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1. Introduction

Most long-range projectiles are designed to be symmetric flight bodies, using low
aspect ratio fins as control surfaces. During flight, these vehicles are typically roll
stabilized at either the “+” (i.e., plus, ¢ = 0°) or “x” (i.e., cross, ¢ = 45°) orientation.
At moderate to high angles of attack, the static forces and moments between these
orientations can vary substantially.!® This behavior could prove problematic when
the flight controller executes a roll command for a projectile that is statically stable
in one orientation (e.g., ¢ = 0°) while being unstable in another (e.g., ¢ = 45°).
Moreover, this problem can be exacerbated when using lower-fidelity aerodynamic
data sources (e.g., inviscid flow solvers), which can have limited accuracy for
certain flight conditions. The purpose of this report is to show the importance of
using higher-fidelity flow solvers to accurately characterize the roll orientation—
dependent aerodynamics of long-range projectiles, as well as provide flow
phenomena insights using flow visualization.

2. Vehicle Description

The projectile flight body used in the current investigation was shaped through a
series of optimization analyses that identified design candidates with low drag and
high lift-to-drag ratios. More description on the optimization process and airframe
can be found in Vasile et al.”!! The nose tip was modeled as a blunt nose defined
by a bluntness radius that is 0.1 of the diameter (i.e., 0.1 cal.). The Von-Karman
ogive nose shape was used, with the length of the ogive section defined to be 0.3
of the overall length (OAL) of the projectile. The center of gravity of the flight
vehicle was defined to be 0.6 of the OAL of the projectile. The body section was
modeled as a constant axisymmetric cylinder. Additionally, a 7° boattail was
modeled beginning 0.5 cal. forward of the base. The projectile was designed to be
sabot-launched from an 8-inch-diameter gun, with no deploying aerodynamic
surfaces. This requirement constrains the optimization to limit the fin span to 8
inches tip-to-tip. A leading edge sweep angle of 83° was used. All control surfaces
had a root thickness of 4 mm and tapered down to 2 mm at the tip. The optimized
fin set design for a given body baseline configuration with a 105-mm diameter,
10-cal. length, and ogive length of 30% of the overall length of the projectile is
summarized in Table 1 and illustrated in Fig. 1.



Table 1. Summary of airframe design

Vehicle Diameter Length-to- Ogive No. of Root fin Tip fin Fin
configuration (mm)  diameter length of fins chord chord span
g OAL (cal.) (cal)  (cal)
Tail-fin control 105 10 0.3 4 6 2.2 1.935
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Fig.1  Schematic of projectile flight body for a 105-mm diameter, length-to-diameter of 10,
and ogive length of 30% of overall length. Dimensions are given in millimeters.

A full aerodynamic roll characterization of the vehicle was performed. The
aerodynamic data for the entire airframe were simulated at multiple aerodynamic
roll angles, spanning from 0° to 90°, every 22.5°. Figure 2 shows the projectile at
four aerodynamic roll angles (i.e., ¢ = 0°, 22.5°, 45°, and 67.5°).
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Fig.2  Projectile flight body at aerodynamic roll angles ¢ = 0° (a), 22.5° (b), 45° (c), and
67.5° (d). View is from projectile base.

3. Computational Approach

Two aerodynamic data sources were used to characterize the projectile flight body.
The aerodynamic sources used were an inviscid computational fluid dynamics

(CFD) analysis package, NASA’s Cart3D,'? and a Navier-Stokes CFD flow solver,
CFD++."?



3.1 Cart3D

NASA’s Cart3D (1.5.5)"? is an inviscid analysis package that allows for automated
CFD analysis on complex aerodynamic designs. The Cartesian Euler CFD code
was desirable since static aerodynamic coefficients for a given angle of attack could
be computed in a matter of minutes. Cart3D quickly creates a Cartesian
computational grid around the geometry after setting the domain’s extent and
resolution. The process uses adaptive mesh refinement (AMR) to increase fidelity
of the meshed domain near small features and curvature of the geometry, thereby
increasing the resolutions of the flow features present near the surface. The
computational domain extended approximately 14 projectile lengths in all
directions from the center of the projectile, and the smallest typical grid size for the
domain was approximately 0.6 x 0.6 x 0.6 mm (Fig. 3). Mesh density regions were
defined to refine the mesh near the surface as well as in the wake region to help
resolve flow structures. These regions are further refined during the flow solution
via the AMR. The computational domain consisted of approximately 6 million
Cartesian cells. Once the mesh is generated, the flow solver (flowCart) exploits the
features of the Cartesian grid to quickly compute the flow field and aerodynamic
forces and moments experienced by the configuration. Since the Euler equations
being solved do not include the viscous components, the Cart3D analysis package
provides only inviscid aerodynamic coefficients. The static forces and moments
were found for the entire vehicle across 17 Mach numbers (i.e., M« = 0.45, 0.55,
0.65,0.75,0.85,0.95,1,1.02, 1.2, 1.5, 2, 2.5, 3, 3.5, 4, 6, 9) at 16 angles of attack
(i.e., a=10°t0 20°, every 2°, and a. = 25° to 45°, every 5°), and at five aerodynamic
roll angles (i.e., ¢ = 0° to 90°, every 22.5°).

Fig.3  Computational domain used for Cart3D



3.2 CFD++

The commercially available code CFD++ v18.1.1 by Metacomp Technologies,
Inc.!> was used for all Navier-Stokes CFD simulations. The 3-D compressible
Reynolds-averaged Navier—Stokes equations were numerically solved to compute
the flow solution. Steady-state and transient simulations were employed. The
realizable k-e two-equation turbulence model was used for all simulations.

The computational domain used was generated using the Capstone (version 9.1)'
mesh generator. The total mesh size was approximately 43 M cells, consisting of
triangular surface cells, with prism layers used along the surface and tetrahedral
cells for the rest of the domain. The computational domain extended approximately
20 projectile lengths in all directions from the center of the projectile. The average
cell size of the cylindrical density box (i.e., 2 cal. in radius, spanning 1 cal. forward
to 5 cal. back of the projectile) was approximately 0.002 m. The first cell wall
spacing of the prism layers was set to 3 x 10" m to ensure y* values of less than or
equal to 1 along the surface of the projectile for all Mach numbers of interest. A
close-up view of the near-field of the computational domain used for CFD++
simulations is presented in Fig. 4.

Fig.4  Computational domain used for CFD++

Traditionally, aerodynamic information for projectiles has been obtained by
computing the steady-state coefficients at multiple individual angles of attack. This
method requires a lot of repetitive editing of input files, runs, and processing of
computed results from these runs. A quasi-steady sweep procedure was instead
employed; the procedure provides an easier method to consolidate the process and
facilitates faster generation of aerodynamic data. More description on the quasi-
steady sweep procedure can be found in Sahu and Fresconi.!® The CFD data consist
of static forces and moments of the entire vehicle without trailing-edge flap
deflection across 18 Mach numbers (i.e., M = 0.7, 0.8, 0.9, 0.92, 0.94, 0.96, 0.98,
1.05,1.1, 1.2, 1.5,2, 2.5, 3, 3.5, 4, 4.5, 5) at four angles of attack (i.e., a = 0°, 2°,
5°, and 10°) and at five aerodynamic roll angles (i.e., ¢ = 0° to 90°, every 22.5°).



In addition to steady-state simulations, transient CFD simulations were performed
to compute the pitch-dampening moment coefficients. A series of constrained
pitch-oscillating simulations of the entire vehicle was performed. The pitch-
oscillating simulations were performed at a single Mach number (i.e., M« = 2), for
three aerodynamic roll angles (i.e., ¢ = 0°, 22.5°, and 45°). A nonlinear parameter
estimation routine was applied to determine the pitch dampening moment
coefficient for each vehicle orientation. This routine requires evolution equations
that contain an aerodynamic model. More description on the parameter estimation
routine can be found in Sahu and Fresconi.'®

4. Results

4.1 Airframe Characterization

The static normal force and pitching moment coefficients computed for the entire
vehicle computed at multiple angles of attack, across Mach number at two
aerodynamic roll angles (i.e., ¢ = 0° and 45°), are presented in Figs. 5 and 6,
respectively. The aerodynamic coefficients computed by Cart3D are presented as
open triangle symbols, and the coefficients computed by CFD++ are presented by
open circle symbols.
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Fig.5 Computed normal force (a) and pitching moment (b) coefficients of the entire
vehicle, computed by Cart3D (open triangle symbols) and CFD++ (open circle symbols) at
¢=0°
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Fig.6 Computed normal force (a) and pitching moment (b) coefficients of the entire
vehicle, computed by Cart3D (open triangle symbols) and CFD++ (open circle symbols) at ¢
= 45°

In general, fins oriented in the “+” orientation produce more normal force as well
as pitching moment coefficient magnitude. At ¢ = 45°, the normal force coefficient
decreases approximately 10% compared to ¢ = 0°. As will be discussed in a later
section, the addition of lifting surfaces exposed to the flow results in the generation
of vortical structures that advect downstream near the body of the projectile. The
results show that the projectile flight body is more statically stable in the “+”
orientation (¢ = 0°) than in the “x” orientation (¢ = 45°). At ¢ = 45°, the pitching
moment coefficient is approximately reduced by 40% compared to the ¢ = 0°
orientation. This finding is important for projectile designers, as the static pitching
moment coefficient is used to evaluate a vehicle’s static stability. The design of the
vehicle can dramatically change depending upon stability requirements, and
therefore any proposed design for low-aspect-ratio finned projectiles requires a full
aerodynamic roll characterization.

The computed aerodynamic coefficients between the CFD flow solvers compare
reasonably well. The most noteworthy discovery is the large discrepancies of
computed pitching moment coefficient between the CFD predictions at ¢ = 45°.
The Cart3D results show a significant overprediction (approximately 40%) of the
pitching moment coefficient magnitude compared to CFD++ at higher angles of
attack across Mach number. The results suggest that viscous effects, specifically
the viscous roll-up of vortical structures, play an important part in the computed
pitching moment coefficient for low-aspect-ratio-finned projectiles. Further details
and insights on the flow physics are presented in a later section. Although Cart3D
is routinely used for the rapid development of high-speed projectiles and has been
generally performed well compared to higher-fidelity CFD results, further caution
must be taken at certain flight conditions where viscous effects could become
relevant.



For the same flight conditions, the pitching moment coefficient is reduced when in
the “x” orientation, indicating that there is a change in pressure distribution as well
as center of pressure location of the entire vehicle. Figure 7 presents the computed
center of pressure location of the entire vehicle at three angles of attack versus Mach
number at two aerodynamic roll angles (i.e., ¢ = 0° and 45°).
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Fig.7  Center of pressure location with respect to center of gravity computed by Cart3D
(open triangle symbols), and CFD++ (open circle symbols) at ¢ = 0° (a) and ¢ =45° (b)

As expected, at ¢ = 45°, the reduction of Xcp indicates the center of pressure
location shifts forward on the body, therefore reducing the stability of the vehicle.
At this orientation, the leeward fins are in the wake of the body and at a lower Mach
number compared to the windward fins. The exposed windward fins are more
effective than the leeward fins, which causes the center of pressure to move
forward. At ¢ = 0°, the CFD flow solvers are in reasonable agreement, whereas at
¢ = 45°, the results show discrepancies; Cart3D is unable to accurately predict the
center of pressure location.

To better visualize the center of pressure relationship with aerodynamic roll angle,
surface contours of pressure coefficient, Cp, of the projectile flight body were
computed by CFD++. Figures 8 and 9 present the computed surface contours of
pressure coefficient when viewed windward and leeward at three aerodynamic roll
angles (i.e., d =0°,22.5°, and 45°) at a = 10°, and M« = 2, respectively. The surface
pressure coefficient contour levels were set to be continuous between —0.2 to 0.2.
As the projectile flight body rotates from the “+” orientation, ¢ = 0°, to the “x”
orientation, ¢ = 45°, the surface pressure increases on the windward side of the
projectile body. This region of higher pressure shifts forward (Fig. 8). The leeward
surface pressure contours also provide insight to the influence of vortical flow
structures generated at the fins, and therefore explain the observed reduction in
normal force coefficient (Fig. 6). At ¢ = 22.5°, the surface distribution is
asymmetric between the fins, indicating that a side force is produced. As is



discussed, the surface pressure distribution is influenced by the vortical flow
structures. At this aerodynamic roll angle, the vortical flow structures are

asymmetric in size and strength, which results in an asymmetric pressure
distribution on the vehicle.

Cp
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(a) I

Computed surface contours of pressure coefficient, Cp, of the windward side of
projectile flight body at ¢ = 0° (a), 22.5° (b), and 45° (c¢) at a = 10° and M., = 2
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Computed surface contours of pressure coefficient, Cp, of the leeward side of
projectile flight body at ¢ = 0° (a), 22.5° (b), and 45° (c) at @ = 10° and M. = 2
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To help quantify the effect of the aerodynamic roll orientation on the generation of
the static forces and moments along the projectile body, a cumulative distribution
that integrates the surface pressures in the axial direction along the length of the
projectile was calculated. A total of 500 slices along the axial direction spaced
equally from the nose to the base of the projectile were selected to integrate the
surface pressures along the perimeter of the projectile. The resulting forces and
moments along the projectile body at each axial location were computed and
cumulatively summed.

The cumulative distribution of normal force coefficient along the projectile flight
body from the forebody and fins components at ¢ = 0°, 22.5°, and 45° at a = 10°
and M« =2 1s presented in Fig. 10a and 10b, respectively.

1.4 : 147
(a) : (®)
1.2 : - : : 12}
B Z
o £
&) OZ
e
S 08 5 08
: ’ 5
3 06 “J—ocrD:g=0c | 2 06
T - - C3D: ¢=0° = y
o 04 ' —cFD:g=225°] 2 047 ! ! B 4
- - C3D: ¢=225°
02 - CFD: 6 = 45° 02f » |
C3D: ¢ = 45°
5
0 - 0 ‘ : ‘ ‘ :
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 0.8 1
xifL x/L

Fig. 10 Distribution of normal force coefficient along the projectile flight body from the
forebody (a) and fins (b) components computed by Cart3D (dashed lines) and CFD++ (solid
lines), at ¢ = 0°, 22.5°, and 45° at o = 10° and M =2

The results show that the normal force coefficient is produced along the projectile
body and has an approximate equal contribution by both the forebody and fin
components. For reference, the computed total normal force coefficients at ¢ = 0°
and ¢ = 45° at these flight conditions are approximately 2.4 and 2.2, respectively
(Figs. 5 and 6). Whereas the normal force is continually generated along the
forebody beginning at the nose of the projectile, as expected, the fins begin to
generate a normal force at the leading edge of the fins at the projectile body (i.e.,
x/L = 0.4). The production of normal force from the fins seems to be aerodynamic
roll independent. The effect of aerodynamic roll orientation is primarily seen in the
forebody. The results suggest that the flow structures that are generated by the fins
interact and influence the surface pressures of the forebody. This is shown in
Fig. 10a, where the largest difference between aerodynamic roll orientations is
primarily found in the region where the fins are present. The results show that the
major discrepancies between the numerical codes are present in the fin region of
the vehicle. Compared to CFD++, the results from Cart3D predict less forebody



normal force and more fin normal force. The results indicate that there is a viscous
flow effect near the vicinity of the surfaces of both forebody and fin components.

The cumulative distribution of side force coefficient along the projectile flight body
from the forebody and fins components at ¢ = 0°, 22.5°, and 45° at o = 10° and
M =2 is presented in Fig. 11a and 11b, respectively.
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Fig. 11 Distribution of side force coefficient along the projectile flight body from the
forebody (a) and fins (b) components computed by Cart3D (dashed lines) and CFD++ (solid
lines), at ¢ = 0°, 22.5°, and 45° at a = 10° and M. =

As expected, at both ¢ = 0° and 45°, due to symmetry, a negligible side force is
generated along the projectile flight body. As was observed in Fig. 9, at ¢ = 22.5,
there is an asymmetry in the surface pressure due to the generation of asymmetric
vortical flow structures at the fins. The greatest contribution of the side force is
generated by the forebody. The results confirm past experience that the asymmetric
vortical flow structures induce flow near the surface of the forebody and cause the
surface pressures to change, resulting in an asymmetric pressure distribution.!” The
results computed from Cart3D compare well to CFD++ for the forebody
component. The major discrepancy is present in the fin component. The results
suggest that vortical flow structures generated by the fins are not adequately
modeled in Cart3D at ¢ = 22.5°.

The cumulative distribution of pitching moment coefficient along the projectile
flight body from the forebody and fins components at ¢ = 0°, 22.5°, and 45° at
a = 10° and M« = 2 is presented in Fig. 12a and 12b, respectively.
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Fig. 12 Distribution of pitching moment coefficient along the projectile flight body from the
forebody (a) and fins (b) components computed by Cart3D (dashed lines) and CFD++ (solid
lines), at ¢ = 0°, 22.5°, and 45° at a = 10° and M. =2

The pitching moment coefficient distributions show the destabilizing contribution
from the forebody and the stabilizing contribution from the fins. The center of
gravity of the vehicle is located at 60% of the OAL, or x/LL = 0.6. Therefore, the
distribution of the pitching moment coefficient reaches a maximum at the center of
gravity and then reduces aft of the center of gravity. As was found in Fig. 10, the
fins are aerodynamic roll independent; however, the distributions of the forebody
differ in the fin region. As similarly observed in the previous figures, the major
discrepancies between Cart3D and CFD++ are present for the fin component.
Cart3D overpredicts the pitching moment contribution from the fin components.

The cumulative distribution of yawing moment coefficient along the projectile
flight body from the forebody and fins components at ¢ = 0°, 22.5°, and 45° at
o = 10° and M« =2 is presented in Fig. 13a and 13b, respectively.
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Fig. 13 Distribution of yawing moment coefficient along the projectile flight body from the
forebody (a) and fins (b) components computed by Cart3D (dashed lines) and CFD++ (solid
lines), at ¢ = 0°, 22.5°, and 45° at o = 10° and M. =2
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As was similarly observed for the side force coefficient distribution, the projectile
forebody is the major contributor to the yawing moment coefficient distribution for
the ¢ = 22.5° configuration. The contribution from the fins initially produces a
positive yawing moment, then switches to generating a negative yawing moment.
This switching point coincides with the axial location where the fin switches from
a swept fin to an unswept fin. The results suggest that the generation of the vortex
at the leading edge of the fin versus at the tip affects the magnitude and direction
of the yawing moment. As was observed in Fig. 11b, the discrepancy between
Cart3D and CFD++ is evident in the fin component. The results indicate the
discrepancy begins where the fin becomes unswept and increases along the axial
direction.

To better visualize the discrepancies between Cart3D and CFD++ in the fin region,
surface contours of pressure coefficient, Cp, on the projectile flight body were
computed. A side view of the surface contours of pressure coefficient computed by
Cart3D and CFD++ at ¢ = 45°, a = 10°, and M« = 2 is presented in Fig. 14a and
14b, respectively. The surface pressure coefficient contour levels were set to be
continuous between —0.01 to 0.01. A noted difference between the two predictions
is observed primarily on the windward face of the leeward fin and the forebody
near the fin—body junction. The results indicate that one or more vortical flow
structures are present near the root of the leeward fins and influence the pressure
distribution of the forebody and windward face of the leeward fin. These vortices,
near the fin root, are predominantly a viscous effect, therefore Cart3D will never
be able to resolve these small structures. The vortical flow structures increase the
integrated pressure on the leeward side of the forebody and reduce the integrated
pressure on the windward face of the leeward fin, with both effects resulting in a
reduction of vehicle stability. Compared to Cart3D, CFD++ predicts higher
integrated pressure on the forebody (stabilizing), but also a lower integrated
pressure on the windward surface of the leeward fins. This latter effect dominates,
resulting in lower predicted stability in CFD++ (see Fig. 12). Although not shown,
the shock structure was similar between the two codes, therefore the observed
differences in surface pressure distribution are attributed to the influence of the
vortical flow structures. These vortical flow structures increase in size and
magnitude as they advect downstream.
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Fig. 14 Surface contours of pressure coefficient, Cpr, computed by Cart3D (a) and CFD++
(b), viewed from the side of projectile flight body at ¢ =45°, at a =10° and M. =2

The aerodynamic coefficients of the projectile flight body were calculated in the
non-rolled aerodynamic body coordinate frame, with +X out the tail, +Y right, +Z
up, as shown in Fig. 15a, and were converted to force and moments in the non-
rolled standard flight dynamics body coordinate frame with +X out the nose, +Y
right, +Z down, as shown in Fig. 15b. All coefficients in the following figures are
in the latter flight dynamics body frame.

(@) (b)

Ya
VB

X
A Zp

Fig. 15 Comparison of the non-rolled aerodynamic body coordinate frame (a) for the
aerodynamic coefficients and the non-rolled flight dynamics body coordinate frame (b) for the
calculated forces and moments

13



The total static forces and moments of the entire vehicle at two angles of attack
(o =4° and 10°) at Mach 2 are presented in Fig. 16 versus aerodynamic roll angle.
The aerodynamic roll distribution follows harmonic functions; the longitudinal
(i.e., pitch) plane forces and moments are out-of-phase with respect to the lateral
(i.e., yaw) plane forces and moments. The lateral forces and moments are at a
maximum when the geometry of the projectile flight body is asymmetric to the
incoming flow. In this position, the incoming flow impinges upon the fins, creating
asymmetric vortical flow structures that cause an asymmetric pressure distribution,
thus generating a side force and resulting moment.
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Fig. 16  Static aerodynamic coefficients of the projectile flight body at o =4° (a) and a =10°
(b) computed by Cart3D (dashed lines) and CFD++ (solid lines) across aerodynamic roll angle,
at Moo = 2

Since Cart3D is an inviscid flow solver, it was expected that the computed axial
force was lower in magnitude than compared to CFD++. As was observed in Fig. 6,
Cart3D overpredicts the magnitude of the pitching moment coefficient, predicting
a more stable vehicle compared to CFD++. The computed normal force, side force,
and yawing moment coefficient between the flow solvers compare remarkably
well.

In addition to static aerodynamic coefficients, dynamic aerodynamic coefficients
were computed from time-accurate CFD++ simulations. The pitch-dampening
moment coefficient computed from constrained pitch-oscillating simulations of the
flight vehicle at three aerodynamic roll angles (i.e., ¢ = 0°, 22.5°, and 45°) and at
Mach 2 is presented in Fig. 17. The results show that the magnitude of the pitch
damping moment is significantly larger at ¢ = 45° than ¢ = 0°.
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Fig. 17 Pitch dampening moment coefficient of projectile flight body computed by CFD++
at ¢ =0°, 22.5°, and 45°, and at Mo =2

4.2 Flow Visualization

The full aerodynamic roll characterization of the projectile flight body revealed that
the aerodynamic coefficients are aerodynamic roll angle dependent when the
projectile is at an appreciable angle of attack. Furthermore, it was found that the
static normal force reduced in magnitude, and the static longitudinal stability
reached a minimum at ¢ = 45°. At this aerodynamic roll angle, Cart3D predicted
an overall more stable vehicle compared to the higher-fidelity results from CFD++.
The results suggest that there are viscous flow phenomena that become significant
when the lifting fins are in an asymmetric orientation such that both windward and
leeward fins are subject to the crossflow. To improve our understanding of the flow
physics associated with long-range projectiles, the generation and advection of the
vortical structures produced by the fins were studied.

Qualitative plots of scaled Q-criterion iso-surfaces superimposed with contours of
pressure coefficient on the surface of the flight body projectile at o = 4° and 10°, and
Mo = 2, computed from Cart3D (a, c, e, g) and CFD++ (b, d, f, h), at ¢ = 0° (a, b),
22.5°(c, d), 45° (e, f) and 67.5° (g, h), are presented in Figs. 18 and 19, respectively.
The Q-criterion was developed to help isolate the vortex features from the vorticity
present in the boundary layer by defining vortices in flows as spatial regions where
the vorticity tensor dominates the rate of strain.'® The scaled Q-criterion, QOs, is
mathematically expressed in Eq. 1:

0 _ e O
57 2 \UISII?

where @ and § are the vorticity tensor and rate of strain tensor, respectively. The

scaled Q-criterion iso-surfaces allow for visual observation of the vortical
structures that are formed at the tip of the fins. The iso-surface value was set to 1.5.
The iso-surface was colored based on the magnitude of streamwise vorticity at the
same location. The surface pressure coefficient contour levels were set to be
continuous between —0.2 to 0.2.
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Fig. 18  Surface contours of pressure coefficient superimposed with iso-surfaces of scaled Q-
criterion (Qs = 1.5) colored by streamwise vorticity at ¢ = 0° (a-b), ¢ = 22.5° (c-d), ¢ = 45° (e-f),
and ¢ = 67.5° (g-h), computed by Cart3D (a, c, e, g) and CFD++ (b, d, f, h) at a =4° and M. =2
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Fig. 19 Surface contours of pressure coefficient superimposed with iso-surfaces of scaled Q-
criterion (Qs = 1.5) colored by streamwise vorticity at ¢ = 0° (a-b), ¢ = 22.5° (c-d), ¢ = 45° (e-f),
and ¢ = 67.5° (g-h), computed by Cart3D (a, c, e, g) and CFD++ (b, d, f, h) at o = 10° and M- =2
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For all aerodynamic roll angles, vortical flow structures are generated along the
leading edge of the swept portion the fin. Increasing the angle of attack results in
an increase in size and strength of the vortical structures. At ¢ = 0°, two large
vortical structures are generated along the fins, which are perpendicular to the
incoming flow. These flow structures advect downstream, increasing in size and
magnitude. The vortical structures remain close to the fin and body, causing a
reduction in pressure on the surfaces near the flow structure. This reduction of
pressure increases the pressure difference across the projectile body, therefore
increasing the lift of the vehicle. Rotating the projectile flight body to ¢ = 22.5°
causes the generation of additional vortical structures on the additional lifting fins
exposed to the flow. However, due to the orientation of the fins, vortical structures
are asymmetric in size and strength, therefore explaining the generation of a side
force and yawing moment as observed in Fig. 16. At ¢ = 45°, all four fins are
generating vortical flow structures, and these structures are symmetric in size and
magnitude. Due to the presence of additional flow structures, the surface pressure
distribution changes, therefore explaining the change in center of pressure location

(Fig. 7).

The computed vortical flow structures predicted by Cart3D and CFD++ are in
relatively good agreement. There are some discrepancies as the aerodynamic roll
angle increases. This is natural, since the inviscid code does not include the viscous
roll-up as the vortex is formed along the fin tip. This effect can be observed in
Fig. 18, where the roll-up in the Cart3D solutions begins at the fin tip, while the
roll-up in the viscous CFD++ solutions is delayed and occurs slightly inboard of
the tip. At the higher angle of attack, Fig. 19, the viscous roll-up effect is reduced,
and leading-edge vortices occur at similar locations in both simulations. As the
body roll angle is increased, at the higher angle of attack (Fig. 19), additional
differences in the vortex structures exist between the inviscid and viscous CFD
solutions. A primary difference is the presence of a vortex structure near the root
of the windward side of the leeward fin. This is the structure responsible for the
surface pressure differences shown in Fig. 14.

To better visualize the generation and advection of these vortical structures, contour
slices of normalized total pressure superimposed with contours of pressure
coefficient on the surface of the flight body projectile, at o = 4° and 10°, and
Mo = 2, computed from Cart3D (a, c, e, g) and CFD++ (b, d, f, h), at ¢ = 0° (a, b),
22.5°(c,d),45° (e, f) and 67.5° (g, h), are presented in Figs. 20 and 21, respectively.
A total of 10 contour slices, equally spaced 1 cal., starting from 1 cal. downstream
of the projectile nose to 2 cal. aft of the projectile base were used. Although Cart3D
is able to predict large vortical flow structures that are similar to CFD++, the
inviscid flow solver is unable to resolve the viscous roll-up the vortical structures
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that are evident in the CFD++ results. This difference in the vortex structure causes
differences in the intensity of the vortices on the leeward side of the leeward fins.
Moreover, at ¢ =45°, Cart3D is unable to resolve the vortical flow structure along
the root on the windward face of the leeward fins. These root vortices are
predominantly a viscous effect; therefore, Cart3D will never be able to resolve these
small structures. These relatively small discrepancies in the structure and location
of vortices ultimately result in noticeable discrepancies in the computed
aerodynamic coefficients of the projectile (see Figs. 5-7).
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Fig. 20 Surface contours of pressure coefficient superimposed with contour slices of
normalized total pressure at ¢ = 0° (a, b), ¢ = 22.5° (¢, d), ¢ = 45° (e, f), and ¢ = 67.5° (g, h)
computed by Cart3D (a, c, e, g) and CFD++ (b, d, f, h) at o =4° and M« =2
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Fig. 21 Surface contours of pressure coefficient superimposed with contour slices of
normalized total pressure at ¢ = 0° (a, b), ¢ = 22.5° (¢, d), ¢ = 45° (e, f), and ¢ = 67.5° (g, h)
computed by Cart3D (a, c, e, g) and CFD++ (b, d, f, h) at 0 = 10° and M«» =2
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5. Conclusion and Future Work

A comprehensive effort was undertaken to aerodynamically characterize a low-
aspect-ratio finned projectile across Mach, angle of attack, and aerodynamic roll
angle. The CFD flow solvers Cart3D and CFD++ were used to compute and
compare the aerodynamic coefficients of the vehicle. In general, Cart3D compared
reasonably well for all static aerodynamic coefficients except for pitching moment
coefficient. The results showed that modeling viscous effects is necessary to
accurately predict the pitching moment coefficient. Since Cart3D is an inviscid
flow solver, it is unable to resolve the viscous roll up of the vortical structures
generated along the fin, therefore inaccurately predicting the center of pressure
location and leading to incorrect stability predictions for some vehicle orientations.
Future work planned, including both spark range and wind tunnel experiments, will
provide supporting validation data for these predictions.
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List of Symbols, Abbreviations, and Acronyms

AMR
CCDC
CFD
DOD
DSRC
NASA
OAL

adaptive mesh refinement

US Army Combat Capabilities Development Command
computational fluid dynamics

Department of Defense

DOD Supercomputing Resource Center

National Aeronautics and Space Administration

overall length
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Nomenclature

¢ = aerodynamic roll angle

Mo = freestream Mach number

a = angle of attack

Cy = normal force coefficient

Cn = pitching moment coefficient

Xcp = center of pressure location with respect to center of gravity
Cm, = pitch damping coefficient sum (i.e., Gy, + G )
Os = scaled Q-criterion

Q = vorticity tensor

S = strain tensor

Cp = pressure coefficient

Cx = non-rolled x-axis force coefficient

Cy = non-rolled y-axis force coefficient

Cy = non-rolled z-axis force coefficient

G = rolling moment coefficient

Cn = yawing moment coefficient

Po = total pressure

Py = freestream total pressure
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