severe at the instant the traveling normal shock passes the
gage, since there is at that tlme no boundary layer to at least partially in-
sulate the gage from the ionized gas surrounding it. After the flow field

is established the noise heccmes reduced and the gage output increases linearly

with time as predicited theoretically for a constant heating rate. After 10
to 30 microseconds the contact region arrives at the gage ending the test pe-
riocd. This is sometimes indicated by an erratic behavior in the output of the

gage, such as shown in the upper left-hand oscillogram of Fig. 6, approximately

30 microseconds after passage of the incident shock.

Note in Fig. 6, the typical gage output for the case where the circuit
has not been properly balanced, In this case the two R] resistors are out
of balance by no more than & couple of ohms out of 5000. The noise present
in the gage output is due to transients induced by the ionized test gas. This
induced effect becomes more important at the higher electron densities.

The majority of the results in this report are at initigl driven tube
pressures of 1.00, 0.20, and 0.06 mm Hg. A few additional data points were
obtained at pressures less than 0.060 mm Hg. Since the available test time
decreases as the initial driven tube pressure is lowered (see Fig. 3), it was
extremely difficult at initial pressures less than 0.060 mm Hg to perform the
heat transfer measurements under conditions where sufflclent test time was
available., For this reason a large number of tests were performed at these
pressures in order to obtain a few usable data points.

10
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Four hemispherical nose models were used in this study. The nose radii
were 0.25, 0.50, 1,00, and 1,125 inches. The shock velocitles ranged from
10,000 to 30,000 feet per second. The data obteined are shown in Fig. 7 - 10
and are also presented in tabuler form in Tables 1-4, In Figs. 7-9, the data
have been presented as §,; VEquersus the shock veloclty so that the depend-
ence of the heat flux on nose radius has been removed. Because various ini-
tial driven tube pressures were used I1n the range below 0.060 mm Hg, these
dete have been plotted as qw RN/Ps versus the shock veloelty. Thus hoth
the pressure and nose redius dependence has been itaken out in the date shown
in Fig. 10, These results will ke analyzed in Section IV; however, it should
be noted that the data scatter incresses with decreasing initial driven tube
pressure. This is to be expected since the measurement of the lower heat
transfer rate which is associated with the lower pressure, and the measure-
ment of the initial pressure itself, would both be expected to be less accu-
ratve.
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IV. DISCUSSION AND ANALYSIS OF RESULTS

Before making any comperison between the stagnation pcint heat transfer
measurements reported here snd the existing theoretical treatments, it is
important to understand the chemical nature of the highly disgsociated and
even lonized flow in the stagnation region of the blunt models used in the
present investigation and any resulting effect on the heat transfer rate.

The guestions that must be answered in considering these phenomens are: (1)
is the gas at the outer edge of the boundary layer in equilibrium, chemically
frozen, or reacting with a finite rate; and (2) are the recombination rates
in the boundary layer rapid enough so thet the boundary layer is in equilib-
rium at all points. Because the chemical composition affects the transport
properties, which in turn affect the boundary layer profiles, a knowledge of
the chemical nature is extremely important. For the case where both the
invisecid flow and the boundary layer are in chemical end thermodynamic equi-
1ibrium, there will be one heat transfer rate, the equilibrium boundary layer
heat transfer rate, assoclated with the flow. However, for the same equilib-
rium inviseld conditions but with a chemically frozen boundary layer and a
non-~catalytic wall, the heat transfer rate may be much less than the equilib-
rium value because of the energy invelved in dissociation and ionization.
Becauge of the non-catalytic surface effect, the wall enthalpy in this case
is higher than in the equilibrium case for the same wall temperature, and

the driving potential for the heat transfer, htg-hy, 1s reduced. It shouwld
be noted that the wall enthalpy in this case includes the energy of dissoci-

ation and lonization in addition to the normal energy modes and pressure energy.

Another example which demonstrates the importance of the effect of the
chemical state on aserodynamic heat transfer is as follows:

Consider an equilibrium inviscid flow where the boundary layer is chem-
ically frozen and the surface is highly catalytic so that the chemical state
of the gas at the wall is an equilibrium one. If the inviscid stream is dis-
sociated but un-lonized, then the heat transfer rate i1s unaffected by the
non~equilibrium boundary layer and will be approximately equal to the equi-
librium heat transfer rate. However, 1f the free stream is highly ionized,
then the resulting heat transfer rate may bte much higher than for the equi-
librium boundary layer because of the transport of energy by electron and Ilon
diffusion. '

Thus it can be seen that in analyzing the results obtained in this study,
it is important that consideration be given to the chemical state of stag-.
nation reglon flow field. Consider first the question of whether the gas at
the ocuter edge of the stagnation point boundary layer is in equilibrium.

This can be answered by considering the relexation process behind & normal
shock. This process has been extensively studied for dissociation processes
behind & normal shock moving into an undisturbed fluid20,2l; and based on the
results of such studies, Rose and Stankevics2e have estimeted the relaxation
distance behind a standing shock under conditions such as encountered in the
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present tests. These equilibrium distances were estimated by determining the
particle time required to reach eguilibrium conditions, identical to the model
stagnation conditions, behind a shock moving inte an undisturbed fluid, and
converting this time into the distance behind the standing model bow shock.
However, because the gas in front of the model bow shock is already vibration-
ally excited and dissociated, it would be expected that the actual relsxation
distances would be shorter. Although there is presently no information in

the literature that supports this, initial results obtained in this labora-
tory by studying reflected shocks indicate that the relaxation process for
conditions such as encountered for a standing shock in a shock tube flow may
be, by as much as a factor of two, more rapid than for & moving shock in an
undisturbed fluid. Shown in Fig. 1l are both the calculsted relaxation dis-
tances by Rose and Stankevics22 and an estimated lower limit for the relax-
ation distance behind the model bow shock.

In order to determine the chemical state of the gas at the outer edge
of the stagnation point boundary layer, the shock detachment distance must
also be known, A recent study at this Laboratory of shock shapes in shock
tube generated flows2) indicated that in the shock Mach number range of in-
terest here, the shock detachment distance was approximately 0.136 times the
model nose radius, If the shock detachment distance is approximately equal
to or greater than the chemical relaxation distance, then the gas at the outer
edge of the boundary layer will be in equilibrium. From this it can be seen
that for all the convective heating data taken at an initiasl driven tube pres-
sure of 1 mm Hg, the gas at the outer edge of the boundary layer is in eqgui-
librium; while at 0.200 mm Hg the gas at the outer edge of the boundary layer
should be in a near equilibrium state. For all the measurements performed at
C.060 mm Hg and below, the gas is in non-equilibrium at the outer edge of the
boundary layer.

Even though equilibrium conditions may prevail at the outer edge of the
boundary layer, the boundary layer itself may be in non-equilibrium because
of the presence of finite recombination rates. Fay and ‘RJ‘.clcit-z];l.,2)Jr in their
comprehensive treatment of the stagnation point heat transfer problem in &
dissociated gas, established a parameter to measure the effect of a finiie
recombination rate on the boundary layer flow and on the heat transfer. Based
on this parameter, Rose and Stankevics@2 analyzed the case of stagnation point
heat transfer measurements in & shock tube. Their results are shown in Fig.
12 in terms of the Fay and Riddell recombination parameter, C), where

-3.5 /B\2 [Auy\-1
CL = KTy R dx s (%)

and Kj is a constant arising from the recombination rate of oxygen. In Fig.
12, C; is presented as a funciion of the initial driven tube pressure and for
several shock velocities. For (1 greater than unity, equilibrium boundary
layer calculations should be in good agreement with experimental data hecause
the recombination effects will be small. Frozen boundary layer calculaticns
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Refoxation Distance Behind Standing Normal Shock

~ |nches

Rose and Stankavics (Ref.22)
o= en on == == Egtimated Lower Limit

18 22 26 30 34 38
Shock Velocity Vg x1072, fps

Fig. 11. ZEstimated relaxation distence behind standing normel shock
in shock tube flow
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for a catalytic surface should serve as a good approximation for C1 less than
unity. For C1 on the order of 10-% or less, surface effects will be important
and must be considered. Actually the temperature dependence of the recombin-
ation rate is less than that assumed by Fay and Riddell, and Chung25 has shown
that this results in a delay in the onset of boundary layer freezing untll lower
densities.

Tt should be noted that Rose and Stankevics22 have considered the ioni-
zation processes involved in equilibrium being attained in both the inviscid
and visecid stagnation region flow; and although there i1s little knowledge of
ionizetion processes at temperatures such as those attained in the present
experiments, it appears that the ionization behind the shock will proceed at
a faster rate than that shown in Fig. 11, and that the Fay and Riddell param-
eter C] may still be used as the governing recombination parameter in the
boundary layer.

It should alsc be noted that most metal surfaces are catalytic, while
glasses such as pyrex or quartz are non-catalytic. Although the cleanliness
of a surface will affect its catalytic efficiency, the uncoated platinum feil
calorimeter gages used in the present investigation are considered to be cata-
lytic. )

Based on Figs. 11 and 12, it would thus be expected that all of the con-
vective heating results obtained at initial driven iube pressures of 1 mm Hg
and 0.200 mm Hg should be at conditions where equilibrium boundary layer cel-
culations serve as a good approximation. The dats taken at C.060 mm Hg and
below would be expecied to agree better with chemically frozen boundary layer
calculations. These data have been identified in Tables 1-L4 through the use
of the symbol "N". However, it should be noted that at flight velocities be-
low 32,00C feet per second and with a catalytic surface, Tor all practical
purposes there 1s no difference between the heat transfer rate associated with
8 chemically frozen or an equlilibrium boundary layer.2T

A comment should be made relative to the importance of hot gas radiative
heat transfer on the celorimeter gage measurements of aerodynamic heating. If
a comparison is made of the rediatlve heat transfer rate, using the theoretical
results of reference 26, and the measured convective heat transfer rate for
the most extreme condition, which is & 1.0 inch radius model at a simulated
velocity of 36,000 feet per second and an initial deiven tube pressure of
1 mm Hg, then it can be shown that the radiative contribution to the convecw~
tive heat transfer measurements is less then 15 per cent, assuming that the
calorimeter gage absorbs all the incident radiation. However, using a real-
istic estimate for the absorptivity of the gage, then the radiative contribu-
tion for this extreme case must be less than 10 per cent. It should be noted
that initially the platinum calorimeter gages are highly reflecting; however,
after a couple of runs the surface becomes grayish and has & higher absorptivity,
which is estimated to be 50 per cent. Forthe smaller models the effect is much
less sinece the ratio of stagnation point radlative heat transfer to convective
heat transfer goes as the nose radius to the three-halves power. The effect
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is also less at lower simulated flight velocities. Thus this effect has been
ignored. It should be noted that & comparison of celorimeter gage measure-
ments for models of different nose radius indicates no discernible contribu-
tion due to radistive transfer.

In correlating convective heat transfer data for laminar boundary layers,
the baslic parameter is the Nu/'VReX, which may be expressed as

Nu q“;yﬁ§§' 1 Pry 1 ()
VRe, VB, (ngn) _(uw/RTW)l/E@ S 1/2

There are many theoretical solutions which result in the determination of this
parameter for stagnation point boundary layers. The important solutions for
ionlzed air or nitrogen are shown in Teble 5 and are compared with the present
experimental data in Fig. 13.

In calculating the Nu/ YRey for the experimental measurements, the in-
viscid gas properties were evaluated through the use of reference 135 and the
velocity gradlent using the modified Newtonian form

(5)

The date shown in Fig. 13 represent average values for data points obtained
a8t approximately the same run condition., This averaging was done to reduce
the data scatter and allow a more meaningful interpretation.

It can be seen in Fig. 13 that although there is generasl agreement with
all of the theories shown, no one theory correctly predicts the level of heat
transfer over the entire range of flight velocities as determined experimentally.

It was previously noted that equilibrium boundary layer calculations
should serve as a good approximation for analyzing the data obtained at 1 mm Hg
and 0.200 mm Hg, while chemically frozen boundary layer calculstions for a
catalytic surface would serve best at an initial driven tube pressure of
0.060 mm Hg. If this is the case, then it might be expected thet at simulated
flight velocities ranging from 30,000 to 40,000 feet per second there would be
a variation in the heet transfer pareameter with density. This varistion is
indicated by Fay and Kemp's calculationse! of a higher value for the heat trans-
fer parameter in & chemicaily frozen boundary layer than in an equilibrium
boundary layer (see Fig. 13%). However, there is no such variation discernible
in the present experimental results. Certainly the data scatier makes any
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o 'F’u =1.00mm Hg ——— Fay and Kemp (N,) _ Equilibrium
@ P, =0.200 mm Hg :-:-—_-- gglrl‘c;:e (:::3 Van Tassel (oir) Boundary Layer
A P, =0600mmHg Calculations |

¥ P, <0.060 mmHg w— e Hoghizoki (air)

These Points Represent  ww=esaes Fayand Kemp (N,) + Frozen Boundary -

Layer Calculations o

Nu

Rey

of

the Average of —
Several Measuremeants

20 24

28 32 36

Simuiated Flight Velocity Vg ~K ft./sec.

Fig. 13. Non-dimensional heat transfer parameter, __ Nu

versus simulated flight velocity A/ Rey
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formal conclusion at this time rather presumptuous. It should be noted, how-
ever, that the presently accepted reaction rate for the oxygen recombination
process, together with Chung's analysis, indicates a delay in the onset of
boundary layer freezing as compared to Fey and Riddell's results. This would
serve to explain the absence, in the present results, of any variation in the
heat transfer parameter with density, since the boundary layer for all exper-
imental conditions mey be in a near-eguilibrium state.

It can be seen in Fig. 13 that although no one theory is in full agree-
ment with the experimental results, the equilibrium calculations of Fay and
Kbmp‘T appear to more nearly predict the correct trend. However, the pre-
dicted magnitude, when compared to the measurements, 1s approximately 20 per
cent high over the entire range of flight velccities. It is well known that
the accuracy of numerical calculation depends on the precedures used. For
example, the equilibriuwn air calculations of Cohen,z Hoshizaki,? and Pallone
and Van Tasselll all make use of the same transport properties yet show dif-
ferences of 20 per cent or more in thelr results. Thus the difference between
the theoretical results of Fay and Kemp and the present experimental results
mey be due to inherent numerical caleculgtion inaccuracies. This same differ-
ence appears between the Fay and Kbmp27 result: and he experimental data of
Rose and Stankevics.?2 It thus appears that the theoretical analysis of Fay
and Kemp correctly predicts the effects of ionization on stagnatlon point heat
transfer; and although there is scme question as to the magnitude of the heat
transfer predicted, the chemical model used by ¥Fay and Kemp should prove useful
in other boundary layer problems.

The present experimental results are also shown in Fig. 14 in the form
of C_EWVRN/V Py as a function of (hg,-by). The solid line has the equation

éw\@;r _ W ox 1072 (hyo-hy)
VPS _ » (6)

and is virtually ildentical to a correlation by Scala and Gilbert28 of solutions
carried out for dissociated gases of different molecular weight. It can be
seen that the agreement is reasonably good (on the order of * 20 per cent)

even out at high enthalpies where ionization 1s appreciable. Thus for engi-
neering purposes, the above equation should give satisfactory results in ad-
dition to being practical.

It can also be seen that there are no seriocus ionization effects on stag-
nation point aerodynamic heating at velocities up to 40,000 feet per second.
This is in agreement with recent experimental results in air,22,29 carbon
dioxide,50 and nitrogen-carbon dioxide mixtures.>l
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Note that if hiy is replaced by V8/2, and Py by pw V8, (6) reduces to

_i’i_@= 20.5 (pm)l/?' (&..)5 ’

hto

which differs from the approximate form of Lee's>2 equation only in the con-
stant, which is 21.7 in Lees equation. Here p, is in sluga/ft s Vo in ft/sec,
Ry in ft, end §, in BTU/ft2/sec.

(1)

The present experimental results have been statistically analyzed by
L. E. Hooks.?3 This analysis assumed first that &y, Ry, p», and Vo vere
related by Eq. 7, and that hy = 6006 (520°R) BTU/lbp.  Bquation 7 was
solved for each of the 130 data points to yield the numerical constant. The
characteristicsd* of the set of constants are as follows:

average = 20.56

non-dimensional standard deviation = 21.74%
non-dimensional skewness = (.6416
non-dimensional kurtosis = 0.9175

(zero for a normal distribution).

Next, the exponents of By, pw, and Vo were varled to find those which gave
the minimum nen-dimensionel standard deviation of the numerical constants,

the constants being recomputed for each exponent change. The resultes are &s
follows:

o R 0.4116 - 0.4833 v .1536
" Ak | S 1Y 5 0. (%Ggﬁjf

(8)

non-dimensional standard deviation = 21.15%
non-dimensional skewness = 0.6582
non-dimensional kurtosis = 0.7981
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The exponent of Ve in Eg. 8 is nearly the value advocated by Detra, Kemp,
and Riddell,35 that is, 3.15. Recomputing the numerical constants from Eq. 7
with the exponent of Ve set to 3,15 gives

H

average = 12.29

21.60%

non-dimensional standard deviation

non~dimensional skewness = 0.6327

0.8788

non-dimensionel kurtosis

On the basis of present data, no clear choice can be mede among Lees' equation,
Eg. 8, and Detra, Kemp, and Riddell's equation. Lees' equation, with the
corrected constant of 20.5, is recommended for use in re-entry calculations

at flight velocities up to 40,000 feet per second since it is the simplest

of the three egquations and it is a physically grounded equation rather than

a curve fit.
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V. CONCLUSIONS

Based on the results of this investigation, the following conclusions
may be made with regard +to merodynamic heating at super-orbital velocities:

(1) There appear to be no significant ionization effects on aerodynamic
heating at flight velocities up to 40,000 feet per second.

(2) The theoretical analysis of Fay and KempZ! appears to correctly
predlict the trend in the variation of the heat {ransfer parameter for ionized
air; however. there is a 20 per cent discrepancy in the megnitude of the heat
transfer as predicted by Fay &nd Kemp and as measured 1n the present experi-
ments. Other theoretical analyses show general agreement with the present
data but do not indicate the correct trend.

(3) For engineering purposes, the approximate equation of Lees’? with

& numerical constant of 20.5 is recommended. The standard deviation of the
present data from this modified Lees' equation is 21.74%.
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