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INTRODUCTIONt

Tile field of hypersonic aerodynamics is dominated by two conflicting
characteristics : The phenomena to be investigated are much more complex
and less amenable to simplified schemes of analysis and to experimental
investigation than other fields of fluid dynamics while at the same time
much more precise detailed knowledge of the flow field is required in order
to obtain the information necessary for practical applications.

The complexity of hypersonic flow can be attributed to two main reasons :
In very high speed flow fields of practical interest the fluid behaves as
nonideal gas with variable properties ; chemical-physical transformations
can take place in limited regions of the flow ; at the same time the flow to
be investigated is highly nonlinear, rotational and, in important regions,
of the transonic type.

Against this formidable increase of difficulties with respect to supersonic
flow stands the necessity of obtaining more accurate and more detailed
information of the flow field. In hypersonic flow problems, it is important
to determine the heat transfer to the body together with the determination
of forces and pressure distribution. For the determination of the forces
only integral characteristics of the flow field are required ; these can be
obtained by means of simplified representations of the overall phenomenon,
without the necessity of representing correctly the details of the flow,
while the determination of heat transfer requires a precise knowledge of
velocity and pressure gradients, of pressure and entropy distributions in
the flow field, of chemical-physical transformations taking place inside
and outside the boundary laver, and of laminar, turbulent and transitional
boundary layer flows. In spite of all these difficulties very rapid progress
has been obtained in this field in the last few years, due to the continuous
interest of large scientific groups and of military organizations.
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It is the scope of this paper to review briefly a few of the more recent
contributions obtained in this field and to discuss some of the problems
that require more consideration in the future. The new results presented
in this paper have been obtained with the co-operation of the staff of the
Aerodynamics Laboratory of the Polytechnic Institute of Brooklyn. I
should like to mention specifically Dr. Roberto Vaglio-Laurin for his help
in connection with the analytical work related to the pressure distribution,
Mr. Victor Zakkay in connection with the experimental work, and
Dr. Paul A. Libby for his contributions and suggestions in the preparation
of this report.

1. CHEMICAL-PHYSICAL EFFECTS

In order to discuss the effects of chemical-physical transformations
taking place in the fluid on aerodynamic characteristics, hypersonic flow
fields can be grouped in two major categories: The fields where the flows
can be considered everywhere to be in thermodynamic equilibrium, and
the fields where nonequilibrium conditions exist and produce noticeable
first order aerodynamic effects.

In many of the hypersonic flow fields of practical interest a large static
temperature rise occurs in localized regions of the flows. Because of the
large absolute value of the stagnation enthalpy, large variations of gas
properties take place in these regions. In the lower range of Mach number
the internal energy of the gas is essentially entirely represented by the
translational and rotational energy of the molecules, and the energy and
state equations can be represented by :

E = (g —1)P– —  1  P  and
P I P

- = RT  (1.0)

where  R  and 7 are constant. At highcr static temperatures also vibration,
dissociation, and ionization energy contribute to the energy content of the
gas. Then the expression for internal energy must be modified and the
quantity  ß  must be considered as a summation of different contributions
and the equation of state must have a corrective term

- RZT  (1.1)

which takes into account the effects of dissociation and ionization.
When the variations of the physical properties of the gas due to the

aerodynamic phenomena take place gradually, and the times corresponding
to significant variations of physical properties are large with respect to
the relaxation times of the different degrees of freedom of the particles,
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it can be assumed with sufficient approximation that the flow is at each
point in statistical equilibrium. In this case the properties of the gas (as
f3and  Z)  are functions only of local conditions (pressure and temperature).
I Iowever, the mechanism for reaching equilibrium depends on the kinetics
and probability of collisions. Therefore, the relaxation time for equilibrium
depends on pressure and temperature. For high altitude and high velocity
flight the mean free path for equilibrium of vibration, dissociation and
ionization, becomes large and in many cases can no longer be considered
small with respect to a typical dimension of the flow field where large
accelerations or decelerations occur. Then the simplifying assumption of
equilibrium conditions is not valid.

A large amount of work has been done in the field of equilibrium flow
problems. A detailed analysis of the properties of air for equilibrium
conditions as a function of pressure and temperature has been performed
by several groups ('-6 ). Mollier charts for air are available(7,8) and poly-
nomials or charts representing conveniently the properties of air in a
given range of pressure and temperature have been developed(9). By
means of these data, it is possible in principle to extend the numerical
methods of analysis developed for constant gas properties to the case of
variable properties without any conceptual additional complication. The
numerical work becomes more complex and must be carried out for various
altitudes. The introduction of large scale computing machines tends to
overcome this complication. Moreover, the variation of gas properties
tends to complicate any type of analytical method, which by necessity
requires the introduction of simplifying assumptions.

Tables giving the changes of flow properties across shocks are also
readily available, and simple one-dimensional type problems such as
conical flows have also been determined for real gas equilibrium condition.
Some of the available data are given(7, "), ",

The variation of gas properties in the flow field tends to complicate
also the experimental techniques because of the necessity of simulating in
the test the variation of flow properties with pressure and temperature.
This variation can be simulated if stagnation temperatures and stagnation
pressure are exactly represented, and thermodynamic equilibrium exists.
At present simulation of Mach number, Reynolds number and stagnation
conditions is very difficult to obtain. However, it is standard procedure in
experimental aerodynamics because of the difficulty of complete represen-
tation, to study separately the effects of different parameters in order to
introduce corrections to experimental data more readily obtainable. This
approach can be used probably to correct measurements of forces and
pressure distributions determined at the correct Mach numbers but
without the simulation of real gas effects.

Experimental and analytical evidence tends to indicate that the real
gas effects on the pressure distribution on the front part of blunt bodies
(where the static temperature is high) are not too important, while in the
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FIG. 1.Comparison between theoretical ideal and real gas pressure distribu-




tion along a hemisphere cylinder body at M 20 at 100,000 ft altitude.

high local Mach numbers region, because of the low static temperature, the
gas is not far from an ideal gas. For example, a comparison between values
of pressure distribution along a hemisphere cylinder at 11=20 for ideal
gas and real gas is presented in Fig. 1. The values have been obtained by
modified Newtonian followed by Prandtl—Meyer expansion. The matching
point has been chosen at the point of tangency of the two laws. It has been
shown that this type of analysis gives good approximation in hypersonic
flow. The effects of real gas on the ratio  p,p,,  arc small, and the effects on



Review of Recent Developments in I iypersonic Flow 72%

the ratio pp, are even smaller. Here p is the local static pressure on the

surface, ps is the stagnation pressure behind a normal shock and p, is the

undisturbed static pressure. -
At present, both numerical analysis for a limited range of simple

boundary conditions or experimental investigations without full stagnation
simulation can give sufficient data which permit taking into account

approximately real gas effects as far as pressure distribution and force
determination are concerned.

The field of nonequilibrium acrodynamics is in a much less advanced

stage. Few theoretical and experimental results are available at present ;
these are essentially aimed at defining the conditions under which non-
equilibrium phenomena affect the flow field properties sizeably("-").
Few theoretical attempts to determine analytically the mean free path for
vibration and dissociations are available('3-15 "7). All these methods try

to obtain the order of magnitude of the mean free path from collision
kinetics and collision probabilities. Because of the relatively poor know-
ledge of the many parameters involved, the analvses in question are some-

what of a qualitative nature, and do not give sufficiently accurate physical
information as is required for an investigation of the related effects on the
flow field.

A great amount of work has been performed in order to determine
experimentally vibration and dissociation relaxation times. Some of the

more recent results are presented in refs. 15, 17, 18, 19, 20, 21, 22. In

ref. 17 preliminary data indicating the region of validity of the assumption
of aerodynamic equilibrium are presented. These data tend to indicate
that nonequilibrium conditions in the inviscid flow region can be

important above altitudes on the ordcr of 200,000 ft for flight speeds

about M=20.
Non-equilibrium effects could be important for the flow inside the

boundary layer in a range of altitude and Mach number much below the
aforementioned values, because here the physical dimension to be com-
pared with the relaxation mean free path is the boundary layer thickness.
In the boundary layer the finite relaxation lengths for vibration, dissocia-
tion and ionization, and the possibility of diffusion of atoms and ions,

which can subsequently recombine, may add appreciably to the value of
heat transfer produced by molecular conduction.

The analysis of real gas and nonequilibrium effects on the flow inside

the boundary layer effects has been conducted along two different
lines. In ref. 23 detailed investigations of these effects for the laminar
heat transfer at the stagnation point of blunt bodies has been performed,
and the contribution of nonequilibrium real gas effects has been obtained.
In ref. 24 two limiting cases have been investigated ; the first assumes
thermodynamic equilibrium, the second assumes very slow recombina-
tion rates, and diffusion as the governing phenomenon in the flow. In
both cases small effects due to real gas properties have been found. These
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effects are of the same order as the effects produced by small aerodynamic
changes in the flow field, and can be considered small when the uncer-
tainty of experimental measurements, and of the theory of laminar,
transitional and turbulent boundary layer is taken into account.

Experimental results obtained in shock tubes(") indicate good
agreement with the analysis for real gas in equilibrium(23)or with an
analysis that neglects dissociation. These data are presented in Fig. 2.
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FIG. 2. Comparison between experimental ideal and real gas heat transfer

at the stagnation point of a blunt body (T, — 1 ideal gas,  I 1-4 real gas)(").

The effects of real gas and equilibrium conditions are represented by the
difference between dotted and solid lines. This figure could give the mis-
leading impression that the value of heat transfer coefficient can be deter-
mined only if correct stagnation pressure and temperature are simulated.
This, however, appears not to be the case. The stagnation point heat
transfer given in ref. 23 is expressed as

— 0-76Pr  "
owtcw 0.1

dli e

(P 8e I-48e ds
qs ."   h w Psel-tse(—)X

h D]
1 -H (L°•52 — 1) —[

/Ise
(1.2)
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where the subscript w represents wall conditions and se external stagnation
conditions ; h is the enthalpy and Pr the Prandtl number. From Eq. (1.2)
the coe ffi cient Nu:Rei can be determined, where the Nusselt number Nu
and the Reynolds number Re are referred to external properties and to a
typical dimension of the body. The pressure and velocity near the stagna-
tion point can be expressed as dimensional parameters in the form:

Ps
1 — K:2;2 (1.3)

and

11 = lie' (1.4)

where s- —s'r o and r, is a dimension defining the geometry of the nose,
for example, the radius of the curvature at the stagnation point. The
Nusselt and Reynolds numbers can be expressed as(82)

Nu = q„.(cp)sero'kse(hse— hie); (1.5)

Re = Re Ps p8eh,„; Re — p8e hser ohise (1.6)

then
(pw p,w )0.1 [1 + (L°.52— 1) 171..DNu

= 0•794 -Vk  (1.7)
RI 198e ttSe " e

where the Prandtl number has been assumed equal to 0.71. Because of the

low value of the exponential of the term pw pi„,/pSe pcse it appears that large


variations of the ratio hw'hse can occur without affecting the value of

FIG. 3. Variation of Nu, VRe at the stagnation point as a function of flight.
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N/l/Ri significantly. The effect of dissociation and diffusion is represented
by the second term of the expression inside the brackets. If  L=1  this term
is zero. In ref. 23 the value of 1.4 has been assumed for  L.  In Fig. 3 the
values of  Nu/ Ret  obtained from Eq. (1.7)are presented as a function of flight
Mach number for different values of the ratio of stagnation enthalpy
to wall enthalpy, and two stagnation wind tunnel conditions. As shown
in Fig. 3 the value of  Nit, Tel  is very slightly affected by all these para-
meters, indicating that results of experiments where real gas effects are
not simulated would still give good practical information. For comparison
the values obtained from the incompressible flow analysis of ref. 26 are
also shown. It could be expected that these parameters may be important
downstream of the stagnation point. However, the results of simple analysis
tend to show that this is not the case.

In Fig. 4 a comparison is made between the heat transfer along a sphere

20
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FIG. 4. Comparison between equilibrium real and ideal gas heat transfer

distribution along a blunt 20 cone at Moo 20 and 100,000 ft altitude


((IL= local heat transfer coefficient, (qL)0—stagnation heat transfer coefficient).

cone obtained by assuming that the gas is a real gas or a perfect gas
both in equilibrium. In the figure the ratio  ql,/qL0  between the local and

the stagnation point heat transfer along the length of the body is presented.
The analysis has been performed according to the method presented in
ref. 24. The difference between the two curves is negligible*. As for the

* Rep. No. 15 of AVCO Res. Lab. by N. H. Kemp, P. H. Rose and R. W. Detra,
"Laminar Heat Transfer Around Blunt Bodies in Dissociated Air", has become
available after the preparation of this report. The results presented there confirm

these conclusions.



Review of Recent Developments in Hypersonic Flow 731

region of inviscid flow the effects of real gas on boundary layer phenomena
at very low density or Reynolds number are yet unknown. It can be
expected that for these conditions these effects can be large.

2. DETERMINATION OF THE PRESSURE DISTRIBUTION

(a) Two-dimensional or Axially Symmetric Flow Fields

The problem of determination of pressure distribution for two-
dimensional or axially symmetric hypersonic flow fields when the flow is
of hyperbolic type does not present any additional conceptual complication
over the determination of supersonic rotational flows even when variable
gas properties must be considered. As for the case of supersonic rotational
flows, when two family waves must be considered, numerical methods are
usually required. In the case of variable gas properties, additional equations
that represent the variation of gas properties with pressure and temperature
must be added. A practical approach that is convenient when automatic
computing machines are used is to express the gas properties by means of
polynomials. Polynomials of this type have been suggested by the Army
Ballistic Missile Agency

A ij (P)(h)J (2.1)
i=j .=0

5

Qmlin (2.2)
= 0 n =

where

P = log - Q log  P- (2.3)
Patm Patin

S is the entropy and R is the gas constant. The coefficientsAii, B,,,, have
been determined from the Mollier diagram. The characteristic equations
can be written as

where

dp .
— sin p, cos /2 ± dO
'Y'1)

sin it sin  0 dx0

cos(0 ± 1,L) y
(2.4)

,P (at)
= p ap)s

(2.5)

and can be obtained directly from the expression (2.1) and (2.2).
Some complication can arise because of the fact that the growth of the

boundary layer could require some correction in the boundary conditions
used for the inviscid flow field. However, in practical cases for low altitudes
these corrections are usually small, and if required can be obtained in first
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approximation from a preliminary analysis of the boundary layer growth
on the basis of rough estimate of pressure distributors.

The special problem discussed in refs. 28-33 existing at the sharp
leading edge of a two-dimensional plate is a very interesting academic
problem, but with small practical significance. For sharp edges, small
changes in the physical thickness of the edge can produce effects of the
same order of those produced by the boundary layer growth ; this behavior
is due to the presence of the highly curved shock along the leading edge,
generated by the physical thickness of the edge. The large entropy gradient
induces very large pressure gradient that extends for a length, that is, of
an order of magnitude larger than the thickness of the edges(34);therefore,
a precise knowledge of the geometry of the edge is required. At very low
density this problem of interference will become important for many types
of boundary conditions.

In many practical applications, the front part of the body is blunt in
order to reduce the local heat transfer ; therefore, the problem of analysis
of blunt bodies at hypersonic speed has lately received large attention.
At present the majority of the experimental or theoretical work has been
concentrated on the analysis of axially symmetric or two-dimensional flow
over blunt bodies. Approximate analytical methods have been developed
and several numerical methods are also presently available. A critical
review of some of the analytical methods has been presented in ref. 34,
and some of the original reports dealing with this problem are given in
refs. 35 to 61. Of all the approximate analytical methods, the methods
suggested in ref. 47 and reconsidered in ref. 48, and called the modified
Newtonian approximation, is the simplest. It gives a good approximation
for bodies having small changes of the curvatures between the stagnation
point and the sonic line. Good results have also been obtained by assuming
incompressible rotational flow near the stagnation point and simplifying
assumptions in the other part of the flow field(35). This direction is of
interest because it could give information also for bodies without axial
symmetry.

Several directions have been taken in order to improve the Newtonian
approximations(",53). Difficulties have been found in these approaches due
to the poor convergency of the series used. A detailed discussion of this
problem is presented in ref. 34. Recently, numerical methods have been
developed for the analysis of the flow field in the elliptic and transonic
regions(33-6'). All the methods consider the inverse problem where the
shock shape is given and the body shape must be determined. The
numerical solution of the direct problem where the body shape is given
and the shock must be determined, presents serious difficulties because it
requires the determination of the entropy distribution in the flow field
without a detailed knowledge of the shock shape. Of these methods the
method discussed in refs. 55-56 transforms the elliptic type problem of
the analysis of the subsonic flows in a hyperbolic type problem by intro-
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ducing a fictitious third dimension that is similar to a time variable. In
this approach the problem of instability, characteristic of the initial value
problems of elliptic type, is eliminated ; therefore, from this point of view,
the method is mathematically more satisfactory than others. However,
the amount of numerical work is notably increased. A different type of
solution is required in order to pass from the subsonic to supersonic region.

All the methods listed use finite difference approximations. The problem
of computational instability in some cases is investigated numerically by
perturbation of the initial data. All the results published until now, assume
completely analytic shapes for the shock and therefore theoretically lead
to the determination of the flow field in the subsonic and transonic region
without the necessity of special consideration of the shape of the sonic line.
However, in ref. 60 a special consideration is given to the determination
of the sonic line.

For flat-nosed bodies the shape of the body near the region of the sonic
line has a marked influence in all the flow fields and the shape of the sonic
line is more strongly influenced by the body shape than the shock shape.
Therefore, in this case it can be convenient to assume as boundary
conditions the shock shape in the elliptic region and the shape of the sonic
line. From conditions of mass continuity and from the shock shape the
direction of velocity along the sonic line can be determined, and then the
flow in the elliptic region can be obtained by finite difference methods.
This possibility has been a leading consideration in the approach presented
in ref. 60. This approach is particularly useful when bodies with corners
or large curvature at the sonic line are considered. At a corner of the body a
singularity exists. The type of singularity can be obtained from ref. 62 because
the entropy gradient normal to the streamline does not affect the singularity.

0

A

FIG. 5. Schematic representation of the flow field near the sonic line for


blunt bodies.
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The shape of the sonic line corresponding to a given body shape at
the shoulder and to a given shock shape can be assumed in first approxima-
tions by knowing the inclination and curvature of the sonic line at the shock
from mass flow considerations and from the curvature of the sonic line at
the corner. The curvature of the sonic line at the body can be obtained
from the curvature of the body and from the entropy gradient.

In Fig. 5 there are given schematically the shapes of shock, sonic line and
characteristic net in the transonic region for two bodies, one having gradual
curvature and the other having a more rapid curvature near the sonic line.
In the first case, the sonic line is determined directly from the shock and the
characteristic lines reaching the sonic line all start from the shock. In the
second case, some of the characteristic lines start from the body, then the
flow at the sonic line between points B and C is influenced by the body
shape. This part of the flow field is defined if the shock is given between the
axis and point F. However, it can be seen that localized changes in the
shock in the region between the point D and point F will influence
the shape of the sonic line, the shape of the body, and thus all the flow in
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the elliptic region. Therefore, any analysis of the elliptic region starting only
from the shock needs to consider carefully the values of very high order
derivatives of the flow properties at the shock. This consideration indicates
that numerical procedures starting only from an analytical shock in the
elliptic region can be insensitive to small changes of body shape. This
difficulty can be eliminated by assuming as boundary conditions for the
elliptic region, the shape of the shock in the elliptic region and the shape
of the sonic line or by extending the numerical calculations well inside the
supersonic region. In this respect the approach, wherein the sonic line is
determined or assumed and then is considered as part of the boundary
conditions for the elliptic region, is less open to criticism.

In order to clarify this point, it may be of interest to show results of a
calculation performed for two different boundary conditions. The shock
shape in the elliptic region is similar for the two calculations in the sense
that the equation representing the two shocks gives the same co-ordinates
and the same derivatives to the order considered in the analysis at all the
points carried in the numerical calculations. Also the shocks in the
supersonic region are similar up to the point C; within the approximation
of the analysis, the sonic lines are then equal up to point D (Fig. 6). In one
case the complete shock shape, given by the expression

x =KY'.

is chosen as a boundary condition (Body A). The shape of the sonic line is
obtained from the shock (ref. 60). In the second case, the same shock
shape in the region OC and for the remaining part of the flow, the shape
of the sonic line DB has been chosen as boundary conditions. The entropy
and the flow direction at the sonic line can be obtained from energy,
momentum and mass continuity considerations. The shapes of the two
bodies are shown in Fig. 6. The difference of the body shape at the
shoulder is appreciable. In Fig. 7 the pressure distributions on the two
bodies are indicated*.

When the transonic region is determined, then the flow field in the
hyperbolic region can be obtained by means of the method of characteris-
tics. However, this method is lengthy ; therefore other simpler approximate
analyses have been suggested (63-71 ). Both Prandtl—Meyer expansion and
blast wave theory have been used recently with apparent agreement with
experimental data. The Prandtl—Meyer expansion neglects the effect of
the second family waves. This effect, produced by the entropy gradients,
can be in some cases very large. As an example, this analysis would not
be able to predict the decay of pressure which occurs along a flat slab
following a wedge(33)(Fig. 8) which in this case is very large. The entropy
effects are considered in the blast wave theory of refs. 63, 64, 65, 66, 71.
Therefore, it can be expected that the blast wave theory can predict more

* This work has been performed with the co-operation of Dr. Roberto Vaglio-
Laurin.
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FIG. 7. Calculated pressure distribution as a function of the local inclination


O for two blunt bodies having variation of the shock shape only in the


supersonic region of the flow for Moo --= 20.

accurately the shape of the pressure distribution and the rate of pressure
decay. This theory presents the difficulty of the uncertainty of the origin
of the co-ordinates, and therefore can be used only downstream from the
nose but within the region of influence of the strong part of the shock wave.
In order to orient the reader On the order of approximation of each theory,
a comparison among the pressure distribution given by the different
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FIG. 8. Pressure distribution on a flat slab following a wedge as given by


the Prandtl—Meyer expansion method and by the characteristics method(3').
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methods of analysis for a sphere cylinder at M=20, and constant gas
properties (y=1.40) is shown in Figs. 9(a) and 9(b).

0 — METHOD OF REF 6
, —  CHARACTERISTICS

0 — MODFIED NEWTONIAN
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FIc. 9(a). Pressure distribution on a sphere cylinder at  M= 20 given by

different analyses (y= F40) (a) Front part of the body.

Figure 9(a) presents a comparison between the calculations performed in
the elliptic region according to ref. 60 followed by a characteristic analysis
with Newtonian theory, followed by a Prandtl-Meyer expansion. The point
of tangency between the two methods has been chosen as the transition
point between the two pertinent laws. The agreement between the two
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analyses is very good. It must be noted that the Newtonian flow is inde-
pendent of y while the shock-expansion values are affected by the value
of y. The pressure distribution downstream of the body is shown in
Fig. 9(b). The scales of the abscissa and ordinate have been changed. The
blast wave theory gives values of pressure that are closer to the values cal-
culated with characteristic theory than the Prandtl—Meyer approximation.
However, as the absolute value of the pressure decreases the percentage
error increases very rapidly. This error will affect any heat transfer
calculation.

(b)  Pressure Distribution for Non-axially Symmetric Flow Fields

Sharp-nosed bodies or cones at an angle of attack can be analyzed with
known methods developed for supersonic flows. The Newtonian approxi-
mation for slender bodies has been also developed("). However, very little
experimental or theoretical information is presently available for axially
symmetric blunt bodies at an angle of attack. In refs. 73 to 75 experimental
data are presented for the pressure distribution on blunted cones at angle
of attack. The nose of the body is spherical and the elliptic region of the
flow is for all cases on the spherical portion of the body. In this case the
elliptic region is not influenced by the angle of attack effect and the flow
in this part can be predicted by the Newtonian approximation and Prandtl—
Meyer expansion. The stagnation point is on the radius parallel to free
stream direction.

Downstream of the spherical region in the supersonic part of the flow,
the effect of angle of attack is similar to the effect found for sharp-nosed
bodies in supersonic flow. The experimental data of ref. 75 indicates that
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the pressure distribution at a station along the body can be expressed in
the form

p = p0 301cos T  il2P2 i-Di2p3cos 2 IF (2.6)

where p, is the pressure at zero angle of attack. As an example, in Fig. 10 (a)
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Flu. 10 (a). Pressure distribution on a blunted cone at 0 and 15 angle of

attack at -1/, 6(7'). The body is a 20- blunt cone with hemispherical

nose, ro R-  0.267. (b) Shadow photograph of a blunted cone at 15" angle


of attack at _1/,

the pressure distribution on different meridian planes of a blunted cone at

ci=15° is presented(75). The pressure distribution given by Newtonian


plus Prandtl–Meyer on the spherical part of the body and by Eq. (2.6) on
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FIG. 11 (a). Two-dimensional body at an angle of attack.

the conical part are also presented. The values of p1, p,  and  p,  are obtained
from the measured values at W-00, 900, 1800. At large distance from the
nose the flow is again conical. The values given by second order conical
flow theory are also indicated in the figure.

The pressure distribution at 1F-90' and oz =15° is practically the same
as for a=00. For these types of bodies a first order rough estimate of the
pressure distribution can be obtained from a very simple approach. The
Newtonian approximation is used followed by a Prandtl—Meyer expansion
on the spherical part. The asymptotic value for the cone is then used for
the conical part. From these three values an approximate shape of the
pressure distribution at 0 angle of attack is obtained.
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FIG. 11 (b). Pressure distribution at the nose of a two-dimensional circular


nosed body at 0' and 20 angle of attack.
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In the angle of attack case the pressure distribution at T=90 is taken
equal to the pressure for the zero angle of attack case. At T=0° and
T-180' the pressure is again obtained from Newtonian theory and then
Prandtl-Meyer expansion on the spherical part of the nose while at a large
distance from the nose second order conical flow theory for a 0' is used.
In this way a rough first-order approximation is obtained that can be useful
for determination of forces.

It must be noted that the Newtonian flow and Prandtl-Meyer expansion
approximation gives at the shoulder lower pressure values than the conical
flow theory for large local cone angles. Therefore, the over-expansion
found experimentally is also represented by this approach. The transition
from the blunt nose region to approximately conical flow can be expected
to take place in a length of the same order of the distance between the body
and shock at the shoulder divided by the tangent to the local Mach angle
of the conical body. The over-expansion on the plane T=180°, affects
the shock which in this plane is close to the body. Therefore, near the nose
the shock is concave and then becomes tangent to the shock for the nose.
In the plane T=0' the shock has monotonic curvature (Fig. 10(b)).

When the nose has a circular cross section and the angle of attack affects
the elliptic region of the flow, then the position of the stagnation point
cannot be determined directly from geometric considerations by assuming
that it is at the point where the normal to the body surface is parallel to
the free stream direction. In this case the pressure distribution along the
body and the velocity gradient are strongly affected by non-symmetry.
The same is true when the body is at an angle of attack and the body has
a cross-section different from circular. The asymmetry can affect the heat
transfer at the stagnation point. Consider for example the two-dimensional
body shown in Fig. 11(a). Until the sonic point is on the circular portion of
the body flow on the nose is symmetrical with respect to the stagnation
point, which is on the radius parallel to stream direction. However, for
larger angles of attack the sonic point moves outside of point B. In this
case the position of the sonic point is determined by the position of point
C or if the region BC is curved by the curvature of the region BC. The
other sonic point will be still located in the region AD. Then the flow is
nonsymmetrical and the stagnation point is not at the point So on the
radius parallel to the velocity direction but moves to a point S which is
between S, and B (the curvature at B along BC has been assumed larger
than along AB). Figure 11(b) gives the pressure distribution along the body
for the case of A=01, and a=20°. For the case of a= 0', the Newtonian
approximation is in good agreement with the experimental results. For
A=200 the stagnation point is not on the radius parallel to the free stream
direction (0=20 ) , but is at a position corresponding to 26.8. The motion
of the stagnation point is not included in the Newtonian approximation
and the pressure distribution for A-20' differs from the Newtonian
pressure distribution. The effect of this shift of the stagnation point is



742 ANTONIO FERRI

I
STAGNATION 90INT , a• o•

/—STAGNATION POINT , a•

0 8

A - y.o•
— a''" *.90•

— t 4. • 180*

4,180° wINTW090 SIDE

(2- =0 25

0 6

5
( 1)

15"

0 4
AI

0 2

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 12

FIG. 12. Pressure distribution on a tiat-nosed axially synunetric body at 0'

and 15 - angle of attack at M, 6.

Pressure distribution in the plane T :0', 90-', 180.

Pressure distribution near stagnation point a= 0' and a= 15 at T=0',
45, 90' , 135', 180 '.

A

I

0 9

a O•

4,• 0 •,180

O•15° - 9,• 90°

- 451135

(bi)

0.9 - 0 3

A D=1 5"

0 30 4

0 8

 kr 90°

4,-- lac). L2=0 25
0 7

- 0.2 - 0
5_

important because it changes the value of the pressure and velocity
gradient at the stagnation point and, therefore, the value of the heat transfer.
The nondimensional velocity gradient crt(cis-calculated from the experi-
mental data for a— 20' is 0.54 in comparison with a value of 0.76 for the
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case of A =0 ; therefore the heat transfer at the stagnation point for a =20°
is of the order of 20" „ less than for the case of a-0', in spite of the fact
that the radius at the stagnation point is the same. This effect can be of
interest for practical applications on wing leading edges.

The nonsymmetry of the flow at the stagnation point exists also for
axially symmetric bodies at an angle of attack("). Also, in this case the
pressure distribution cannot be obtained analytically and must be deter-
mined experimentally. In Fig. 12(a) the pressure distribution measured on

a- O.

a.  S•

C SOWC PONT ON BODY

SON,C PON, 0. SHOCK

-

FIG:12(c). Shock shapes for the flat-nosed bodies at a -15 and a Or at T- 0°,180'.

a flat-nosed body at (x= 0' and A— 15' and M —6 is shown. Also in this

case, where the angle of attack changes, the stagnation point moves and
the pressure distribution changes. In Fig. 12(b) the pressure distribution in

different meridian planes for the case of oz=15' near the stagnation point

is shown. In Fig. 12(c) the shapes of the shock for A— 0' and a= 15° in the
planes T=0-, 180- are shown. The distance of the shock from the axis of

the body is the same for cx=0- and A= 15 The shape of the shock near the

stagnation point is practically the same. However, the shock for a =15'
rotates much less than the body (about 4-). The position of the sonic
points on the shock and on the body is also indicated in Fig. 12c.

The heat transfer at the stagnation point can be determined from the
considerations of ref. 78. The theoretical value of heat transfer at the
stagnation point for a.=15' is roughly equal to the value at (1,0°, if the
experimental pressure distribution is used in the heat transfer analysis.
The displacement of the stagnation point could probably be obtained from
incompressible flow analysis. The incompressible irrotational flow for a

flat disk gives a ratio of displacement r to diameter D of 0.20 for A —15' in

comparison with the value of 019 given by the experiments.
A small amount of theoretical or experimental work is presently available

for general three-dimensional flow. It can be expected that the Newtonian
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theory type of solutions can probably be extended to the analysis of the
subsonic region of blunt-nosed bodies without axial symmetry while
conical or two-dimensional considerations can be used locally in the super-
sonic region. For this reason conical flow fields without axial symmetry
can be of practical interest in hypersonic flow. Some experimental results
of pressure distribution on an elliptical cone at 0 ', 10' and 20' angle of
attack and I/7, =6 are shown in Fig. 13. The cross section of the cone

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-01 *

FIG. 13. Pressure distribution on an elliptical cone at , 10 , 20', and
M— 6.

has a ratio of the two principal axes equal to 1-788 and a ratio of the height
H to equivalent radius H/Vc7-1)equal to 3.315. The cross section has been
approximated in the model construction by two circular arcs of different
radii. A comparison of these experimental results with values obtained
from different analyses is presently in process.

3. HEAT TRANSFER

(a)  Laminar Heat Transfer
Heat transfer analyses and measurements for laminar boundary layers

on axially symmetric or two-dimensional bodies are at present available.
The theoretical results agree well with experimental results (see, for
example, refs. 75, 77, 79). The heat transfer at the stagnation point can
be analyzed with the method of ref. 23, while the variation of heat transfer
along the body can be approximated with sufficient accuracy by the method
of ref. 24. As an example in Fig. 14(73)a comparison between theoretical
and experimental results for a blunted nose are shown. In the analysis the
actual measured pressure distribution has been used. The stagnation point
has been calculated as in ref. 23 and the distribution as in ref. 24. The
variation of the Nusselt number with Reynolds number for laminar
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boundary layer in the presence of pressure gradient is well represented by
the expression

KR!

(This relation is valid only if large entropy gradients do not affect the
boundary conditions outside of the boundary layer ; I will show later that
large entropy gradients outside the boundary layer alter this relation.)
In order to illustrate this point in Fig. 15 experimental results obtained at
the Polytechnic Institute of Brooklyn with the shroud technique are
presented for the stagnation point on a blunt body and for a point in the
subsonic region.

Less detailed information is available for three-dimensional laminar
boundary laver. Theoretical work in this direction has been presented in
refs. 78 and 80. A small amount of experimental work is presently available.

lk • cr -35°
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FIG. 17. Heat transfer on an elliptical cone at a: 0 and M v 6.

In Fig. 16 the heat transfer on a 20 blunted cone at 15 angle of attack is
presented(75). For comparison with the values given by the method of
ref. 80 for the meridian planes W=180° and 1F-90 are shown in the
figure. The method cannot be applied at 1F-0'. Theoretical values
obtained by neglecting the effect of the crossflow on the boundary layer
but considering the actual pressure distribution and values given by the
analysis of ref. 81 for a cone at an angle of attack having equal local
conditions are also shown in Fig. 16. In Fig. 17 heat transfer data for three
meridian planes of an elliptical cone at :11.),-6 and a.= 0', are pre-
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sented. The corresponding pressure distribution has been presented
in Fig. 13. The theoretical values of the Nu, Resi  given by the analyses of
ref. 80 and ref. 81 for A=0 and tl'-= 0 are also shown in Fig. 17. The
value of  Nus'Re,i  in the plane 11.=-0' and a=0' where the crossflow is
zero, is constant along the cone ; however, this value varies with the non-

dimensional distance  s/A/ ab  for other conditions. This variation is not
predicted by the simplified theories presently available. Possible explana-
tion of this variation will be discussed later.

(b) Transition and Turbulent Heat Transfer

Little theoretical and experimental information is available for turbulent
heat transfer. A detailed discussion of the different type of analyses has
been given in ref. 82, where experimental results have also been presented.
From these and other experimental investigations available(83), it appears
that the Nusselt number for turbulent boundary layer with pressure
gradient varies with the Reynolds number according to the expression :

Nu =KRe4 i5


A typical curve showing Nusselt number as a function of Reynolds

• 0

1 rho
Me.C5135,
Psdi

r. •453.
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0 F

2 0 3 0 4 0 5 0 G 0 8.0 100

Re 166

FIG. 18. Nusselt number as a function of Reynolds number for laminar


transitional and turbulent boundary layer in the presence of pressure gradient.
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number for laminar transitional and turbulent boundary layer is shown
in Fig. 18. The curve presented corresponds to a point in the subsonic
region of the body. The transition Reynolds number referred to the
momentum thickness Re„ is of the order of 300. The data have been
obtained at the Polytechnic Institute of Brooklyn by means of the shroud
technique. Again the presence of large entropy gradients outside the
boundary layer can affect this relation.

The effect of pressure gradient has been considered by several authors
and a critical comparison of different theories has been presented in ref. 82.
All the analyses available assume that the skin friction coefficient is given
by the flat plate skin friction law with corrections for compressibility and
heat transfer(84-86). The flat plate method assumes that the local conditions
are the fundamental parameters on the heat transfer phenomena, and
gradients in the stream directions do not need to be considered; then
flat plate local conditions can be used. As conditions for evaluating the
fluid properties, two alternatives appear reasonable, namely, the "reference
enthalpy" and the "external conditions". Other analyses try to take into
account the effect of variable pressure on the growth of the boundary
layer. The comparison of ref. 82 indicates that, for the data available, the
agreement with experimental results could be obtained best by the simplest
type of analysis wherein the flat plate turbulent heat transfer corresponding
either to reference enthalpy or to local external conditions is used. The
more refined analyses that take into account pressure gradients tend to
give results in poorer agreement than the flat plate type of analysis. Recently
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FIG. 19. Laminar transitional and turbulent heat transfer distribution on a

blunt body for two Reynolds numbers.
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FIG. 20. Comparison between experimental and theoretical values of turbulent

heat transfer in the presence of pressure gradient as a function of distance

along the body.

(a) Spherical body; (h) blunted cone.
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this problem has been reconsidered at the Polytechnic Institute of
Brooklyn(")and it has been shown that better agreement could be obtained
between experimental values and the more rational analyses when a form
factor equal to —1 is assumed for boundary layer profiles. With this
assumption the effects of pressure gradients in Reynolds analogy dis-
appears ; however, the effects of the variable pressure on the boundary
layer growth are considered. A comparison between experimental values
obtained with the shroud technique and this analysis are shown in Figs.
19and 20. Figure 19 presents the Nusselt number Nu (referred to the nose
radius and stagnation conditions) as a function of position along a spherical
body for two different Reynolds number Re. For both sets of data transition
occurs on the body ; the test corresponding to higher Reynolds number
has a region of completely developed heat transfer. For blunt bodies
transition from laminar to turbulent is gradual, and a transitional boundary
layer covers a large and important part of the body surface.

An estimate of transitional heat transfer has been proposed in ref. 88.
A comparison between experimental data and the values obtained by the
methods of refs. 23 and 24 for the laminar part, ref. 88 for the transitional
and flat plate external conditions for the turbulent part, is also shown in
Fig. 19. Figure 20 presents a comparison between experimental data and
data given by different theories On the front part of a spherical body
(Fig. 20(a)) and on a blunted cone (Fig. 20(b)). The experimental data of
Fig. 20(a) are obtained from ref. 87. The quantity Nu Re4/5 is plotted as a

2 06 3 0 ao SO 6 0 80

(Re le10

FIG. 21. Comparison between experimental and flat plate turbulent heat


transfer in the presence of pressure gradient.
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function of the non dimensional distance -s. Results of different analyses
are presented ; in the analyses the form factor has been assumed equal to
—1. As additional information the Mach number distributions as function
of i is also given.

A different comparison between experimental turbulent heat transfer
data and theoretical data is presented in Fig. 21. In this figure the Nusselt
number referred to local external conditions  (Nu),  is plotted as a function
of local Reynolds number for different positions on the two bodies of
Figs. 20(a) and 20(b). The positions have been selected to cover a large
range of local Mach numbers and local pressure gradients. The values of
Mach numbers and pressure gradients are given in the figure. The analysis
based on flat plate external conditions gives the  (Nu),  as a unique function
of (Re),. This relation is also shown in the figure as a continuous line.
The agreement between experimental and theoretical results is good for
subsonic flow. These results show larger discrepancy (of the order of 25('„)
in the supersonic region.

4. ENTROPY EFFECTS

The largest part of the work in boundary layer theory has followed the
direction of trying to extend, simplify and modify boundary layer theory
already developed for low speed or supersonic aerodynamics. In this
process only few of the new parameters introduced by the hypersonic flow
have been considered in detail, as for example, real gas effects. One
characteristic of the hypersonic flow is the possibility of existence of large
shear layers because of the presence of highly curved shocks. The large
entropy gradients that can exist in hypersonic flow can have large effects
on the heat transfer of the body and introduce new parameters in the
boundary layer theory, in the stability theory, and open new directions
on the possibility of reducing the heating problems. All these effects are
important and deserve more attention.

In order to illustrate the importance of interference between boundary
layer and entropy gradient consider the flow field produced by a blunted
cone moving at hypersonic speed as sketched in Fig. 22. The shock at the
nose is a curved shock. At some distance from the nose the flow is essenti-
ally conical and the pressure along the body is constant and equal to the
pressure on a sharp cone. However the boundary layer on the body differs
from the boundary layer at the surface of the cone, since the boundary
conditions outside of the boundary layer are different ; the velocity and
density are lower, the static temperature is higher, and the gradient of
velocity  au/ay  is not zero. The streamline at the outer edge of the boundary
layer is generated at the curved portion of the shock and not at the conical
part of the shock, and for given static pressure has much lower stagnation
pressure than for the case of the cone. At the same time there exists an
entropy gradient normal to the streamline which changes the boundary
conditions. Both effects were discussed briefly for the first time in ref. 89.
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Effects of small entropy gradients have been investigated in refs. 90, 91 and
92. However, the effect of entropy changes and large entropy gradients
have not been considered in detail.

In order to obtain some order of magnitude of these effects it is
convenient to discuss them separately. The presence of a velocity gradient
auiay  at the outer edge of the boundary layer is important only if this
gradient is of the same order as the velocity gradients au/ayproduced by
viscous effects in the boundary layer; these in turn are a function of
Reynolds number. Therefore, some indication of the range of flight
conditions, where velocity gradient produced by entropy gradient can be
important, can be obtained bv comparing the velocity gradients produced
by the entropy field with the gradients produced by viscous forces. In the

Flu. 22. Schematic representation of entropy gradients and boundary layer

interference.

blunted cone of Fig. 22 the shock for M-20 is close to a parabolic shock
that at some distance becomes tangent to a conical shock. For this shape of
the shock and for this type of analysis the au, ayas function ofy outside the
boundary layer can be considered to be constant in the region of the
parabolic shock and then zero in the conical region. In this case a vortical
layer can be defined having constant mass flow equal to the mass going
through the parabolic part of the shock and variable thickness; the velocity
gradient existing in this vortical layer increases moving along the conical
surface because the thickness of the layer decreases. The value of the
velocity gradient in the boundary layer at the wall is a function of flight
altitude and boundary layer thickness and can be obtained from boundary
layer theory. The values of  a(u/u,)/ayat the wall and at the outer edge of
the boundary layer have been calculated for a 20° blunted cone at M-20
and different flight height. The results are presented in Fig. 23. The
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value of  u,  is the velocity at the cone surface for inviscid flow, r,  is the nose
radius and  s  the distance along the body.

For very high altitude flight of the order of 250,000, 300,000 ft, the
two velocity gradients given by the viscous forces and by the entropy
gradients are of the same order even for small values of  s'r0;  therefore in
this case it does not seem possible any more to divide the flow field in a
viscid and inviscid flow region. However, for lower altitudes of flight, and
small values of s"r„ the ratio of the two gradients is small ; therefore the
effect of velocity gradient due to the entropy gradient is probably small.
The results of refs. 90, 91 and 92 tend to indicate that this is the fact.

For low altitude of flight the second effect is probably more important.
The flow entering the boundary layer comes from the region of the strong
shock ; therefore, for small mass flow in the boundary layer in the region
of constant pressure it can be assumed that the conditions outside of the
boundary layer are defined by normal shock stagnation pressure recovery
and static pressure equal to the conical pressure. When the heat transfer
determined with this external condition is compared with the heat transfer
on a cone with the same cone angle, it is found that because of the loss of
stagnation pressure across the normal shock, the heat transfer on the
blunted cone is appreciably less than on the cone, especially if the angle of
the cone is small.

A comparison between the heat transfer on a cone and on a blunt cone
for turbulent boundary layer at  M=15  and 60,000 ft of altitude is shown
in Fig. 24. The differences between the two values are large and are due to
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FIG. 26. (a) Schematic design of surface bumps for local increase of entropy

outside of the boundary layer ; (b) Distributions of flow properties and heat


transfer ratios downstream of the bumps.
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the differences in entropy outside the boundary layer and thus to the
changes in the value of peuel pe outside the boundary layer.

Because of the large effects of the variation of entropy a new possible
approach for decreasing the heat flux on the body can be considered. If the
value of the entropy in the flow immediately outside the boundary layer
can be increased by local changes, then a reduction in heat flux would be
produced. In Fig. 24 an additional curve is presented corresponding to a
body where the entropy outside the boundary layer is increased locally by
introducing an indentation on the body. The indentation produces an
expansion followed by a compression, which, at small distances, generates
a localized shock. This shock increases entropy and decreases the heat
transfer downstream of the indentation. In Fig. 25 the turbulent local
heat flux on the conical part is plotted as a function of stagnation pressure
existing outside of the boundary layer for the same flight conditions. The
reductions that could be obtained by decreasing the stagnation pressure
outside of the boundary layer are important. Real gas is assumed in the
analysis.

The decrease in stagnation pressure outside of the boundary layer can
be obtained w.ith very localized changes on the body shape without
changing the general shape of the body. Assume, for example, a bump or
a series of bumps are introduced locally at the surface of the body, as
shown in Fig. 26(a). The bumps produce gradual compressions at the
surface and strong shocks in a very limited region of the flow. Then the
entropy can be increased locally and the heat transfer decreased. In Fig. 26(b)
the ratio p0ip0,, between the stagnation pressure downstream of the
bumps and upstream of the bumps is indicated as a function of local
position. The upstream local Mach number is equal to 2. The variation
of local velocity for the same static pressure downstream and upstream of
the bumps is given by the ratio 01. The effect of the variation of
external conditions on turbulent or laminar heat transfer (subscripts t
and L, respectively) is given by the ratio qt, Q./7, and qi•JqL. In the
determination of these ratios the effects of au/ny outside the boundary
layers have been neglected.

In Fig. 27 some experimental results obtained at 114 =6 proving this
effect are presented. A conical body with two different noses has been
tested. The two noses are a conical tip and a spherical nose. The measured
pressure along the conical body at some distance from the tip is equal in
the two cases. However, the heat transfer is largest for the conical tip
which produces the least entropy raise and lowest for the blunted nose.
The boundary layer is laminar for both tests, and the measured differences
are of the order of 18" „. Theoretical values differ for these conditions by
about 209„.

The possibility of large entropy change existing at hypersonic speed
could introduce a new mechanism for transition due to roughness. Assume
that the bump discussed before is small, such that the entropy gradients
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FIG. 27. Laminar heat transfer on a 20- conical body with conical or blunt

tip at 21,, 6.

are within the boundary layer thickness. Because a large part of the
boundary layer flow is supersonic large entropy variations could occur in
the boundary layer because of the bump. In the immediate vicinity of the
bump the pressure is not constant normal to the surface. Thus the boundary
layer theory is not strictly valid there. However, the theory would again
become valid downstream of the bump where the pressure becomes
uniform. The entropy raise can change the boundary profile as shown
schematically in Fig. 28 and affect transition.
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FIG. 28. Schematic effect of a hump on boundary layer profiles.

As the boundary layer grows the entropy outside of the boundary
layer tends to decrease because of the presence of the curved shock in
front and the velocity outside the boundary layer tends to increase.
Because of the large changes of the external conditions, a new parameter
must be considered in the boundary layer analysis, that is, the mass flow
entrained in the boundary layer. The changes of external conditions are
large, especially for axially symmetric bodies and, in many cases, cannot be
neglected.
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FIG. 29. Distribution of velocity outside the boundary layer along a 20° blunt

cone at M.-20 and 100,000 ft altitude, determined from normal shock
stagnation conditions and from shock conditions corresponding to correct

•
mass flow.
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In order to obtain an order of magnitude of such effects a rough
approximate analysis has been performed for the boundary layer on a
blunt cone at  M - 20.  Some of the results of such analysis are shown in
Figs. 29 and 30. In Fig. 29 the velocity outside the boundary layer is
plotted as a function of distance along the body for the condition of constant
entropy outside of the boundary layer, and corresponding to normal
shock in front, and for the condition where the actual entropy existing
outside the boundary layer is used to determine the velocity. The pressure
distribution is assumed equal in both cases. The velocity at stations far
from the nose is quite different for the two cases. The differences are
reflected in the local values of the heat transfer. Results of a rough analysis
of laminar heat transfer on the blunt cone considered in Fig. 29 at 111-20
are shown in Fig. 30. The procedure followed in the analysis is similar
to the method of ref. 24. It can be shown that some of the additional terms
appearing in the momentum equation for the case of variable entropy are
small for the example considered ; therefore an analysis along the line of
ref. 24 with the required modifications still gives reasonable first order
predictions. Large differences are found between the isentropic and the
variable entropy case for all the conditions considered. In Fig. 30 results
of a calculation where variable entropy and real gas effects are considered
is also presented. The entropy change is altered by real gas effects. In
all cases the boundary layer is assumed to be laminar. Larger differences
due to entropy can be expected for turbulent boundary layers.

Experimental results confirm the importance of these entropy gradients.
In Fig. 31 the results of laminar heat transfer measurements performed at
111=6 on a family of blunted cones at different Reynolds number is pre-
sented. The figure shows the ratio of Nusselt number to Reynolds number
at one-half power, as a function of the distance along the body divided
by the nose radius and by Reynolds number at one-half power. Both
Nusselt number and Reynolds number are referred to the length s,
distance from the nose. The choice of this co-ordinate system permits us
to obtain some indication of the entropy effects.

For a cone the  Nu8,'Re81 is a constant and independent of the distance  s.
This value is also practically constant on the conical part of a blunted
cone when the entropy gradient effects are neglected. The entropy at any
point of the flow field depends on the position of the intersection of the
streamline passing through the point considered with the front shock. If
r is the radius of this intersection, then the mass flow contained inside the
streamtube defined by this streamline is

m Pi Vir2

The entropy at a given point of the shock is a function of  r/r,  where  r,
is the radius of the nose ; therefore the entropy is a function of the quantity
in/p1171r02. The mass flow entering the boundary layer on the conical part
of the blunt body at some distance from the nose, can be assumed to be



Review of Recent Developments in Hypersonic Flow 761

0.3 Tic .120.

ro
A ro =015 11,• 315 PSIA

ro 0.15 po. 465 PSIA

D=3.75 0 r„ .0.15 Pe 615 PSIA

r, 030 Pe 620 PS1A

IA A A
0

°).
O 3 1:5PEC-0 A 0

Nu, —
I0-1

I

0.2

0.1

FROM ANALYSIS

o
0 0.2 0.4 0.6 0.8 ID

ro Re,  1/4

FIG. 31. Experimental determination of entropy variation  effects: Nus'\ Res


as a function of  s/r„ Re81.

close to the mass flow entering the boundary layer on a conical flow ;
therefore, it can be expressed approximately as

= Ar 6pe 1e = A Re, rise

where A is a constant, 8 the boundary layer thickness. Two points on the
body tested at different stagnation conditions have the same entropy
outside of the boundary layer when mbfp1V1r02 is the same or when
s r„ Resi is the same. If (Nu A/ Re),, is independent of s•rr„then by plotting

the value of (Nu. .\/ Re)., as a function of s r, RO the effect of entropy can
be indicated.

The data presented in Fig. 31 indicate the effects of entropy changes.

For low values of s,r0Rexl the Nu, 1/ Re, is approximately constant with
s:r 0 Re,51; however, for large values of s,r0Re.51 the value of Nu:A/Re,
increases. For comparison a curve obtained analytically is also shown.

The laminar boundary layer in the absence of entropy variations indicates

that the value of Nu/Afk at a given station is independent of the Reynolds
number. The simple analysis presented above indicates that the entropy
outside of the boundary layer at a given station s,r, changes when the

Reynolds number changes. This implies that the quantity Nu:A/ Re will
change with Reynolds number if the entropy effects are important. In
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FIG. 32. Nu/N./Re at a given station  s/r0  as a function of Re.

Fig. 32 the quantity NulA/Re is plotted as a function of local Reynolds
number for three stations on the body. For the value of  .0-0=10 the entropy
effects are not important because the variation of entropy outside of the
boundary layer for the range of variation of the Reynolds number con-
sidered is small. For the other two stations this effect starts to be important.
In the approximation of conical flow the entropy S outside of the boundary
layer is given by

=f (B±I A/ Re)
  ro

where S=f(r'r 0) is the relation given by the shape of the shock and 13 is
a constant ; therefore S increases and Nu IVITe  decreases when sitro/ Re
decreases or for a given sir, when Re increases.

The entropy effects are important in three-dimensional problems.
Consider, for example, the elliptical cone of Fig. 17 at oz= 0°. The mass
flow entering the boundary layer in thc plane 1r= O crosses the conical
shock in the plane IFD-= ; therefore the entropy outside the boundary layer
is constant. However, in the other meridian planes a crossflow component
exists and a large entropy gradient exists at the body surface(92). Because
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of this entropy gradient the Nusselt number referred to local conditions
at the surface is not proportional to the Reynolds number at the one-half
power and is affected by the variation of entropy outside of the boundary
layer. In Fig. 17 the  Nu5/Re8i  as a function of  slVab for an elliptical

cone at oz=0° have been presented for the meridian planes T=0°, 350,
900. The curves are not straight lines as they would be if the conditions
outside the boundary layer were constant as it is usually assumed in
boundary layer analyses on cones. The variations for the case of a =0°
can be attributed to an entropy effect. The changes of Nu, Re81with
s,Va—b for a.= 0 are consistent with the changes expected because of the

entropy variations existing outside the boundary layer.

5. CONCLUSIONS

From this brief review of recent developments on hypersonic flow the
following conclusions can be made :

The results of theoretical work and of experiments involving
simulation of flight conditions tend to indicate that in the approximation
within which the physical quantities can be determined and for high flight
Reynolds number real gas effects are of relatively small importance.

Pressure distributions and forces on simple boundary conditions
can be obtained with simple rough approximations, with accuracy often
sufficient for engineering applications. More appreciable progress is
required in the development of approximate analyses for more complicated
boundary conditions or of more precise analyses for simple problems.

The heat transfer on simple bodies can be obtained with good
approximation for the laminar case from existing theories. Simple theories
for turbulent cases seem to give sufficient approximation. However,
transition phenomena and the foundation of turbulent analysis require
much further study.

Entropy gradients can affect heat transfer an appreciable amount
and can be utilized to reduce aerodynamic heating at high speed.

LIST OF SYMBOLS

A,B,K coefficients

a,b principal axes of the ellipse

specific heat at constant pressure

diameter of the body
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internal energy


enthalpy

hp average atomic dissociation energy time atom mass fraction in
external flow

height of the cone

thermal conductivity

Lewis number for atom, molecule mixture

Mach number

Nu Nusselt number referred to the nose radius
Nu = qw cp s r olk,(14, —hw)

Nu, Nusselt number referred to local position
Nu = qw cpss/k,(hse h„,)

(Nu), Nusselt number referred to local external conditions
Nu = q cpes/(h, hw) he

log -P
Patm

Pr Prandtl number Pr = cptilk

pressure

log  P
Patm

heat transfer rate B.t.u.:ft2 sec or kWicm2

gas constant

Re Reynolds number referred to the nose radius Re = ps\/77, r tt,.

Re modified Reynolds number Re = Re A/ Ps/p,h,

(Re), Reynolds number referred to local external conditions
(Re), = poles/tt,

Re, Reynolds number referred to local position ps h s 018

Re0 Reynolds number referred to momentum thickness Re„= p,u,O

r o radius of curvature at the nose

entropy

distance along the body surface from the stagnation point
_s

s /r
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temperature

local velocity

x,y Cartesian co-ordinates

compressibility factor

Creeks

angle of attack

ratio of specific heat

p s
Eq. (2.5)

cone half angle

O angle between the velocity vector and the x-axis, also momentum
thickness

Mach angle

absolute viscosity

density

co-ordinate of the meridian planes

Subscripts

atm atmospheric conditions at sea-level

external conditions

laminar

stagnation local conditions

se stagnation external conditions

turbulent heat

wall conditions

0 stagnation free stream conditions

oo free stream conditions
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