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Calculations and Comparisons of the Flowfield About an Ogive
Cylinder at M=3.5

T. Hsieh,* F. J. Priolo,t and A. B. Wardlaw Jr.*
Naval Surface Warfare Center, Silver Spring, Maryland 20903

Laminar and turbulent Navier-Stokes and Euler calculations, with and without a separation model, were per-
formed for a tangent-ogive cylinder. Comparisons were carried out between the predicted and measured surface
pressures, and flowfield distributions of pitot pressure, static pressure, Mach number, and the total flow angle.
The laminar solution was in overall best agreement with the experiment. However, an accurate turbulence transi-
tion model appears necessary to bring computations into close agreement with experiment.

I. Introduction

ABOVE an incidence of 5-10 deg, the flow of the leeside of a
cylindrical body separates to form vortices. The interaction of

this leeside vortical flow with control surfaces, such as fins and
tails on missiles and aircraft, contributes to the highly nonlinear
aierodynamics exhibited by these vehicles. Accordingly, prediction
of such vortical flowfields is of practical importance. However,
developing techniques for quantitatively describing vortical flow is
difficult. Euler solutions cannot account for the formation of vorti-
ces, which arise from smooth body boundary-layer separation,
without additional ad hoc modeling,1'2 Limited wind-tunnel data
are available and the generation of additional information is costly
and time consuming.3"5 The most promising approach appears to
be the application of a Navier-Stokes solver. Recent progress in the
development of Navier-Stokes (N-S) codes and supercomputers
has made such an endeavor practical.

Numerous studies have demonstrated the applicability of
Navier-Stokes codes to vortical flowfields.M2 However, few com-
parisons between calculations and experiment, particularly flow-
field properties, have been published. The present work departs
from these studies by selecting a sample ease which has been stud-
ied extensively experimentally.5 This facilitates comparison with
experiment and sheds light on the accuracy of Navier-Stokes solu-
tions combined with the available turbulence models. In addition,
space-marching Euler solutions,1 augmented with a separation
model2 are also presented.

Assessment of Navier-Stokes solutions requires a wide com-
parison of calculation and experiment, ideally involving flowfield
information. Several such sets of experimental data are avail-
able3"5; however, only the study by Ragsdale5 contains surface
pressures and flowfield data. In the present work, computations
are compared to this experimental example which features a tan-
gent-ogive cylinder with a nose fineness of 4, cylinder diameter
D—3.0 in., and total length of 7 calibers. This model was tested at
Mach numbers 3.5 and 4, for incidence a between 0-15 deg. At
the wall, rw/7;n/was 3.4, where Tw is the wall temperature and Tinf
is the freestream temperature. The freestream Reynolds number
based on the model diameter is 3X105. The surface pressure was
measured along 20 rays in the longitudinal direction and 23 cir-
cumferential planes. The flowfield was surveyed at an axial sta-
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tion 6.5 calibers from the nose. Measured flow properties were
pitot pressure pp, static pressure /?, Mach number M, and total
flow angle e=tan~1[(v24-w2)a5/M]. The data for the 10- and 15-
deg incidence cases at a freestream Mach number of 3.5 serve as
the test examples for the current study.

II. Computational Schemes
A brief description of the numerical schemes and codes used in

the present study is given in this section. The Courant-Fredricks-
Lewy three-dimensional (CFL3D) code developed by Thomas et
al.9'13 is used to obtain the N-S solution. The governing equations
are the single/double thin-layer approximations to the three-
dimensional, time-dependent, compressible N-S equations, written
in generalized coordinates (£, TJ, Q and conservation form as fol-
lows:

-(G) + = 0 (1)

where 2=(/~1)(p, pw, pv, pw, e)T\ F, G, H are the inviscid flux vec-
tors; and the subscript v stands for the corresponding viscous flux
vectors (see Ref. 9 for Gv and //v); /=a(£, T\, £)/d(x, y, z); p is the
density; e is the total energy; and u, v, w are the x, y, z Cartesian
velocity components. The equation of state for an ideal gas is used
to define the pressure p= (y- 1)|>— p(w2+v2+w2)/2], where y is the
ratio of specific heats. Stokes' hypothesis for bulk viscosity and
Sutherland's law for molecular viscosity are used to close the sys-
tem. For turbulent flow calculation, the N-S equations are trans-
formed to the Reynolds averaged equations by replacing the coeffi-
cients of molecular viscosity and thermal conductivity by the
effective viscosity \ie=\L(l +(if/|i), where |i and |i, are the molecu-
lar and turbulent viscosity, and the effective thermal conductivity
Ke=(\Lcp/Pr)[l+(vit/\i)(Pr/Prt)], where cp is the specific heat at
constant pressure. Pr and Prt are the molecular and turbulent
Prandtl numbers. The turbulent viscosity is obtained from the work
of Degani and Schiff8 who modified the two-layer, algebraic eddy-
viscosity model of Baldwin and Lomax.14

The computational algorithm used in CFL3D is outlined subse-
quently. The second-order-accurate flux-vector splitting scheme of
Van Leer15 is used for all of the generalized fluxes F, G, and H. For
example, the flux difference in the ^-direction at the /th cell is split
into forward and backward contributions

(2)

The definitions of F+ and F~ and the corresponding definition for
Q+ and Q~ can be found in Ref. 10. The diffusion terms are treated
using a central difference whereas the linearized, backward-time
approximation in delta form is used for the time differencing.
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Fig. 1 Computational grid for ogive cylinder.
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The computational domain for the ogive-cylinder calculation is
shown in Fig. 1, where AD is the body surface, AB the singular
axis, BC the far-field inflow boundary, and CD the outflow plane.
Boundary conditions are explicitly implemented. On the body sur-
face, no-slip, no-penetration, and isothermal wall conditions are
imposed. For the singular axis, a continuation of cell-center flow
variables is imposed. At the far-field inflow boundary, the
freestream condition holds. At the outflow plane, an extrapolation
of flow quantities is implemented. The flow is assumed to be sym-
metrical with respect to the pitch plane, so only half of the cross-
flow plane needs to be computed. The initial conditions are the
uniform freestream conditions everywhere with M=v=w=0 on the
solid boundary.

A space-marching Euler solver called ZEUS1'2 is also used in
the present study. The ZEUS code numerically solves the inviscid
shock layer for tactical missiles in supersonic flight by spatial
marching. ZEUS combines a multiple-zone gridding technique
with a second-order extension of Godunov's method16 to integrate
Euler's equations. The Godunov method is an upwind scheme
based on solving the Riemann problem for steady supersonic flow.
The method is cast in control volume form and consists of a pre-
dictor and corrector step. The predictor step advances the primitive
variables using Euler's equations in nonconservation form. The
corrector step modifies Godunov's method by assuming linear
property variations within each control volume. Property deriva-
tives are computed using a limited central differencing procedure.
The separation model described in Ref. 2 has been incorporated
into ZEUS to simulate boundary-layer separation on the leeside of
the body.

III. Results and Discussion
The CFL3D code was implemented on a minisupercomputer

(Alliant FX-80) and all of the computational results reported in
this paper were completed on this machine. The CPU time
required to run the code was 0.002 s/time step/grid point and each
run generally required 1500 time steps to reach steady state. The
three-dimensional grid was generated by rotating the grid depicted
in Fig. 1 about the missile axis. Grid sizes in the circumferential y,
radial k, and axial i directions were 43X48X72 and 43X52X71
for laminar and turbulent calculations, respectively, resulting in a
run time of approximately 132 h for a turbulent case. A uniform
distribution of grid points was used in the / direction. In they direc-
tion, a constant grid spacing of 3 deg was used between the lee-

Fig. 2 Grid resolution.

When treated with the spatially factored scheme, the three-dimen-
sional equations are solved by a series of sweeps through the three
directions as follows:

—— + S _ - — - A C * * = ——•*• \ . T) V -v -̂  -\ ̂  I \ *** \ - r t .

L/Ar

(3)

Ag = — AQ

Qn+1 =
where —L(Qn) is the discrete representation of the spatial-deriva-
tive terms in Eq. (1) evaluated at time level n. The algorithm is
written in delta form so that the steady-state solution is indepen-
dent of the time step At. The implicit spatial derivatives for the
convective and pressure terms are first-order accurate. This leads
to a block tridiagonal solution. Second-order-accurate upwind-
biased spatial differencing is maintained for the residual calcula-
tion producing a second-order steady-state solution.
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Fig. 3 Comparison of longitudinal pressure distribution of inviscid
solutions.
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Fig. 4 Comparison of longitudinal surface pressure between experiment and solutions.
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Fig. 5 Comparison of crossflow surface pressure between experiment and solutions, a=10 deg.
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Fig. 6 Comparison of crossflow surface pressure between experiment and solutions, a=15 deg.

ward plane, (3=0 and 99 deg, followed by a smooth increase to 10
deg at (3= 120 deg. The circumferential grid spacing remained con-
stant from this point to the windward side, (3=180. The laminar
and turbulent grids differed in the point distribution in the k direc-
tion. A stretching function /(A:), where 0 </< 1, was used to define
points in the radial direction according to:

S(k)/D =

Here S is the radial distance measured from the body surface to
point k, and /was selected to concentrate grid points near the body
surface. The distance between the wall and the first point on the
turbulent grid was about two orders of magnitude smaller than on
the laminar one, i.e., /(2)= 0.001 for the laminar grid and/(2)=
0.00003 for the turbulent grid, insuring at least two points within
the laminar sublayer. The additional points for the turbulent grid
were added near the wall resulting in the boundary-layer trans-
verse coordinate for the law of the wall, y% < 1.0 and y% < 5.0.
The f(k) distributions for/> 0.001 were very similar for both lami-
nar and turbulent grids insuring the same resolution in both cases.

The sensitivity of the solution to outer boundary location was
studied by increasing the radial extent of the basic grid shown in
Fig. 1 by 40%. The solution obtained for this domain using a
43X60X55 grid was nearly identical to that on the basic grid. The
influence of grid size on the solution was examined by doubling
the number of points in the circumferential direction. As is shown
in Fig. 2, only a slight difference in surface pressure was noted at
x/D =6.5. These tests suggested that the basic grid, shown in Fig.
1, was adequate for this problem, and all of the results reported in
this paper were obtained using it.

To insure that the CFL3D code was implemented correctly, Fig.
3 compares inviscid surface pressures obtained with this code and
the ZEUS space-marching Euler code at Mach=3.5, a=15 deg on
planes of p=0, 90, and 180 deg. Slight differences were found on
the leeward and windward planes, otherwise the results were very
consistent. The slight waviness in the computed axial pressure
shown in Figs. 3 and 4 with the CFL3D code may be attributed to
the relatively small number of axial grid points.

In the following subsections, laminar CFL3D, turbulent CFL3D,
and ZEUS surface and flowfield pressures are compared to experi-
mental measurements at Mach 3.5. Surface pressures span the
entire body while the flowfield information is at x/D=6.5. ZEUS
calculations were performed with and without the separation
model.

Axial Pressure Distribution
The comparisons of axial surface pressure at p=0, 90, and 180

deg at a=10 and 15 deg are shown in Fig. 4. At a=10 deg, the
experiment and calculations are in close agreement. Slight differ-
ences are visible on the leeward side near the aft end with the
inviscid solution predicting higher pressure. At a= 15 deg, signifi-
cant differences are present between all solutions and the data. On
the windward side, the experimental values are consistently higher
than calculations. However, the solutions obtained by the two
codes are in close agreement. The same situation has been reported
in Ref. 12. This discrepancy may be attributable to two sources of
experimental error: 1) deflection of the model support system dur-
ing the test which increases the angle of attack and 2) pressure-tap
hole-size errprs which increase the measured pressure. On the lee-
ward side, the solutions are seen to give higher pressures than the
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Fig. 7 Comparison of pitot pressure contour between experiment
(solid line) and laminar solutions (broken line), x/D=6.5.

measured values for x/D>3. Here again the inviscid solution
exhibits the largest discrepancy.

Crossflow Surface Pressure
Figures 5 and 6 present comparisons of computed and mea-

sured circumferential pressure distributions at six stations for
a =10 and 15 deg. Laminar, turbulent, inviscid, and inviscid plus
separation model predictions are illustrated. On the windward
side at a=10 deg (Fig. 5), experimental and all computational
results are in good agreement. Crossflow separation first occurs at
x/D=3.5, and at stations forward of this point the viscous solu-
tions overpredict the pressure slightly on the leeside (0<p<90
deg). Downstream of the station at which separation occurs there
are significant discrepancies among the calculations and between
the calculations and experiment. The inviscid flow solution pre-
dicts a strong crossflow pressure gradient/shock which differs
most with the experimental data. Adding the separation model to
the inviscid solution improves the agreement to some extent, but
the plateau leeward of the separation point is too low. The lami-
nar solution agrees best with the general trend of the experimen-

tal data but somewhat underpredicts this plateau at x/D = 5.5 and
6.5. The predicted laminar crossflow separation location is
slightly ahead (windward side) of the measured point as shown in
Fig. 5. The turbulent solution, as expected, features a leeward dis-
placement of the crossflow separation point relative to the lami-
nar solution. Here, the experimental separation location (taken to
coincide with the minimum pressure location) lies between the
laminar and the turbulent one. In addition, the second pressure
minimum exhibited by experiment near p = 30 deg is absent from
the turbulent solution.

On the windward side at a=15 deg (Fig. 6), all computed pres-
sures, which are in close agreement, underpredict the experiment.
The agreement between computation and experiment improves as
p decreases. Crossflow separation and thus vortex formation at
a= 15 deg occurs farther forward at x/D=2.5. At x/D=2.5 and 3.5
the laminar solution and experiment are in close agreement except
on the leeside for p<30 deg. Unlike the case of a=10 deg, at x/
D=4.5, 5.5, and 6.5, the experimental separation point occurs
ahead of the laminar one. Consequently, the discrepancy between
the turbulent separation point and measurement is larger. In the
experiment,5 base interference was noted at a=15 deg and this
may have caused the boundary layer near p=60 deg to thicken
(see Fig. 7), which in turn forced the experimental separation point
windward. Possibly this accounts for the discrepancy between cal-
culation and experiment. Nevertheless, the measured and laminar
prediction of the pressure plateau are in close agreement, and the
turbulent solution follows the same trend. Based on the preceding
comparisons of surface pressure, the laminar solution is again seen
to best agree with experiment. In the following subsections, com-
parisons will be made for the flow quantities in the crossflow plane
at x/D=6.5 using the laminar solution unless otherwise stated.

Pitot Pressure Contour
Figure 7 presents comparisons of pitot pressure contours for

a= 10 and 15 deg. The solid lines are the experimental data and the
broken lines are the laminar solution. Clearly the measured vortex
is somewhat farther away from the body than the computed one,
particularly for the 10-deg incidence case. At a=15 deg, the com-
puted contours above the vortex core differ significantly from the
experiment. This may be due to the effect of base interference,
indicated by the rectangular region in Fig. 7, which pushes the vor-
tex to the upper left. At both incidences, the minimum computed
pitot pressure contour in the vortex core is 0.2 which is higher than
the experimental value of 0.15. The crossflow shock is smeared in
the computation but the location is very close to the measured one.
Contours ahead of the crossflow shock agree very well with the
experiment.

A comparison between computed and measured pitot pressure is
made along the radial distance S at constant p lines in Fig. 8. Here,
the symbols represent the experiment, the solid lines are the lami-
nar solution, and the broken lines are the turbulent solution. For
both incidences, the agreement between experiment and computa-
tions is excellent for p=180, 90, 76, and 60 deg. On the leeside,
for 0 < P < 45 deg, this good agreement deteriorates, particularly at
a= 15 deg. At a = 10 deg incidence and p=45 and 30 deg, the tur-
bulent and laminar solutions miss the s-shape profile shown by the
experiment. At p=15 and 0 deg, the turbulent and laminar solu-
tions exhibit a comparable error. The difference between laminar
and turbulent solutions at a=15 deg is small, but both solutions
differ significantly with the experimental data. The influence of
base interference on the experimental data remains an open ques-
tion.

The pitot pressure comparison suggests that the laminar solution
is in better overall agreement with the experiment. Obviously, with
a Reynolds number based on cylinder diameter of 3X106, it is
unlikely that the flow will remain laminar over the entire body. The
experiment likely features a significant laminar region upstream of
the separation line. This type of mixed laminar and turbulent flow
has been reported in Ref. 17. To correctly simulate the mixed lam-
inar and turbulent flow over the body, a new turbulence model
capable of handling transitional flow must be developed. This
observation is strongly supported by the results at a =10 deg. In
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Fig. 8 Comparison of pitot pressure along radial direction at various circumferential angles, experiment (symbols), laminar (solid line), and turbu-
lent (broken line) solutions, x/D=6.5.
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Fig. 9 Comparison of Mach contours between experiment (solid line)
and laminar solutions (broken line), x/D=6.5.

addition, one would not expect the simple algebraic-turbulence
model used in the calculation to suffice for this complex vortical
flowfield.

Mach Contour
Comparisons between experiment and laminar predictions of

Mach contours for a =10 and 15 deg are shown in Fig. 9. For 10-
deg incidence, the computed Mach 4 contour covers a much
smaller area than the measured one. Large differences also occur
near the pitch plane for Mach 3.5. For 15-deg incidence, the com-
puted Mach number never reaches 4.5 whereas the experimental
data show two such areas. Also the computed Mach 4 contour cov-
ers a smaller area than the measured one. Near the vortex center,
the computed Mach number never reaches the 2.5 value recorded
in the experiment. Among all of the compared flowfield variables,
the discrepancies between computed and measured Mach number
contours are the largest.

Total Flow Angle Contour
Comparisons between experiment and laminar predictions of

total flow angle contours for 10- and 15-deg incidences are shown
in Fig. 10. The agreement is fairly good, but the measured total

flow angles are generally higher, exceeding the computed values
by 6-10 deg in some areas. The computed maximum total flow
angle occurs in the vicinity of the primary flow separation location
(P=75-90 deg) near the body and the measured one appears above
the body near p=60.

Velocity Vector
Comparisons between the experiment and the laminar predic-

tions of the crossflow velocity vectors are shown in Fig. 11. The
length of the velocity vector is proportional to velocity magnitude
for the computed results only. Unlike the pressure contour plots, it
is difficult to detect the difference between the measured and cal-
culated vortex core location. A detailed velocity vector plot for 15r
deg incidence is shown in Fig. 12. The secondary crossflow sepa-
ration location S2 and the resulting secondary vortex V2 are visible
in this figure. The experiment did not have sufficient resolution
close to the body to detect these structures. The positions of the
primary and secondary vortices are (3=17 deg, S/D=0.235 and
(3=38 deg, S/D=0.018 and the locations of the primary and sec-
ondary separation points are (3=7 and 30 deg, respectively. Simi-
larly, at 10-deg incidence, the primary vortex is located at p=26

/?=0°

c

a = 10 deg

-—EXP
- - - LAMINAR SOL'N

/?=0°
/?=90°

/3=90°

Fig. 10 Comparison of total flow angle contours between experiment
(solid line) and laminar solutions (broken line), x/D=6.5.
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Fig. 11 Comparison of velocity vectors between experiment (solid line) and laminar solutions (broken line), x/D=6.5; estimated vortex center
experiment (square) and laminar solution (circle).
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Fig. 12 Detailed plot of crossflow velocity vectors and streamlines for
laminar solution, xlD=6.5, a=15 deg.

deg, S/D=0.078, whereas the primary separation point is posi-
tioned at p=74 deg. An enlarged velocity vector plot of the lami-
nar solution (not shown) suggests that the secondary vortex is
located at p=50 deg, S/£>=0.008.

IV. Summary
Calculations have been carried out using the CFL3D Navier-

Stokes and ZEUS Euler solvers. Navier-Stokes computations were
performed assuming laminar and turbulent flows whereas the
Euler results were obtained with and without a separation model.
Calculations were completed for a tangent-ogive model which had
been tested at Mach 3.5 and incidences of 10 and 15 deg. Thor-
ough comparisons were performed among the numerical solutions
and between computation and experimental data. This consisted of
examining surface pressures over the body, and pilot pressure,
static pressure, Mach number, and the total flow angle contours on

a crossflow plane at x/D=6.5. The following observations can be
drawn from the present investigation.

1) Inviscid computations do not predict the correct flowfield
structure. Augmenting the inviscid solver with a separation model
produces the correct qualitative description of the flowfield.

2) The laminar solution gives the overall best agreement with
experiment for this particular case. Application of Degani and
Schiffs modified Baldwin-Lomax turbulence model increases the
discrepancy between calculation and experiment at 10- and 15-deg
incidences.

3) Surface pressure predictions on the windward plane at 15-
deg incidence were in close agreement with one another, but are
consistently lower than experiment. Deflection of the model during
testing is a possible cause of this discrepancy.

4) Pitot pressure and Mach number are the flowfield variables
which were most and least accurately predicted, respectively. At
15-deg incidence, the base interference may have affected the
accuracy of the data on the leeside.

5) Comparison between calculations and experiment suggests
the occurence of transitional flow over the test model. This empha-
sizes the necessity of developing turbulence models capable of
handling transitional flow. '

To facilitate future code development and verification, accurate
measurements of pitot pressure, velocity components and their
fluctuating quantities, and skin friction would be very helpful in
evaluating numerical algorithms, turbulence models, and location
of crossflow separations. As is well known, these data are very
expensive to obtain, but the utility of such results is appropriately
large.
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AIAA Home Study Correspondence Course

Introduction to Space Flight
Instructor: Dr. Francis Joseph Hale, North Carolina State University
January - June 1994

This course will give you an introduction to the major performance aspects
of space operations. At the end of the course, you will be able to plan a
geocentric or interplanetary mission to include the determination of suitable
trajectories, the approximate velocity budget (the energy required), the
approximate weight (mass) and number of stages of the booster, and the
problems and options associated with the terminal phase(s) of the mission.
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