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means of defining an engineering model of the Mars surface wind
environment.
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Navier-Stokes Calculations for
Rotating Configurations:

Implementation for Rockets
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Israel Military Industries, Ltd.,
Ramat-Hasharon 47100, Israel

Nomenclature
bXi = heat flux
H = total enthalpy
p = pressure
(u, v, w) = Cartesian velocity
( x , y , z ) = Cartesian coordinates
p = density
rXiXj = shear stresses
£2 = rotating rate
Qref = reference value of rotating rate

Introduction

M ANY rockets are stabilized by spinning generated by their
fins. Among the aerodynamic coefficients needed for flight

simulation is the rolling moment coefficient. The rolling moment
contains two terms; the forcing term, which is induced by the fins
for a nonspinning configuration, and a damping term, which is a
dynamic term arising because of spinning. In Ref. 1 the capability
to predict the equilibrium spin rate, and the forcing and damping
rolling moments for the M829 projectile using a parabolized Navier-
Stokes computational code, is reported.

Our primary goal is to derive the forcing and damping rolling mo-
ments and to find the rotation rate of the rocket for a given velocity.
The forcing rolling moment was calculated for a nonspinning rocket
for nonzero angles of attack. Good results as compared with wind-
tunnel tests are shown. For a rotating configuration, only zero angle
of attack is considered. The flow is periodic and the computations
are performed only on one-quarter of the space. For the nonzero
angle-of-attack case the flow is not symmetric and the calculations
are performed on the whole space with no rotation. For a rotating
configuration the flow is generally time dependent. For zero angle
of attack, when the Navier-Stokes equations are formulated in a
rotating coordinate system with constant rotation rate, the solution
is steady state. In this Note, the transonic and supersonic flowfield
about rockets with wrap around fins having a small differential cant
angle is calculated by solving the three-dimensional Navier-Stokes
equations in a rotating system.

The total rolling moment calculated for the rotating configuration
contains both the forcing and damping terms. The rolling moment
obtained for a rotating configuration is a monotonic function of
the rotation rate. The rotation rate at which the rolling moment
vanishes indicates the equilibrium rotation rate of a free rocket for
a given velocity along its trajectory. Comparison of the calculated
rotation rates and those measured in flight tests show very good
results.

Governing Equations
The compressible Reynolds averaged Navier-Stokes equations

are formulated in a Cartesian reference frame rotating with constant
angular velocity £2 around the main rocket axis. For the flow vari-
ables, relative to the body rotation, the far-field velocity has a cir-
cumferential component, which is a function of the distance from
the configuration axis; the far-field boundary condition then depends
on the location of the far-field boundary. This could cause a loss of
accuracy. To avoid this difficulty the equations are recast in the ab-
solute flow variables defined in the inertial system for which the
velocity is uniform in the far field. A similar formulation for the
Euler equations is obtained in Ref. 2.

The rotating coordinate system (x, y, z) is shown in Fig. 1. The
rotational velocity for a configuration rotating about the main axis
x with angular velocity £2 is
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The Navier-Stokes equations for the rotating flow variables are writ-
ten as follows:

3 3 d 3
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The viscous terms are

V = [0, TXy, Tyy, A, yz , b y~\ (7)

The turbulence model used as a closure scheme of the Reynolds
averaged Navier-Stokes equations is the algebraic turbulence model
of Baldwin-Lomax.

Recasting Eq. (2) in terms of absolute velocity components (w, i>,
w) gives
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F, G, <2 are the same flux functions of the absolute variables as F,
G, Q are for the relative variables, and

R =

0

(9)

The viscous terms, written in the absolute flow variables, remain
unchanged.

Numerical Algorithm
A semidiscrete finite volume algorithm based on Jameson's

Runge-Kutta time stepping scheme using central differences with
artificial viscosity3"6 is used for obtaining steady-state solutions for
the flow variables in the rotating system. We write the connective
and diffusive terms in an explicit form and the source term R in an
implicit form. The source term is

jR =

0

The implicit equations have the following form:
p(n+0 = p(n) _

(pu)(n + [) =

(pv)(n + l) = (pv)(n) - £>OJ>3) - Q • Af • (pw)(n
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l} = (pe)(n} - Z)(vl/5)

(lOb)
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where D^', / = 1, ... ,5, are the flux balance values for each cell.
Equations (lOc) and (lOd) are solved directly, so that

(pU)(» + i)=:

(piy) ( l t+ I ) =
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[1 +
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Equations (lOc') and (lOd') replace Eqs. (lOc) and (lOd) in the
difference scheme.

Boundary Conditions
The far-field boundary conditions for the absolute flow variables

are applied at a finite distance from the body using Riemann in-
variants in the direction normal to the outer boundary.4 The no slip
boundary condition for the rotating solid configuration is prescribed
as follows: For the rotated axisymmetric body we prescribe the tan-
gential velocity and set the normal velocity to zero. This is applicable
only for viscous flow since the Euler equations use only the normal
velocity component as a boundary condition. For the fins or any
other part of the configuration that is not cylindrical the tangential
and normal velocity components are prescribed.

Results
The solutions of the flow about rotating configurations were

computed with our multiblock code for the generalized three-
dimensional Navier-Stokes equations in the rotating reference
frame. The typical aerodynamic configuration is shown in Fig. 1.
The body has a large aspect ratio with small wraparound fins having
nonzero differential cant angle with the body. For the general case
of nonzero angle-of-attack flight, the flow is not symmetric and the
whole space is to be solved for the nonrotating case.

For the rotating configuration flying with zero angle of attack the
flow is steady in the rotating frame of reference and for the four
fin configuration only a quarter of the entire configuration need be
modeled. Only one fin with approximately 45 deg of body surface
on either side is considered with appropriate periodic boundary con-
ditions at the outer circumferential boundary.

The computational grid consists of six blocks as determined by
the configuration. In the circumferential direction the total grid con-
tains 33 grid points for the quarter space. In the longitudinal direction
there are 109 points along the whole body, and in the direction nor-
mal to the body there are 54 points. A limited grid refinement study
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has been conducted. The effect of grid refinement in the circumferen-
tial direction is investigated by increasing the number of grid points
from 33 to 49. The effect on the rolling moment was very small.

The efficiency of the present scheme is demonstrated by examin-
ing the convergence history of the numerical solution. The residual is
reduced by 3 orders of magnitude in 800 iterations, and the value of
the rolling moment is obtained accurately after only 200 iterations.

Various computations for rockets with wraparound fins having
1-deg cant angle have been performed. Since our code deals with
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Table 1 Comparison between equilibrium
rotating rate of free rocket (obtained from flight

tests) and those obtained from computational
fluid dynamics calculations

Mach no.

0.94
1.2
1.4
1.75

Calculated
rotating rates

8
12
16
19

Flight tests'
rotating rates

8.5
10
13
15

nondimensionalized variables, the rotation rate is normalized by
the reference value £2ref. We calculated the forcing rolling moment
coefficient as a function of the angle of attack for different Mach
numbers. For this case £2 is set to zero. Figure 2 shows the behavior of
the forcing rolling moment vs angle of attack for Mach = 1.2 com-
pared with the results obtained in the wind-tunnel tests. Figures 3
and 4 show the total rolling moment as function of the rotation rate
for transonic and supersonic speeds.

The nondimensionalized value of Q for which the total rolling
moment is zero, obtained from our calculations, defines the equilib-
rium rotation rate of the projectile for the momentary speed along
its flight. This value is available from flight tests. Table 1 shows the
equilibrium rotation rate of the rocket, obtained in flight tests, and
those obtained from our computations. A very good comparison is
reached.

Conclusions
The three-dimensional Navier-Stokes equations are solved in a

rotating coordinate frame of references for the absolute flow vari-
ables. The method we use in the study indicates that the rolling mo-
ment is calculated correctly for a rocket with wraparound fins flying
at transonic and supersonic speeds. For rockets rotating along their
trajectory the equilibrium rotating rate is the value of £2 for which
the damping rolling moment, added to the forcing rolling moment,
gives a zero value for the total rolling moment.

From the calculations of the rolling moment as a function of the
angular velocity, the derivative of the rolling moment with respect
to the rotation rate is available. This derivative is a significant term
in the equations describing rockets' flight.
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