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Thrust-Vector Characteristics of Jet Vanes Arranged
in X-Formation Within a Shroud
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Thrust-vector characteristics of jet vanes arranged in an X formation within a thrust-vector-control (TVC)
shroud are very unique and much more complicated than those of the jet vanes acting without the shroud because
of both the flow interference between the vanes and the shroud and the X formation of the vanes. The fluid
dynamic interferences, such as the impingement of shock waves induced by jet vanes on the shroud wall, and the
aerodynamic performance of jet vanes arranged in an X formation were investigated to characterize thrust vector
control of jet vanes operating within the TVC shroud. An integrated method consisting of a semi-empirical model,
a three-dimensional numerical analysis, and static firing tests of full-scale motors was applied to quantitatively
present the side-force coefficient. Satisfactory agreement is found when compared to static firing test results.

Nomenclature
A = area
C = coefficient
l = distance between the leading edge of vane and nozzle

exit
M = Mach number
P = static pressure
q = dynamic pressure
r = radius
α = deflection angle of vane
β = direction angle of the force on a shroud
γ = specific heat ratio
η = aerodynamic correction factor
κ = coefficient for identification of vane position
ξ = correction factor

Subscripts

av = averaged value
b = vane base
e = nozzle exit
i = index of vane
L = lift force
N = normal direction
p = vertical direction on shroud wall
s = shroud
t = throat of nozzle
v = vane
y = horizontal direction on shroud wall
1,2,3,4 = identification number of vanes

Superscript

∞ = freestream condition

I. Introduction

T HE vehicle using aerodynamic control surfaces has poor high-
alpha pitch-over characteristics in the launching stage because

the missile speed just after launch is not fast enough to provide
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sufficient aerodynamic force to pitch over quickly. Thus, the use
of the aerodynamic controls results in very high apogees before
the missile can aerodynamically pitch over toward the target.1 The
thrust-vector-control (TVC) system was developed as an alternative
in order to resolve the slow pitch-over of the aerodynamic con-
trol system. The TVC system can allow the missile to turn quickly
and stably in any direction by deflecting the direction of the noz-
zle exhaust gas. Figure 1 identifies the relative gain achievable by
vertical launch systems with the jet-vane TVC over conventional
aerodynamic controls. (The trajectories shown in Fig. 1 represent
fly-outs to the same target.1) The TVC system can be achieved with
secondary injection of gas into the nozzle gas flow, the movable
nozzle, the jet vanes, the jet tabs, and many others.2−4 In case of
tactical missile systems, jet vanes, jetavator, and jet tabs are widely
used because they can be designed and manufactured to be rela-
tively simple and compact.3 Among them, the jet-vane TVC system
is the most widely used because roll control is possible as well as
the control of pitch and yaw.5,6

The basic principal of providing control forces using vanes is the
same as that of getting lift using a supersonic wing at an angle of
attack to the freestream. As a vane is deflected at a typical angle to ex-
haust gas, an oblique shock produced on a windward side of the vane
introduces surface-pressure increases, whereas expansion waves
produced on a leeward side of the vane cause surface pressure to de-
crease. The pressure difference between the windward and leeward
sides of the vane provides a force normal to the chord of the vane. The
normal force comes to be divided into two components: 1) lift, called
side force, useful to control of the missile and 2) drag, resulting in
thrust loss. The smaller the ratio of thrust loss to side force is, the bet-
ter the performance of the vane is. To achieve high performance of
the vane, a double-wedge type with some aspect ratio is widely used.
However, the small round edge of the vane is employed instead of
the sharp edge to preserve the initial shape of the vane from thermal
ablation induced by hot exhaust gas passing through a nozzle.

The general shape of vanes is similar to that of supersonic wings.
They both, for example, have a double wedge with some aspect
ratio. Therefore, theoretical analysis,7 experiment,8 and numerical
research9 of a supersonic wing can help us to understand the char-
acteristics of the single vane. In addition to studies on aerodynamic
supersonic wings, some other previous research is useful to under-
standing the basic physical phenomena around vanes. The history
of jet vanes and their basic design principals has been described
by Ripley-Lotee and O’Neil.10 Roger and his colleagues numeri-
cally studied the flowfields in the vicinity of a jet vane mounted at
the exit of a nozzle using upwind flux difference splitting Navier–
Stokes (UFDSNS) Navier–Stokes code.11 The aerodynamic perfor-
mance of single and four vanes was investigated by Euler solver.12

Danielson and his colleagues pointed out that the aluminum oxide
of combustion gas degrades the vane performance as a result of the
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Fig. 1 Comparison of pitch-over between jet vane TVC and
aerocontrol.1

a)

b)

c)

Fig. 2 Schematics and photo of jet vanes within the TVC shroud.
a) + formation of vanes b) X formation of vanes c) prototype of X for-
mation vanes within a shroud.

ablation of the leading edge of the vane.1,13 However, all of the pre-
ceding research papers are related to jet vanes operating without a
shroud, but not to jet vanes acting within the TVC shroud, which is
subject of this paper. The jet-vane TVC system considered in this pa-
per is unique in that four vanes with an X formation are surrounded
by a conical shroud (see Fig. 2). Very limited information regarding
vanes acting within a shroud is available in the literature.

Figure 2 shows the conceptual schematics of force vectors acting
on both the vanes and the shroud. As shown, the TVC shroud gener-
ates additional forces, which are closely related to the flow patterns
surrounding the four vanes. If there is no shroud, only the force
vectors on the vanes need to be considered for the prediction of the
performance of TVC. The fluid interferences induced by the vanes
and the shroud violate the linear-proportional relation between the
side force and the deflection angle of vanes in the linear range shown
by jet vanes operating without the shroud. Thus, the performance
prediction of vanes acting within the TVC shroud requires not only
the investigation of the operation of jet vanes themselves, but also
the characterization of the momentum interaction between vanes
and the shroud.

The purpose of this paper is to investigate the side-force char-
acteristics of vanes located in the TVC shroud with X formation
through theoretical modeling, numerical study, and experiments.

II. Aerodynamic Characteristics of Jet Vanes
The number of vanes is usually four, and they are arranged in +-

or X-formation (Fig. 2). In geometrical point of view, X formation is
just a + formation rotated 45 deg. But if the alignment of the vanes
are related with the aerodynamic surface or the position of umbili-
cal cable of the missile body, the vane system with + arrangement
moves two vanes to provide pitch or yaw force, whereas X arrange-
ment vane system moves four vanes. The + formation is preferred
as it produces a wider linear range of side forces to the deflection
angle because only two vanes facing the same direction are deflected
to provide the required control force. However, if the required side
force cannot be sufficiently achieved with the + formation the X
formation can be an alternative because all four vanes are deflected
(Fig. 2). In terms of the linearity of vane performance and the con-
venient installation of vane actuators, vanes are placed at the end
section of the nozzle. In typical cases the TVC shroud surrounds
vanes to protect the control system of vanes from penetration of hot
exhaust gas during the launch in a canister as this study concerns.

A. Semi-Empirical Model of Aerodynamic
Force of Vanes and a Shroud

If no shroud is adopted and the vanes are placed at the end sec-
tion of the nozzle, a linear theory or a simple semi-empirical model
of shock waves can be employed to predict the aerodynamic force
on vanes. However, if a shroud is used shock waves produced by
vanes impinge on the shroud wall and so increase the pressure on
the shroud wall (which was described in detail in the Section II.B.2).
Modeling the force presents greater difficulty as the center of pres-
sure and the direction of the force on a shroud vary according to
the deflection angle of the vanes (Fig. 2). Thus, the magnitude and
direction of the side force caused by the shroud depend on the angle
of attack of not only the operating vane but also its neighbor vanes.
Moreover, in case of vanes with X formations all four vanes operate
so that the required control force is achieved and the relative po-
sition of each vane affects the additional force on the shroud wall.
For this reason a new model that can predict the performance of
vanes acting within a shroud is required. The basic ideas of a semi-
empirical model in this study are based on following: 1) evaluation
of parameters affecting the side force and thrust loss induced by
jet vanes acting within a shroud and the modeling of the resultant
force with the combination of the parameters; 2) modeling of the
additional force caused by overpressure on the shroud wall, which
is induced by the impingement of shock waves on the wall; and
3) transformation of the resultant force of vanes with an X forma-
tion arrangement to missile axis.

From experiments using cold-flow facilities, the parameters de-
termining the side force can be listed as the deflection angle of vane,
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the relative location of the vane in a nozzle, the relative vane size to
the nozzle size, and so on.14−16 Therefore, the side-force coefficient
of the vane can be expressed as follows:

CLs = (
Cs1 + Cs2α

)(
l/re − Cs3

)
α(At/Av) (1)

Cs1, Cs2, Cs3 are adjust coefficients. The adjust coefficient were
obtained from the comparison between the polynomial equation (1)
and the experimental data (Fig. 17), which are 0.0038, 0.000792,
and 0.75, respectively in this study. Next, pressure increases on the
shroud wall, induced by compression waves around the vane’s wind-
ward side, must be modeled. The pressure increase on the shroud
wall results in the reduction of side forces, while pressure decreases,
induced by expansion waves around the vane’s leeward side, cause
an increase of the side force (see Fig. 2). Therefore, the side force
of vanes in a shroud can be suggested as follows:

CLi = ξ1

[
CLs + ξ2

(
CLSEP − CLs

)]
ξ3

α

ξ4
(2)

CLSEP = η
4α cos α√

M2 − 1

where η is 0.75 (Ref. 14). Other coefficients are listed in Table 1.
Because the vanes are arranged in an X formation, the yaw-force

coefficient and the pitch-force coefficient considering the orientation
of the vanes in an X formation are as follows:

Cyaw = κ1CLav × cos α + κ2C1 (3)

Cpitch = κ3CLav × sin α + κ4C2 (4)

where

C1, C2 = Cy or Cp (see Table 1)

CLav = 0.25
∑

i = 1 − 4

CLi (5)

Cy =
{ ∑

i = 1 − 4

CLi − 0.5(CL1 + CL2)

}
(6)

Cp = Cyaw × tan β (7)

κ1, κ2, κ3, κ4 of four vanes are defined in Table 1, and β were listed
in Table 2. In Section III comparisons of the semi-empirical model
with experiments are discussed in detail.

Table 1 Coefficients used in model

Head Vane 1 Vane 2 Vane 3 Vane 4

ξ1 0.77 0.7 1.0 1.0
ξ2 −1 −1 1 1
ξ3 2.037 2.037 2.037 2.037
ξ4 22 18 60 50
η 0.75 0.75 0.75 0.75
κ1 1 1 1 1
κ2 −1 −1 1 1
κ3 1 −1 1 −1
κ4 1 −1 −1 1
C1 Cy Cy C p C p
C2 C p C p Cy Cy

Table 2 Force direction on the
shroud to the deflection angle of vane

Deflection angle
of vane, deg β, deg

0 45
5 44
10 42
15 37
20 33
25 30

B. Numerical Analysis
A commercial software, FLUENT V.5.5 (Ref. 17), is used for

numerical analysis. The numerical method applied for this study is
based on a preconditioning scheme of the Navier–Stokes equation
with unstructured finite volume discretization.18 A coupled implicit
k-ε turbulent flow model and a second-order upwind scheme were
chosen. The boundary conditions applied for this study are described
in detail in Section B.2.

1. Verification
To verify whether the numerical code, FLUENT V.5.5, is a suit-

able solver to analyze the aerodynamic characteristics of jet vanes
and to find the numerical coefficient and numerical model suitable
for this study, a model test was performed. A wind-tunnel test of
a supersonic delta wing, which has a similar shape as a jet vane,
was chosen for validation problem.8 The aspect ratio of the super-
sonic wing was 0.5 with a square shape. Figure 3 shows a numerical
domain and the features of a wing with surface grids. The Mach
number of the freestream was 2.86, and every 10 deg of the angle
of attack of the wing from 10 to 50 deg was simulated. The results
indicate that the flow separation occurred at about 30 deg of the
angle of attack at the leeward side of the wing, and flow separation
was enlarged as the angle of attack increased. When flow separation
occurred, an unsteady flow pattern induced by flow separation was
observed. Table 3 and Fig. 4 show a comparison of the normal-force

Table 3 Comparison of normal-force coefficient

Angle of Experimental Numerical
attack, deg data calculation

0 0 0
10 0.20 0.20
20 0.43 0.44
30 0.68 0.69
40 0.97 0.97
50 1.23 1.24

Fig. 3 Wing shape and grid system for a 40-deg angle of attack.

Fig. 4 Comparison of normal-force coefficient between numerical so-
lution and experiment.
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Fig. 5 Lift-force coefficient of single wing calculated by numerical so-
lution.

Fig. 6 Computational domain with applied boundary conditions.

coefficient CN between the numerical results and experiments. Here,
the normal-force coefficient was defined as

CN = Normal Force

q∞ Av

(8)

Numerical results showed good agreement with the experiments.
The comparison of unsteady solutions with steady solutions showed
that the unsteady effect of flow separation on the magnitude of a
normal-force coefficient was negligible. The lift coefficient of the
wing linearly increased up to 30 deg of the angle of attack of the
wing, and then the increase rate became slow at above 30 deg angle
of attack of the wing (Fig. 5).

2. Numerical Analysis of Jet Vanes Within a Shroud
The jet-vane TVC system in this study is composed of four square-

shape vanes to provide control force, vane bases to protect the vane
shaft from hot combustion gas of the propellant, and a shroud sur-
rounding the vanes to protect the actuator system from hot exhaust
gas. The computational domain and the boundary conditions were
described in Fig. 6. At the high-pressure inlet boundary the total
pressure and total temperature were fixed with the condition of com-
bustion chamber, whereas total pressure and total temperature were
defined as 0.1013 MPa and 300 K for an atmospheric condition. At
the outlet boundary all variables were extrapolated from the inner
domain if outflow was supersonic, while pressure was fixed with at-
mospheric pressure and the other variables were extrapolated if the
outflow was subsonic. The no-slip and adiabatic boundary condi-
tions were applied for the wall boundary conditions. Figure 7 shows
the detail geometry near the jet-vane units and a surface grid system
in the case of a 20-deg deflection angle of vanes arranged in an X
formation. The computational geometry of the jet-vane TVC sys-
tem designed for the ground test was precisely modeled with a solid
modeler, IDEAS,19 and was recomposed to an unstructured tetrahe-
dral grid system. Because of the X formation, only two vanes were

Fig. 7 Unstructured grid system for a 20-deg deflection angle of vanes.

Fig. 8 Mach-number distribution on a symmetric plane for a 10-deg
deflection angle of vanes.

included in a symmetric zone, which had the azimuth of 45 deg to
the symmetric plane. The grid system was formed with about 0.41
million cells.

Numerical analysis was performed for six cases, which were 10,
20, and 25 deg of the angle of attack of vanes at both the high-
and low-pressure conditions of the combustor. Figure 8 shows the
general flow patterns in a jet-vane system. The flow patterns are as
follows: Exhaust gas accelerating through a nozzle is suddenly ex-
panded at the backward-facing step region where the nozzle and the
shroud are connected. At the interspace between vanes, the acceler-
ating supersonic flow is turned where it encounters the shroud wall,
so an oblique shock wave occurs. On the other hand, at the region
blocked by vanes the flow is compressed as a result of an oblique
shock wave induced by the vanes. Because the vanes have blunt
leading edges with a 2.5-mm radius to resist thermal ablation dur-
ing motor operation, bow shock is formed and can affect a neighbor
vane in special cases, as discussed in detail in Section II.B.2.c.

a) Side force induced by the TVC shroud. The shock wave im-
pinging on the shroud wall causes the pressure of the shroud wall to
increase so that additional side forces are generated. The resultant
force induced by the shroud reduces the side force of the TVC sys-
tem because the direction of the side force is opposite that of vanes,
as shown in Fig. 2. The center of the resultant force on the shroud
wall around the left vane (1 of Fig. 7) has a lower azimuth angle to
the symmetric plane than that of the right vane (2 of Fig. 7). It, there-
fore, makes sense that the side forces caused by pressure increase on
the shroud wall around the right and left vanes are not compensated
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for each other. Moreover, the direction of the resultant side force is
opposite that of the vane. Also, if the shock wave induced by the
vane located at the opposite side of the left vane across its symmet-
ric plane collides with the shock wave induced by the left vane, the
side force of the jet-vane system deteriorates because the pressure
on the shroud surface is drastically increased by the shock-shock
intersection. Therefore the higher deflection angle of the vanes is,
the more side force will be lost by the shroud. Figure 9 shows the

Fig. 9 Side force provided by the shroud (sign is opposite to real one,
i.e., negative, in convenience).

Fig. 10 Pressure distribution on the shroud surface at a 25-deg deflec-
tion angle of vane and high chamber pressure.

Fig. 11 Pressure distribution on the left vane surface.

facts just noted. The side force plotted here has an opposite sign to
the side force by the vanes for convenience.

Figure 10 offers a typical explanation of the pressure distribution
on the shroud wall, which is described so far.

b) Side force by vanes. Vanes are a major contributor of side
force. The pressure difference between leeward and windward sides
of a vane produces the side (lift) force. From the validation described
in Section B.1, the side force increases linearly at a small deflection
angle of the vane, but the increasing rate slows at a high angle of
deflection of the vane. However, if the vanes are arranged in an X for-
mation the relation of the force of the right vane to deflection angle
of the vane might be different from that of the left vane. Because the
intersection region of the compression wave exists between the left
vanes as shown in Fig. 10, the shock wave produced by the opposite
vane across the symmetric plane can impinge on the left vane. The
possibility of the impingement depends on the relative vane size to
the shroud size. If the shock impingement occurs, the side force of
the vane might be abruptly increased. Figure 11 shows the pressure
distribution on the surface of both the windward and leeward sides
of the left vane according to the deflection angle of the vane. It was
observed that the pressure at the rear-tip area of the windward side of
the left vane was locally increased. This reflects the shock im-
pingement onto the left vane at a high deflection angle. Also,
such phenomena were observed from experiments as described in
Section III.

c) Side force by the base of vane. The bow shock detached from
the leading edge of the vane impinges on the base of the vane located
at the root (see Fig. 7), which causes the pressure on the base surface
to increase. The pressure increase on the base’s top surface facing
the gas flow (see Fig. 7) has little influence on the total side force
because, as a result of the symmetric arrangement of the two vanes,
the resultant force on the base’s top surface is compensated with the
resultant force of the neighboring vane’s base. However, the side
surfaces of the base produce side force like a vane. Figure 12 shows
the effects. The absolute values of the side forces of both the right
and left bases have opposite signs.

C. Experiments
A series of ground tests were performed by firing real-scale solid

rocket motors in which four jet vanes are arranged in X formation
as shown in Figs. 2 and 13. During the operation of rocket motors,
each vane was individually deflected at typical angles assigned by
remote controller. Figure 13 shows the rocket motor on the test
stand with six-components balance to measure both thrust and side
force and flame structure at a typical moment of vane deflection.
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The material of the vanes is carbon infiltration tungsten coated with
ZrO2 to protect thermal stress and to minimize ablation. The small
round edge (2.5-mm radius) width of the vane is employed instead of
the sharp edge to preserve the initial shape of the vane from thermal
ablation induced by hot exhaust gas passing through a nozzle. The
ablation of the vane was not severe, less than 1% of the cross section
of vane (Fig. 13). More than eight tests were performed to establish
an experimental database so as to characterize the side force of
vanes. Some of them are addressed in Section III.

III. Discussion
Among many tests performed for this research, Fig. 14 represents

a typical operation profile of four vanes, where the identification of
the vane number is shown in Fig. 2. Each vane was simultaneously
deflected at a certain angle, for example, 10, 15, 20, and 25 deg,
and come back to the original position, zero deflection angle, from
which the average side force of four vanes could be obtained at
the deflection angle of vane. In the same way the side force of
single vane could be obtained by moving each vane at a certain
angle one by one. In this section the test data and the theoreti-
cal calculation based on the semi-experimental model addressed in
Section II.A are compared and analyzed to characterize the vane’s
performance.

A. Thrust Loss
The thrust loss is caused by vanes blocking the exhaust gas inside

the shroud. Figure 15 shows a comparison of the thrust–time history

Fig. 12 Side-force (lift) coefficient provided by the base of vane.

Fig. 13 Snapshots during firing test and after test (zoomed).

between the ground test and the prediction using the semi-empirical
model described in Section II.A. Thrust is normalized by the max-
imum thrust if no vane is installed, whereas time was normalized
with the total operation time of the motor. The thrust–time curves
of the experiment and the prediction are very close to each other.
Because the thrust loss cannot be directly measured by ground tests,
it is indirectly obtained from the difference between the predicted
total impulse without vanes and a total impulse of experiment with
vane operation. About 6.1% thrust loss was predicted even though
6.8% thrust loss was estimated.

Fig. 14 Typical operation profile of four vanes.

Fig. 15 Thrust vs time curve for vane’s operation shown in Fig. 13.
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Fig. 16 Side force vs time curve for vane’s operation shown in Fig. 13.

Fig. 17 Resultant side-force coefficient to vane’s deflection angle.

Fig. 18 Side-force coefficient of each vane to deflection angle.

B. Side Force
Figure 16 shows the side force vs time history in which prd means

the prediction based on the semi-empirical model. The side force is
normalized with a maximum side force predicted. At the deflection
angle of the vane, 25 deg, the side force is predicted to be about
8% less than in the experimental result, while about 4% greater than
experimental data at a 20-deg deflection angle of the vane. However,
there are almost no differences between predictions and experiments
at 10 and 5 deg (Figs. 16 and 17).

To analyze why the discrepancy is relatively large at a 25-deg de-
flection angle of the vane, the aerodynamic characteristics of each
vane are inspected by deflection of vanes one by one. Figure 18 rep-
resents the side-force coefficients of each vane obtained by ground
tests. The trends of the four vanes in terms of the side-force coeffi-
cients vs deflection angles of the vane are not same as each other.
Side-force coefficients of vane nos. 1 and 2 are less than those of
vane nos. 3 and 4. The reason is that the side force is reduced by
the force produced on the shroud wall in the interaction region of
the compression wave while it is increased in an interaction region
of the expansion wave as shown in Section II.B.2.b and Fig. 10.
This is the unique characteristic of jet vanes operating in X forma-

tion within a shroud. In addition, the side-force coefficient of vane
no. 2 at 25-deg deflection angle is much larger than that at 20-deg
deflection angle. Numerical analysis of the jet-vane TVC system
provides physical insight in finding the reason for such a sudden
increase in side forces at a 25-deg deflection angle as described in
Section II.B.2.a. At a 25-deg deflection angle of the vane, the dis-
tance between the leading edges of the two vanes, nos. 1 and 2, at
the intersection region of compression becomes narrow enough for
shock waves provided by the vanes to intersect each other. If the
shock wave produced by the vane across the symmetric plane im-
pinges on the acting vane, the pressure on the vane surface, which
the shock wave encounters, is abruptly increased, so that the side
force is drastically increased. There is a critical distance at which
these phenomena occur at around a 22-deg deflection angle of the
vane in this study. This is the reason that the experimental result is
larger than the prediction at a 25-deg deflection angle because the
semi-empirical model described in Section II does not count on the
impingement of shock starting from a neighbor vane.

IV. Conclusions
Jet vanes are being widely used as TVC units for advanced tac-

tical missile systems because jet vanes produce both the required
side force and roll moment, which allowed the advent of vertical-
launched missiles. However, theoretical literature concerned with
jet vanes are very limited, and particularly little published research
is specifically related to jet-vane systems with the TVC shroud.

The semi-empirical model developed in this research was com-
pared with experimental results, and some important physical phe-
nomena were found by the integrated analysis of a semi-empirical
model, numerical analysis, and experiments:

1) The side-force coefficient of four vanes surrounded by the TVC
shroud departs from the linear relation to the deflection angle of the
vane over 10 deg, and the increasing rate is decreased as a result of
the negative side force induced by the shroud wall.

2) If four vanes are arranged in an X formation, the aerodynamic
characteristics of fours vanes are not the same for each other and
are very unique. Each vane must, therefore, be modeled in consid-
eration of the fact that side-force coefficients of vanes placed in
the interaction region of the expansion wave are linearly increased
to the deflection angle of the vane, whereas the side-force coeffi-
cients of vanes in the interaction region of compression wave have
a parabolic trend.

3) With deflection angles of vanes over 22 deg as in this study, the
shock wave produced by the vane placed across the symmetric plane
impinges on the vane located at the intersection region of compres-
sion region, resulting in an abrupt increase of side force of the vane.
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