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Engineering Method for Calculating Surface Pressures and
Heating Rates on Vehicles with Embedded Shocks
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An engineering method is described that includes embedded shock waves in three-dimensional surface
pressure and heat transfer calculations. Embedded shocks are determined to exist in the flow based on the
surface pressure change across discontinuities in the vehicle geometry and oblique shock wave relations.
Maslen’s approximate technique is used to obtain flowfield properties ahead of the embedded shock. Surface
pressures downstream of the shock are calculated by a new Embedded Newtonian pressure method. The
importance of accurately modeling the surface geometry, including discontinuities, is discussed and the ASTUD,
QUICK, and spline techniques are compared. Code predictions of pressures and heating rates are compared with
experimental data for a generic hypersonic vehicle design. In general the comparison is good, especially
considering the complexities of the geometries modeled and the approximate nature of the method. Also a
substantial reduction in solution time and user interaction in comparison with more exact CFD techniques is
discussed. These advantages make the approximate method a useful tool in a preliminary design environment.

Nomenclature

=reference body length, ft

=Mach number

= pressure, lb/in?

=heat transfer rate, Btu/ft*/s

=radial coordinate, ft

=temperature, °R

=velocity, ft/s

= Cartesian body coordinates

=angle of attack, deg

=embedded shock angle, deg

=bow shock wave angle, deg

=ratio of specific heats

=mass density, slug/ft3

=circumferential body angle, deg

=stream function

=angle between surface unit normal and
freestream velocity vector, deg
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Subscripts

B =body

e =edge of boundary layer
emb =embedded shock

REF  =reference plane

s =stagnation condition

shk =shock wave

=wall

=freestream condition
=ahead of embedded shock

w
o
1

2 =aft of embedded shock
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Introduction

HE development of aerospace planes has created a resur-
gence of research into hypersonic flows. This revival re-
quires improved tools to optimally design and analyze new
vehicle concepts. Parameters such as surface pressures, forces
and moments, and heating rates must be accurately predicted.
Progress has been made in computing viscous, compressible
flow over increasingly complex vehicles by solving the full
Navier-Stokes equations or some simplified form such as the
viscous shock layer (VSL) or parabolized Navier-Stokes (PNS)
equations. But, in general, these methods are too costly in
terms of effort required for input parameters, computational
time, and storage for extensive design calculations. Classical
approaches such as the inviscid/boundary-layer methods may
also prove to be too computationally intensive. Thus there is a
continuing need for approximate techniques that can effi-
ciently analyze candidate vehicle configurations over a wide
range of flow regimes and geometry parameters.

A simple method for computing the three-dimensional
boundary-layer flow over a vehicle is the ‘‘axisymmetric
analog’’ method developed by Cooke.! In this approach the
three-dimensional boundary-layer equations are written in a
streamline coordinate system, and the crossflow velocity is
assumed to be zero. The three-dimensional boundary-layer
equations reduce to a form that is identical to those for axi-
symmetric flow provided that 1) the distance along a stream-
line is interpreted as the distance along an ‘‘equivalent”
axisymmetric body and 2) the metric coefficient that describes
spreading of the streamlines is interpreted as the radius of the
equivalent body. Thus, in regions where the small crossflow
assumption is valid, any existing axisymmetric boundary-layer
program can be used to compute the approximate three-di-
mensional heating along a streamline. By considering multiple
streamline paths, the entire vehicle of interest can be covered.
This technique was refined by DeJarnette,?2 who along with
Hamilton later modified the method to include the effects of
entropy layer swallowing.? Various manifestations of what is
herein called the DeJarnette heating code are currently used in
codes such as the Air Force AERHET* and STAPAT? codes,
and other codes used by NASA and industry.

A critical requirement for applying the axisymmetric analog
technique is accurate computation of the inviscid surface
streamline paths and the metric coefficients associated with
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streamline spreading. Definition of the streamlines and met-
rics is directly dependent on an adequate description of the
vehicle geometry, including body radius, slope, and curvature
in the axial and circumferential directions. Many of the new
hypersonic vehicle concepts under consideration include sur-
face discontinuities such as compression ramps ahead of en-
gine inlets, fuselage/canopy junctures, and control surfaces.
At high speeds, shock waves may form at these discontinu-
ities. Formation of these embedded shocks results in a surface
pressure rise and hence an increase in heat transfer rates that
could have a major design impact. Techniques to modél the
effects of embedded shocks on heat transfer have been devel-
oped previously.”® These methods were applied in an inviscid/
boundary-layer approach that requires a significant amount of
computation to determine the inviscid flowfield properties.
Also, to adequately capture embedded shocks, substantial grid
refinement is often required. Calculation of the embedded
shocks in an approximate technique can reduce this time in-
vestment.

This paper first contrasts and compares several readily
available techniques for analytically describing vehicle surface
geometry. Issues of interest include model development time
and complexity, model accuracy in relation to geometry repre-
sentation and flow calculations, and user interaction. Then a
method to include embedded shock waves in the prediction of
surface pressures and heating rates is developed.

_ Vehicle Geometry Definition

Surface streamline and metric calculations for approximate
heating -codes require definition of body radius, slope, and
curvature in the axial and circumferential directions for a
given body locatlon The correspondence between surface
pressure and geometry in this technique is the result of using
the Modified Newtonian pressure method that relates pressure
to vehicle surface inclination angle. At zero angle of attack the
local surface inclination angle along a centerline is directly
related to the axial body slope. Several readily available tech-
niques for modeling vehicle surface geometry exist. The choice
of the technique to be employed depends on flowfield analysis
tool requirements, vehicle complexity, model development
time, desired accuracy, etc.

Cheatwood et al.? reviewed and critiqued existing geometry
modeling techniqueés in their paper describing the advanced
surface-fitting techmque featuring usef- -friendly developmient
(ASTUD) geometry modeler. In their summary, panel meth-
ods were described as having problems with interpanel discon-
tinuities and storage of numerous, difficult-to-obtain geome-
try values. Spline methods are plagued by undesirable wiggles,
dimples, or bulges in the resulting model. However, spline
techniques can 'be easily incorporated into flowfield analysis
codes and do net require a separate model development effort
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Fig. 1 Comparison of body radms variation along top centerline of
an F-15 like forebody.
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Fig. 2 Comparison of longitudinal body slopes along the top center-
line of an F-15 like forebody.

in which the user fits the input cross-sectional body points.
The QUICK!? technique is believed to provide accurate results
but requires large initial set up times. Since the Cheatwood
review, however, QUICK has been improved!! in terms of user
friendliness for model development.

Both ASTUD and QUICK are stand-alone programs that
require cross-sectional data point files as input. After fitting
the points, the user may review and alter the fits. Both pro-
grams also provide FORTRAN subroutines to interrogate the
resulting output files to yield the required parameters for
streamline calculations.

- With ASTUD the user first fits the cross-sectional data
points with a general conic oOr straight line between control
points. Initially, the top and bottom centerline data points are
designated control points. Additional control points (which
may or may not coincide with data points) can be designated.
This allows several conic sections to be employed to improve
the accuracy of the fit. At control points, adjoining conic
section slopes can be specified as either continuous or discon-
tinuous. Through interactive graphics the strategic placement
or removal of control points to produce the optlmum fit of the
cross-sectional data is greatly facilitated.

After all cross sections are fit, the nose region is modeled.
The nose radius is either user defined (using elliptical or spher-
ical options) or computed automatically from two user-speci-
fied cross sections. This fit can also be reviewed and altered as
desired. ' .

Finally, the body is fitted longitudinally using an approach
similar to the cross-sectional fitting. Longitudirial data points
are formed by intersecting meridional cuts (spaced at 3.6-deg
increments) with the fitted cross sections. Default control
points are defined at the end of the nose region and the end of
the body. Intermediate control points can then be added to
improve the conic section fit to the data points.

For the QUICK model, as with ASTUD, the body is fit
cross sectionally and then longitudinally. In QUICK, how-
ever, the user can fit the cross sections with straight lines,
ellipses, circular arcs, and conic loft segments. Control points
begin and end each segment. In addition, a third point, known
as the slope point, is specified to control the shape of the
segment. These control and slope points must be chosen judi-
ciously because they must be fit longitudinally. The vehicle
can be broken up into several longitudinal regions or models
in which the relative positions of the control and slope points
remain constant. These models are then connected by linking
and blending the control and slope points. It is this longitudi-
nal fitting that requires good model preplanning and book-
keeping to assure a successful model. -

To aid in choosing a geometry modeling technique, three
methods (ASTUD, QUICK, and spline functions) are com-
pared in their respective descriptions of an aircraft forebody
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and canopy system similar to that of the F-15. Each resulting
model is then used in the newest version of the STAPATS code
(which employs the approximate heating code of DeJarnette)
to demonstrate its utility in calculating surface pressures and
heating rates.

The top centerline radii as fit by each method are compared
in Fig. 1. All three methods agree well, although the cubic
spline values are slightly lower because the body radii are
smoothed after being fitted. The major differences in the three
techniques are shown in Fig. 2 where the local body slope,
dr/dx, is shown as a function of axial location. In regions
where the surface geometry is continuous, all three modeling
techniques provide consistent slope values. The results differ,
however, in areas of discontinuity (e.g., theé fuselage/wind-
shield junction). QUICK and ASTUD correctly mode! the
intersection by a sudden change in axial body slope. The cubic
spline method rounds this discontinuity and produces wiggles
in this region. Rounding the corner significantly affects the
predicted location of peak pressures and heatinig rates as will
be shown. The somewhat erratic slope values shown for the
ASTUD model near the nose are due to an inadequate imple-
mentation of the technique and are not representative of its
capabilities. v

Using these geometry definitions, the heating code was then
used to predict surface pressures and heating rates over. the
aircraft forebody of Figs. 1 and 2. Surface pressure and turbu-
lent heat transfer comparisons along the top centerline are
shown in Figs. 3 and 4. Again, all three methods are compara-
ble except near the fuselage/windshield intersection. In this
region, QUICK and ASTUD predict a sudden increase in
pressure and heating rate, as expected. The cubic spline
method exhibits the effects of corner rounding and wiggles,
and peak pressure is incorrectly predicted downstream of the
intersection.

In modeling surfaces where discontinuities typically exist,
use of QUICK or ASTUD is recommended, though the cubic
spline method may provide acceptable results, depending on
the accuracy required. From our experience, modeling with
ASTUD is easier than QUICK, although QUICK has some
advantages in file managemerit. The three modeling tech-
niques aré compared in Table 1 from Ref. 6. A more detailed
comparison of the three techniques can also be found in
Ref. 6.

Streamline Integration in the Nose Region

In a previous version of the DeJarnette heating code,® a
cross-sectional starting plane is chosen (designated XZERO)
along with an initial distribution of circumferential angles ®s.
This choice is to guarantee an adequate coverage of the body
with streamlines for heat transfer calculation. Ahead of this
plane, the body was assumed to be represented by a sharp
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Fig. 3 ~Effect of geometry definition on the surface pressure along -
the top centerline of an F-15 like forebody, Mach 2.5, 45,000 ft.
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Fig. 4 Effect of geometry definition on the surface heating rate
along the top centerline of an F-15 like forebody, Mach 2.5, 45,000 ft.

cone. Analytic solutions were generated based on this cone to
begin streamline integration downstream. For truly blunt-
nosed bodies this representation is inadequate and the ap-
proach has been modified to allow for either a blunt or sharp
nose.

A problem with the blunt nose is that the initial location of
the streamline near the stagnation point that will pass through
the desired point at XZERO is unknown. A new approach has
been developed that traces the streamline from XZERO for-
ward to determine this initial location near the stagnation
point. Streamlines are integrated from the point (XZERO,®)
toward the stagnation region by a fourth-order, constant step
size Runge-Kutta integration routine. The detailed equations
for streamline calculation are derived in Ref. 2. During the
forward integration, more accurate results can be obtained by
using Cartesian body coordinates (x,y,z) of the streamline.
Streamline direction is determined by the so-called method of
steepest descent and is only a function of body geometry and
vehicle angle of attack. These streamlines are also referred to
as simplified or Newtonian.
~ Near the stagnation point analytical solutions derived in
Ref. 3 are used to obtain starting values for the metric and
other parameters associated with the heat transfer calcula-
tions. Currently, the DeJarnette heating code utilizes the lo-
cally similar boundary-layer equations of Refs. 12-14 to ob-
tain the ratio of local heating rate to the stagnation point value
(gw/qw,s)- These analytical starting valués are based on the
shock standoff distance and shock radii of curvature at the
stagnation point, which are also calculated in the code. The
streamline coordinates are then reintegrated along with the
metric and heat transfer integral back to the starting point
(XZERO) for the downstream streamline integration to com-
mence. Calculations from XZERO downstream can be based
on a laminar, turbulent, or transitional boundary layer when
the transition region is specified.

Calculation of Embedded Shocks

Existing engineering codes are not capable of calculating
heating rates over vehicles with embedded shock waves. These
shocks are formed by ramps, windshields, or other geometry
features that require a compressive turning of the flow. A new
method is developed here to calculate heating rates over these
vehicles. It was found that Modified Newtonian pressures
were not accurate enough for the heating calculations. There-

. fore a new Embedded Newtonian technique is developed to

predict the pressure distribution downstream of embedded
shocks.

The embedded shock calculations can best be described by
considering Fig. 5. This figure illustrates a centerline stream-

- line, but the method is identical for other streamlines. When
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Table 1 Summary of geometry fitting techniques

Model Aspect

Cubic spline

ASTUD

QUICK

Automation

File
management

Setup time

Ease of modeling

Length of modeling
process

Modeling error
checking

Nose region fit

Discontinuity
modeling

Viewing

capabilities

Restart feature

CPU/CPUnin

Accuracy of
radius

Reasonableness
of derivatives

Complete

Input is simply a
cross-section data
point file

none

NA

NA

NA

Currently limited to
sharp cones only

Discontinuities are
rounded

None

NA

1.0

Average, worse with
smoothing functions

Smoothing changes
geometry, forces
derivatives to look .
good

Nearly complete, little
extra work involved,
all menu driven

Awkward, files named by
unit number, difficult to
keep track of progress

Minimal, program very
automated

Easy modeling, automatic
sequential modeling
process

Long, fitting of 51
longitudinal fits is tiring

If errors in slope or
curvature exist, the user is
notified

Good flexibility -and
options: constant radius
with respect to ®, ellipse,
or determined by program

Good sharp breaks

Zoom, orthographic, cross
section, longitudinal, and
original data comparison
Awkward, must rename
files, many places to
terminate

1.5

Very good

Deviations can become
magnified

Minimal, user must keep
track of control point,
body line names, and
curves completed, mostly
menu driven

Easy with direct access

files, all under one case
name with different
specifiers

Long, user must plan control
point location and name on
all cross sections

Diffucult, body line concept
complex and prone to error

Depending on good planning,
the number of body lines to
model can be minimized

Few error prompts for
piecing curves exist

Fit with body lines

Good sharp breaks

Same as ASTUD

Good, eased by main
executable, good file
management scheme
1.8

Very good

Deviations can become
magnified

variable boundary-layer edge entropy effects are included in
the calculations, the bow shock angle (I'y,) above each inte-
grated streamline point is determined by a modification of
Maslen’s pressure technique!’® as described in Ref. 3. The
values of pressure and stream function at the shock (Py, and
V1) are also calculated by this modified method. The body
pressure (Pg) is determined by the modified Newtonian pres-

sure equation

P P, P,

2o <1 - —) cos?y + — )
Py P I &

where the angle ¥ is the angle between the surface unit normal
and the freestream velocity vector, and P; and P, are the
freestream stagnation and static pressures, respectively. The
stream function on the body ¥ is defined as identically zero.

The boundary-layer edge stream function for each body
point ¥, can be obtained by a local mass flux balancing in the
shock layer.? With values for ¥,, ¥y, Pgy, and Pp deter-

mined, Maslen’s pressure technique!®* can then be used to
obtain the boundary-layer edge pressure by

P, =Py — (PFACT)(¥, - ¥4) . ()

where
Py ~ P,
PFACT = Pp ~ Pond A3)
‘I’shk

Other important properties such as U,, p., and M, are also
calculated by this method.

Now consider an axial point x; ahead of a surface disconti-
nuity such as a ramp and a point x, on the ramp as shown in
Fig. 5. If the body slope at the second point (dr/dx), is greater
than the preceding body slope (dr/dx);, as is the case in this
example, then an embedded shock can potentially exist. The
criteria for the existence of an embedded shock is based on the
ratio of the modified Newtonian surface pressures (Pg,/Pg,)
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embedded shock
(Pondrs (Pl \/-referenoe plane

bow shock \

radial location, r
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boundary fayer
edgs
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Fig. 5 Illustration of the embedded shock methodology.

and the two-dimensional shock relations for a perfect gas.16
Rewriting the static pressure relation for an oblique shock
shows that the normal component of the preshock Mach num-
ber is

(v + )Ppy/Pr) + (y = 1)

Mln = Ml sin ﬂemb = 2’Y

@

A measure of shock strength is the entropy increase across the
shock that is proportional to (M?Z, — 1)* (see Ref. 17). The
increase is not considered important to our flow calculations
unless M;, =z 1.3. When M,, meets the minimum value an
embedded shock is included in the calculations. The preshock
Mach number for the ramp point at x; is then considered to be
the boundary-layer edge Mach number at x,, i.e., M. The
initial embedded shock angle is determined by

M,
M.,

®

sin Bemp =

Note that this angle is referenced to the freestream velocity,
which is consistent with the Modified Newtonian body pres-
sures.

The bow shock is now discontinued and variable entropy
calculations are based on the new embedded shock. But the
embedded shock slope is determined by the inviscid shock-
layer flow ahead of the ramp and not by the freestream flow
as was the case for the bow shock. Therefore a ‘‘reference’’
data plane is formed between the body point x; and the bow
shock above it (see Fig. 5). This plane is divided into 21
stations, including the body where ¥z =0. Based on the
stream function at the shock, reference plane stream function
values are given by

Yrer, = 0¥, /20 ©

where n=0,1,2,...,20. The pressure at each station -

(Prgr,) is determined by replacing ¥, with ¥ggg, in Maslen’s
Eq. (2). The stream function at each reference plane station
also has an- associated bow shock angle it has passed through.
This angle, designated I'rgp, , is interpolated from the array of
bow shock stream functions and shock angles calculated for
all of the previous body stations. As with the original variable
entropy calculations, T'ggr, and Pggp, can then be used to
determine other reference plane properties, Urgr,, orer,, and
Mggr, (see Ref. 3).

At the first ramp point x;, the stream function at the embed-
ded shock is assumed to be the boundary-layer edge stream
function at the previous point (¥, = ¥,,). This allows calcu-
lation of Py, at x,. This shock point is also considered the
boundary-layer edge at x,. As streamline integration proceeds
down the body, the embedded shock slopes are now calculated

with the modified Maslen’s technique just as the bow shock
slopes were, but the preshock reference properties replace the
freestream properties. The appropriate values of P, U, p, and
M in the reference plane, for a local ¥ at the embedded shock
or boundary-layer edge, are interpolated from the reference
plane values. If a point on the embedded shock requires
shock-layer properties referenced to a bow shock point that is
past termination, then the properties at the point of termina-
tion are used. The heating rate calculations for the new em-
bedded shock are made in the same manner as when the bow
shock is considered.

When another body slope increase is encountered, such that
a second embedded shock is formed, the procedure described
earlier is repeated. The first embedded shock is discontinued
and a new reference plane is created. Thus, multiple embedded
shocks are allowed with this technique. It should also be noted
that with this approach, if the surface geometry is not modeled
accurately, spurious slope changes can cause formation of a
shock where one should not occur.

Surface Pressures with Embedded Shocks

In an effort to improve the surface pressure calculations
when embedded shocks are present, a new pressure calculation
method was formulated. When an embedded shock is formed,
the surface pressures downstream of the shock are calculated
by replacing the freestream pressure in the Modified Newton-
ian Eq.(1) with the body pressure at the station ahead of the
shock (Pg, in Fig. 5). The body pressure is then calculated by
what in this paper is called the Embedded Newtonian equation

P, PBI> Ps,
—2=1-—"]cos?y +— 7
Py ( Py v Py o

Note that in this equation the stagnation pressure P is still the
freestream value. Comparisons with data from wind tunnel
tests of a generic hypersonic vehicle configuration indicated
that this technique is more accurate using freestream stagna-
tion pressure than the local stagnation pressure ahead of the
embedded shock.!® The existence of the first embedded shock
is determined by the ratio of the Modified Newtonian body
pressures [Eq. (1)] and the Mach number criteria described in
the previous section. Successive embedded shocks are deter-
mined by the ratio of the Embedded Newtonian body pres-
sures [Eq. (7)] on either side of the ramp and the Mach
number criteria. The Embedded Newtonian method is similar
in approach to the ‘‘variable coefficient’> Newtonian calcula-
tions described in Ref. 19 in that both methods result in a
stagnation pressure coefficient that can exceed the theoretical
limit of 2. But the current method is based on analytical
calculations and not empirical corrections. This new pressure
calculation methodology is discussed further in Ref. 18 and is
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Fig. 6 'BWB wind-tunnel model profile as generated by the ASTUD
geometry modeling program.
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different from the unsteady Embedded Newtonian method of
Ericsson.?0 -

Results for Complex Flowfield

The following results were obtained by extending the DeJar-
nette heating code (as formulated in Ref. 5) to include embed-
ded shocks as discussed previously. This modified method was
then implemented in the framework of the STAPAT II code.®
The code was used to analyze the flow about a wind tunnel
model of a generic hypersonic configuration that is representa-
tive of many vehicles of current interest. This is a McDonnell
Douglas design known as the blended wing body configura-
tion. Figures 6 and 7 show profile and orthographic views of
the model as generated by ASTUD. The body consists of a
smoothly contoured upper surface. The lower surface down-
stream of the nose is essentially a series of ramps. The fore-
body has a 3-deg slope followed by 7-deg and 11-deg compres-
sion ramps. The aft body section is a boat-tail shaped
expansion region. The vehicle model is approximately 3% of
full scale. Two spherical noses (one relatively sharp and the
other blunt) were fit to the model. The results presented here
are for the sharp nose. The model has been tested over a range
of angles of attack and Mach numbers. Details of the model
geometry and instrumentation may be obtained from Ref. 21.
This model is a challenging test of the modified code predic-
tive capabilities in that it includes complex geometric features
such as inlet compression ramps and fuselage chines.

The computational representation of the body was gener-
ated by the ASTUD geometry modeler’ for the sharp nose
radius. Experimental conditions and resultant data were pro-
vided by McDonnell Douglas. The two experimental cases
used for comparison to STAPAT II predictions are described
in Table 2. For both comparisons the wall to stagnation tem-
perature ratio (7,,/T;) was set to 0.209. For each case the code
was run assuming all laminar flow and then run assuming

Fig. 7 Orthographic view of the BWB model as generated by the
ASTUD geometry modeling program.
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Fig. 8 STAPAT II comparison with pressure data along the bottom
centerline of the BWB model, Mach =11.32, a =0 deg.
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Fig.9 STAPAT 1I comparison with heat transfer data along the
bottom centerline of the BWB model, Mach=11.32, =0 deg.
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Fig. 10 STAPAT II comparison with pressure data along the bottom
centerline of the BWB model, Mach=11.31, o =6 deg.

transition to turbulent flow close to the nose (at x/L =0.02).
A total of 41 streamlines were calculated for each case. All
numerical computations were performed on a VAX 8700. A
typical run time for the « = 6-deg case was 729 s for 41 stream-
lines or approximately 18 s per streamline.

Plots comparing numerical results and experimental data on
the lower centerline are shown in Figs. 8-11. Experimental
data are given by the open squares and the numerical calcula-
tions are shown by the solid and dashed lines. Results based on
the Modified Newtonian method (no embedded shocks) are
designated by dashed lines. The solid lines designate results
obtained by the new Embedded Newtonian method previously
described.

Pressure calculations for =0 deg are shown in Fig. 8.
Since there are no embedded shocks on the forebody, both
calculation techniques predict the same surface pressures for-
ward of the first ramp. The experimental forebody pressures
are underpredicted by about 25%. The leading data point on
the first ramp is nearly matched by both calculations. The
second data point is underpredicted by 19%. On the aft ramp
the Modified Newtonian pressures are significantly lower than
the experimental values. The Embedded Newtonian method
on the other hand does quite well, predicting pressure magni-
tudes to within 9%. .

Heat transfer rate comparisons for =0 deg are shown
in Fig. 9. Data indicate transition occurs between x/L =
0.1-0.25, and thus the vehicle boundary layer is predomi-
nantly turbulent. The computational methods underpredict
the fourth and fifth forebody data points by about 20%. This
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Table 2 Wind tunnel conditions

Case 1 Case 2
Mach 11.32 11.31
a, deg 0 6 .
Po, psia 0.1836 0.1790
T, °R 104.7 104.2
Tw, °R 582.9 579.1
Re/ft 9.5x 106 9.3x 106
100 ——Emb. Newt.
————— Mod. Newt.

~
w
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o

surface heat transfer, Btu/ft?/s
o P

3" ramp
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axial location, x/L

Fig. 11 STAPAT Il comparison with heat transfer data along the
bottom centerline of the BWB model, Mach=11.31, « =6 deg.
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Fig. 12 STAPAT II comparison with circumferential pressure data
at x/L =0.594 on the BWB model, Mach=11.32, a=0 deg.

is not unexpected since the actual transition region was not
modeled for this simulation. Near the end of the forebody
" where fully turbulent flow has been established, the heating
rates are accurately predicted. The single data point on the
first engine inlet ramp is exactly matched by the Embedded
Newtonian method, whereas the heating rates using Modified
Newtonian pressures are below this value. Results are mixed
on the second ramp. The Modified Newtonian method
matches the heat transfer rate at the front of the ramp but
significantly underpredicts the heating rate on the rest of the
ramp. The Embedded Newtonian method overpredicts the
first data point by 40% and underpredicts the second point by
20%, but the method appears to predict the overall heat load
on the aft ramp. A possible explanation for this discrepancy is
shock wave induced boundary-layer separation on the ramps
that the approximate technique does not model. Unfortu-
nately, the sparsity of experimental data on the ramps inhibits
a complete understanding of the flowfield and comparisons
with the computations.

Pressure comparisons are shown for «=6 deg in Fig. 10.
The computed forebody pressures compare favorably with
measurements. On the ramps the Modified Newtonian method
underpredicts the pressure levels by as much as 35% except for
the first data point. The Embedded Newtonian method is
more accurate but generally overpredicts the ramp pressures.
On the first ramp, the pressure at the first point is computed
to be 29% higher than that measured, but the level at the
second point is matched exactly. The computation compares
much better on the aft ramp where the measured data is
predicted to within 10%.

The associated heating rates for « =6 deg are presented in
Fig. 11. A large heating peak on the forebody is not captured
by either computation, but this again occurs in the transition
region that was not modeled. Consistent with the pressure
results the Modified Newtonian method underpredicts the
heat transfer rates on the ramps. The Embedded Newtonian
method predicts an 18% higher heat transfer rate than that
measured on the first ramp. As in the a=0-deg case, this
method also predicts higher (by 44%) heating rates on the
front of the aft ramp but underpredicts the other data points
by approximately 15%. The total heat loading on the aft ramp
appears to be predicted. Again, the behavior of the ramp heat
transfer rates is possibly attributable to boundary-layer sepa-
ration. But the coarse spatial distribution of the data hinders
a resolution of the discrepancies between computation and
experiment.

Upper surface centerline comparisons for the sharp nose
configuration were also determined, although not shown here.
These comparisons exhibited good agreement between the ex-
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Fig. 13 STAPAT II comparison with circumferential heat transfer
data at x/L =0.633 on the BWB model, Mach=11.32, a=0 deg.
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perimental and predicted pressures and heating rates. The
results are discussed in detail in Refs. 6, 19, and 22.

Off-centerline pressure and heat transfer calculations at two
axial stations are given in Figs. 12 and 13 for =0 deg. Only
computations using the new Embedded Newtonian method
are shown. The comparisons are generally good for pressure
and heating rate with the largest deviations of approximately
20% occurring on the windward side of the model. The agree-
ment is reasonable considering the approximate nature of the
calculation technique and the complexity of the circumferen-
tial geometry modeled.

Figures 14 and 15 show circumferential comparisons for
6-deg angle of attack. A complete comparison between calcu-
lations and experiment was not made due to inadequate
streamline coverage in the chine region. This problem could be
alleviated by a better initial choice of the number and distribu-
tion of streamlines. Part of the problem may be attributable to
the geometry resolution of the ASTUD technique. The cir-
cumferential geometry is fit at 3.6-deg increments. This reso-
Iution does not allow the chine to be modeled as a sharp point.
This issue was also addressed briefly in a paper by Thompson
and Gnoffo? in which the same vehicle was modeled by the
ASTUD technique. Comnsidering only circumferential stations
where streamlines and test data coincide, reasonable agree-
ment with the Embedded Newtonian predictions is shown.
Maximum deviations are around 15% for both pressure and
heat transfer rate.

The previous comparisons show that the inclusion of em-
bedded shocks significantly improves the predictive capabili-
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Fig. 15 STAPAT II comparison with circumferential heat transfer
data at x/L =0.633 on the BWB model, Mach=11.31, a=6 deg.
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Fig. 17 CFL3D and Embedded Newtonian comparison with turbu-
lent heat transfer data along the bottom centerline of the BWB model,
Mach=11.35, a =0 deg.

ties of engineering design techniques. The approximate Em-
bedded Newtonian method predicts pressures and heating
rates on the complex blended wing body (BWB) configuration
reasonably well. The accuracy of this new approximate tech-
nique can be evaluated further by comparing it with the pre-
dictive capabilities of more exact computational fluid dynam-
ics (CFD) methods. The BWB configuration has also been
analyzed by several thin-layer Navier-Stokes codes. The
LAURA code was used to calculate pressures and laminar
heating rates over this geometry.?® A more detailed compari-
son was made by Richardson et al.?* using the CFL3D thin-
layer Navier-Stokes code, and some of these results are pre-
sented here.

Figure 16 shows experimental and computed pressures on
the BWB lower centerline at Mach 11.35 and 0-deg angle of
attack. Again, experimental data are indicated by open
squares and the Embedded Newtonian calculations by solid
lines. The CFL3D results are represented by dashed lines. The
low magnitude of the first forebody data point is not predicted
by either code. The other forebody data points are overpre-
dicted by the CFL3D code but nearly matched by the approx-
imate technique. Both computational methods overpredict the
only data point on the first ramp by 35%. On the aft ramp the
CFL3D method predicts a pressure on the front of the ramp
that is 40% higher than the measured value. The Embedded
Newtonian method predicts an even higher value. The other
data points on the aft ramp are overpredicted by the approxi-
mate technique by about 25%, but the exact code compares
even less favorably.

In Fig. 17 the prediction of heat transfer rates along the
lower centerline is shown assuming a fully turbulent boundary
layer. The experimental data indicate that transition may ex-
tend as far back on the vehicle as x/L =0.25. Beyond x/
L =0.18 the forebody heat transfer rate is predicted within
10% by the Embedded Newtonian method. The exact method
does not compare as well. The CFL3D code significantly
underpredicts the heating rates on the ramps with maximum
deviations as high as 45%. In contrast, the approximate tech-
nique does much better, generally predicting the ramp heat
transfer within 10%. This poor prediction of the ramp heating
rates by the exact method may be due to inadequate grid
resolution. A grid refinement study was performed as dis-
cussed in Ref. 24, but further refinement would possibly de-
crease the discrepancy between the computation and the mea-
surements. Computing times for the CFL3D results are not
known. Similar laminar results obtained by the LAURA code
in Ref. 23 required approximately 6.5 h on a Cray-2S super-
computer. However, this value does not reflect any multitask-
ing or parallelization which would decrease computing time.
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Considering again the predictions of pressures and heating
rates in Figs. 8-17, the agreement with data obtained by the
new approximate technique is at least comparable and in some
cases better than that of the more exact CFL3D code. Similar
agreement was also found in circumferential data comparisons
that are not shown in this paper. However, the advantage of
the approximate method is that, for similar accuracy, model
development and analysis times (both user and CPU) are
significantly smaller than the more complex CFD codes.

Concluding Remarks

Previous three-dimensional heating codes that use approxi-
mate techniques such as the axisymmetric analog method also
use Modified Newtonian body pressures. An extension to
‘these codes has been developed that incorporates a new Em-
bedded Newtonian pressure equation into the. calculations.
This approach accounts for the effects of embedded shock
waves and entropy layer swallowing on the flowfield. The
enhanced capability allows more accurate computation of
pressures and heating rates over the increasingly complex hy-
personic vehicle configurations of current interest. Although
approximate in nature, the results obtained by the current
method compare favorably to available experimental data and
contemporary CFD codes.

One significant concern about the approximate as well as
CFD techniques is their dependence on accurate modeling of
the vehicle geometry, including surface slope and curvature.
The ASTUD and QUICK geometry definition methods were
found to produce acceptable models of vehicle configurations
with complex surface characteristics such as discontinuities.
These techniques represent surface discontinuities better than
other methods such as spline fits. This capability is needed for
the prediction of embedded shocks in the flowfield.

Major advantages of the approximate method in relation to
more exact CFD techniques include significant reductions in
CPU time to calculate solutions. Also, there is much less user
interaction required for the approximate method beyond the
initial vehicle geometry definition. Substantial time invest-
ments are often required of the user of the more exact codes to

address issues such as grid refinement and shock fitting. These -

advantages make the approximate method a competitive tool
in a preliminary deésign environment.
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