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FOREWORD

This third ar., final report was prepared by the Aerodynamic Research Depart-
ment of Crrnell Aeronautical Laboratory, Buffalo, New York, on Contra.,
AF 33(616) -7812 for the Aerospace Research Laboratories, Office of Aerospace
Research, United States Air Force. The research reported herein was accom-
plished on Project 7064, "Aerothermodynamic Invec tigations in High Speed Flow"
under the technical cognizance of Col. Andrew Boreske, Jr., of the Hypersonic
Research Laboratory of ARL.
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ABSTRACT

This raport Lum'marizes research conducted under Contract 33(616)-7812
during the period 15 December 1960 to 15 December 1963. The theoretical
and experimental investigations have been concerned with three aspects of
hypersonic flow; namely, rarefied hypersonic flow about blunt axisymmetric
bodies, about cylinders normE 1 to and inclined to the free stream, and higher
Reynolds number flows about pointed cones. Except for the experimental data
obtained for high Reynolds number flows about pointed cones, all the research
dircussed in this summary report has been previously published or is in the
p,.ocess of publication.
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1. INTRODUCTION

A combined experimental and theoretical investigation of the aerodynamic and
thermodyizamiC characteristics of hypersonic flight was undertaken ;1y C,,rnell
Aeron-autical Laboratory, Inc., under Contract No. AF 33(616)-7812. The objective
of this progrm is to advance the understanding of hypersonic airflows particularly
with respect to boundary layer behavior, to heat transfer and pressure distributions
about bodies, and to rarefied-gasdynamic effects. This report summarizes the inves-
tigations conducted over the three-year per'od 15 December 1960 to 15 December 1963.
The research is of a continuing nature having been initiated under Contract No.
AF 33(616)-2387 and later supported under Contract No. AF 33(616)-6025.

During the present contract, the CAL 11 x 15-inch hypersonic shuck tunt'.4 ,a
replaced by a new six-foot diameter tunnel. As a result of tne vezy high expansion
ratio of this faciiity, experimental data were obtained under this contract ior hyper-
sonic rarefied flow about bodies. The shock tunnel as operated at CAL has been
established as a facility capable of hypersonic Dow research at low Reynolds numbetrs. 1

The research conducted under this contract has been divided into three areas:
namely, rarefied hypercnic flow about blunt axisymmetric bodies, about cylinders
normal to and inclined to the fz-re stream, and higher Reynolds number flows about
pointed cones. The research reviewed in ,his summary report has been previously
published or is in the process of publication except for the experimental data obtained
for high Reynolds number flows about pointed cones.

As in the past, the research investigatir is relied heavily on knowledge of hyper-
sonic flow phenomena obtained not only uncd.r previous Ap c -n',t'.1ts but also under
other contracts held by the Aerodynamic R.,:"rch Deparm:.ent of C.P.L. In some
cases the research investigation was only partially 2upported by the present contract.
For instance in the theoretical studies, the basic concept of the thin shock layer was
developed under the Office of Naval Research Contract No. Nonr Z653(00). However,
some of the subsequent applications to the blunt axisymmetric body, the cylinder, and
the yawed cone were performed under the p.:2cent contract. rhe theoretical study
of the yawed core is briefly reviewed in this report, even though the work was pri-
marily perfornic.d under the previous contract (AF 33(616)-6025), since it has a
direct bearing on the experimental program and was published in the literat,:re in
the present contractual period.

2. RAREFIED HYPERSONIC FLOW ABOUT BLUNT AXISYMMvIETRIC BODIES

Z. 1 GENERAL COMMENTS

A large body of the current literature concerns hypersonic flow at high Reynolds
numbers, both viscid and inviscid, about blunt bodies. However, the corresponding
problem at low .ieynolds numbers has been treated much less extensively. A major
pc,i:. of the investigations conducted under the present contract studied the departures
of viscous flow from the classical continuum boundary layer cor'.ept due to increased
flow rarefaction. The theoretical studies of tnese departures have utilized th ,avier-
Stokes equations with appropriate boundary conditions to account for surface slip effects
and for the influence of transport properties throughout the entire flow ficld. Such
approaches to the problems of -rarefied gaedynamics have proved more tractable than
those based on kinetic theory. A continuum flow model based on the Navier-Stokes

Manuscript released by the authors January 1964 for publication as an ARL Tk,'bical
Decun entary Report 1



equations promises a range of applicability far mcre extensive than previously
considered. 2-4 Ur.der this contract, a solution based on continuum concepts has
been developed for the entire flow field about a blunt nonslender body without the
usual shock discontiruity.

Prior to reviewing the specific theoretical and experimental research, it is
appropriate to describe in more detail the theoretical flow model and the assumptions.
The flow field about a blunt nonslender body is assumed to be composed of two layers,
an inner layer and an outer shock transition zone. It is further assumed that the
shock layer is thin in comparison with the body, and that the shock is strong. The
latter two assumptions imply a high shock compression ratio.

For the stagnation region in hypersonic flow about a blunt bodv, Probstein and
Kemp 3 have defined six flow regimes between the classical bcurt!_ry layer and the
free molecule flow regimes. These regimes are illustrated in Fig. I as a func'ic-n
of altitude and velocity for a vehicle with nose radius of one foot. Based on the con-
cept of a thin shock layer, Cheng 5 , 6 hals show.i that only two regimes need be defined
for a consistent treatment of the flow up to and including part of the fully merged layer
regime of Probstein and Kemp. These regimes are based on two parameters £
and K such that

in Regime 1 00)! 5 K 

and Regime It 0(s) e 6Ka & 00)

the parameters E and IC are given by

and .,

where 7 is the ratio of specific heats

/o, U, are the free-stream density and velocity respectively

T, /A are temperature and viscosity of the gas respectively, the
subscript o refers tr' 6,adnatioon conditions and *
refers to a reference temperatuze (to be discussed later)

a- is the nose radius

The two flow regimes are shown in Fig. 1 where it is seen that Regime II includes
a major portion of the fully merged layer regime of Probstein and Kemp where
the shock layer and the shock transition zone are comparable in thickness. The
parameter K' is a measure of the over-all transport processes and is essentially
a local Reynolds number. It can also be related to the Knudsen number a./a, is
K"- /F aZ/A . At the lower Reynolds number, in Regime II, the norm; 1
Rankine-Hugoniot relations are modified due to transport behind the shock; whereas,
a the higher Reynolds number, in Regime I, the usual Rankine--Hugoniot shock

-elations are valid.
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In the analysis of flow field- based on the thin shock layer concept, a linear
viscosity-temperature relation is assumed of the form

/ =, T-
/A -*

and the reference temperature T 1 is chosen as

= T2

where T and Tw are temperatures immediately behind the shock and a;
the body surface respectively. Howevar, the assumption of a linear viscosity..
temperature relation may lead to solv.tions far different f rorn the solution 11sirg
the more exact viscosity-temperat-iri relation. 7 This di .-_repai. has been
studied under the present contract and it has been shown 8 that, provided av.
appropriate reference temperature is chosen, a linear viscosity-temperature
relation is adequate for most purposes in high and low Reynolds number flows.
A relation of the form 1 - T *) was selected. For a) = 0. 65 the viscosity
for air agrees reasonably well with that obtained from the Sutherland law in the
range of T = 500" to 3')0"K. Based on this value of a,) , the values of skin
friction, heat transfer, eith.1py behind the .hck, and tne shock stand-off distance
have been computed and compared with ic value obtained from the linear viscosity-
temperature relation for a Prandtl number Pr = 0.71, & = 0. 10 and
Tw )P- 0 . In the two flow regimet. oticained from the thin shock layer analysis,
the differ nce in the above quantities cah clated from the two viscosity laws is at
most 4%. o

Also under this contract an extended ...- :icity-interactn the.'y has been developed
for an axisymmetric blunt body using the thin shock layer concept. Numerical
solutions have been obtained 9 over an ex:it-nb-ve range of the vor ticity-interaction
parameter for Pr = 0. 71, and Tw/= 0.40 and Tw/T - 0 . The vorticiLy-
interaction parameter used in these calculations (l..'*) differs fromi that used by
Hayes and Probstein 7 (.X.) in 4alculatinL thu vatue of heat transfer. The relation
between the two vorticity-interaction parameters is given by

IT. / Ao T"

Calculations based on SL give rise to infinite heat transfer rates as T,/7--
since ft - Po . However, the use of the parameter ,* which does not
critically depend on surface tene', r.'ure yields finite values of beat tranes- rate
as Tw /T o - - 0O

2.2 BOW SHOCK AND FLOW STRUCTURE

Under the present contract, the thin shock layer concept has been applied to
.nalysis of the structure of the bow shock produced by a blunt axisymmetric

body in a rarefied hypersonic flow. 10 Also, the consistency of the solution based
on the two-layer formulation (i. e. the shok., transition zone and the shock layer)
with the solution to the Navier-Stokes equations based on an asymptotic expansion
procedure has been examined. 10 These analyses are complementary to and an
amplification of a prev-ous development sponsored by the Office of Naval Research
Contract No. 2653(00). In the previouL development numerical solutions for the
shock layer were presented. With modified Rankine-Hugon-ot relations th flow
field in the shock layer can be determined independent of the flow in the shick
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transition zone.

Underlying the two-layer concept is the idea of two matched solutions each
representing an asymptotic development for small E and P .
Recently, by considering four separate flow regions, Bushi I has formulated
the problem strictly through the use of asymptotic expansions. In Ref. 10, the
asymptotic expansion procedure is compared with that based on the two-layer
model for small E , i/Re , and /e M. The solutions based on
the two formulations are found to be consistent to the first approximation through-
out the entire flov, field. The two-layer model provides a uniformly valid
approximation to the Navier-Stokes equations for the tangential velocity, total
enthalpy, and temperature as well as the streamline pattern arotund simplo blunt
bodies. This does not hold for the solution of the normal veloQit, Aiear the down-
stream end of the shock transition zone, sinse the variation in normal velocity i.
this region is too small to be evaluated by a first-order theory. In either for-
mulation of the problem, it is necessary to match solutions of the two neighboring
principal regions o.ver a region intermediate between the two regimes under con-
sideration. However, it is not possible in either formulation to match exactly
solutions in the two regions. A .-mooth composite solution describing the whole
field has not as yet been demonstrated.

In the analysis of the shock transition zone, the interaction of the nonuniform
downstream flow with the shock transition zone is included. This interaction
appears primarily in the adjustment of the shoc'.: ructure to the highly nonuniform
downstream velocity and temperature fields. Tr -he previous analysis, 6 a num-
erical solution for the flow field has been compared with a mor t, r..ct numerical
solution for the stagnation region of a sphere by iLevinaky and Ycbhihara. !2 In
the present work, an analytical solution for the ohock transition zone has been
obtained for the case of a plane shock: this solution is compared with the solution
due to Levinsky and Yoshihara in Fig. 2. It is seen that the two solutions agree
in all essential details.

The current work has also included the calculation of the streamline pattern,
the temperature field and the shock thickness around a highly cooled axisymmetric
body of hyperboloidal shape at low Reynolds number. These calculations are Lhsed
on the analytical solution of the shock transition zone (discussed above) and the
previous numerical solution of the shock layer. 6 The results mr the streamline
pattern for three values of the rarefactior parameter ( K* = 1, 3, 10) are given
in Fig. 3. At K& = 3, it is noted that the shock layer and the shock transition
zone over the forward portion of rhe body are already comparable in thickness.
The streamlines are bent only slightly in the shock transition zone. The cor-
responding temperature profiles given in Ref. 10 show that the temperature is
everywhere lower than that obtained f-om inviscid theory. The maximum temperature,
obtair,., '%% the transition zone, is 0. R6 of the free stream stagnation temperature.
The flow fields obtained from these calculations for infinite Mach number are
characterized by a sharp frontal surface which separates the disturbed flow %egion
from the upstream uniform flow.

The current work described ;i detail in Ref. 10 has provided an analytical
solution of the shock structure which is comnatible with the previous shock layer
solution6 and which takes into account the non-uniformity of the downstream flow.
This solution provides for the first time a description of the teml-erature profill-s
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and streamline patterns of a hypersonic flow field about a body without the usual
shock discontinuity.

Z. 3 HIGHJ.AR-ORDER RAREFACTION EFFECTS

In the ctudy of the bow shock structure and shock layer discussed above,
second order effects associated with terms of order £ and I/Reb xvere
neglected. However, Ref. 10 also examines the consequences of two higher
order effects; namely, finite shock thickness, and velocity slip and temperature
jump at the body surface.

The shock thickness effects associated with losses of mass, momentum, and
energy fluxes to the transition zone have been analyzed. It is shown 1 0 that ",hije
effects resulting from each of these losses is generall) of order 4 &A/ b ' that
their combined effect on heat transfer, skin friction and most properties of the
shock layer is weaker being of order of Re2I . Thus, the order of magnitude
of the shock-thickness effect in th., downet 'earn flow becomes no larger than the
longitudinal and transverse curvature eflects.

The current investi.5,. ion has also provided an analysis of the slip and tem-
perature jump effects at tne _Q:agnatiun region fur an axisymrietric body in the
range of K * = 0 (1) . The solution cbta.ned provides an explicit, analytical
formula for stagnation point heat transfer incorporating slip and temperature
jump in terms of the no-slip, stagnation-point heat transfer. This formula
correlates the results of Rott and Lenad - 'tained fur high Reynolds numbers
and thus may serve as a universal formula 'or the slip correction at all Reynolds
numbers. The effect on heat transfer is siown in Fig. 4 wh-'c V.9" solid curve
represents the solution without slip, but incldes the eff'-cta of transport behind
the shock (i.e. based on modified Rankine-Hugoniot relations). The lower broken
curve represents the value of heat transfer obtained from the analytical formula
including correction for slip effects at the body surface. The upper broken curve
is calculated from a nonlinear vorticity-interaction theory (corresponding to the
viscous layer 6 ) which uses the unmodified lar.nkine-Hugoniot shock conditions.
The departure of this curve from the solid curve represents the magnitude of
the transport effects behind the shock or the magnitude of the "slip effects" at
the outer edge of the shock layer. From Fig. 4 it is evident that the surfac.' slip
and temperature jump effects on a cooled surface are relati ely insignificant
compared to the slip-like (transport) effects at the outer edge of the shock layer.

The analysis given in Ref 10 ;f the shock thickness and surface slip effects
has established that the error in the shock layer solution based on the present
formulation is no larger then 1/8M , i/Re b  and fi -

2.4 EXPERIMENTAL INVESTIGATIONS

:.:e first low derity experiments at CAL using a blunt axisymmetric model
were perfori.ied under the Office of Naval Research Contrac! N.%. Nonr 2653(00). 15, 16
The current experimental results (reported in Ref. 17) conducted in the CAL ; -
foot shock tunnel have extended those results to an order of magnitude lower in
Reynolds number. The hemi.!phere cylinder models used in this program varied
in diameter from 1/8" to 2" and ara shown in Fig. 5. Only the largest model
(2" diameter) was equipped with heat trar.sfer gauges away from the stagnation point.
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in Fig. 6, the data obtained from the previous and the present centract are com-
pared with Cheng's 5 viscous shock layer theory. The various low density regimes
as proposed by Probstein and Kemp 3 can be easily correlated to the value of K'
by computing the Knudsen number ,/a . At the lowest value of K' (about
0. 1) the free itrearn Knudsen number is of the order of unity. This represents
approximately the buundary betweej the fully merged layer and the transitio..al
regimes. At a higher value of K (about 10), the corresponding free stream
Knudsen number is about 5 x 10 - 3 which is in the vorticity interaction regime near
the boundary of the viscous layer regime. It is seen that Cheng's 5 theory which is
based on only two regimes correlates well with the experimental data, in spite of
the fact that the validity of the theory is only of ordtur E , corresponding to about
0.085 for K 2 of the order of unity.

The experimental data for heat transfer are compared in Fig. 7 with other
experimental data and other theories as I.B.,. vs Re where 7"
is the stagnation point heat transfer rate measured on a small sphere andP. is the heat transfer rate corresponding to vanishing vorticity. The Reynolds
umber Re. is related to K2  as

Ref A -4& ti (:zZ I
In the higher Reynolds number range ( Rep -_ 500) t hsre is a rise over the boun-
dary layer value due to the external vorticity -ffett. In the lower Reynolds
number range ( Rev :- 500) the heat transfer ratio begins to decrease and goes
below unity approaching the free molecule limit. Towards the higher Reynolds
number end the data of Ferri et a11 8 agree wel . with their own predictio'ns but
appear to be higher than the thin-shock-layer awdysis. The current CAL data
give reasonable agreement in view of the scatt:. g of data anu tlc Accuracy of the
thin- shock-layer analysis at the very low Reyr .A,$' numbers.

In Fig. 8 heat transfer data are presented ;or flow around a hemisphere cylinder
body at points removed from the stagnation region. 17 It is seen that 'there is no
change in heat tr nsfer distribution for the range of free stream Knudscu number
from 10- - to 10-T. The theoretical distributi,, nltained by Lees 1 9 fox a laminar
boundary layer is also given in Fig. 8. Except in the vicinity of 45C and 900,
the agreement is good. The data are plotted as the ratio of heat transfer to the
beat transfer at the stagnation point.

3. HYPERSONIC FLOW ABOUT CYLINDERS

3. 1 THIN SHOCK LAYER THEORY OF FLOW OVER YAWED CLYINDERS AT
LOW REYNOLDS NUMBER

The thin shock layer concept has been discussed under Section 2. 1. Under
the present contract this two layer formulation has been adapted to the low Reynolds
number flow over a yawed cylinder. 9 The solution of the resultant equations pro-
vides cc tocal distribution of velocity parallel to the surface, the spanwise velocity
and the enthalpy as a function of the rarefaction parameter (or yawed bodies

K r E4cc-. a j A
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where A is angle of y.Aw. Numerical solutions have been obtained in the
region close to the stagnation streamline under the assumption of a unit Prandtl
number, a viscosity.-temperature relation of the form ,44 - T"' , & - 1/8,
and a surface-to-stagnation temperature of 1/7. The calculation. cov. v a "-ge
of yaw angl s from 0 ° to 60' and a range of rarefaction 0. 3 - K( 2- 20. In this
regime departures from the boundary layer limit are appreciable, but the sho;k
layer concept is applicable.

The coefficients of heat transfer (C ) , of spanwise stress (C, ) and of
chordwise stress (CF ) as computed in Ref. 9 are given in Figs. and 10.
The surface heat transter and surface stresses gen rally approach the classical
boundary layer value from above and the free molecule limit from below, except
the chordwibt b~iebt coefficient (Cf4 ) which overshoots Lhe free molecul, !;,nnT
at a finite .K at the larger yaw angles. The increase in spanwise stre,.s and
heat transfer rate above the boundary layer predictions at intermediate values of
K" is considerably less than for the axisymmetric case. This is due to the fact
that vorticity interaction is a higher order effect for flow about cylinders.

The surface heat transfer and enthaipy profile are shown to be relatively insen-
sitive to yaw at small awl moderate values of yaw. This ?rggests that for heat
transfer a yaw independence principle may be valid. A study of the governing
equations indicates that the accuracy of such a principle is controlled by the Prandtl
Number, the viscosity-temperature relat,_o and the surface to stagnation temperature
ratio. The influence of the spanwize velocity on the profiles of chordwise velocity
and enthalpy appear mainly through the cL: !e of the local density ratio ',/p .
This ratio in turn controls the chordwise - esaure gradient effect (i. e. V'. %4/ ).
For a comparatively cold surface, T/T i- I the density i.:' changes only
slightly except at large yaw angles. The rlres of correlation for zbis independence
principle are developed in Ref. 9 and are consisteint with results previously obtained
by Reshotko and Beckwith 1 4 for the compressible laminar cvundar, layer. The yaw
independence principle does not imply a complete independence of &panwise vz.ocity;
however, it does provide a means for correlating heat transfer on a yawed cylinder
with the heat transfer on a cylinder at a diiierent yaw and at a different Reyno)d
number.

3. Z AN EXTENDED VORTICITY INTERACTION THEORY

In the higher Reynolds number rcgime K2 - 0(l) the transport effect behind
the shock is small and the ordinary Pankine-Hugoniot relations are applicalile.
Since the external vorticity :s iaversely proportional to shoLk layer thickness, its
influence on the viscous layer is large for the thin shock layer considered. As a
result of the thin shock layer assumptions the equations governing the shock layer
are reducible to a form equivalent to those in the vorticity interaction theory (for
the axisymmetric case) of Hayes and Probstein (these were derived from the boun-
darv layer equations in the weak interaction field).

In the present study, rumerical solutions have been obtiinecd and presented 9

for both axisymmetric and plane flow cases. These calculations cover an e; :' Isivw
range of vorticity interaction parameters for P . = . 71 and a cold surface
Tw/r. -o •

The major advantage of this treatment of the vorticity interaction regime is
that the specific heat and Reynolds number are combined into ca,e parE-met- atnd
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that the flow field can be solved Nithout the determination of shock position. 1.
the earlier work of Hayes and Probstein7 a different vorticity interaction pa-a-
meter (nl) i' used. Terp as Tw/r- 0 , po thus for
the theory breaks down. However, in the present CAL analysis the vorticitv
interaction parameter .A* remains finite and thus the solution is valid as
T./T,-"-O . In this analysis the solution is not restricted to the range of small
f1. as in the case in the Hayes and Probstein theory.

3.3 EXPERIMENTAL INVESTIGATIONS

A series of experiments were conducted under this contract in which heat
transfer was measured to circular cylinders at 0, 15', 30" and 450 yaw. The
cylinder models varied in size from 1/8 to Z 1/8 inches. The 1/8 and t/2 inch
models each had a single heat transfer gauge on the iorward stagnation line. To
check end effects the 1/4 and 2 1/8 inch models each had three heat transf,.
gauges longitudinally spaced about one inchapart along the forward stagnation
line. The one-inch circular cylinder was instrumented with thirteen gauges spaced
at 15- intervals around the circumference at one longitudinal position.

This experimental investigation has been reported in more detail in Ref. 17.
Typical experimental data for zero yaw are presented in Fig. II as the Stanton
number vs. the ra refactionparameter KL and compared both with Cheng's
viscous shock2 layer theory9 and with Cohen and Reshotko's compressible boundary
layer theory. -0 In Fig. 12 the ratio of circumnerential heat transfer to that at the
stagnation point for a transverse cylinder at zs. yaw is presented. The data are
plotted on a logarithmic scale to show the infn: nce of Reyrolds and Knudser, num-
ber on the distr;bution in the separated flow r -ion. Also shuwn i. '-- empirical
relation obtained by Tewfik and Giedt2 based c.: their lo i Mach nurnbe- data. The
laminar boundary layer of Beckwith 22 is also -,own in Fig. 12. Better agleement
is obtained with the theoretical curvp than with the empirical r ,Iation obtained at
low Mach number.

In Fig. 13 the experimental data expressed in terms of Co/,w.& are pre-
sented as a function of the rarefaction parameter for yawed cylinders and compares
with the viscous layer theory of the yawed cylinder reviewed in Section 3. 1. Since
the scatter in the data is greater than the difference between the two theoretical
curves for zero and 450 yaw, a confirmaticn of the yaw indepenuence principle is
not possible. However, no separation in the 0 ° and 45 ° data is discernible

4. HYPERSONI; F..UW OVER POINTED CONES

4. 1 THEORETICAL ANALYSIS OF THE INVISCID FLOW ABOUT A YAWED CONE
AND OTHER POINTED BODIES

The .riginal theoretical analysis of inviscid hypersonir flow about yawed cones
and other pointed bodies was performed and reported in Ref. 23 under an earlier
ARL sponsored program (AF 33(616)-6025). A naper on this analysis was published
in the Journal of Fluid Mechanics 4 under the current contract. The analysis, ,
viewed briefly in this section, provides a detailed treatment within the framework of
shock layer theory of the inviscXd hypersonic flow past a circular cone at small and
moderate yaw angles. Also given in - ef. Z4 is an analysis of the three dimensional
flow iield with special reference to the flow structure near the surface of a pointed,
but otherwise arbitrary body.
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In the analysis of the flow about a yawed cone, a singularity occurs at its
surface. Feri 2 5 first hypothesized the existence of a region of intense
vorticitv next to tt" body (i.e. a vortical layer). The presence of euch a layer
imp.lies that analyses of the cone problem in which the layer z eg!.-ted j-:,rld
incorrect values of the entropy on the cone surface. Cheng, , 'utilizing tho-
shock layer theory and small perturbations in the yaw angle, has obtained a
uniformly valid solution for the flow over a yawed cone. The solution provides
explicit relations for the flow at the inner edge of the shock layer including the
effect of the vortical layer. A valid first order approximationto the entropy
field is obtained except in the neighborhood of the stagnation streamline on the
lee side of the cone. Relations for first order appr)xi.nations of the density,
pressure, radial velocity and circumferential velocit- have been obtained.e
Formulas valid to the second order have been obtained for the pressure ,2f.
the circumferential velocity fields. These results show that the streartl,n' at
the inner edge of the shock layer must closely follow the genex.tor of the cone
surface in a manner independent of the yaw angle.

The development of the entropy relation, 24 including the singularity .t
the cone surface, provides a relation for the radial velocity about a yawed cone
which includes the etfet of the vortical layer. It is qho,.'n that in supersonic
flow the existence of the voriical layer ib dependent on a small yaw angle; in
hyperconic flow a thin vortical layer can exist even if the yaw angle is not
small. The angular thickness of the vortical layer is considerably less than
anticipated by Ferri, D being mrh Icss than o, E 3 where oc is the angle
of attack and f= 7-1/7.1 ( ;r is the. * of specific he!LtS). It is also shown 2 4

that the effect of the vortical layer on c cumferenti.1l velocity and pressure
belongs at most to the second order in E and angle of .L-a,!'

The study has also been extended 2 4 t., a more general case in which the
specific assumptions of s, all yaw angle and of circular o'ne are not requied.
This study indicates that flow speed and enthalpy persist along the streamline
and that fluid particles tend to travel tho shortest path or. the body surface (i. e.
alGng the surface geodesic). At the suri&Le of a pointed body the inviscid stre.n.-
line geodesica tpproach the pattern of the family of geodesics originating from
the poi.ted nose irrespective of the angle of attack. A thin vortical layer gene-
rally appears at the inner edge of the shock layer around a three dimens"nnal
pointed body. At rhe base of the vortical layer the entropy, flow speed and
enthalpy are essentially uniform.

The exister.ce of the thir. vo-Licai layer indicates the importance of outer-flow
vorticity to the boundary layer development over a pointed three dimensional body.
In the supersonic case the ex'stence of the vortical layer is not too important. In
the hypersonic case, where large variations in the outer entropy field are present,
the vortical layer assumes much greater importance. The present analysis (given
in detail in Refs. 23 and 24) has shown the thickness of the vortical layer to be small.
inus its effect may not be too significant when the boundary layer has an appreciable
thickness, even in the hypersonic case.

In a recent publicationn 6 an algebraic error in the calculation of entropy has
been noted. The corrected values for both the first and second order approxi-
mations for the flw field are given in Ref. 26.
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4. 2 EXPERIMENTAL INVESTIGATIONS

A previous investigat!.n of hpei sonic flow about cones was performed
and reported under in earlier ARL contract (AF 33(616)-6025) and wat
recently published.A7 The investigation of hypersonic fluv. about cones was extended
under the present contract to the measurement of heat transfer and pressure dis-
tribution on a 20" half angle cone at zero yaw and 10' yaw. The cone angle and
angle of attack were chosen to conform with the assumptions of Cheng's theoretical
analysis so that the validity of his theoretical analysis might be experimentally
investigated. This experimental investigation was performed in the CAL six-foot
hypersonic shock tunnel at free stream Mach numbers 19 to 25 and at free stream
Reynolds numbers 3.3 x 103 ft' to 7. 9 x 104 ft' 1 . The cone model was equipped
with heat transfer gauges and pressure transducers to permit circumferential :.ed
axial measurements. A schematic diagram of the cone showing gauge location is
given in Fig. 14. A photograph of the model with a conical afterbody is shown in
Fig. 15.

At relatively small angles of attack flow angularity in the shock tunnel inay
affect data measured on the cone surface. A technique to meatiure flow angularity
to a high degree of accuracy :,as developed under the joint sporsorship of the pre-
sent contract and contract AF 49(b38)-952. A flow angularity rake consisting of
two parallel flat plates equipped with heat transfer gauges was constructed with
CAL funds. When the plates are aligned with 'e flow in the test section of the shock
tunnel, the two plates experienced equal heat transfer. These tests revealed a
downflow in the tunnel of about 0. 15* and a c._. flow of about 0.2*. For the cur-
rent investigation of heat transfer and pressur . distribution about a large angle cone,
the influence of this small flow angularity in the test section w,.f %..-igible.

Typical pressure data for the 40* angle coie at zero yaw are given in Fig. 16.
The pressure data are given as the ratio of measured cone pr-.,iure to the pres-
sure predicted by conical flow theory (IV'/i' - j) as a function of the viscous
interaction parameter(? M.F )based local flow conditions. ( Mc is
the local Mach number, c the Zonstant in tne viscosity-tes.perature relation
and Re, the local Reynolds number. ) The pressure -P. has been obtained
from Kopal's tables. Z8 The experimental data are compared with Probstein's 2 9

analysis baded on the induced pressure rise due to boundary-layer displacement
for a wall to stagnation-temperature ratio T,,/T. of 0. 1. It iu noted that reason-
able agreement between the experimental data and Probstein's analysis is obtaind,
although the general trend appears to is.icate a larger experimental pressure rise.

The correspondirg heat-transfer data in terms of the Stanton number
cl = /oc eH.z.. - Hw)J is giv'in in Fig. 17 as a function of the local Reynolds
number. (The Stanton number is oased on the local flow velocity Uc , the local
density 10, and the difference between the local adiabatic-wall enthalpy and
the - -'...Ipy at the wall temperature. ) The experimental results are compared
with Probstein's analysis2 9 in which the effect of boundary-layer displacement and
transverse curvature arc included and with the laminar boundary layer theory,
given by

Probstein has shown theoretically that transverse curvature may have a significant
effect on the heat transfer whereas the boundary-layer displace..,, nt has a m,,(h
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smallr effect. In the present experimental study with a 40* total angle cone no
significant transverse-curvature effect is present. It is seen that no significant
departure of the heat transfer from laminar-boundary theory is observed eien
though the pressure data indicate a large boundary-laye--displacement effect.

In Figs. 16 and 17 separate symbols are used for the experimental data
obtained at various shock-tunrel-reservoir pressures (P.) . For the two i,-'ver
reservoir pressures ( i = 500 and 1600 psi) the experimental data have been
corrected for nonequilibrium nozzle expansion in the manner described in Ref. 17.

For an angle of yaw of 10 ° , the circumferential-pressure distribution is given
in Fig. 18 as the ratio of the pressure at angular position 92 to the pressure at
the stagnation line. The theoretical pressure distribution as given by the iirt and
second order approximationb of Ref 24 and as given by sim'le Newtonin tl',
(i. e. pressure coefficient C,. = 2 ctzoc Avet -,44WO C e',80- where
o4 is angle of attack E is cone half angle and P the circumferential angle

= 0* at the forward stagnation line) are compared with the experimental data.
The second order approximation is almost identical to the simple Newtonian theor".
It is noted that the best agreement with the experimental data is obtained with the
second order relaton. It should also be noted that although significant boundary-
layer-displacement effects wer. present in the zero yaw dtLa ("ider similar free
str;am conditions), the ratio of circumfer-:,,ial to stagnation-line pressure agrees
reasonably well with a theory in which no interaction between the viscid and inviscid
flow field is considered.

In Fig. 19 the ratio of the heat transfer , the angular position SO to the heat
transfer at the stagnation line is compare" ,ith the thecretiral predictions. 2 4

Since in the experimental program the val t. nf the heat trai.icic a. the stagnation
lino was not measured, the measured values of heat trdnsfer at the angular position

S= 30* were extrapolated to the stagnation line by means of the first-order
relation and the heat transfer relationehip based on local similarity

. cU, ____

Cs = 0.332

where U1  is the velocity at the outer edge of the boundary layer
/6 is the distance of the body from the axis of symmetry (, = ,

L is the length of the cone

and the subscript c¢' refers ti tihe free stream conditions. Using the above
relationship the heat-transfer ratio reduces simply to the square root of the pres-
sure and the external veloc'.ty ratios. 1.1 Fig. 19, the theoretical heat-transfer
has been obtained by means of the first and second order approximation for the
inviscid field. Also, the value of heat transfer has been calculated using the cor-
re-ct-on for the external velocity field as given in Ref, 24 due to the presence of
a vortical layer

Q.(1,,; ) 2 ) ,. U,)
where U is the cone half angle, o = - bua and

K is t g t

and t b tti e e n

reltinsipth het-rasfr ati rduessiplytoth suae rotofth pes



Since the velocity is now independent of angular position, the heat-transfer
ratio reduces simply to the square root of the pressure ratio. The pressure
ratio is unaffected by the vortical layer to the third order of Ce + a-)

Although the effect of the vortical layer is to reduce the heat transfer, the
experimental data is still somewhat lower than that predicted theoretically. This
discrepancy has not as yet been investigated. The experimental data at V = 300
was extrapolated to the'stagnation line by means of the first order approximations
to the inviscid flow. If the heat-transfer distribution predicted by the relation
incorporating the effect of the vortical layer is used to extrapolate die data from
SP = 30° to 90 ' , the result is to increase slightly the di-crerancy.

5. CONCLUDING REMARKS

The research investigations conducted under Contract No. AF 33(616)-7812
in the three year period ending 15 December 1963, have been briefly summarized
i, this report. The theoretical studies have utilized a continuun' flow model based
on the thin shock-layer conc,.pt. For the first time a description of the entire
hypersonic flow field about a bluit .i,)n-slcnder body nt low Reyzioldt ntunbers has
been obtained without the usual ahock discontin-.%iy. A study of the velocity slip
and temperature jump at the stagnation point of a blunt axisymmctric body has
revealed that the slip effects are relatively mirjr (for heat transfer and other
properties of the shock layer) compared to the "-ansport or "shock slip" effects
behind the shock wave. Experimental measureiuits of heat trancfer to blunt
axisymmetric bodies have been extended to lcv' ±-,.eynolds rnunb-.rs under this
contract and generally confirm theoret;cal prek'ct-ons.

The thin shock layer concept was also used to compute the flow field about
yawed cylinders. Experimental measurements of heat transfer generally confirm
the theoretical predictions.

The inviscid flow over pointed non-slender circular cones and other pointed
bodies has been analyzed within the framework of the thin shock-layer concept.
Of particular importance is the calculation of the effects of a thin vortical layer
(i.e. a layer of high vorticity) at the base of the shock layer. This layer has be-n
shown to have a negligible effect on free stream surface pressure but a non-negligible
effect on the inviscid radial velocity under certain flow conditions. Experimental
data on the circumferential heat transfe:• aod pressure about a nonslender cone hove
been obtained at hypersonic speeds and hi-gh Reynolds numbers and compared with
simple Newtonian theory and Cheng's theoretical predictions. In general, the agree-
ment is reasonable.
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Figure 18 COMPARISON OF CIRCUMFERENTIAL PRESSURE DISTRIBUTION

(RELATIVE TO STAGNATION LINE) (/Po,) FOR A 20" HALF

ANGLE CONE AT 10
° YAW WITH IHEORErICAL PREDICTIONS
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Figure 19 COMIARISON OF CIRCUMFERENTIAL HEAT TRANSFER DISTRIBUTION
(RELATIVE TO STAGNATION LINE) ( /%)FOR A 200 HALF ANGLE
CONE AT 10, YAW WITH THEORETICAL PREDICTIONS
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