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ABSTRACT

This report presents the results of a study of hypervelocity flows,
with particular emphasis on the similitude requirements. A primary ob-
jective has been to delineate the similitude parameters for certain typical
flows and, where possible, to evaluate the effects of not duplicating all of
the similitude parameters in wind-tunnel tests. As a part of this study, &a
comprehensive review of inviscid and viscous similitude is given, as well
as a state-of-the-art survey of flow solutions. It is shown that in many in-
stances there do not exist,at present, sufficient experimental data or
theoretical solutions to evaluate the sengitivity of various flow quantities to
variations in the similitude parameters nor to determine whether some
similitude parameters are less important than others., Such an evaluation
has been accomplished for certain simple flows such as wedges, cones,
blunt-nosed flat plates and stagnation-region flows. For these flows it is
found that in the flight regime of interest (velocities from 10, 060 to 36, GO0
fps and altitudes from 50,000 ft. to 250, 000 ft. } duplication of density-
altitude and free-stream velocity are more important than duplication of
free-strearmn Mach number (i.e., temperature). However, lack of duplica-
tion of Mach number can introduce significant errors in the case of slender
bodies. Other topics that have been investigated are the effects of alkali-
metal seed on hypervelocity flows, the importance of simulating ablation
phenomena in wind-tunnel tests, and the testing time requirements for
hypervelocity wind tunnels.
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1. INTRODUCTION

Traditionally the wind tunnel has been a tool for simulating rather
than duplicating the flight conditions of a vehicle. As velocities have in-
creased from subsonic to hypersonic,the problems associated with aero-
dynamic testing have grown both in number and complexity. This has
resulted in such a proliferation of similitude parameters that for some
flight conditions one is led to the conclusion that no simulation is possible
and the ambient flow conditions, vehicle velocity and size must all be
reproduced in the wind tunnel; i.e., the flight condition must be completely
duplicated. This is particularly true in the case of high-density, hyper-
velocity flight where the flow contains viscous and inviscid regions, both
containing equilibrium and nonequilibrium real-gas effects. However, the
reservoir temperature and, more particularly, the pressure requirements
for a wind tunnel are so severe as to make full duplication of low=-altitude,

hypervelocity flight conditions presently impossible.

On the other hand, experience has shown that flight testing is not
only extremely expensive,but also impractical as far as providing detailed
investigations of fundamental flow phenomena. In view of this state of
affairs, it is necessary that the similitude requirements in the high-density,
hypervelocity flight regions be carefully examined from the standpoint of
delineating the more important similarity parameters and determining the
degree to which the less important similitude requirements can be relaxed.

This report presents the result of a study directed at this question.

The flight regime of interest here is the altitude range from 50,000 ft
to 250,000 ft for velocities from 10,000 fps to 36,000 fps. The primz;ry
objectives of this investigation have been: to determine the similarity and
scaling laws required to correlate model test data with full-scale flight
vehicles, to quantitatively evaluate the effect of relaxing the duplication re-
quirements of the less sensitive similitude parameters, to assess the
maximum permissible degree of relaxation of the individual similitude

variables without loss of meaningful test results, and to determine the
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minimum test times required to produce valid data for hypervelocity vehicles,
Consideration has also been given to: delineating the frozen, nonequilibrium
and equilibrium boundaries for both inviscid and viscous flows; assessing

the influence of nonequilibrium nozzle flow on test results; determining the
effect of seeding the air stream with alkali-metal vapor; and assessing the

significance of ablation on aerodynamic¢ phenomena.

It must be emphasized that the specific objectives outlined above
are exceedingly broad and complex in relation to the current state of
knowledge in this problem area. At the outset it was realized that complete
answers to the problem were presently unattainable. Hence, while all
aspects of the problem area have been considered to the degree of agsess-
ing current knowledge, significant accomplishment of the specific objectives
has necessarily been limited to judiciously selected flows. Thus, normal
shock waves, blunt-body stagnation regions, wedge flows, cone flows and
the blunt-nosed flat plate have been studied in depth since they typify the

flow phenomena encountered on more complex vehicle shapes.

In this report,the altitude-velocity map for the high-density, hyper-
velocity flight regime is discussed first in conjunction with the flight paths
of typical vehicles. In order to quantitatively assess the effects of not
duplicating all the flight conditions, it was necessary to hypothesize a per-
formance map for a hypervelocity wind tunnel, This is presented in
relation to the flight regime in the second section. Following this, the
hypersonic similitudes for inviscid and viscous flows about slender ang
blunt bodies are reviewed in some detail (Sec., I, IV). That review, as a
necessary first stage of the investigation, serves to delineate the numerous
similitude parameters as well as establish the current state of knowledge
of such flows. The remainder of the report presents the results of specific
studies of normal shock waves (Sec. V), slender and blunt body flows
(Sec. VI-VIII), effects of seeding the air stream (Sec. IX), ablation
phenomena (Sec. X) and test-time requirements (Sec. XI), Finally, the
important results of the investigation are summarized, the degree to which
the initial objectives have been accomplished is discussed, and suggestions

for further research are outlined (Sec. XIL).
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II. FLIGHT REGIME OF INTEREST

A, INTRODUCTION

Before investigating the similitude requircments for high-density,
hypervelocity flight, it is important to define the flight regime under con-
sideration. Furthermore, it is necessary to establish some reference
level of wind-tunnel performance in order to show the areas in which full
duplication cannot be achieved. Also, since hypervelocity nozzle flows are
not always in thermodynamic equilibrium, nonequilibrium effects must be

taken into consideration. These matters are treated in this section,

B. HIGH-DENSITY HYPERVELOCITY FLIGHT REGIME

As stated, the high-density, hypervelocity flight regime of interest in
this study is the altitude range from 50, 000 ft to 250,000 ft for velocities
from 10,000 fps to 36,000 fps, Fig. 1. This regime encompasses all of the
continuous flight corridorllying above 10,000 fps velocity and below 250, 000 f{t
altitude, all of the reentry corridor for manned satellites and lunar vehicles
(except portions of skip trajectories), and the critical flight regime for
reentering missiles, These flight regions are also shown in Fig. 1 where
it can be seen that the flight regime being considered is one of real concern
for hypervelocity vehicles. This altitude-velocity map further serves to
define the range of values for various similarity parameters and will be

referred to frequently in subsequent sections,

The severe requirements that duplication of ambient altitude condi-
tions at hypersonic speeds imposes on a wind tunnel are illustrated in
Fig. 2. This altitude-velocity map shows the nozzle reservoir pressures
and temperatures necessary for duplicating flight conditions assuming an
isentropic expansion of real air in thermodynamic equilibrium, It should
be noted that there are no facilities presently operating at reservoir
pressures greater than 2000 atm. The nozzle reservoir conditions are not

specified beyond the 4000 atm curve for the simple reason that the thermo-
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dynamic state of air is uncertain at these extreme pressures and temperatures,
Velocities greater than 20,000 fps can be obtained,but pressure, temperature
and density for altitudes below 250,000 ft cannot be duplicated simultaneously at

such velocities in existing facilities,

The extreme reservoir pressure reguirements can be circumvented
to some extent by not stagnating the air prior to expansion, e.g., a non-
reflected shock tunnel. The performance improvement resulting from that
mode of operation is typified by the dashed curve in Fig. 2 which represents
the duplication capability of a nonreflected shock tunnel operating at 4000 atm
behind the incident shock. (The curves labelled T, will be discussed
subsequently,) This improvement is substantial; still it doee not permit
altitude duplication below 250,000 ft at velocities above 27,000 fps. Clearly,
the attainment of flight conditions for altitudes below 250, 000 ft at velocities
above 25,000 fps requires new concepts in hypervelocity facilities. Three
new approaches that are under current study are MHD-augmented shock

4,5,6

tunnels, 2y 3the expansion tube and the isentropic compression tube. 7

C. HYPOTHESIZED WIND-TUNNEL PERFORMANCE

It is not the purpose of the present study to investigate the possible
capabilities of future hypervelocity facilities; however, the quantitative
assessment of not duplicating simultaneously all the similitude parameters
requires specification of a wind tunnel capability; consequently, a hypo-
thetical performance has been assumed, This is shcwn in Fig. 2 also.

Above the full duplication boundary of Fig. 2,o0th flight velocity and ambient
conditions can be duplicated in the test section if the nozzle expansion remains
in equilibrium, Below this boundary line the flight velocity and only one of
the ambient altitude conditions (e.g., density-altitude or free-stream temper-
ature) can be duplicated. It should be mentioned that it is tacitly assumed
that the facility will be of an intermittent nature and,consequently, will have

relatively short test times.
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Before investigating the flight simulation region of Fig. 2, it is per-
tinent to consider the problem of nozzle flow nonequilibrium. A considerable
simplification is afforded if the region of significant test flow nonequilibrium
lies within the region where full duplication of velocity and altitude conditions
is possible. If this is the case, the nonequilibrium effects on test-flow con-
ditions may be obtained knowing the effective reservoir enthalpy and entropy
corresponding to full duplication of flight conditions. On the other hand, in
the region where altitude-velocity conditions cannot be fully duplicated, the
lack of duplication of free-stream properties results solely from facility
limitations. Moreover, there is then no effect on free-stream composition

in the flight simulation region,

D. NQOZZLE FLOW NONEQUILIBRIUM

Nonequilibrium effects on expansions of air to high velocities have

8,9 and elsewhere 10-12

been examined at CAL utilizing numerical solutions

of inviscid, one-dimensional nozzle flows with coupled chemical reactions.
Solutions have been reported for reservoir temperatures up to 15,000° K

and densities up to 100 times sea level density. Lordi and Mates9 have noted
that the nozzle flow nonequilibrium effects on the composition and thermo-
dynamic state of the gas could be correlated with the reservoir entropy.
Although the solutions reported in Ref. 9 were for a hyperbolic, axisymmetric
nozzle, the dependence of the results on nozzle geometry is weak. Hence,

the correlation presented in Ref. Y has been used here, Some of these results
are shown in Fig. 3 which presents the frozen enthalpy {i.e., enthalpy lost

in the nonecuilibrium expansion) as a function of reservoir entropy. The
straight line drawn through the calculated points has been used in the present
analysis to obtain the frozen enthalpy H, for a given reservoir entropy. The

nonequilibrium effect on velocity at large nozzle area ratios is given oy

U
o, e
Uy * (™-1)
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where H, is the total or reservoir enthalpy. Equation (II-I) and the results
of Fig. 3 may be used to determine the nonequilibriurn effect on test flow
velocity. The correlation of frozen species concentrations with reservoir
entropy is shown in Fig. 4. These results are applicable for nozzle area

ratios A/A' > 103.

Assuming an equilibrium nozzle expansion, the reservoir conditions
corresponding to given flight conditions are found from the entropy corres-
ponding to the thermodynamic state of the atmosphere at a given altitude and
the relation H, :—2" u: - Knowing S, , and hence H, from Fig. 3,
H;/Ho can be calculated. Then the reduction in test flow velocity due to
nonequilibrium effects can be calculated from Eq. (II-I). Since the frozen
species concentrations also correlate with reservoir entropy i 13, the

free-stream composition can be determined from Fig. 4,

In order to define the region of the altitude-velocity map where
nonequilibrivm effects are important, a slightly different procedure has
been used. From the entropy corresponding to a given altitude, a value
of H, is obtained from Fig. 3. Then the reservoir enthalpies corresponding
to various values of H,/ H, are found, The flight velocities equivalent to
these values of H, then permit lines to be drawn on the altitude-velocity
map for given values of H4,/H. in the corresponding test flow. The lines
for H,/Ho = 0.02 and 0.05 are shown in Fig. 5. It is significant to note
that the line corresponding to H,/H, = 0.02 lies within the full duplication
region of the postulated wind-tunnel performance map. Hence, below this
line the nonequilibrium effect on velocity is less than }%. At the end points
of the H, /H° = (.02 curve,the mass fractions of oxygen atoms and nitric

oxide molecules are:

Free-stream Velocity Mass Fractions
Ve (o] [NO]
10, 000 {ps 0.0075 0.096
36,000 fps 0.058 0.0066

The nitrogen atom concentrations are negligible.
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The maximum frozen enthalpy occurs at 10,000 {ps and 250,000 ft
altitude where H,,/H° = 0.25 and the frozen mass fractions of O and
NCe are 0.053 and 0.075, respectively.

While the above results indicate that the noneaguilibrium effects on
velocity and composition are negligible below the full-duplication boundary,
the effect on static temperature and pressure may not be. In Ref. 9the
nonequilibrium effects on nozzle static pressure and temperature were also
correlated with reservoir entropy. Again assuming that full duplication of
flight conditions could be attained if nonequilibrium effects were absent, the
effects of static pressure and temperature can be correlated withk a given
flight altitude, For the altitudes (reservoir entropy) corresponding to the
higher velocity end of the full duplication line, the nonequilibrium static
temperature may be as low as one~half the corresponding equilibrium flow
value. As will be seen later, such a mismatch in free-stream temperature.

(or pressure) could be significant in test flows over siender body.

Another cautionary note on the above relation of nonequilibrium
nozzle flow solutions to tunnel performance is in order. The correlation
of nozzle flow solutions in terms of reservoir entropy9wa.s accomplished
for a range of reservoir conditions that did not encompass the entire flight
regime being considered here. Consequently, a detailed study of nozzle
nonequilibrium effects must be carried out before making definite conclusions

on the magnitude of these effects in a given facility.

E. FLIGHT SIMULATION CONDITIONS

1. Generzl Considerations

We now turn our attention to determining the mismatch in both
the free-stream quantities and the various similitude parameters occurring
in the flight simulation region. On the basis of the postulated wind-tunnel
performance,it is assumed that the flight velocity can be duplicated throughout
this region. However, there will be some cases where a mismatch in velocity

is considered.
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The various simulation techniques whereby certain similitude par-
ameters are duplicated at the expense of others have been described by
several authors (e.g., see Ref. 14). Basically, simulation is the technique
of duplicating only the nondimensional parameters or flow conditions most
intimately associated with the flow phenomenon being studied. For example,
in boundary layer flows, Reynolds number is generaily of prime importance;
in force and pressure measurements on slender bodies, generally the
hypersonic similarity parameter M7 (where 7 is the thickness ratio or
angle of attack) is the governing variable; and in viscous interactions, the
important parameter is a combination of Mach number and Reynolds number,
1 = Ms//ﬁ . Thus, each experiment requires an analysis of the
flow phenomenon to determine the important parameters or conditions
requiring duplication. The particular parameters pertinent to the various
flow situations are treated in following sections of the report. Here,we will
consider only some of the more important parameters to illustrate the degree
of mismatch that results in the nonduplicated quantities. Furthermore, our
attention will be concentrated on the lower boundary of the flight regime

since that is where the maximum deviations will occur,

2. Density-Altitude and Velocity Duplication

~

For certain flow phenomena,the important parameters to be
duplicated are the density-altitude (i.e., the free-stream density) and the
flight velocity. These two parameters then insure duplication of the flux of

free-stream momentum ( 0o U: ) and energy ( —é— A U: ).

Duplication of density-altitude and free-stream velocity implies
a higher free-stream static temperature than in flight and,hence,a lower
Mach number and unit Reynolds number (i.e. , Reynolds number per foot,
P, U,/ M) .+ Forinviscid flows that are Mach number independent
(e.g., blunt bodies), the lower flow Mach number imposes no restriction
provided it is hypersonic (i.e., about 5 or greater). Similarly, for slender
bodies, the hypersonic similarity parameter M_7? can be maintained constant
if the test model is thicker than the flight vehicle, Several curves of constant

free-stream static temperature are shown in Fig. 2 when density-altitude and
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velocity are duplicated. These curves are for reservoir conditions corres-
ponding to the full-duplication boundary line. It is seen that the static
temperatures can exceed 1500°K whereas the ambient altitude temperatures
are in the range 200°K to 300°K,

The following procedure has been used to determine test-section
conditions along the lower boundary of the flight regime when the density-
altitude and flight velocity are duplicated. First, the reservoir enthalpy
(H, = JE U: ) and entropy (given by the altitude) corresponding to the full-
duplication boundary line (Fig. 2) are used to define on a Mollier diagram
for air e the maximum reservoir enthalpy available for equilibrium
expansion at a given entropy. For reference purposes this is shown in Fig.
6 {also shown for reference are several constant pressure lines); the altitude
data are given in Ref. 16 for the 1962 U.S. Standard Atmosphere. Next, for
a given velocity,the thermodynamic state along the full duplication line defines
an entropy. For this entropy,the temperature corresponding to the desired
density is read from the Mollier diagramls. If the resulting ambient tem-
perature is high enough so that the static enthalpy is not negligible compared
to the flow kinetic energy, then the total enthalpy must be increased by this
static enthalpy to preserve velocity duplication, In the calculations, the
total enthalpy was increased by moving along the limiting H,- S, line
{Fig. 6) to a new entropy. Then, allowing an isentropic expansion to the
desired density, a new test flow static temperature was obtained and the
flow velocity recalculated. This single iteration preserved velocity dupli~
cation to within 1%. In Table 1I-1, the results are shown for the mismatch
in static temperature, Mach number and unit Reynolds number resulting
from velocity and density duplication of flight conditions along the lower

boundary of the altitude-velocity map.
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4, Reynolds Number Duplication

If the test models are smaller than the flight vehicle by a scale
factor 1 <i , Reynolds number duplication requires that the unit Reynolds
number of the test flow be A times greater than the flight unit Reynolds
number. This is a severe requirement since, if the free-stream temperature
and velocity of the test flow are of the same order as the flight values, then
the test flow density must be X' times greater than the flight density. As
indicated in Ref. 8, high Reynolds numbers can be obtained by testing at
low reservoir temperatures with the maximum available reservoir pressure
and at low test flow Mach numbers, There will result, of course, 2 misg-
match in all of the other flow quantities and only Reynolds number will be
duplicated. Until the scale factor A is specified, the required test conditions

cannot be determined; hence, no calculations are presented here.

F. FLOW REGIMES

In most of the high-density, hypervelocity flight regime the flow
over a typical vehicle will contain regions of f{rozen, noneqguilibrium and
equilibrium chemistry. Significant simplifications in the similitude re-
quirements result if all regions of the flow are frozen or in equilibrium,
Thus, it would be desirable to be able to delineate such flow regimes,
Unfortunately, any such delineation is dependent on the vehicle geometry,
i.e., on the type of flow, Harney” has studied the particular cases of
blunt-nose flow and the flow downstream of a specific oblique shock wave.
He has delineated regions where the chemical effects are negligible (frozen
flow), where nonequilibrium chemistry predominates and where the chemistry
is in equilibrium. His results for these two cases are shown in Fig. 8,

where it is seen that their boundaries are not coincident.

In the present work,the results of a series of nonequilibrium normal
shack-wave solutions (Sec, V) have been used to delineate the flow regimes.
The criteria adopted here differ from that used by Harney and are both more
precise and somewhat stricter. Whereas Harney defined the boundary

between frozen and nonequilibrium flows on the basis of no more than 10%

12
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dissociation of oxygen, inspection of the temperature profiles behind normal
shock waves (Sec. V) indicates that a suitable definition of the frozen flow
boundary is the point at which the temperature has dropped to 99% of the
initial, frozen temperature, At this point the degree of dissociation is small
for all the cases investigated. For the boundary between nonequilibrium

and equilibrium flows,Harney adopted a criterion based on the distance for
atomic nitrogen to reach 90% of its equilibrium value. In the present work,
the criterion is that the temperature be within 1% of the final equilibrium
value, a point where all of the species concentrations are nearly at their
equilibrium values also. These results are shown in Fig. 9, The advantage
of the present criteria over those used by Harney is that they apply for all
flight conditions, whereas the atomic nitrogen criterion is inappropriate at
low velocity ( = 10,000 f{ps) where nitrogen atoms are insignificant. The

1% deviation of temperature could be relaxed, of course, to provide criterix

somewhat closer to those of Harney.

A comparison of the flow regimes delineated by the two sets of
criteria is given in Fig. 10 for the stagnation streamline of a hemispherical
body with a radius of one foot. Following Harney, the shock standoff distance
is taken as 0.0961] ft. The flow is considered to be frozen when according
to the above criterion the extent of frozen flow is equal to or greater than
this shock standoff distance, The boundary for eguilibrium flow in the nose
region is taken to be when the equilibrium criterion is met at a distance of
1/10 the shock standoff distance. Because the present calculations were
made only for altitudes up to 250,000 {t,, the frozen-flow boundary required
extrapolations of the curves in Fig. 9. It is observed.in Fig. 10, that the
present frozen-flow boundary is considerably higher than that given by
Harney. This difference is largely due to the different criteria and oaly
slightly affected by the extrapolation, The equilibrium flow boundaries
given by the two criteria are in reasonable agreement in the velocity range
15,000 fps to 25,000 fps, but exhibit significantly different trends outside

this range.

Two important conclusions about the flow over the flight vehicle can

be drawn from these results. First, the only region where the flow may be

13
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considered as completely frozen is at low velocity and high altitude. Second,
in the region below the full duplication boundary for the postulated wind-tunnel
performance, the flow will be in equilibrium or nearly so. For small scale
tunnel models, the curves in Fig. 10 would move to lower altitudes at a fixed
velocity. Thus, the flow over a model might be frozen,whereas the flow over
the flight vehicle would be in the nonequilibrium regime; or the model flow
might be of a nonequilibrium nature, whereas the flight vehicle experienced

a completely equilibrium flow, This clearly serves to indicate the importance

of understanding the influence of chemical kinetics on hypervelocity flows.

G. SUMMARY

The flight regime of interest here has been shown to include that
portion of the flight path lying below 250, 000 ft altitude and above 10,000 fps
velocity for most hypervelocity vehicles. Present-day wind tunnels are cap-
able of {fully duplicating the altitude-velocity conditions for only a limited
region of this flight regime, Consequently, a performance map for a future
wind tunnel has been postulated and the resulting test conditions have been
investigated. It was found that for this hypothetical wind tunnel nozzle-flow
nonequilibrium effects on velocity and gas composition will be restricted to
the region where the tunnel could, in their absence, fully duplicate the flight
conditions. The various frozen, nonequilibrium and equilibrium flow regimes
have been briefly considered and it was shown that the nonequilibrium flow
regime is roughly coincident with the full-duplication region of the hypothesized
wind tunnel,whereas equilibrium flow exists in the region where simulation

must be employed.

Before investigating the consequences of this situation for various
flows, the appropriate hypersonic similitudes for inviscid and viscous flows

will be reviewed,

14
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I, REVIEW OF HYPERSONIC INVISCID SIMILITUDES

A, GENERAL FEATURES

It is always necessary to keep in mind that a similitude is not a

theory for predicting flow fields, i.e., it does not provide any solutions to

the problem, but only a relation between solutions, The point here is that

the effects of mismatches in the similitude parameters between tunnel test and
flight can be evaluated only if there exist flow field solutions. In this respect,
numerical solutions are useful for evaluating a few specific cases; on the other
hand, analytical solutions have a broader application with regard to trends or
the effects of more than one similitude parameter. With this thought in mind,

the existing similitudes for inviscid hypersonic {lows have been reviewed.

The problem of similitude at hypersonic speeds and, in addition, its
relation to the capabilities of experimental facilities has received considerable
attention in the past (e.g., see Refs, 14, 18-34). In view of the difficulties
inherent in wind-tunnel duplication of extreme flight conditions, it is obviously
very desirable to extend the traditional role of the wind tunnel as a device for
simulation of flight situations. Certainly in the past, the great success of
wind-tunnel testing has depended very heavily on certain powerfully broad
similitude or scaling laws which permit data obtained {rom tunnel tests at
other than flight conditions (i.e,, model scaling} to be interpreted for the
flight situation. For example, in the ideal-gas regime appropriate to lower
hypersonic velocities than those of present interest, the basic similitude
parameters for inviscid air flows are the (constant) specific heat ratio 2
and the ambient flow Mach number M_, . For a tunnel model which is
geometrically similar to the flight vehicle, only these two parameters need
to be duplicated for correct inviscid flow similarity. In particular, ambient
density, velocity, and model scale are arbitrary within rather wide limits,
The Mach number requirement per se may be further relaxed for slender
pointed bodies characterized by a thickness ratio %, (?‘ "ec !) . In that case,

only 7 and the hypersonic similarity parameter M_? need be duplica.tedzz' &3

15
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In viscous hypersonic flows most of the generality inherent in the
above inviscid similitude is lost. Additional parameters introduced by the
inclusion of viscosity are Reynolds number, Prandtl number, and wall-to-
stagnation temperature ratio., Furthermore, when the boundary layer dis-
placement thickness is large enough to alter the outer inviscid flow, an
interaction parameter A My /R_c_ must be introduced.

In the flight regime of present interest, the principal difficulty in
the similitude question is, of course, the enormously complicated physical-
chemical behavior of air at the high temperatures occurring behind strong
shock waves, Rather than being characterized by the single parameter 7
as in the ideal-gas regime, this aspect of the question now involves: at best,
a complex system of nonlinear differential equations describing physical-
chemical rate processes for energy transfer and species formation; at worst,
the phenomenological description of the pertinent chemical and icnization rate
processes may not even be known. For air, the dependence of the mathematical
description of chemical kinetics on temperature is so complex that the pos-
sibility of relaxing the requirement for duplication of the temperature level
in a general sense appears remote. This fact implies velocity duplication
for geometrically similar bodies. In turn, scale duplication is therefore
necessary in order that characteristic particle residence times L/U_, be
preserved for gpeometrically similar bodies. There has been considerable
effort devoted to studying a single-species diatomic gas (e.g., see Ref. 34-38)
to investigate the important aspects of equilibrium and nonequilibrium phenomena.
While such an approach has been successful in a qualitative manner, it has

been less effectual when quantitative results pertinent to air flows are desired.

The fact that there appears little possibility of general similitudes for
hypervelocity air flows over geometrically similar bodies does not mean that
useful similitudes of a restrictive nature do not exist or cannot be found.
Indeed, the results of the present work offer some contribution in this respect.
One simplifying aspect of the current regime of interest is that because of the
relatively high densities (Reynclds numbers) involved, the regime is one where
separation of the flow field into an outer inviscid layer and a {relatively) thin

inner boundary layer is a valid approximation in general (see, for example,

16
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the estimates by Harney, in Ref. 17). Consequently,it is appropriate to
review the present status of hypersonic similitudes under the headings of

inviscid and viscous flows,

B, MACH NUMBER INDEPENDENCE PRINCIPLE

Although Oswa.titrsc:h39 in his analysis of the hypersonic flow of an
ideal gas gave Mach number independence as a similitude, Hayes and
Probstein = (pp. 24-26) have pointed out that it is more properly a principle
rather than a similitude and have generalized it to include real gas effects,
Mach number independence results as a limiting process { M_—>w } when
the free-stream density and velocity of the undisturbed flow are fixed. A
requirement of the principle is that at any point on the bow shock wave about
a body the density ratio be independent of M_ , i.e., the shock wave must be
everywhere strong. If o is the shock angle relative to the free-stream
velocity, then the requirement is that M:, ain o be large .compa,red to the
density ratio across the shock, Thus, it is clear why blunt bodies exhibit

Mach number independence at lower values of M_ than slender bodies do,

For a perfect gas, the Mach number independence principle states
that the flow field behind the bow shock wave of a blunt body reaches a
limiting configuration as the free-stream Mach number becomes very large.
In particular, the pressure coefficient, the density ratio across the shock
wave, and all the quantities which determine the geometry of the flow field
behind the shock wave, such as streamline inclinations and Mach angles,
tend to a constant limiting value. However, the temperature and pressure
ratios across the shock wave increase unbounded as the square of the Mach

number,

Hayes and Probstein 25 state the Mach number independence prin-
ciple as follows: "The flow around a body and behind the bow shock depends
only upon the density &, and the uniform velocity U, of the given gas in
the free-stream, and is independent of the free-stream pressure P
enthalpy H, , temperature 7_ , and speed of sound &4 .'" Thus, two

geometrically similar flows with the same £ and U, and large,but different,
-]
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M

shock., Hence, the independence principle applies to all real fluid effects:

o ©° aTre not merely similar, but are essentially identical behind the bow
viscosity, heat conduction, relaxation, diffusion, etc. As a consequence of
this, the Mach number independence principle holds for boundary layers in

hypersonic flows provided that the outer inviscid flow follows the principle.

Obviously, the Mach number independence principle is a2 powerful
concept since it is more general than a similitude. However, the principle
would be even more powerful if the limits of its application were clearly
delineated. It is also worthwhile noting here that different flow quantities
attain Mach number independence at different values of the free-stream
Mach number. Thus, the pressure coefficient behind an oblique shock wave
in a perfect gas reaches Mach number independence at a lower Mach number
than the density ratio across the shock wave 40. Also, experimental evidence
has shown that the flow fields behind many blunt bodies reach Mach number
independence at surprisingly low Mach numbers, For example, Hodges <
has found that the drag coefficient on a sphere becomes Mach number
independent at a free-stream Mach number of about four. This, of course,
is also the justification for obtaining hypersonic stagnation point heat-transfer

data in a shock tube where the free-stream Mach number is only about th:ree42' 43.

C. HYPERSONIC SMALL DISTURBANCE SIMILITUDE

The similarity laws of hypersonic, inviscid, irrotational flows of an
ideal gas with constant specific heats over slender, pointed bodies were first
given by Tsienzz. Hayes £3 showed the equivalence of a steady hypersonic
flow over a slender body with an unsteady flow in one less space dimension
and thus extended Tsien's results to rotational flow. Subsequently, many
investigators have looked into various aspects of this hypersonic similitude
for slender bodies of revolution, planar bodies, and wing-body combinations
at small angle of attack 26-32. The studies confirm that similitude applies
only among flow fields having the same specific heat ratio 7 as well as the

same value of the hypersonic similarity parameter M_ % .

The classical similitude of Tsien and Hayes states that for a family
of affinely related slender bodies of characteristic thickness ratio 7 in a

perfect gas of constant specific heat ratio 7 , the dependence of the pressure
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coeificient Cf, on M_ and ¥ separately, may be reduced to a dependence
of C.P./'f’ on the single parameter M_% . Similarly, the lift and drag

coefficients can be expressed as

CL 7"’- fen (M-O?J’ ?,)

3
cp v 'FCn (Mm?': 7')
if the lateral projected area is used as the reference for both coefficients.
33

Cheng

body hypersonic similitude to include the effects of small nose bluntness

has made an important extension of this classical slender-

and equilibrium real-gas phenomena. The equilibrium real-gas similitude
obtained by Cheng recuires duplication of the ambient flow thermodynamic
and chemical state {i.e,, pressure », . density o , temperature T, ,
and species concentrations X‘._ - } in addition to M-'r and a nose bluntness

parameter
3+) 1
i+ 1+2 a
- L4
Ke = M, &,  —T- (LII-I)

where J =0 and 1 for plane and axisymmetric flows, respectively, Ca,,
is the nose drag coefficient, &, is the thickness or diameter of the blunt
nose, and L is the body length, When the ambient iree-stream state is
duplicated and the parameters Mw‘r‘ and K, are reproduced, correct
similitude is obtained without the restriction of duplicating U, and L ,
per se. They are arbitrary, provided the flow is everywhere in complete
thermo-chemical equilibrium. It may be noted that the local flow-field
temperature and density are duplicated in this similitude by virtue of the

duplication of thr

The equilibrium real-gas similitude of Cheng is applicable only for
slender bodies. For blunt geometries, the Mach number itself must be
duplicated in addition to the free-stream state when flight and tunnel bodies
are geometrically similar., When the Mach number independence principle
applies, duplication of the free-stream state is not required. In either event,

this means duplication of U - Therefore, the only remaining freedom,
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in general, is in the model scale L . By virtue of the equilibrium assumption,
this remains arbitrary for the inviscid problem. It should be noted, however,
that for the viscous or boundary-layer problem even this freedom is lost as

the Reynolds number o Um L//“'w must be duplicated.
oe

Another point to note with regard to the present study is that the
requirements of completely equilibrium flow and duplication of the ambient
free-stream thermodynamic state are incompatible in terms of the present
hypothetical wind-tunnel performance and the equilibrium flow regime for
slender blunted bodies; that is, the flow is most likely to be in complete
equilibrium in the altitude-velocity range where the tunnel cannot duplicate
all of the free-stream conditions. Where the tunnel can duplicate the ambient
altitude state, the flow will probably exhibit nonequilibrium regions. Cheng33
briefly considered the question of extension of the hypersonic similitude to
nonequilibrium flows. He suggested that for slender bodies, a nonequilibrium
similitude should exist for a two-component reacting gas when M_ ¥ >> | ,
The nonequilibrium similitude requires that the particle transit time L/U,
be duplicated in addition to M_7 , Ky ' Po? Py o and X‘;- « Then, the
scale L is not arbitrary as for equilibrium, but is fixed by the choice of

5} .

[ -4
T};e formal development of the nonequilibrium hypersonic similitude
for a single-~species diatomic gas has been carried out by 1nger34, who

reached the same conclusion as Cheng.

Inger showed that the solution of the hypersonic small-disturbance
equations is the same for all slender bodies of the form 4, /?L-.-. {.‘(4{,/}_)

when each of the following parameters is held constant:

o the free~stream atom mass fraction

lD = T, /7; where T, 1is the characteristic dissociation temperature

of the diatomic gas

>
<

= Tv/7; where T, is the characteristic vibration temperature

}LP = fo;,/ﬁa where ,OD is the characteristic dissociation density
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Ev" = ev/RMT., where e, is the energy in molecular vibration and R,

is the undissociated gas constant

w, ﬂ the recombination rate and vibrational relaxation rate

temperature dependence exponents, respectively

A LT P . . . . ]
= = the ratio of residence time to reaction time ({ Ag is
M

the recombination rate constant and 771" is the

molecular weight of the molecule)

4, LTE
K, = VU ® Lo the ratio of residence time to vibrational relaxation
e WZM time ( £, is the vibrational relaxation rate constant)
KN the nose bluntness parameter introduced by Cheng
£ ¥ the hypersonic similitude parameter

.Inger34 then specialized this similitude to cones and wedges in a manner
similar to that of Cheng for equilibrium flows. The essence of this similitude
is that the ambient free-stream conditions must be duplicated,as well as the

similitude parameters KR » K, » K and Mw'r - The results are of

rather limited value as far as correlua.ting experimental data or numerical
solutions because of these requirements. However, the required test
conditions necessary to simulate a specific {flight condition may be determined,
It can be seen that duplication of K, and K, for a given gas reduces to
duplicating L/Uw if the free-stream conditions are duplicated. These
special similitudes will be discussed further in Section VI, Slender Bodies.
Ing<=.z'34 also considered alleviation of the duplication of 2 , Ueo
and T, for the case d a Lighthill gas35. His result is an example of binary

scaling and will be discussed in that context next.

Just as in the case of Mach number independence, these theories do
not and cannot give the lower limit of the Mach number or the upper limit
of the slenderness ratio for which the theories would yield reasonable results.
Often, the similarity parameters cbtained from these theories are applicable
over a wider range of Mach numbers and slenderness ratios than might be

expected from the assumptions made in their derivation. For example,
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Ehret, Rossow, and Stevens 26 have used exact numerical solutions obtained
by the method of characteristics to check the range of applicability of the
hypersonic similarity iaw for the flow of a perfect gas about bodies of
revolution. They considered flow past conical and ogival nosed cylinders of
nose length to diameter ratio varying between 3 and 12 in the Mach number
range between 3 and 12. They found that even at the lowest Mach number
and length-to-diameter ratio, the results correlated very well with the
hypersonic similarity parameter, Mo . It is not clear whether such good
correlations would be obtained when the body is two-dimensional or when
real gas effects are included. Clearly, the practical usefulness of hypersonic
similarity laws would be greatly enhanced if the range of their applicability

could be determined.

D. BINARY SCALING

As described in Refs. 44-47, binary scaling offers relief from the
requirement that the ambient density level be duplicated, The concept applies
whenever the chemical kinetics of the nonequilibrium problem are governed
by two-body collision processes only. This is the case whenever three-body
atomic and/or ionic recombination are unimportant. Such a situation is
favored by high altitude (low density}, small scale, and low velocity U.. .
When the approximation is valid, the entire nonequilibrium flow fields about
two geometrically-similar blunt bodies characterized by scale L are
identical,provided that the ambient velocity U, and the binary scaling
parameter A, L &are the same for both bodies, While this similitude does
not relax the requirement for velocity duplication, it does relax the require-
ment on duplicating A, and L individually. Either o or L maybe
chosen arbitrarily, within limits of the basic assumptions involved, and the
remaining quantity is then determined. It may be noted that M_ need not
be duplicated for the blunt nose region itself, provided M, > and the
strong shock assumption is locally satisfied along the bow shock wave (i. e.,
ME aino 3> | ) Binary scaling is applied to blunt body flows by

-4
the shock-mapping technique described by Gibson and Ma rrone48.

22



AEDC-TR.$7-72

Correlations of numerical solutions of nonequilibrium airflows are
given in Refs. 45 and 46. The detailed examples of nonequilibrium scaling

described by Gibson and Ma\rrone46

demonstrate the applicability of binary
scaling to flight conditions of practical interest. Reference 46 notes that
binary scaling could also apply to vibrational and electronic relaxation
processes, An important consequence is that shock-layer radiation may be
scaled. Furthermore, Ref. 44 indicates that binary scaling is also expected

to apply to viscous nonequilibrium flows,

Inge r34 has pointed out the further extension of Cheng's blunt siender-
body similitude for inviscid nonequilibrium flow when the concept of binary
scaling applies, In this case, duplication of P, »as well as U , canbe
relaxed. For the same ambient gas composition in flight and tunnel, binary

scaling for the slender, blunt-nosed body is governed by the parameters,

&L
v’

d
M_7, K,=M O == > and X,

Thus, additional freedom is obtained with binary scaling in this case:
both U_ and P, ™2y be chosen arbitrarily, provided the above parameters
are duplicated and all other pertinent assumptions are satisfied. The con-

sequences of this are discussed in Sec. VI, Slender Bodies,

A basic question of importance is the determination of the limits of
validity of binary scaling with respectto 0, ({or altitude), U, and L .

oo
46,47 on the basis of the shock-

This has been studied by Gibson and Marrone
mapping technicue which relates normal shock and blunt-body flows through
a shock-mapping parameter. They define a limit of applicability of binary
scaling as the condition where the ratio of reverse to forward reaction rates
in the nitrogen dissociation process attains a value of 0,3 downstream of a
normal shock wave. Further study of this question has been reported by

Ellingt on*?

who used a mass fraction criterion for determining the limit of
binary scaling. A comparison of the two criteria has been given by Ellington

who {inds a somewhat wider range of applicability than claimed by Gibson
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and Marrone. As partd the present work,the solutions of nonequilibrium
normal shocks have been studied from the standpoint of binary scaling,and
even more general applicability than reported by Ellington haa been found.

These results are reported in Sec. V of this report,

E, FREE-STREAM DISSOCIATION

It has already been shown in Sec. II-D that free-stream dissociation
caused by nonequilibrium effects occurring in hypervelocity nozzle airflows
will be restricted to the region where the wind tunnel could otherwise
completely duplicate the {light condition. Although there is no similitude for
the problem of ambient dissociation in the free-stream, Gibson50 has
developed a promising approach to the problem for blunt-body shapes of
arbitrary geometry on the basis of velocity duplication between tunnel and
flight.

In Ref, 50, a subtraction rule correlation is developed for relating
tunnel and flight nonequilibrium flows. For a pure diatomic gas, this
relation is expressed by a«, = =, --c_rwhere « iB the local degree of dis-
sociation in the body flow field, and e is the ambient degree of disso-
ciation in the tunnel ( a.”F= O ), and the subscripts F and T refer to
flight and tunnel, respectively. This relation applies to corresponding
points in the tunnel and flight cases, the geometric relation between such
points depending on a scale factor invoilving L At such corresponding
points,the gas temperatures are also equal in tunnel and flight cases, and
the densities are in 2 constant ratio. Model geometries in tunnel and flight
are simply related by predetermined constant scale factors. The subtraction
rule concept is further extended in Ref. 50 from a pure diatomic gas to a
simplified (oxygen dissociation} model of air. Consideration is also given to
wind tunnel gas mixtures other than normal undissociated air, and it is shown
that the range of validity of the subtraction rule can thereby be widely extended

in regard to the magnitude of o ;"
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IV, REVIEW OF HYPERSONIC VISCOUS SIMILITUDES

A, INT RODUCTION

This section presents a summary of the similitudes that apply to
hypersonic flows for cases where transport effects due to viscosity, diffusion,
thermal conduction, and the like zll play a role. Generally speaking, the
Reynolds number and wall-to-free-stream temperature ratio now enter the
problem, in addition to the parameters that already have appeared in treat-
ment of the inviscid portion of the {low. Furthermore, other parameters
may be important, for example, the ratios of typical chemical reaction
times to typical flow times. On the other hand, there are also cases when
the separate effects of Mach number and Reynolds number can be combined-

in the form of some composite parameter.

In order to simplify the discussion, the ten categories of viscous flow
that will be considered are identified in Table IV -] according to the section
letter in which they will be discussed. Here,the viscous flows are grouped
as laminar, transitional or turbuleat. The table is divided according to
whether the particular quantity of interest is the pressure distribution or
the heat transfer on the one hand, or the distribution of chemical species on
the other hand. A further subdivision is made into flows with and without

mass addition.

In this review, no attempt has been made to include all of the pertinent
references, Instead, only a representative sample has been considered.
It should also be pointed out that the re sults given below contain much less
definitive numerical information about the effects of relaxation of simili-
tude requirements than is given for inviscid flows in other sections. However,

quantitative estimates of this sort are given for a number of cases.
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B, LAMINAR BOUNDARY LAYERS WITHOUT CHEMICAL
REACTIONS OR ABLATION

1, Blunt Body at High Reynolds Number

One of the simplest similitudes is that concerned with stagnation-
point heat transfer at relatively high Reynolds number. For such problems,
it has been shown by Vidal et al 42, Rose and Stark43, and others that the
Mach number dependence disappears at Mach numbers as low as three,
Thus, it is only necessary to duplicate the Reynolds number and the enthalpy
difference across the boundary layer, This conclusion can be seen by
examining any of the correlation formulas giving the solution to the stagnation-
point heat transfer problem., One of the best known of these formulas is that

proposed by Fay and Ridde1151.

o'u, Ps,e Ms Hy
el (oA,

Further discussion regarding the effects of mismatches in the similitude

parameters for this case is given in Sec, VIII-C,

2, Blunt Body at Low Reynolds Number

When the Reynolds number becomes sufficiently low, a variety
of second-order effects enter the problem, One of the first papers to call

52

attention to this fact is that of Ferri and Libby~", who pointed out the

influence of vorticity at the boundary-~layer edge. Later Rott and Lenards3
called attention to the fact that, in any consistent second-order treatment,
all of the pertinent effects must be included. Subsequent papers on this
general problem have considered the influence of external vorticity, vis-
cous interaction, transverse curvature, surface slip effects, and of
departures from the Rankine-Hugoniot relations behind the shock wave.
The general form of these second-order corrections is usually expressed

in terms of the ratio of stagnation-point heat transfer with the second-order
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effects included to that in the so-~called '"boundary layer' regime where these
effects are negligible. When expressed in this fashion, the second-order
corrections are inversely proportional to the Reynolds number and have a
coefficient that depends chiefly on the density ratio across the shock,
Expressions of this general form have been given in several survey papers
by Van Dyke e 55. Generally speaking, the corrections to the boundary-

layer results can be on the order of 10 to 40%, depending on the circumstances,

Some quantitative estimates of these effects, and also an
indication of the minimum Reynolds number at which they can be neglected,
can be found in the work of Ferri, Zakkay, and Ting 56, and also in the work
of Howe and Sheafier57. It appears from the work of Ferri, Zakkay, and
Ting56 that the increase in heat transfer over the value with vorticity ex-

cluded is less than 5% when @ ¢ 0.03 72 A R'F.‘r

where

oo 2 o AR a(ufR)
G I Z VAT (7

The shock-layer calculations of Howe and Shea.ffer57, which include effects
of radiative transport, indicate that the heat-transfer increase is less than
—i—/—:ﬂ-xo", for flight speeds up to 30,000 fps. The
S

correction increases with increasing flight speed; for (_ = 50,000 £ps,

5% pro':rided

corrections are encountered for A R“ 7/#15//«,‘1 < lo' . A similar compar-

ison has been given by Cheng™ "~ who indicates that a 5% (or less) increase
. . . 4
in heat transfer is experienced when f; EN 7 Hy My > I 10 .

It must be pointed out that quantitative estimates of the second-

order effects, as given by Ferri et a156, have been criticized by Van Dyke55

and also by Chengss, in that consistent account of all the second-order
effects was not taken, Partly for this reason, an accurate estimate of the
influence of the second-order effects is not easy to make, and the point at

which a 5% increase is met is somewhat uncertain.

3. Slender Body at High Reynolds Number

Recently, a great deal of attention has been centered on the use

of slender shapes for reentry vehicles. In order to make predictions of the
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heat transfer and pressure distribution around such a body, it is necessary

to extend the stagnation-point theory referred to above. The most appropriate
theory appears to be that of local similarity, first introduced by I.,ee:s59 and
subsequently refined by Kemp, Rose, and Detrabo. among others, Of course,
as one moves around the spherical nose toward the conical afterbody, the
Mach number at the boundary-layer edge begins to increase and, for that
reason, the neglect of Mach number as an external-flow parameter begins

to introduce serious errors. However, since one is primarily interested in
the stagnation-point heat transfer, very little attention has been given to

the question of how far arcund the body one can extend the local-similarity

analysis without including the effect of external Mach number variations.

A thorough study of laminar heat transfer to blunted slender
cones has been given by Griifith and Lewisbl. These authors have succeeded

in presenting a correlation of cone surface pressures in the form

Cyo e, z
e = fen
e, Je C, 4w (IV -2)

T

where C.p: (-pw- u)/%& U;, %z is axial distance, &, is the cone hali-angle,
€ = -;-:-:— » d, 1is the nose diameter ( ZRN ), and CDN is the nose-drag

coefficient. They were also successful in correlating heat transfer in the

form
_ .
/4 Re_ » a2 2 ) 9: z
(e Cn,,) C, 7—5:—/4,, e (I+ N Gf)— fen ?C;: ~ /] Iv-3)
where U
= ¢ . (o Yo En
G By 0 R T T

and the Chapman-Rubesin viscosity constant, evaluated at the reference
To Tw ;
temperature ",'; = -é—(! +3 , s

T
C -ﬁ:‘_ T.
“-/‘L- T*
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This work has also led to a proportionality between the ratio of local heat-
transfer rate to the stagnation-point heat-transfer rate and the quantity
C?, + —7,24—; which is a measure of the surface pressure, For ¥ equal

to 1.4, the correlation takes the form

2, ( 2 )
—t. = 0.8 (C e
Ve w »T TM,] (IV - 4)

This correlation is valid fo:-‘

Z £ 0.60

&
0.05 L —=—==
7€CJ’~ Ay

4, Slender Body at Low Reynolds Number

The literature describing the effects encountered at low Reynolds
number on 2 slender body includes many parameters which are composites
of the Mach number and Reynolds number. An interesting discussion of
these composite parameters has been given by Cha.rwa.tZI, who points out
that the Mach number effect arises from the scale of the flow distortion due
to wave effects, whereas the Reynolds number enters because of the scale
of flow distortion due to diffusive effects. Typical of parameters of this
type is the quantity f (see Hayes and Probsteinzs, p. 338) and also the

parameter V_ , whose derivation is discussed by Lewis and Whitfieldﬁz.

At sufficiently low Reynolds number,the principal contribution
to the drag of 2 slender vehicle is due to viscous effects. Several authors,
among them Whitfield and Griffith63, Crawford64, and Dayman65 have
presented calculations of the drag-coefficient increase due to viscous effects.
The various authors usually find a linear dependence of viscous drag on Vm ,
with the influence of shape, i.e., of cone angle, playing a relatively minor
role for values of Vw greater than 0.3. The effect of wall temperature
has been studied, among others, by Dayman 65 and Crawiford 64. The
latter author found the slope of the total drag versus temperature curves
to be linear. The slope increases for increasing bluntness and also depends

on the hypersonic viscous parameter V
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Some measurements of heat transfer and pressure on pointed
cones at low Reynolds number have been given recently by Waldronéé. He
reported good agreement with Cheng's viscous-layer analysis58 for non-
slender cones, For sufficiently small cone angle and sufficiently high
Reynolds number, his results merged with those of a conventional boundary-
layer analysis, including transverse-curvature effects, Waldron was led
to the conclusion that transport processes behind the shock constitute the
largest effect and that this effect is correctly predicted by Cheng's theoryss,

even for slender cones where transverse-curvature effects are present.

C. LAMINAR BOUNDARY LAYERS WITH CHEMICAL REACTIONS,
NO ABLATION

In the discussion above of similitudes for heat transfer, it was as-
sumed that the gas was chemically inert. In many cases of interest, however,
the chemical reactions occurring in the gas must be considered. When these
considerations enter, they bring with them new similitude parameters which
must be duplicated. These generally take the form of the ratio of a chemical
relaxation time to a typical flow time. In addition, the presence of chemical
reaction in the flow raises the question whether chemical reactions may also
occur at the surface. For many cases it is possible to achieve substantial
reductions in heat-transfer rate by the use of a noncatalytic surface. Con-
siderations of this effect can be found, for example, in papers by Fay and
Riddel®!, Inger®7s 68

The general conclusion from these papers is that there is little influence of

, Hartunian and Thompsonég, Carden70, and Rosner71.

chemical reactions on heat transfer if the surfaces are catalytic or if the
reactions maintain a nearly equilibrium condition, On the other hand, if the

reactions produce a nonegquilibrium condition, & noncatalytic wall may exper-

ience heat-transfer rates as much as 50% below those for a catalytic wall,

Most of the effective similitudes for hypersonic flows in which
chemical reaction must be considered are based on simplification of the
chemical reaction rate, either by neglect of recombination or dissociation
rates. One of the earliest similitudes of this type is that dealing with

stagnation-point flows at relatively high Reynolds number. For this type of
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problem most of the chemical production occurs immediately behind the
shock and,for that reason,the boundary layer on a highly cooled stagnation
point experiences mainly recombination as the dominant chemical reaction67.
Rose and Stark43 point out that flows of this type can be simulated by
duplicating the parameter e’ R, where Ps denotes the stagnation-region
density and R, denotes the body nose radius. A similar conclusion is

reached in the work of Chung and Liu72.

The combined effect of recombination-dominated gas-phase chemistry
and the consequences of surface-catalytic reaction are considered by Inge r60.
The result of his analysis is a prediction of the quantity P- P‘/a" - P
where P may represent either the surface value of the atom concentration,
its gradient, the temperature, or the heat transfer, This ratio is predicted
to depend chiefly on the parameter r" , which is a composite Da.mk:::hler
number that accounts for the combined effects of homogeneous and hetero-

geneous reactions,

This method has been extended, via a local-similarity analysis, to
flows around blunt-nosed bodies in Ref, 73. This generalization introduces
the new parameter u:/z EfeTe » which is a measure of the temperature
rise due to viscous dissipation. For sufficiently large values of this para-
meter, the temperature rise is so large that dissociation reactions pre-
dominate aver those of recombination. Inger peints out that for highly cooled
surfaces, the flow remains controlled by the recombination rate, even in
the presence of viscous dissipation, provided that u;/z E"c T £ |

For cases when the Reynolds number is sufficiently low, Inger68 has

presented a generalization of Cheng's solu’cion74 to include nonequilibrium
reaction, diffusion, and surface catalysis. Finally, the effect of free-

stream dissociation on such flows has been considered by Buckmaster75.

The opposite extreme for the chemical reaction is to consider the
case where the chemistry is dominated by production reactions, that is
to say by two-body reactions, For this type of flow, Gibson and Marrone‘y7
have pointed out that similitude can be achieved by matching the product of

ambient density with the characteristic length in the problem, This binary-
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scaling similitude was applied to the case of a flat-plate laminar boundary
layer by Rae76. The general type of similitude implied in such an analysis

has been discussed briefly by Chung77.

The most useful application of binary similitude in chemically re-
acting boundary layers is that discussed by Levinsky and Ferna.dezTB. The
principal contribution made by these authors was to simplify the coupled
chemical kinetic reactions for air near the tip of a sharp slender cone,
where viscous heating causes dissociation of oxygen, followed by the rapid
"shuffle' reactions, and production of electrons. Based upon their simpli-
fication, these authors derived a scaling law in which the maximum electron
density in the boundary layer on a sharp cone displays a cubic-power

dependence on distance from the apex of the cone in the following manner

Tem s (1000 ( ) { 185 ooo} .
= .48 x]0 ( s ot —_— (FV -5}

G
Here, n_. denotes the maximum electron number density in the boundary

layer, in cm°3, ¢ the cone-surface pressure in atm, and T the

maximum temperature in the boundary layer, in degrees Kelvin, This

correlation appears to work successfully up to values of 175/{,}‘, on the order
-5

of 10

to maximum boundary-layer temperatures on the order of 4500°K. It is

atm-sec for cone half-angles on the order of 10°, which correspond

interesting to note that in addition to the results correlated in Ref. 78, some

79

more recent calculations presented by Mondrzyk * also yield to a cubic

scaling law, Fig. 11 shows the results found from Ref. 79.

The correlations of electron densities on sharp cones show an
approach to the equilibrium concentration when the parameter -fVS/Um
approaches 10-4 atm #sec. It is of interest to relate this parameter to a
value of the local Reynolds number in order to see whether the approach to
equilibrium appears before or after the onset of turbulent flow. Using the
correlation of Griffith and Lewis61, neglecting the ambient pressure and
taking the pressure coefficient to be unity for a sharp cone on the order of

8° half-angle, the surface pressure can be written &/, » Ao U 6‘._2
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Using this relation, the Reynolds number based upon free-stream conditions
and on distance § from the vertex can be related to the binary scaling

parameter of Levinsky and Fernandez78 as

ws AU 6 s o U s 73/ U,
- — " [ - = (IV -6)
Voo v, A, A, 8,

For altitudes between 100 and 250 Kft, the viscosity in the ambient stream
has a value of approximately 1.7 x 10710 atm-sec, and thus for a cone half-
angle of 8°, the Reynolds number at which gas-phase reaction approaches
equilibrium is on the order of 2 x 107, The conclusion is that the boundary
layer is probably close to transition (see the discussion below concerning
transition Reynolds number) if not already turbulent at the point where the

gas-phase reactions are approaching equilibrium.

The similitude requirements that are imposed when one is interested
not only in the distribution of electrons, but zlso in their interaction with

an impressed electromagnetic wave, have been discussed by Flaxao and

by Glicksl. The latter author concludes that full duplication of the flight

condition is required in cases where chemical nonequilibrium occurs.

D. LAMINAR BOUNDARY LAYERS WITH STEADY ABLATION,
NO CHEMICAL REACTIONS

1, General Considerations

The use of either ablation or mass injection in order to limit
heat-transfer rates to re-entry vehicles has led to an extensive literature
concerning viscous flows with mass addition at the surface. Generally
speaking, the effect of introducing mass at the surface requires that two
parameters be duplicated. One of these is the Reynolds number, while

the new parameter is a measure of the rate of injection,
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Usually the effects of mass injection on heat transfer are much
more significant than its effects on pressure distribution or shock shape.
There does exist an upper limit, however, after which the rate of mass in-
jection becomes severe enough to exert an influence on the pressure and

shock shape as well,
The similitude requirements and potential similitude methods

for flows with mass injection are treated in Section X.

2, Blunt Body at High Reynolds Number

The central question that surrounds the problem of mass
injection at a blunt stagnation point has to do with the percentage reduction
in heat transfer rate as a function of the mass-injection rate, There exists
a substantial number of formulas for correlating the ratio of heat transfer
with mass addition to heat transfer without mass addition. For fairly
moderate values of the mass-injection rate, many authors employ a reduction
that is linear in the mass-injection rate. For example, Leesaz, Adamsss,
and Georgiev, Hidalgo, and Ada.m584 use the following formula which is

85 86

based largely on work by Baron ~ and by Reshotko and Cohen

F»'z# 0 P %“.L e n (H," Hw)
- N i N, (IV-17)
f"'-l =0 Rt § iﬁ:o

One of the notable features of this equation is its relatively weak dependence

on the molecular-weight ratio of the injectant to the ambient air.

At larger values of the injection rate a linear reduction obviously
ceases to apply since it would predict a negative heat-transfer rate.
Various authors have sought an improvement of the linear reduction law,
some by choosing a quadratic variation. More recently, Howe and She:;;.f.fer57

have recommended an exponential decay, in the following form

?T;I 3/a
Fane <o o6 0"} -
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In this expression, the quantity f  is the value of the dimensionless
stream function at the wall. It is proportional to the product of the mass

injection rate times the Reynolds number in the following fashion

B e /,ci_ UQRN A R 5 - 0, two-dimensional o]
w ("’H)/“': 2 IC;U., !, axisymmetric

The quantity b depends upon the flight velocity and takes on the following

values
1 g
0.706 + .6 U -0.28U , U<3
At Un [fp!a]
pie ; U=—‘;o4— 11V -10)
7] U

It would appear from the above results that, no matter what the
specific form is for the heat transfer reduction, duplication of the mass
injection rate and the Reynolds number is essential. Howe and Sheaffer give
a physical interpretation of the requirement that » and Re be duplicated
by pointing out that { , is the quantity controlling the injectant species
concentration at the wall, whereas the Reynolds number determines its

penetration into the flow field.

It should be pointed out that the analysis presented by Howe and
Sheaffer is a shock-layer analysis and includes a coupled accounting for the
radiation field., The heat-transfer correlation formula presented above is
described by Howe and Sheaffer as applying for ''convection only'. The
title does not mean that radiation has been neglected, but only that their
correlation pertains to the convective part of the heat transfer from a gas

in which radiative transport occurs,

It would appear that the formula proposed by Howe and Sheaffer
is not entirely successful in correlating solutions from other authors. In
particular, an attempt was made to apply the Howe-Sheaffer correlation
formula to the results recently presented by DeRienzo and Pa.llone87. These

authors considered heat transfer from a stagnation-point flow of an ionized,
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equilibrium, nonradiating gas and made use of the most recent calculations
of transport properties of high-temperature nitrogen. The results obtained
by attempting to apply the Howe -Sheaffer correlation formula to the results
of DeRienzo and Pallone are shown in Fig. 12. It is clear that the correlation
is relatively unsuccessful, although it should be pcinted out that the values
of the blowing parameter f  used by DeRienzo and Pallone, when cast into
the notation of Howe and Sheaffer, exceed those for which the correlation
was presented. It is also possible that the failure to correlate these results
stems in part from the absence of radiative transport in the calculations of
DeRienz<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>