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New Approximate Method for Caléulating Real Gas Effects
on Missile Configurations
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New methods have been developed to compute inviscid surface pressures and temperatures for both perfect
and equilibrium chemically reacting flows on pointed and blunt bodies of revolution. These new methods
include an improved shock-expansion theory, an improved modified Newtonian theory, and an improved
method for angle-of-attack effects. Comparison of these approximate engineering techniques to inviscid compu-
tations using a full Euler code showed that these new methods gave very good agreement of inviscid surface
temperature and pressures as well as forces and moments. Incorporation of this new technology into the Naval
Surface Warfare Center Dahlgren Division aeroprediction code will allow the code to be used for engineering
estimates of inviscid surface temperature at high Mach numbers. These approximate temperatures can then be

used as inputs to perform heat transfer analysis.

Nomenclature

= speed of sound, ft/s

= pressure coefficient

= pressure coefficient at stagnation point

= body diameter, ft; one body diameter = 1 caliber

= internal energy, ft2/s?

= total enthalpy, ft2/s?

= specific enthalpy, ft2/s?

= body length, calibers

= Mach number

= pressure, 1b/ft?

= gas constant, for air = 1716 ft-1b/(slug-°R)

= nose radius

= distance along body surface, ft

= temperature, °R

= velocity, ft/s

= distance along body axis of symmetry, ft

= compressibility factor, p/pRT (= 1 for perfect gas)

angle of attack, deg

vM? -1

ratio of specific heats

= angle between velocity vector and a tangent to the
body at a given point on surface

= exponent or factor used in shock-expansion theory

= local body slope with respect to axis of symmetry

=pV2%/B .

= Mach angle, = sin~! (1/M)

= density

= roll angle where ® = 0 deg is leeward plane
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Subscripts
c = cone
o = total conditions
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oo = freestream conditions
1,2 = conditions before and after a point on body surface,
respectively .
Introduction

VER the past 20 years, many weapon concepts have been

investigated with various versions of the Naval Surface
Warfare Center Dalgren Division (NSWCDD) aeroprediction
code.!"* During the last 10 years, several of the concepts had
regions of flight or designs that were outside of the range of
the latest version of the code produced in 1981.% As a result, a
recent review of computational aerodynamics at NSWCDD?
recommended that the latest version of the code be upgraded
to allow Mach numbers up to 20, to incorporate a nonlinear
lift prediction capability with emphasis on very low aspect
ratio dorsals, and to expand the empirical base drag data base
so improved estimates of this drag component as a function of
angle of attack, fin location, and size could be made. All three
of these efforts are currently underway. This paper deals with
the first of those objectives, extending the Mach number capa-
bility from 8 up to at least 20.

The main reason the fourth version* of the aeroprediction
code was limited to Mach number 8 was that, above M, = 6,
real gas effects start becoming important and can still be
neglected at M, = 8. However, as Mach number increases
substantially above M., = 6, the need to include real gas ef-
fects into the aeroprediction code increases if one is interested
in inviscid surface temperatures. If one is only interested in
forces and moments, real gas effects have a slight effect on the
pitching moment but only second-order effects on axial and
normal force. However, one of the key issues in high-speed
vehicles is aerodynamic heating, material selection, and insu-
lation. Any excess weight can have a strong adverse impact on
vehicle performance. Thus, a simple yet accurate method of
estimating vehicle surface temperature (inviscid) for use in
heat transfer analysis is needed.

The theoretical methodology used in the present code to
predict aerodynamics above about Mach 3 is second-order
shock-expansion theory (SOSET) combined with modified
Newtonian theory (MNT). A brief search of the. literature
revealed no current second-order (or even comprehensive first-
order) accurate theoretical techniques for including real gas
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Fig. 1 Flow about a frustum element.

effects into aerodynamic computations. The only approaches
available were either incorporation of real gas effects into the
full inviscid Euler equations of motion or first-order local
slope techniques. The first approach is beyond the computa-
tional complexity desired for an approximate engineering
code, whereas the latter approach does not in general yield
accurate axial force calculations. Even for a first-order local
slope approach, a robust code that gives accurate forces and
moments -as well as local temperatures with real gas effects
included was not found. The closest thing to this is the current
code used at NSWCDD and elsewhere for computing heat
transfer coefficients called MINIVER.”

This paper will summarize the key ingredients of a new
approach for calculating inviscid surface pressures, tempera-
tures, forces, and moments in an equilibrium chemically react-
ing flow. The new technology includes 1) an improved shock
expansion theory for real gas effects, 2) an improved MNT
including real gas effects, and 3) an improved miethod for

including angle-of-attack effects over that which exists in the

current code.

The inviscid temperature referred to is that at the edge of a
boundary layer that is thin relative to the body and shock
layer. If the boundary layer is not thin (fully viscous shock
layer) or the entropy layer is swallowed by the boundary layer,
other means must be used to estimate the boundary-layer edge
temperatures.

Analysis

This section will briefly summarize the theoretical method-
ology without details of the derivation. Interested readers are
referred to an NSWCDD technical report® that has all of the
details of the theoretical derivations as well as a summary of
state-of-the-art real gas solutions and a brief tutorial on real
gas effects. The section is divided into the three areas where it
is believed new additions to the state of the art are made.
These areas are: 1) a simplified method for computing accu-
rately real gas effects on bodies of revolution, 2) a new im-
provement to MNT, and 3) a new improved angle-of-attack
method.

Extension of Shock Exparnsion and Modified Newtonian Theories
to Include Real Gas Effects

The SOSET is given by

P =p.— (P — e )

where 7 is an exponential decay term given by

g = ©2/0)(s=5)
Pe=p2

_ Refer to Fig. 1 for the nomenclature.

@

25
— PERFECT GAS

201 — EQUILIBRIUM FLOW

1.51

1.01

V= 15 Kft/sec

(¢-04 xJ8d) INOD IHL LV IHNSSIHI

V = § Kft/sec

T 1 T T
0 5 10 1% 20 25 30
CONE HALF-ANGLE (deg)
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Fig. 2b Effect of freestream velocity and cone angle on cone surface
pressure (H = 100,000 ft). '

Here 7 is positive. If conditions are such that 5 becomes
negative, then Eq. (1) does not satisfy the boundary conditions
of p =p, as s—o and therefore n must be defined by an
equation different from Eq. (2). A value of n=0 causes the
SOSET to revert back to generalized shock expansion theory;
a value of 5 between n = 0 and oo allows a blend of these two
theories. To extend SOSET to real gases requires several
things: 1) a cone solution for real gases (p.), 2) a Prandtl-
Meyer expansion (PME) for real gases (p,), and 3) a derivation
of a new pressure derivative (3p/ds), where the perfect gas
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assumbtion has not been made, and 4) a way to compute

temperature given values of pressure.

The cone solution and PME for real gases have been done
and are standard in the literature.>? These methods have been
implemented into the aeroprediction code. Typical results of
the cone and expansion process for pressure and temperature
are given in Flgs 2 and 3. Note that for compression pro-
cesses, pressure is practically unaffected by real gas effects
whereas temperature is lowered due to the sharing of the
translational energy of molecules and atoms with the vibra-
tion, dissociation, rotation, and electronic excitation modes of
internal energy. On the other hand, both pressure and temper-
ature are impacted in expansion processes (Fig. 3).

To compute the pressure gradient behind a corner in a
chemlcally reacting flow with Eq. (2) for -use in the SOSET
requires several steps: 1) conversion of the full Euler equations
of motion from rectangular to sireamline coordinates and
then derivation of the characteristic equations, 2) derivation
of the pressure change along a left running characteristic or
Mach line since this is the mechamsm for differential pressure
change along the surface, and 3) an algebraic approximation
to the solution of an ordinary differential equation.

The final result of this process is (see Ref. 8)

<6_p) _ F+ F4 G)
as 2 B F5 - F]/Z)\z
where
F= {[PlVl Si.n(m) _ 1]2
p2Va sin(u) - '
AL Sin(nn)]z} v

+ (1 + 01 — pp — 6)?
e .1 b= ) [Psz sin(us)

_ah sin(u;)
P2V sin(uy)

1 /9
F= —< ’;)1 [F, + 4 cos(up]

Fy= (1/1)lsin(uy) sin(@;) — F; sinu) sin(@;)]

5 cos.
SNEEE)
A
pV?
A=t —
VM2 -1
p=sin"! — .

and where subscripts 1 and 2 refer to before and after a turn
as illustrated in Fig. 1. No perfect gas assumption was made in
the derivation of Eq. (3). Equations (1-5), along with cone
and PME solutions discussed earlier, allow computation of
pressure in equilibrium chemically reacting flows on pointed
bodies of revolution at zero angle of attack using SOSET.

For blunt bodies, MNT was extended to include real gas
effects. The MNT pressure coefficient is given by

C, = Gy, $in*(3eq) OF

For perfect gases, C,, can be found by using normal shock
tables.!! However, for real gases, the normal shock solution is
an iterative process.!?> Once the normal shock solution has
been generated, values of v, Da, pa, H2, @3, Vo, Ms, T5, Z5, and
S, just behind the shock are known or can be computed from
appropriate thermodynamic relations. To take the properties
behind the shock to the stagnation point, it is assumed that
and vy, and Z, are constant.
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Fig. 3a Perfect, frozen, equilibrium PME; pressure vs ﬂow deflec-
tion angle (M1 = 1.0, 71 = 6140 K, p; = 1.2 atm).
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F1g 3b. Perfect, frozen, equiiibi'ium PME: temperature vs flow de-
flection angle (M; = 1.0, T1 = 6140 K, p1 = 1.2 atm).

indicated a maximum of 2.3% error in making this assump- )

tion, and in most cases the error was much less. Also, since
velocity and Mach number are zero at the stagnation point,
the static temperature, pressure, density, and enthalpy at the
stagnation point are simply the total values behind the shock.
Now to continue the computation around the body surface to
where SOSET is applied, Eq. (4) is applied and then the local
pressure at the point in question is simply

2
oL —pm<1 L YeMe cp) ©)

2

Equations (1-5) now allow the computation of pressures all
around a blunt or pointed body of revolution at zero angle of
attack.

To compute inviscid temperatures (and other properties)
along the surface of a pointed or blunt body, use is made of
the constancy of entropy along the surface for perfect, frozen,
or equilibrium chemically reacting flows. Knowing the value
of entropy and pressure from the pointed cone solution of
Ref. 9 or the normal shock solution of Ref. 12 for a blunt
body, one can then use the thermofit equations of Refs. 13
and 14 to determine other properties. That is,

T =T(p,s) (6a)
p = p(p,s) (6b)
a =a(p,s) (60)
e =e(p,s) (6d)
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The remaining properties at the body surface can be found
from standard thermodynamic relationships. That is,

h=e+p/p (73)‘

H = (yoR/ Y=~ 1T, = const (7b)
 v=EE-B 79
M=V/a (7d)
y=a%/p (7e)

Z =p/pRT an

Improved Version of Modified Newtdnian Theory (MNT)

To get an accurate pressure over the entire body using
SOSET requires an accurate starting solution. The last author
recognized that in comparing MNT pressurés with those of an
exact Euler solver,!> MNT overpredicted pressure for M, >
3.5 and X/Ry <0.5625 and underpredicted pressure for most
of the region X/Ry>0.5625. However, the MNT predicted
the correct pressure at X/Ry = 0.5625 for 3.5<M,, <30. Asa
result, he was able to derive a change in the MNT given by

®

AC, = k cos™(8,4) [cOs 8oy ~ cOS(eq)rrl

, == == == APPROXIMATE METHOD

30

EXACT CONE SOLN (REF 38)
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so that the new C, is given by
)

Cp = (Cohvnt — AC,

Here, (e = 25.95 deg, m — 2.78, and

k = —2.416C,, + 4.606[0.1507C2 + (1.124/M2)C,,1*

Here subscript M refers to the match point being MNT and
-—SOSET. Again, the interested reader is referred to Ref. 8 for
the details of this derivation.

Improved Angle-of-Attack Solution

As already méntioned, it is very critical to have an accurate
starting solution for both blunt and pointed bodies. For
pointed bodies, Ref. 16 gave a solution for the conical tip of

G, ®)=C, _,— sin(2°c)sin(200)cos(<l>)

+ F sin*(«)cos?(6,) (10)

where
F=(2-1/8)1 —tan?d,) — 2 + 2/B8)sin’®

L
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Fig. 4 Perfect gas comparisons of exact and present approximate cone solutions.
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A new and slightly improved solution over Eq. (10) is

Co(=,8)=C,

doc =0

— (2«)sin(26)cos(®) + (F cos?f)oc?

+ [4/3 sin(26) cos(®)]>* an
The C,_ _, comes from the real gas solution for cones at o
= 0. Equation (11) was derived by using Eq. (10) in a Taylor
series expansion.? Reference 9 gave an approximate formula
for C,, _,» Which is accurate to less than 1.5%. That is,

Covp= 2/vM2%[1.4932(M,, sin 6,)19%%4 4+ 0.3017]  (12)
To get temperature and other properties around the cone or
pointed body of revolution, recall that entropy on the body is
constant for equilibrium chemically reacting flows and equal

to that in the windward plane (® = 180 deg). To get this value, -

we use the following procedure:

1) Solve Eq. (11) for C, at = 180 deg using the cone angle
at the nose tip.

2) Use Eq. (12) to solve for the value of 8. corresponding to
the value of C, from step 1.

3) Use this new value of 6. to solve for the real gas cone
solution of Ref. 9. This gives entropy and other flow proper-
ties in the windward plane.

4) Using this value of entropy and the value of C, from Eq.

" (11), compute the value of temperature and other properties
around the surface from Eqgs. (6) and (7) (here 0 is the angle at

_the nose tip). o ‘ o ~

This simplified approach given by Eq. (11) is also applied
downstream on both pointed and blunt bodies except that
the value of @ is the local slope on the body surface. Also,
Cpo _p is the zero angle-of-attack solution provided by the
improved MNT combined with the shock expansion theory or
the conical starting solution combined with shock expansion
theory. Accurate blunt body starting solution values of pro-
perties have already been discussed.

For pressure predictions aft of blunt-nosed sections, it was
found that a more accurate pressure prediction in the leeward
plane area (® < 30 deg) could be made from

(2x)sin(26)cos(d)

Co(c,®)=Cp_ _,— 3 (13)
140 -
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Fig. 5 Surface pressure distribution over a hemispherical forebody
at Moo =10.
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Fig. 6 Comparison of various pressure prediction techniques on a
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Fig. 7 Comparison of various pressure prediction techniques on a

hemisphere forebody (Mo = 15, o = 0, alt = 100,000 ft).

For the afterbody portion behind the shoulder of the nose-
afterbody junction, MNT is used all around the body. That is,
C, = Cp, sin*(6eq) (14)

If 6., <0, 8., =0 so that in the shadowed regions of flow C,
is defined as zero according to the Newtonian theory. In
summary, angle-of-attack solutions are generated by Egs.
(11), (13), and (14) along with the procedure described to
obtain entropy and the zero angle-of-attack solution. Then

knowing pressure and entropy, other properties are calculated
from Egs. (6) and (7).

Results and Discussion

Before the new methods were applied to real gas computa-
tions, several questions were addressed for perfect gases:
1) The accuracy of the starting solutions for pointed and
blunt-nosed bodies, 2) the value of 5 in Eq. (2) and the most
appropriate value for high Mach number configurations, and
3) the behavior of Eq. (11) in the leeward plane of blunt-nosed
configurations.

To address question 1, perfect gas computations were made
using the present approximate techniques and compared with
solution of the full inviscid equations of motion for cones!’
and spheres.!® Typical results for cones are shown in Fig. 4 for
pressure and temperature and for hemispheres in Fig. 5. No
exact solution data were available in Ref. 15 for temperature,
but both Figs. 4 and 5 show excellent agreement on pressure
for cones and hemispheres and good agreement on cone tem-
perature. Although comparisons are not shown in the paper,
Ref. 8 shows that the good agreement shown in Figs. 4 and 5
of the approximate cone and improved modified Newtonian
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Fig. 8 Approximate pressure coefficients on 20% blunt von Kdrmén
ogive on various ¢ planes [M, =15, « = 10, perfect gas, Eq. (11)
only).
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Fig.9 Approximate estimate of pressure on 20% blunt von Kirman
ogive [Mo = 15, « = 10, perfect gas, Egs. (11) and (13)].

theory (IMNT) compared with exact computations holds over
a wide range of angles of attack, Mach numbers, and cone
angles. Also, the aerodynamic coefficients are accurate to
within 2% of the exact values. This degree of accuracy for the
starting solutions should allow improved accuracy of surface
properties downstream.

To address the value of » computed by Eq. (4) and used in
Eq. (2), several cases were investigated for various Mach num-
bers. It was found that, as Mach number increases, 7 becomes
negative most of the time and as a result SOSET is replaced by
generalized shock expansion theory (GSET) or tangent cone
theory (TCT) depending on the value of . However, examin-
ing GSET compared with exact solution results'® on two cases
(20% blunt von Karman ogive and a hemisphere) revealed that
this is not the best option for 4 in all cases. To illustrate this,
consider Figs. 6 and 7, which are plots of pressure vs distance
down the body. Results in each figure include full Euler solu-
tions, the old aeroprediction code results, and the new aero-
prediction results with limiting values of 5. The limiting values
of y are where 5 = 0, which means SOSET reverts to GSET
(IMNT + P,), and when n = o, which means SOSET reverts
back to tangent cone (IMNT + P.). Note that for the hemi-
sphere forebody the IMNT plus GSET (IMNT + P,) agrees

more closely with the exact solution than does the old aeropre-

diction code or IMNT plus tangent cone (IMNT + P.). How-
ever, for the blunt von Kirman ogive just the opposite was

true. Hence, it was concluded that a better alternative to
setting 7 = 0 or o automatically in the code when dp/ds was
negative was to allow 7 to be input by the user. This would
allow the best estimate of pressure on all configurations since
D> and p, were available in the aeroprediction code.

Equation (1) was therefore revised for Mach numbers
greater than 6 to

P =p.— @ —PIMm

Here 5, =0 gives p =p. and #, =1 gives p = p,. Based on
Figs. 6 and 7, it is recommended that a value of %, near 0 be
used for slightly blunt ogives or cones and a value of %, near
1 be chosen for large bluntness on the nose.

To address question 3, consider Figs. 8 and 9. Figure 8
contains the pressure computations using only Eq. (11) for
several planes around the body. Although the exact computa-
tions are not shown for clarity, good agreement between the
approximate and exact techniques are obtained for ®>30 deg.
A slight exception to this statement is in the overexpansion -
region near the blunt tip. On the other hand, the Eq. (11)
results in the leeward plane show unacceptable behavior (Fig.
8, ® = 0, 30 deg). This is because Eq. (11), although excellent
for cones at all values of &, underpredicts pressures in the
overexpansion region of the leeward plane area on a blunt-
nosed body and overcompensates for this near the shoulder of
the body. To remedy this, Eq. (11) was modified according to
Eq. (13) for ® < 30 deg on blunt-nosed configurations. Figure
9 presents the results of this modification. As seen in the
figure, results are more reasonable on all planes around the

“body. Note that defining C, = 0 when it goes negative (X >

2.2) will also have the effect of putting a lower limit on
temperature. Although ZEUS results are not shown for clarity
purposes on Fig. 9, they agree much closer with the approxi-
mate results than the use of Eq. (11) alone. Use of Eq. (13) in
conjunction with Eq. (11) improves the normal force and
center of pressure prediction by 5 and 6%, respectively, over
Eq. (11) alone while not affecting the accuracy of C,.

All calculations presented up to this point have been for
perfect gases. To compare the approximate methods shown
herein with solution of the Euler equations for real gases,
several test configurations were derived typical of missile con-
figurations or body components. These configurations are
shown in Fig. 10. They consist of a 20% blunt von Karman
ogive, a 20% blunt cone, a sharp cone-cylinder-flare, and a
20% blunt von Karman ogive-cylinder-fin configuration.

Figure 11 presents the perfect and equilibrium chemically
reacting flow temperature results for the 20% blunt von
Karman ogive using the present method and compared with
the numerical solutions of the full Euler equations. Only three
planes are shown for clarity. Note that excellent agreement
between the approximate and exact results are obtained (Fig.
11b). In the critical windward plane, agreement is within
about 3% all along the surface. Although pressure compari-
sons are not shown, the same trends on agreement with ZEUS
code results are obtained.® Also of interest is to compare the
perfect gas and real gas temperatures in Figs. 11a and 11b. The
real gas temperatures in the critical windward plane are lower
by as much as a factor of two, thus illustrating why a perfect
gas cannot be assumed when one is interested in inviscid,
surface temperatures at very high Mach number. This is par-
ticularly true in the region of large slopes (near the blunt tip,
large cone, or wedge angles, etc.).

Figure 12 further illustrates the point made earlier about
perfect vs real gas computations. Figure 12 is the windward
plane inviscid surface temperature on a 20% blunt cone with
half-angle 15 deg at M, = 15 and o« = 10 deg (second case of
Fig. 10). Again, full Euler and approximate results are shown -
for both perfect and real gas computations. The real gas
temperatures along the constant slope portion of the blunt

- cone are only about 60% of the perfect gas results. Figure 12
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Fig. 11a Approximate temperature prediction on a 20% blunt von -
Karmdn ogive (M = 15, « =10 deg).
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Fig. 11b Comparison of approximate and exact temperature predic-
tion on a 20% blunt von Kirman ogive for a real gas (M. =15,
. = 10 deg, alt = 100,000 ft).

presents the pressure and temperature on this same 20% blunt,
15 deg half-angle cone as a function of Mach number. Real
and perfect gas approximate solutions are given for o = 0 and
15 deg. Full Euler results are shown for M, = 15 deg only.
The results presented are those near the base of the cone,
x = 1.5, and in the windward plane. Several points are worthy
of note. First of all, Fig. 12b reiterates the negligible effect of
real gas conditions on pressure at all Mach numbers. It also
illustrates the strong pressure increase as a function of angle of
attack and Mach number. Figure 12c illustrates how the real
gas affects temperature as Mach number increases. It is also
interesting to note that, although temperature differs by up to
several thousands of degrees due to angle-of-attack effects for
a perfect gas, the real gas difference is a maximum of 1500°R
at M, = 20 and o« = 15 deg. Finally, as already discussed, the
present approximate code gives very good agreement for invis-
cid surface properties with the full Euler solver, ZEUS, except
in the overexpansion region behind the nose tip. = =
The third case considered is a cone-cylinder-flare configura-
tion (see Fig. 10). Results of the temperatures on this configu-
ration are shown in Fig. 13, which presents the temperature in
the windward plane as a function of distance along the body
surface. Note that the present theory shows no overexpansion
behind the shoulder because MNT is used to estimate pres-
sures around the surface. Also note that for the conical sur-
faces, real gas temperatures are lower by only about 10-15%,
whereas on blunt-nosed configurations at the same Mach

number, temperatures can be as much as a factor of two lower
for real compared with perfect gases.

The final case considered is the 20% blunt von Karman
ogive-cylinder-fin configuration shown in Fig. 10. The angle-
of-attack 0-deg temperature for real and perfect gases is shown
in Fig. 14 for M,, = 15. Note again the excellent agreement up
to the location of the tail fins. This figure was primarily shown
to indicate that, although the current approximate engineering
code is quite applicable for preliminary design, it does not
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Fig. 12a Comparison of approximate and exact temperature in the

windward plane of a 20% blunt cone (Mx =15, « = 10 deg, alt =
100,000 ft).
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Fig. 12b  Pressure predicted by approximate method on a 20% blunt
cone as a function of Mach number (Mo = 15, ® = 180 deg, x/d = 1.5
cal, alt = 100,000 ft).
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'Fig. 12¢ Temperature predicted by approximate method on a 20%

blunt cone as a function of Mach number (M, =15, & = 180 deg,
x/d = 1.5 cal, alg = 100,000 f¢).
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have the physics included for detailed interaction effects.
These effects could include bow shock waves intersecting fins
or fin shock waves intersecting the body. These interaction
effects can cause local ““hot’’ spots, and more detailed analysis
codes such as ZEUS or Navier-Stokes solvers are required.
The fin interaction effects are shown by the ZEUS results at
x =9 calibers to the end of the body.

"The emphasis to this point has been on accurate values of
inviscid surface temperature to allow accurate heat transfer
analysis. In getting accurate values of heat transfer, accurate

values of pressure prediction were required. These accurate -

values of pressure prediction also give good force and moment
predictions. Figure 15 illustrates force and moment predic-
tions as a function of angle of attack compared with the ZEUS
code for the same configuration of Fig. 14. Note that the axial
force only includes wave drag since ZEUS at present is an

inviscid code. Accuracies on wave drag and normal force are

within 10%, and center of pressure near angle of attack zero
within 6% of the body length compared with the full Euler
code. About half of the error in wave drag is due to the high
fin alone predictions using the present strip theory approach,
Fig. 15a. Note that the theory does predict some slight changes
in forces and moments due to real gas effects. However,
except for very specialized problems, it is believed that these
effects can be neglected, particularly in an engineering code
such as the aeroprediction code. However, as already noted
many times, heat transfer analysis definitely needs to consider
the real gas effects when flying at any appreciable time above
M,, = 6-8.
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Fig. 13 Temperature distribution on a 10-deg cone-cylindér-ﬂare
configuration (Mo = 15, o« = 10 deg, & = 180 deg).
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Fig. 14 Comparison of temperature predictions on a 20% blunt von
Karman ogive-cylinder-fin configuration (M = 15, « = 10 deg).
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Fig. 15a Axial wave drag of a 20% blunt von Kdrmsn ogive-cylin-
der-fin configuration (M = 15).
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Fig. 15b Normal force coefficient of a 20% blunt von Kdrmdn
ogive-cylinder-fin configuration (Mo, = 15).
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Fig. 15¢  Center of pressure of a 20% blunt von Kdrmén ogive-cylin-
der-fin configuration (Mo = 15).

Summary

New methods have been developed to compute inviscid
surface pressures and temperatures for both perfect and equi-
librium chemically reacting flows on both pointed and blunt
bodies of revolution. These new methods include an improved
shock-expansion theory, an improved MNT, and an improved
method for angle-of-attack effects. Comparison of these ap-
proximate engineering techniques to numerical inviscid com-
putations using a full Euler code showed the following:
1) agreement on the critical windward plane inviscid tempera-
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tures generally of 4% or better, 2) agreement of inviscid sur-
face temperatures of 10% or better, and 3) agreement of axial
wave drag and normal force of 10%, and center of pressure
8% of body length. For the body alone, wave drag estimates
are generally within 5% of full Euler computations.

A new real gas formulation for pressure gradient behind a
corner was derived. However, in implementing this into the
SOSET, it was found to be of little value. This is because at
high Mach numbers, the exponential decay term used in the
SOSET becomes positive, requiring SOSET to revert back to
either GSET or TCT. It was shown that neither of these
theories was best for all cases, arid as a result, a user input to
allow a choice of which method to use was considered the best
alternative for use of the traditional SOSET.

With the new technology developed, the NSWCDD aero-

prediction code can now be used to give engineering estimates

of inviscid surface temperature for high Mach numbers. These"

approximate temperatures can then be used as inputs for more
detailed heat transfer analysis.
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