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Computation of Roll Moment for Projectile with Wraparound
Fins Using Euler Equation
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Flow� eld solutions of a projectile with wraparound � ns have been computed in a supersonic region with a
time-marching, three-dimensional Euler equation. The roll moment coef� cients were computed from the � ow-
� eld solution and compared with the experimental results. The roll moment coef� cient computations show good
agreement with the experimental measurements for various � ight Mach numbers. This shows that the Euler equa-
tions can give comparably accurate solutions when computing the roll moment of wraparound � n con� gurations.
Comparing the � ow� eld solutions before and after the roll reversal, the roll reversal at higher Mach number than
Mach 1 is thought to be due to the effect of a compression/expansion wave from a neighboring � n. Through the
comparison with the previous results, it is shown that the tip shape, as well as the edge shape, has a signi� cant
effect on the roll moment of the wraparound � n.

Nomenclature
Aref = reference area, ¼ D2=4
Cl = roll moment coef� cient, L= 1

2 ½1U 2
1 D Aref

D = reference length, the diameter of the projectile
body, 1.524 cm

OE; OF; OG = contravariant � ux vectors in generalized
coordinates

e = total energy, nondimensionalizedby U 2
1

h = enthalpy, nondimensionalizedby U 2
1

J = Jacobian
L = roll moment, whose positive direction is from nose

to tail
M1 = freestream Mach number
p = pressure, nondimensionalizedby ½1U 2

1
p1 = freestream static pressure
OQ = conservative � ow variable vector

T» ; T´; T³ = eigenvector matrices of � ux Jacobian along the
generalized coordinates

U1 = freestream � ow speed
U; V; W = contravariant velocities along the generalized

coordinates
u; v; w = Cartesian velocity components,

nondimensionalizedby U1
x; y; z = Cartesian coordinates, nondimensionalizedby D
O3» ; O3´; O3³ = eigenvalue vectors of � ux Jacobian along the

generalized coordinates
»; ´; ³ = generalized coordinates
½ = density, nondimensionalizedby ½1
½1 = freestream density

Introduction

W RAPAROUND � ns, which are curved in the spanwise direc-
tion,havebeenusedprimarilyfor theiradvantagesin packing

tube-launched projectiles during the past few decades. These sur-
faces can fold against the cylindricalprojectilebody and be made to
� t into the launch tube, allowing more ef� cient use of space. Thus, a
largernumberofwraparound� n projectilescanbe storedin the same
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space as � xed-� n projectiles designed to deliver the same payload.
Thesewraparound� n con� gurationshaveconventionallongitudinal
aerodynamic characteristics similar to those of con� gurations with
planar � ns of identical planform.1 However, aerodynamic anoma-
lies exist in the form of a roll moment at zero angle of attack, a roll
reversal near Mach 1, and the presence of a side force/moment at
a nonzero angle of attack.2 The phenomenon that the sign of the
roll moment changes as the Mach number increases is known as
roll reversal. To design dynamically stable projectiles employing
wraparound � ns, it is necessary to have the ability to predict the
roll moment coef� cient accurately at all of the � ight conditions for
the full trajectory.Conventional empirical or semi-empirical analy-
sis tools have not predicted the roll moments with wraparound � n
con� gurations accurately.

Previous research has been conducted to compute the roll mo-
ment of wraparound � n con� gurations using analytical methods.
Bar-Haim and Seginer3 computed roll characteristics in the sub-
sonic region with lifting-line theory and prescribed wake modeling
based on experimental data. Though the comparison with exper-
imental data is very accurate and impressive, the method used is
limited to the subsonic � ow region and can be classi� ed as a semi-
empiricalmethod.Recently,some researchhasbeendevotedto com-
pute the roll moment of wraparound � ns with computational � uid
dynamics (CFD).4;5 These CFD studies of missile con� gurations
with wraparound � ns have shown general agreement with experi-
mental data but always lacked the accuracy in roll moment and side
force/moment determination. Edge6 calculated the roll moment for
a laminar � ow case with a three-dimensional full Navier–Stokes
code. In his paper, he made a comment that the inviscid aerody-
namic modeling in the previous studies might have been the main
causeof the failures in computing roll moment. There may be, how-
ever, another cause that is as important as viscosity: improper � n
geometry modeling. Recently, Abate and Cook7 calculated the roll
moment of wraparound � ns attached to an in� nitely long cylin-
der using an Euler code. They indicated that the roll moment did
not appear if the � n thickness was neglected. The accuracy of the
CFD results greatly depends on how accurately the con� guration is
modeled. The previous researchershad approximated the tip shape4

or neglected the thickness of the � ns5 because the detailed mod-
eling of the wraparound � n geometry is somewhat dif� cult in the
grid construction.The longitudinalaerodynamiccharacteristicsare
computed accurately only if the planform is accurately modeled,
even though the � n geometry is approximated. The shape of the
wing tip is often approximated for conventionalwings, but it is im-
portant to model the � n shape as accurately as possible because the
aerodynamic properties are heavily dependent on the wraparound
� n geometry. The concern of the present paper is to demonstrate
that accurate � n geometry modeling is important, and that the edge
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and tip shapes give signi� cant changes in the roll moment of the
wraparound � n con� guration.

Formulation
The Euler equations in strongconservativeform for a generalized

coordinate system are given as

@ OQ
@¿

C @ OE
@»

C @ OF
@´

C @ OG
@³

D 0 (1)

where the conservativevariable OQ and the � ux vectors OE , OF , and OG
are

OQ D J ¡1b½ ½u ½v ½w ½ecT (2)

OE D b½U ½uU C »x p ½vU C »y p ½wU C »z p ½U hcT

OF D b½V ½uV C ´x p ½vV C ´y p ½wV C ´z p ½V hcT

OG D b½W ½uW C ³x p ½vW C ³y p ½wW C ³z p ½WhcT

(3)

where

U D »x u C »yv C »zw; V D ´x u C ´y v C ´zw

(4)
W D ³x u C ³yv C ³zw

The pressure p and enthalpy h can be related to the dependent
variables by applying the ideal gas law:

p D ½.° ¡ 1/ e ¡ 1
2
.u2 C v2 C w2/ (5)

h D e C p=½ (6)

For a numerical implementation, we used the � nite volume
method for the spatial discretization and the diagonally approxi-
mate factorizationmethod8 for the time integration.The � nal form
of the Euler equation is

T» bI C 1¿±»
O3» c T ¡1

»
T´ bI C 1¿ ±´

O3´c T ¡1
´ T³

£ bI C 1¿ ±³
O3³ c T ¡1

³ 1 OQ D OR (7)

OR D ¡1¿ .±»
OE C ±´

OF C ±³
OG/ (8)

where O3 and T are available in Ref. 8. The following � ux-vector-
splitting method is applied to maintain the matrices scalar tridiago-
nal and simultaneously to upwind the eigenvalue difference:

I C 1¿ ±»
O3» D ¡1

2 1¿. O3 C j O3j/
i ¡ 1

C bI C 1¿ j O3jci

C 1
2 1¿. O3 ¡ j O3j/

i C 1
(9)

The implicit terms of Eq. (7) are all scalar tridiagonalmatrices, so
that thecomputationtime is muchsmaller thanBeam andWarming’s
method,9 which solves block tridiagonalmatrices. Though the time
accuracy is reduced to � rst order, it still gives accurate steady-state
solutions.

The � ux difference terms of Eq. (8) are computed by a second-
ordertotalvariationdiminishing(TVD)scheme.10 The second-order
TVD � uxes are constructed, for example, in the » direction, as

OF i C 1
2

D 1
2 . OFi C OF i C 1/ C 1

2
J ¡1T» 8» i C 1

2
(10)

where 8 is the dissipative term to satisfy the TVD conditions, the
component of which is given by

8l
i C 1

2
D ¡9 O3l

i C 1
2

®l
i C 1

2
¡ gl

i C 1
2

(11)

where 9 is the function required to prevent nonphysical solutions
such as expansion shocks. The various ® are spatial differences of
the characteristicvariables, the various g are limiter functions, and
the following van Leer limiter is used in this study:

gl
i C 1

2
D

®l
i C 1

2
®l

i ¡ 1
2

C ®l
i C 1

2
®l

i ¡ 1
2

®l
i C 1

2
C ®l

i ¡ 1
2

(12)

Experimental Comparison Data
A standard wraparound � n projectile designed by The Technical

CooperationProgram (TTCP), as seen in Fig. 1, was used as the ba-
sic con� guration for the computation.6;11 This TTCP con� guration
has � ns with symmetric leading- and trailing-edgebevels. Note that
a difference of 45 deg exists between the root and tip chord cross
section. The detailed � n geometry is shown in Fig. 2. All dimen-
sions are expressed in units of calibers (1 caliber D 1.524 cm). The
experimental data were obtained from an experiment conducted at
the Jet Propulsion Laboratory, California Institute of Technology,
(JPL). The test model is a scaled-downversionof the originalTTCP
standard con� guration (1 caliber D 10.16 cm). For the TTCP stan-
dard con� guration, there are different roll moment coef� cients ob-
tained from the wind-tunnel tests at various facilities, such as the
McDonnell Douglas Aerophysics wind tunnel, the Arnold Engi-
neeringDevelopmentCenter, and NASA Langley Research Center.
Although the models used at JPL did not have any boundary-layer
trips,otherwind-tunneltestmodelswere reportedto haveboundary-
layer trips on the � n leading edges.6;11 Because the Euler equations
cannotpredictviscouseffects,the rollmoment coef� cientsfromJPL
have been compared with the values computed from the � ow� eld
solutions by the present Euler code. Figure 3 is the computational
model used by Edge.6 His computational model has blunt leading
and trailing edges, and the root and tip chord cross sections are par-
allel in the computationalmodel. The roll moment computation for
this model will be used later for a comparison.

Results and Discussion
The computational domain was taken to be the region including

the upper surface (concave side) of one � n and the lower surface
(convex side) of the adjacent � n as the outer boundaries of the do-
main. This region is referred to here as a � n passage. In general, to

Fig. 1 Geometry of the TTCP standard model.

Fig. 2 Fin shape of the TTCP standard model.
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Fig. 3 Fin shape of the computationalmodel used by Edge.6

Fig. 4a Computational grid (108 £ 33 £ 57, 65 £ 9 £ 11, and 65 £
9 £ 11).

model the in� uence of adjacent � ns, the entire projectile with all of
the � nswouldneedto be solved.However, for an axisymmetric� ow-
� eld consideredhere, all � n passagescan be assumed to be identical,
and only one � n passage needs to be solved with the conditions of
symmetry. The grid system used consistsof three blocks.One block
is for the � n passage, and two blocks are for the region around the
� n tip. The dimensions for the three blocks are (108 £ 33 £ 57),
(65£9£11), and (65£9£11), respectively.These grid dimensions
are selected to make insigni�cant changes in � ow� eld solutions if
theybecomedoubled(as is shownin Fig.4).Figure4b showsthegrid
geometry around the wraparound � n. The geometry of the TTCP
standard model is accurately re� ected. The � ow� eld solutionswere
computed at various Mach number from 1.2 to 3.0.

Figure 5 shows the roll moment coef� cient as a function of Mach
number. Experimental data were obtained at JPL, and computa-
tions were made with the present Euler code. This � gure shows
that the roll moment coef� cients computed with the present Euler
code agree well with the trend and the magnitude of the experi-
mental data. Note that the agreement is especially good at higher
Mach numbers. The � gure indicates that a crossover points or a
Mach number at which the roll moment coef� cient is zero, exists
near Mach 1.8, which is almost the same as the experimental result.
The trend that the roll moment curve has small peaks before and
after the crossover point resembles the results obtained by Abate
and Cook.7 If the computational grid is prepared accurately, the
Euler equations can give roll moment solutions with reasonable ac-
curacy. Tilmann et al.12 investigated the � ow structure near a single
wraparound � n at M D 2:8 experimentally and compared it with
computations from an Euler code. They reported that many aspects
of the � ow� eldarounda wraparound� n were accuratelycapturedby

Fig. 4b Mesh in vicinity of the � n.

Fig. 5 Roll moment coef� cient vs Mach number for computational
and JPL experimental data.

the numerical solution. However, a viscous effect can be important
in computing the roll moment of projectiles with wraparound � ns.
The present result by the Euler equation is con� ned to the region
where the inviscidmodeling is valid. In the wind-tunnel test results,
the crossover points were somewhat different from the � ight test
result that were used for a comparison, and the roll moment coef� -
cients were dependent on Reynolds number, if no explicit trends11

were found. Hence, to predict roll moment coef� cients that agree
well with wind-tunnel test results, viscosity consideration may be
needed.However, detailedgeometry modeling is important in com-
puting the roll moment of wraparound � ns. Edge’s results show
a similar trend but have some discrepancy in magnitude. Though
Edge used a full Navier–Stokes code, the � ow was assumed to be
laminar.Hence, the most signi� cant differencewith the presentcase
is the edge and tip shape of the � n. As mentioned earlier, Edge’s
computational model has blunt leading and trailing edges, and the
root and tip chord cross sections are parallel to each other.

Figure 6 shows surface pressure contours on the concave and
convex sides of the wraparound � ns at M D 2:5. This Mach number
is selected to observe the pressure distributions after the crossover
point. The roll moment at M D 2:5 has a positive value, as seen in
Fig. 5. We can see the differencebetween the surface pressure con-
tours on the convexand concaveside.The compressionor expansion
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Fig. 6 Normalized pressure contours at M = 2.5.

Fig. 7 Normalized pressure contours at various axial stations at M =
2.5.

wave from the leading-edgeroot of one � n affects the pressure dis-
tributionon the rear regionof the adjacent� n, but the affectedregion
is small. It is concluded that the effect of each � n on the pressure
distribution on the adjacent � n is small at M D 2:5. Figure 7 shows
the pressure contours at various axial positions along the � n chord
(4, 28, 50, and 76% of the chord length) at this Mach number. In
this � gure, the � n geometry is somewhat exaggerated: the dimen-
sion along the x axis is increased twice as large as those along y or
z axis. The contours give a good indication of the overall structure
of shocks generated by a wraparound � n projectile. A core of high
pressure appears on the concave side, develops along the chord,
merges with the core of somewhat lower pressure from the convex
side at about 50% chord length,and proceedsrearward.Though this
will be shown later, the movement of the pressure core coincides
with the sectional roll moment coef� cient distribution.

Figure 8 shows surface pressure contours on the concave and
convex sides of the wraparound� ns at M D 1:5. The roll moment at
this Mach numberhas a negativevalue.The differencesbetween the
surface pressure distributions on the convex and concave side are
quite prominent compared with those at M D 2:5. The compression
or expansion wave from the leading-edge root of one � n affects the
pressure distribution on the midregion of the adjacent � n. The ef-
fect of the wave from the leading-edgetip appears becausethe wave
angle increases.The wave from the leading-edge tip of one � n also

Fig. 8 Normalized pressure contours at M = 1.5.

Fig. 9 Roll moment coef� cient distribution at M = 1.5.

affects that on the rear region of the adjacent � n. Considering the
wave angle or Mach angle, we can see that the pressure distribution
over the entire � n surfaceat M D 2:5 is concentratedaroundonly the
leading edge of the � n at M D 1:5. It is thought that the roll reversal
of this wraparound con� guration appears when the effect of a com-
pressionor expansionwave fromone � n on anadjacent� n decreases
as Mach number increases. However, this is not the main cause of
the roll moment generation at the angle of attack of 0 deg and roll
reversal phenomena through Mach 1 for wraparound � n con� gu-
rations because roll moments observed at subsonic speeds cannot
be explained in this way. It is thought that roll reversal occurs be-
cause the characteristicsof an asymmetric � ow� eld due to � n thick-
ness and curvature change as the Mach number increases, which is
explained by considering converging/diverging nozzle � ow.7 Roll
reversal at Mach numbers above Mach 1 is due to the effect of a
compression or an expansion wave.

Figures 9 and 10 show roll moment coef� cient distribution on
the radial plane resulting from the pressure difference between the
convex and concave sides of the � n at M D 1:5 and 2.5, respec-
tively. Integratingthe distributionover the radial plane, the total roll
moment coef� cient can be obtained. The roll moment coef� cient
distribution at M D 1:5 is as complex as the pressure distribution,
compared with that at M D 2:5. It is obvious that the roll moment
distribution around the leading edge at M D 1:5 resembles that at
M D 2:5, when the wave angle is considered. Figures 11 and 12
show the sectionalroll moment coef� cient along axial and radial di-
rection, at M D 1:5 and 2.5, respectively.The sectional roll moment
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Fig. 10 Roll moment coef� cient distribution at M = 2.5.

Fig. 11 Sectional roll moment coef� cient along the radial direction.

Fig. 12 Sectional roll moment coef� cient along the axial direction.

coef� cient in Fig. 11 is the sum of all of the roll moment coef� -
cients produced at each radial position. The sectional roll moment
coef� cient in Fig. 12 is the sum of all of the roll moment coef� -
cients produced at the same axial position. Note that in Fig. 11 the
magnitudeof the negative roll moment increasesalong the radial di-
rection at M D 1:5. At M D 2:5, the sign of the sectional moment is
maintained positive along the radial direction and changes negative
around the tip. Hence, the signs of the moment coef� cients around
the tip region at both of the Mach numbers are all negative. This
indicates that the tip produces negative roll moment. In Fig. 12,
the sign of the sectional roll moment at M D 1:5 changes several
times along the axial direction. This is due to the complex pressure
distribution resulting from the alternating compression/expansion

phenomenon along the chord (see Fig. 9). Some � uctuation is seen
around the leading and trailing edges. This is due to the beveled
shapes of the leading and trailing edges. The trend of the sectional
roll moment distribution along the chord at M D 2:5 is much sim-
pler and, although the magnitude is smaller, is nearly the same as
that around the leading edge at M D 1:5. As mentioned earlier, the
change of the sectional roll moment coef� cient coincides with the
movement of the pressure core at M D 2:5. A positive moment co-
ef� cient appears and grows in the leading-edgeregion, and the sign
of the moment coef� cient changes to negative along the chord di-
rection. The reason why the pressure difference or the roll moment
is larger at the lower Mach number is the fact that the effect of the
curvature increases because of larger wave angle.

The pressuredistributionsshown in Figs. 6–8 resemble the results
obtained by Edge.6 It is thought that the moment distributions on
the � n surface also will have nearly the same trend. However, the
computed roll moments have some discrepanciesin magnitude.It is
only due to the geometric differencebetween two models: edge and
� n tip shape. As seen in Figs. 11 and 12, the roll moment fractions
producedin these regionsare comparativelylarge. In Edge’s model,
the tip chord cross section is parallel to the root chord cross section
and the area projected to the radial plane is negligible. Hence, the
effect of the roll moment produced around the tip is thought to be
smaller. In the present model, because the tip chord cross section
forms an angle of 45 deg with the root chord cross section, the area
projected to the radial plane cannot be neglected. The pressure on
the tip chord cross section makes a considerablecontribution to the
total roll moment.

The edge and tip shapes may have a great signi� cance in roll
moment of wraparound � ns, and even the Euler equations can give
roll moment solutions with a comparable accuracy.

Conclusions
Flow� eld solutionsof a wraparound� n projectilewere calculated

with the three-dimensional Euler equations. Computational grids
were constructed to re� ect accurately the � n edge shape of the ex-
perimentalmodel. The roll moment coef� cient was calculated from
the � ow� eld solutions and compared with the roll moment coef� -
cient obtainedfromexperimentalmeasurements.The computedroll
moment coef� cients showed good agreementwith the experimental
results in magnitude and sign. That means that if the computational
grid is preparedaccurately the Euler equationscan give roll moment
solutions with a comparable accuracy.

The roll reversal of a wraparound con� guration generally occurs
around Mach 1, but in the present case, it occurred at M D 1:8. It
is observed that the effect on the adjacent � n of the compressionor
expansion wave from the tip of one � n is comparatively large at the
Mach numbers below the roll reversal point and that it decreases as
Mach number increases. From this it is thought that the effect of
the compression or expansion wave delays the roll reversal toward
higher Mach number. Through the comparison with the results of
another wraparound � n con� guration with different edge and tip
shapes, it is shown that the roll moment of the wraparound � n is
signi� cantly affected by the edge and tip shapes.
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