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Thrust vectoring is one of the advanced technologies in the design of the fourth generation fighter to provide high
maneuverability and agility. The purpose of this paper is to investigate the effect of the vectoring jet on aerodynamic
characteristics of a modern fighter. The tests are conducted in a transonic wind tunnel with a square test section of
0.6 x 0.6 m and a low speed wind tunnel with a 0.8 x 1 m elliptical test section. The test results are obtained at a
Mach number of 0.4 or 0.8 and a Reynolds number of 9.5 x 10° or 15.6 x 10° per meter at angles of attack ranging
from 0 to 23 deg for a high speed test, and at 45 m /s for a low speed test and Reynolds number of 3 x 10° per meter at
angles of attack ranging from 0 to 45 deg. High-pressure air is used to simulate the jet flow, and the nozzle pressure
ratio is varied from 1.0 (jet off) to 4. One modern fighter model is employed and divided into two parts of forebody and
afterbody for force-measuring, respectively. As a result, the interaction behaviors are obtained.

Nomenclature

b = wing mean geometric chord

Cp = drag coefficient [D/(gS,er)]

Cpg = zero-lift drag coefficient

C;, = lift coefficient [L/(gS,et)]

C;, = derivation of lift coefficient with respect to the angle of
attack (0C/0a)

C, = pitching moment coefficient [M/(gS,.b)]

C, = pressure coefficient [C, = (p; — pos)/4]

H = the aerodynamic forces or moments acting on the model
on conditions of M, # 0 and jet on except for direct
thrust component

M = pitching moment

M., = freestream Mach number

Di = the static pressure on the model surface

p; = Jettotal pressure

Do = freestream static pressure

q = dynamic pressure

St = reference area

s = wing span

Vo = speed of free stream

o = the angle of attack (deg)

o, = stalled angle of attack (deg)

o = effective angle of attack (deg)

$; = deflection angle of vectoring jet (deg)

84 = deflection angle of horizontal tail (deg)

dc. = the jet-induced or supercirculation effect of vectoring jet
on the lift C;,

dcm = the jet-induced or supercirculation effect of vectoring jet
on the pitching moment C,,

dcp = the jet-induced or supercirculation effect of vectoring jet
on the drag Cp

P = the density of atmosphere
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I. Introduction

ITH the demand of high maneuverability and agility for the

modern fighter, extensive investigation has been conducted
on employing the aircraft propulsion system as a potential source for
additional maneuvering power [1-4]. To achieve the multimission
capability, thrust vectoring/reversing is one of the key technologies
and is widely applied to the design of the modern fighter. Thrust
vectoring can provide large control moments that are independent of
angle of attack by producing a component of thrust perpendicular to
the body longitudinal axis. At high angles of attack, the pitching and
yawing moments required for controlling aircraft can be produced by
the direct thrust component when the aerodynamic control surfaces
of the aircraft work inefficiently [5,6]. In addition, a strong jet-
induced or supercirculation effect on the aerodynamics of aircraft
must be investigated for flight control [7-15]. Based on the fighter
configuration shown in Fig. 1, a detailed investigation of the effects
of vectoring jet-on aerodynamic characteristics is given in this paper.

II. Apparatus and Procedure
A. Wind Tunnel and Air Tank

The tests are conducted in the FL-1 wind tunnel in Shenyang
Aerodynamic Research Institute and D1 wind tunnel in Beijing
University of Aeronautics and Astronautics. The FL-1 wind tunnel is
a transonic one with a square test section of 0.6 x 0.6 m. The test
Mach number in this wind tunnel is 0.4 or 0.8, and the corresponding
Reynolds number is 9.5 x 10% or 15.6 x 10° per meter. The D1 is a
low speed wind tunnel with an 0.8 x 1 m? elliptical test section and
the velocity of free stream is 45 m/s. To provide thrust vectoring
effect, a series of nozzles with different deflected angles are made and
the deflection angles range from —20 to 20 deg.

The jet is provided by the air tank with the maximum pressure
2.0 MPa at constant temperature and is ducted to the model through
the model support and the forebody balance, as shown in Fig. 2. This
high-pressure air is then transferred into the after-fuselage of the
model by means of two flow-transfer assemblies (see the sketch of
Fig. 2). Flexible metal bellows are located in each end of the flow-
transfer assemblies and act to compensate for axial forces caused by
pressurization as well as provide a leak-free assembly. Extensive jet-
on calibrations with nozzles are performed, before the investigation,
under known load conditions to determine bellows and flow-transfer
tare forces. In addition, the jet exhaust conditions are measured in the
instrumentation section upstream of the nozzles. The instrumenta-
tion consists of 4 total-pressure and 4 static probes. The total volume
of the air tank is 200 m>. From the results of pretest, this capacity of
air support system can provide the desired NPR [nozzle pressure
ratio (p,;/ )] requirement. At the same time, the system can also
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Fig. 2 The sketch of jet assembly and balances.

keep the pressure setting within 0.5% of precision during the period
of each testing.

B. Model and Balance

As shown in Figs. 1 and 2, the 1/32 scale model used in this
investigation is a modern fighter configuration and features a wing
with 42 deg swept leading edge and strake, horizontal tail with 42 deg
swept leading edge and afuselage with twin-vertical tail. The twin
axisymmetric exhaust nozzles, which are installed at the end of the
model, are changeable for different a deflecting angle from §; = —20
to 20 deg so as to achieve the thrust vectoring. The model is divided
into two parts so that the vectoring jet effect on aerodynamic
performance of forebody and afterbody can be studied separately by
installing them on two six-component balances, respectively. The
term afterbody, as used in this paper, refers to the portion after break
position (in Figs. 1 and 2) on which forces and moments are
measured by a six-component force balance, namely the afterbody
balance as shown in Fig. 2. The break position is located at position
338.47 mm from the model top and the afterbody consists of the
after-fuselage and empennages including the horizontal tail with a
42 deg swept leading edge and a vertical tail. The forebody refers to
the portion before break position and includes the fore fuselage and
wing, as shown in Figs. 1 and 2, on which the forces and moments are
measured by the six-component forebody balance, illustrated in
Fig. 2. These two six-component internal balances are used in these
tests to measure the forces and moments acting on the forebody and

afterbody of the model, respectively. Moreover, the direct thrust
components produced by the vectoring jet can also be measured
independently by the ¢20 mm afterbody balance on condition of
M, =0 and jet on. Figure 2 shows the general information of the
component arrangement and the jet assembly of the test system.

C. Data Processing

At the beginning of the test, the balances are calibrated to
determine the sensitivity and interaction characteristics of each
component. For the two six-component strain-gage balances used in
this test, the calibration results in the following precision: normal
force, 0.1%; side force, 0.2%; axial force, 0.5%; rolling moment,
0.5%; pitching moment, 0.3%; yawing moment, 0.5%. Additionally,
the pressure transducers are also calibrated by a standard air
pressurized system and the accuracy is within +5 Pa. The accuracy
of « is also calibrated to be within £0.05 deg and the accuracy of
Mach number of the freestream is within £0.03.

The test range of the angle of attack is from 0 to 22 deg for high
speed conditions and 0 to 45 deg for low speed conditions. For each
data point, 1000 frames of data are taken over a period of time and the
average value is used for computation. The force and moment
coefficient of the forebody and afterbody balance are non-
dimensionalized by freestream dynamic pressure, wing reference
area (0.068359 m?), wing mean geometric chord (0.1935 m), and
wing span (0.41337 m). Most of the data presented are plotted as a
function of the model angle of attack or spanwise of the wing and
horizontal tail.

The jet-induced or supercirculation effect on the aerodynamics of
the model, which is labeled as é,, (where * can be replaced by C;, C,,,
Cp, or other aerodynamic coefficients, such as 8¢y, §cpms Scps €tC.),
can be obtained from the following equation:

8, = WI-WO-JO 1)

where, the symbols “WJ” , “WO”, and “JO” stand for the
aerodynamic forces or moments acting on the model on conditions of
M, # 0 and jet on including direct thrust component, M, # 0 and
jet off, M, = 0 and jet on for direct thrust component measuring,
respectively. Additionally,

H = WI-JO 2)

where, the symbol “H” stands for aerodynamic forces or moments
acting on the model on conditions of M, # 0 and jet on except for
the direct thrust component.

III. Results and Discussions

A. Aerodynamic Characteristics of Model Without Vectoring Jet
1. Aerodynamic Characteristics of Forebody Without Jet

Figure 1 shows the variation of lift coefficient C; of the forebody
with respect to angles of attack without vectoring jet, in which 4, is
the deflection angle of horizontal tail, §; is the deflection angle of
nozzles. It can be found from the Fig. 3:

1) The stalled angle of attack (c,) of the forebody decreases as
freestream Mach number M., increases at the same 8, and §;. When
o > oy, the slope of lift curve C;,, decreases quickly, even C;, <0
due to the bursted leading edge vortices above the wing. The flows
over the forebody at o > 14 deg for M, = 0.8 and o > 18 deg for
M, = 0.4 belong to this type.

2) As shown in Fig. 3, the lift coefficient C; increases with the 5¢
increasing obviously (when the trailing edge of the horizontal tail is
deflected downwards, called positive deflection) at the same M,
when o > o, because the downwash flow field near the wing trailing
edge is improved by the increasing §,. Figure 4b illustrates the
comparison of the pressure distribution on the upper surface of the
wing on conditions of §, =0 and é, =15 deg at M, = 0.8 and
o =20 deg (the distribution of pressure-measuring section and
position on the upper surface of wing are shown in Fig. 1a). It can be
found from Fig. 4b that the bursted vortex can be improved to some
extent owing to the decreased adverse pressure gradient in the flow
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field near the wing trailing edge by comparing the solid line
(84 = 0 deg) with dotline (§; = 15 deg),and the decreased adverse
pressure gradient is caused mainly by the positive deflection of the
horizontal tail. Additionally, attention must be paid that this effect of
84 on the forebody C, is limited only when o > o, by comparing the
effect when o =8 deg (shown in Fig. 4a) with that when o =
20 deg (showninFig. 4b). Figure 4a shows that the effect of §, on the
stable vortex flow over forebody when o =8 deg is very weak.
Moreover, this effect is also stronger when M, = 0.8 than that when
M, = 0.4 at the same « by comparing Fig. 3a with Fig. 3b.

2. Aerodynamic Characteristics of Afterbody Without Jet

The variation of afterbody lift coefficient C; with angle of attack
on conditions of different M, and jet off is shown in Fig. 5. It shows
that as following:

1) The afterbody lift coefficient C,; increases with increasing §;
(when the exit of nozzles is deflected downwards, called positive
deflection) because the effective curvature of the afterbody is
increased caused by the increasing §;. And this effect of §; on the
afterbody lift is more obviously at M, = 0.8 than thatat M, = 0.4.

2) Lift coefficient C; of the afterbody increases with the increasing
d- Therefore, a concept of effective angle of attack o’ is presented for
analyzing lift behavior of the afterbody in the following equation:

o =+, 3)

Where « is the angle of attack of the model. The deflection angle of
horizontal tail §, can be considered to have the same function as « in
this present special case, which has been proved in Fig. 6a, because
the horizontal tail is the main contributor to the afterbody lift as
shown in Fig. 7a, in which the whole model consists of fuselage and
horizontal tail. But it should be noted that this concept is not suitable
to the drag behavior, as shown in Figs. 6b and 7b, in which the drag of
the fuselage is the primary component of the whole model. In
addition, the similar conclusion can also be drawn from the low speed
test of this model (illustrated in Fig. 8).

3. The Flow Patterns over the Model Without Jet

From the present experimental investigation, there are three
different flow patterns over the model from Figs. 3, 6, and 8.

1) Attached flow: In the region of o' < 8 deg for afterbody and
o < 4 deg for forebody, the flows are attached on the model surface
and the lift coefficient C; is a linear function of the angle of attack o’
or «.. Figure 9 shows the pressure isobar of the upper surface of the
horizontal tail when Vo, = 45 m/s at jet off. Figure 9a illustrates the
attached flow over the horizontal tail at ' = 0 deg with obviously
adverse pressure gradient.

2) Vortex-controlled flow: At the middle angle of attack,
8 deg <o’ <30 deg for afterbody and 4 deg <« < 14 deg for
forebody at M, = 0.8, the flow over the model separates from the
leading edge of wing or horizontal tail and forms the stable vortices
around the model. Figure 9b shows the stable vortex-controlled flow
over the horizontal tail. The pressure isobar of the upper surface of
the wing without jet-on conditions of M., = 0.8 and §, = 0 deg is
illustrated in Figs. 10, 10a, and 10b and shows the stable vortex-
controlled flow over the wing. Therefore nonlinear vortex lift is
induced and the upper limit of the angle of attack in this region
increases as the M, decreases, such as 4 deg <o < 18 deg for
forebody at M, = 0.4.
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Fig. 9 The pressure isobar of the upper surface of the horizontal tail without jet (V,, =45 m/s).
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Fig. 11 The variation of forebody lift C; with « on conditions of jet on (NPR = 2.1) and jet off (NPR = 1).

3). Bursted vortex-controlled flow: At high angle of attack the
model has stalled due to the bursted leading edge vortices above the
wing and horizontal tail. On these conditions, the slope of lift curve
C;, (or C; ) decreased quickly, even C;, <0 (or C; < 0). The
flows over the forebody on condition of « > 14 deg and M, = 0.8
belong to this type, and does it over the afterbody at o' > 30 deg
when v = 45 m/s. Moreover, the stalled angle of attack «, increases
with the freestream speed decreasing. Figures 9c and 10c show the
bursted-vortex flow over the horizontal tail and wing, respectively.

B. Aerodynamic Characteristics of Model with Vectoring Jet

Because of the different type of mainflow patterns around the
model, the vectoring jet effects on the aerodynamic behaviors of
model is also distinct. According to this, the effects of vectoring jet
on the aerodynamic characteristics of the model can be given as
follows:

1. Jet Effect on Attached and Vortex-Controlled Flow

1) Jet effect on forebody: Figure 11 shows the comparison of
forebody lift C; changing with angle of attack on conditions of jet on
(NPR = 2.1, NPR stands for the nozzle pressure ratio, and NPR = 1
refers to jet off and the same in the following figures) and jet off
(NPR = 1) at various parameters §;, &,, and M, in which the dot

line (labeled as H) represents the forebody lift C; on conditions of
M, # 0 and jet on except for direct thrust component and solid line
(labeled as WO) represents the forebody lift C; on conditions of
M, # 0 and jet off, respectively. Namely, the difference of the
forebody lift C; between these two test conditions (labeled as H and
WO) is the jet-induced or supercirculation effect of the vectoring jet
on the flow field over the model. By comparing Fig. 11b with
Fig. 11d, it is clearly shown that the jet-induced effect on forebody
C, at M, = 0.8 is increased with the jet angle §; increasing form 0 to
20 deg when o < 14 deg, namely in the regions of attached and
vortex-controlled flow. And it is the same as on conditions of
o < 18 degand M, = 0.4 by comparing Fig. 11a with Fig. 11c. But
the jet-induced effect of §; on forebody lift is small and changes little
with the angle of attack o and freestream Mach number on conditions
of the attached and vortex-controlled flows. Figure 12 gives the
comparison of pressure distribution on upper wing surface between
8; =0 deg and §; =20 deg at @ = 12 deg when M, =0.8 on
conditions of jeton (NPR = 2.1) and jet off (NPR = 1). Asaresult, it
is easy to understand the above conclusions by comparing the
pressure distribution above the wing surface at jet on (dot line) and jet
off (solid line) in the region of vortex-controlled flow field.

2) Jet effect on afterbody: Figure 13 presents the variation of jet-
induced effect on aerodynamic characteristics of afterbody with
respect to jet deflection angle §; at @ =20 deg, M, =0.8 and
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85 =0 deg, where 8¢y, dcm, and dcp are the jet-induced or
supercirculation effect of vectoring jet-on afterbody lift, pitching
moment and drag, respectively, as shown in Eq. (1). It can be found
that the jet-induced effects on the afterbody changes obviously with
8;, especially for the lift C; and pitching moment C,,. The jet-
induced effect §¢; and ., can even exceed the corresponding value
of direct thrust components of the afterbody C; and C,,, moreover
the jet-induced effect values can reach to about 10% of the total C;
and C,, acting on the afterbody at M, = 0.8 and §; = 20 deg. In
addition, the jet-induced effect on the drag of the afterbody is also
obvious, as illustrated in Fig. 13c, in which the jet-induced
decrement of §¢p nearly accounts for 30% of the total direct thrust
component for drag at M, = 0.8.

The jet-induced effect §.; on the afterbody changing with « at
different jet deflection angle §; and horizontal-tail deflection angle &,
at M, = 0.8 and NPR = 2.1 are shown in Fig. 14. It can be found
from it that the jet-induced effect §¢;_ on the afterbody increases with
increasing §; nonlinearly and the jet-induced effect 8¢, is almost kept
constant when §; > 20 deg. In addition, it is noted that the angle of
attack o almost has no effect on the §; in the attached and stable
vortex-controlled flows.

Figure 15 shows the comparison of jet effect on the pressure
distribution of the upper surface of the horizontal tail between §; = 0
and §; =20 deg on conditions of §, =0 deg, « =20 deg, and
M, = 0.8 (the pressure-measuring section and position distribution
are shown in Fig. 1b). The jet-induced increment of the negative
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Fig. 14 The variation of jet-induced effect on afterbody with « at
different §; and §,, (M, = 0.8, NPR = 2.1).
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pressure above the surface increases with ; increasing by comparing
the dot line (NPR =2.1) and solid line (NPR = 1), but the jet-
induced effect changes little along the span and chord of the
horizontal tail.

From the above discussion, an important conclusion can be drawn
that the jet-induced effect on the afterbody is more obvious than that
on the forebody when the flow over the model is controlled by
attached or stable vortex flow. Moreover the jet-induced effect
changes little with angle of attack, Mach number and along the span
and chord of the wing or horizontal tail.

2. Jet Effect on Bursted Vortex-Controlled Flow

1) Jet effect on forebody: It can also be found from Fig. 11 that the
jet-induced effect on forebody C; increases obviously with the jet
deflection angle §; increasing while the angle of attack o > a;
(g =18 deg at M, =04 and o, =14 deg at M, =0.8).
Moreover, this jet-induced effect can account for about 10% of the
total forces acting on the forebody at §; = 20 deg and & = 22 deg,
as shown in Fig. 11d. It is the reason that the bursted vortices above
the wing surface can be improved to some extent by the injection
effect of the vectoring jet. It can be found by comparing the pressure
distribution on the upper wing surface on conditions of jet on
(NPR = 2.1) and jet off (NPR = 1) at M, = 0.8, & = 20 deg and
ds =0 deg, as shown in Fig. 16, in which the dot and solid line
stands for test results on condition of jet on (NPR = 2.1) and jet off
(NPR = 1), respectively. It can be found from Fig. 16 that the bursted
vortices over the wing can be improved obviously by the bigger jet
deflection, such as 5./ =20 deg and NPR =2.1, as shown in
Fig. 16b, in which a larger negative pressure peak is obtained,
whereas it cannot be found on condition of § ; =0 deg, as shown in
Fig. 16b.

2) Jet effect on afterbody: Figure 17 shows the variation of
afterbody C; with o’ on conditions of jet on (NPR = 2.1) and jet off
(NPR = 1) at M, = 0.8 and §; = 20 deg, where the dash-symbol
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Fig. 17 The variation of afterbody C; with &’ at jet on (NPR = 2.1)
and jet off (NPR = 1) (M, = 0.8 §; =20 deg).

line and solid line refer to jet on (NPR = 2.1) and jet off (NPR = 1)
cases, respectively. It can be found from Fig. 17 that the leading edge
vortices begin to burst above the horizontal-tail surface when
o' > 30 deg. As a result, the slope of lift curve C;, decreases and
nearly C;, < 0 when o > 30 deg, in other words the afterbody of
this fighter configuration has stalled when «’ > 30 deg. Therefore
the effect of vectoring jet-on afterbody in the bursted-vortex flow
region is stronger than that in the attached and vortex-controlled flow
region (o’ < 30 deg) at the same jet deflection angle §; = 20 deg
and the jet-induced effect increases with the increasing o’ as shown in
the Fig. 17.

With the o increasing, the jet-induced effect 6, becomes very
obvious at a high angle of attack in a low speed test as shown in
Fig. 18. In the range o > 40 deg, not only the jet-induced effect §¢;.
increases obviously with &’ increasing, but also §¢; changes clearly
with the pressure ratio NPR. From the pressure distribution on the
upper surface of the horizontal tail as shown in Fig. 19 (in which the
dot and solid line stands for pressure distribution with and without
jet, respectively), we can find that the vectoring jet can recover the
bursted vortex to some extent which induces the larger lift increment
at high angle of attack.

Therefore, a conclusion can be made that the vectoring jet can
improve the bursted-vortex flows obviously at high angle of attack
and the jet-induced effects are not only on the afterbody but also on
the forebody.

IV. Conclusions

Thrust vectoring is one of the very important technologies to
develop the 4th generation fighter. The present study is to investigate
the interactions between the vectoring jet and main flow around the
aircraft. The interaction behavior strongly depends on the fighter
geometry configuration. Several conclusions can be drawn from the
above investigation about the jet-induced effect on the aerodynamic
characteristics of this fighter configuration as follows:

—u—NPR=1
NPR=2.1

X/0=0.62 a7

b) o=20° 8= 20°

Fig. 16 The pressure distribution on the upper wing surface at different §; on conditions of jet on (NPR = 2.1) and jet off (NPR =1) (M, = 0.8,

3, =0 deg).
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Fig. 18 The variation of afterbody C; with «’ at jet on (NPR = 2.1)
and jet off (NPR =1) (§; =20 deg V,, =45 m/s).
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Fig. 19 The jet effect on the bursted vortex above the upper surface of
the horizontal tail (« =45 deg §; =20 deg V,, =45 m/s).

1) The flow pattern around this fighter configuration can be
divided into three types: attached, stable vortex-controlled and
bursted-vortex-controlled flows.

2) There are differences among the jet-induced effects on these
three flow patterns. First, the jet effect on the fighter configuration
increases with increasing §; when §; <20 deg and almost keeps
constant at §; > 20 deg in the attached and stable vortex-controlled
flows, and the angle of attack « and freestream Mach number M,
have little effect on the interactions between the vectoring jet and
main flow in these flow patterns. Second, the jet effects on the
aerodynamic characteristics of fighter controlled by the bursted-
vortex flow are stronger than that in attached and stable vortex-
controlled flows. Moreover, the jet-induced effect changes with §;, o,
and M, obviously. The bursted vortices will be improved to some
extent due to the vectoring jet.

3) The jet-induced effect can even exceed the corresponding
values of direct thrust component and accounts for about 10 ~ 30%
of the total aerodynamic forces or moments acting on the model at
high angle of attack.

4) The deflection angle of vectoring jet J; is the main parameter
influencing the interaction behaviors between the vectoring jet and

main flow around the fighter configuration. The angle of attack « and
freestream Mach number M, only determine the flow patterns
around the configuration.

5) A concept of effective angle of attack ' is introduced to discuss
the lift and pitching moment acting on the afterbody because the
forebody and after-fuselage have little effect and contribution to
them. But it failed to be applied to the drag because the after-fuselage
is the main contributor for the afterbody drag.
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