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Abstract: The direct force active control technology of direct gas composite is an important development
direction and key technology of precision guidance weapons, which provides an effective power for the
aircraft to carry out great manoeuvrability and agile flight. When the vehicle adopts direct force /
aerodynamic composite control, the aerodynamic characteristics and jet characteristics are no longer
independent of each other, but form a complex flow field structure, which strongly changes the
aerodynamic forces acting on the vehicle. This paper makes the design study of the aerodynamic
characteristics and jet characteristics of direct gas composite, establish the aerodynamic model and
direct force model that can accurately describe the side jet interference effect. Based on the WENO
method, this paper calculates the direct force jet through the grid generation and the setting of initial
field and boundary conditions, mainly analyses the operation of double jet at typical altitude and the
interaction between jets under different flight conditions or flight conditions. The effective conclusions
of the coupling effect of aerodynamic characteristics and jet characteristics under some typical
conditions are obtained, which provides a research basis for the analysis of the interaction between
multiple jets of direct force aircraft with jet control mode.
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1. Introduction

The direct force active control technology of direct gas composite is an important development
direction and key technology of precision-guided weapons, which provides an effective power for the
aircraft to conduct large motor and agile flight[1-3]. In order to make up for the lack of aerodynamic
force, enhance the mobility of the aircraft and improve the hit accuracy, it need to use thrust vector or
lateral jet to produce lateral force for auxiliary control. Lateral jets directly generate a lateral force, There
are many advantages: (1) its control is faster than the air rudder control response, Very beneficial to the
direct collision kinetic energy killing target. (2) Can avoid the ablation effect of pneumatic heating on
the components under hypersonic flight conditions. (3) At low speeds and high low density, Control
efficiency of the aecrodynamic steering surface decreases, And the direct lateral force can play a better
control role. (4) For flying vehicle weapons with rocket engines, In the near-target phase, The main
engine has often stopped working, At this time, the large motor flight of the aircraft can provide sufficient
lateral force through the lateral jet, Generate sufficient lateral overload or establish a larger angle of
attack[3-5].

Generally, in outer space or extreme altitude, because the air is very thin, the force of the jet is
basically the thrust of the jet; but in the atmosphere, the jet interferes strongly with the orbit of the aircraft,
and the actual control force may deviate far from the jet thrust. For example, lateral jet provides lateral
force, not only jet itself thrust, and because jet and bypass interference, will cause additional lateral force
and pressure change, so deeply explore the control mechanism of lateral jet acrodynamic interference
flow field and simulate the interference flow field, give the aircraft surface pressure distribution and its
response is the basis of a new generation of direct lateral force control model, for the control of the
aircraft and jet mechanism design is necessary[6,7]. Direct force control, as an active control technology,
has important applications in post-launch turning and dealing against high-speed intelligent motor escape
targets. The high-precision guidance and even the direct collision effect achieved by using the direct
force active control technology is of great significance to improve the combat effectiveness of the vehicle
weapon system[8,9].

When the vehicle adopts the direct force / aerodynamic composite control, the lateral jet of the direct
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force device interacts with the bullet body winding flow, forming a complex flow field structure, so that
the aecrodynamic force acting on the vehicle is strongly changed. The side jet interference effect is closely
related to the jet parameters, the incoming flow parameters and the aircraft appearance parameters, which
makes the aircraft aerodynamic characteristics show strong coupling and nonlinear characteristics, which
seriously affects the composite control quality [10,11].Therefore, in the design study of introducing the
direct force composite control system, the aecrodynamic characteristics and the jet characteristics in the
case of the direct gas composite must be fully studied and understood, in order to establish the
aerodynamic model and the direct force model that can accurately describe the side jet interference effect.
The interference flow field of jet and ultrasonic flow is very complicated. High-precision numerical
method is used to simulate the interference flow of aircraft under different flight conditions, which can
obtain relatively reasonable results, which are mostly found in previous research [12-13].From the
existing calculation results, the numerical calculation methods can more accurately simulate the complex
flow [14] of the jet and the vehicle winding flow interference in the atmosphere. However, in general,
the previous research work is not detailed and in-depth enough, so a more detailed discussion must be
conducted to provide an analysis basis for the aircraft lateral jet control.

Using high precision numerical method to simulate the interference flow of aircraft under different
flight conditions. Computational format and computing grid are always very important research content
and the basis of computational fluid dynamics. With the development of computational fluid mechanics,
the computational format and computational grid are increasingly demanding, but also greatly promote
the rapid development of computational format and computational grid. The use of higher-order
numerical formats and adaptive grid techniques are two effective ways to improve numerical
accuracy[15]. Based on the high-precision numerical simulation in the field, the results of direct force
jets, the interference between multiple jets.

2. Numerical Calculation Method

When the jet interacts with the ultrasonic vehicle winding flow, it not only forms complex shock
systems, but also has separation and vortex motion in the flow. Therefore, the compressible N-S equations
as well as high-resolution numerical methods must be simulated.

2.1. The Average N-S Equation

2.1.1. The Average N-S Equation in the Cartesian Frame

The N-S equations are universal equations describing the fluid motion of Newtonian continuum fluids,
suitable for both laminar or turbulent flows. However, under the current computational conditions, it is
unrealistic to solve the N-S equation directly. For the compressible turbulence problem, if the Reynolds
time-averaging method is used, the resulting time-averaging N-S equation system is too complex to
model, so the time-averaging treatment adopts the proposed mass-weighted averaging method[16,17].

Suppose that the flow meets the following conditions:
a) The fluid is a Newtonian fluid;

b) The fluid is isotropic;

¢) Ignoring the total physical impact;

d) There is no heat source in the flow field.

Thus, the unsteady mean N-S equations in Cartesian coordinates O(x, y, z) in conserved form is:

oU ,OE OF oG _0E, OF, &G,

et —t—t+— 1)
o0 ox oy o0z Ox Oy Oz

Where U is the field variable, E, F, G are the inviscid flux, and E,, F,, G, are the viscous flux. The
expression of each variable is as follows:
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Here, [ is the density, p is the pressure, e is the total energy, and u,v,w are the mass weighted
average velocity components in the x,y,z directions, respectively.

The expression of viscous stress and heat transfer is:
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In order to close the equations, the equation of state is also required. After time homogenization, the
state equation is:

2 2 2
p:(}/_l{e_p$_ka o

2.1.2. Dimensionless of Equations

The dimensionless basic equations can make the calculation results more universal and can avoid the
calculation error caused by the large difference of the magnitude of physical quantities. The reference
scale used for dimensionless is determined according to the specific problem.

For the problem of jet interference flow field of aircraft, the diameter of aircraft is selected as the
space reference scale, and other physical quantities take the physical quantity of free flow as the reference
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quantity. The dimensionless process is as follows:

— u _ _ w
FoX yod s Z gt g5l o
D D D D aoo aw aOO
—_ P x_T __p __H
p:_:T :_9p: 2 9/’l:_ (5)
P T, pa, Moy

Where the subscript "00" indicates free flow, a is the sound velocity, and D is the diameter of the
aircraft.

For simplicity, the superscript "-" is omitted, and the dimensionless equations are as follows:

oU ©OE OoF oG 4[CE, OF, 0G,
—+—+—+—=Re, + + (6)
ot ox oy Oz ox oy Oz
The Reynolds number
Re, = L=4=D )

mainly depends on the flight altitude of the aircraft.
2.1.3. Average N-S Equations in General Curvilinear Coordinate System

When using the difference method to solve the N-S equations, if it is discretized directly in the
rectangular coordinate system, the boundary conditions need to be interpolated for approximate treatment,
which inevitably leads to boundary error and reduces the accuracy of numerical solution. In addition, in
order to ensure the numerical resolution of some key areas, local grid treatment is required. Therefore,
when simulating the flow of complex geometric shapes, in order to accurately deal with the complex
boundary conditions, a curvilinear coordinate system suitable for the boundary of the physical solution
domain is introduced. The coordinate plane in this coordinate system coincides with the boundary of the
physical solution domain, which is called the body fitted coordinate system, and then transformed to the
calculation domain through coordinates. The calculation grid in the physical domain is curve or surface,
while in the calculation domain it is straight line or plane.

Let the spatial coordinate system (5’ n, g) change with time #, and the new time coordinate 7 is
simply equal to the original time coordinate ¢, that is

‘f :f(x’yazat)
77:

T](X, y, Z,t) (8)
¢ =¢(x,,2,1)
r=t

Generally, the analytical formula of the above transformation is not known, but the numerical
relationship between them is known, that is, the x, y, z coordinates of grid points are known, and the
transformation amount of each coordinate can be calculated through finite difference:

S = J(ynzg 4V ), &y = J(an; _xnzq)» c. = J(xny; Ve )»
1, :J(Z§y§ _yézé)’ my :J(’%Z; _Zg“x;l - :J(yé)% —xfygl ©)
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J is the transformed Jacobian determinant.

Therefore, in the body fitted coordinate system 0(5’ , él) , the conservation form of the average N-
S equations is:
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The inverter speeds U, V, W are respectively
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The sticky term can be written in the following form:
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2.2. Turbulence Model

The turbulence model adopts the low Reynolds number k — & model. In the model k—¢& , two
transport equations including turbulent kinetic energy & and its dissipation rate £ are included. The eddy
viscosity coefficient z¢, is defined by these two equations, and the Reynolds stress is related to the eddy

viscosity. According to Boussinesq's hypothesis, Reynolds stress tensor is expressed as follows:

ivj

_ou, +6L7j 2 ou, (13)

i
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Where, ¢, is the eddy viscosity coefficient, u,, u are the average value and pulsation value

respectively.

Therefore, the transport equation can be modeled as k , &

D) (pro), + i), +(dis), (15)
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The modeling of each item is as follows:
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(dis‘)s = CaZfZ (dls)k %

C,=144,C,=192,0,=1.0,0,=13

In the above formula, f ., f1,f, is a modular function reflecting the effect of low Reynolds

number, which is specifically expressed as:

f, =[1=exp(-0.0165R, )} (1+20.5/R,) (17)
£, =1+(0.05/1,) (18)
f,=1-exp-R?) (19)

Where, R, = ok [ R, = pFy/u
2.3. WENO Scheme

ENO scheme is a series of methods based on Godunov scheme. Compared with TVD scheme, it can
still maintain accuracy at the discontinuity and avoid the smoothing of inherent physical oscillation by
the dissipation introduced by TVD scheme to ensure the minimum total variation. However, the
polynomial construction process of ENO format is complex, and the selection of interpolation template
needs a lot of logical judgment, which hinders the improvement of calculation speed. In addition, ENO
format does not make full use of the information of all nodes, resulting in a certain waste. Based on the
above reasons, an improved form of ENO format was proposed, which is called weighted ENO format
(WENO). This improved form not only eliminates the cumbersome shortcomings of ENO, but also
improves the accuracy. The WENO method is illustrated by a one-dimensional scalar system.

For equation

u, + f(u), =0 (20)

If the space is discretized evenly, remember X ; = ]Ax . Then the spatial difference in X ; can be

expressed as

Lz_i;@%ﬁ_ﬁw) @h

Where ]7j+1/2 and ]7#1/2 are numerical fluxes. And if the sum ]7#1/2 is the positive ]71.11/2 and
negative 17/11 5, flux, then there is
fj+1/2 = f/:—l/Z + fi:—l/Z (22)
The form of numerical flux ]7;1 B is given below, which 171.11 , can be written symmetrically.
~ 2 7 .. 11 ., 1 .. 5 2
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Among them
o, =———, k=012 (24)
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€ is a small amount, and
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The above formula is the smoothness measure of the interpolation template. By measuring the
smoothness of each interpolation template, its weight coefficient is given, and then the interpolation
polynomial of numerical flux is formed.

2.4. Time Dispersion

The time difference adopts the Runge-Kutta method in the form of third-order TVD . For partial
differential equations

du
dt

The Runge-Kutta scheme with third-order accuracy is

L(u) ,where L(u) is the spatial differential operator (26)

ul) =" +AtL(u")

@ =3 Lo (o) (27)
4 4 4

= 1u" +gu(2) +gAtL(u(2))

3003 3

n+l

3. Grid Generation

Grid generation was algebraic methods. First, give the grid distribution on the boundary, and then
select the appropriate interpolation function to generate the middle grid through the corresponding
boundary point interpolation.

Let node A, and B be the two corresponding nodes on the boundary, and take the polynomial
interpolation function of the A to B grid line as

. ~ g2 | = g3
F=dy+a,g+a,6 +axe (28)
Among them, 7 is the node position vector, a,, a,, a,, da,isthe parameter to be determined.

Let{ =0 then7 =7, ,Leté =1 then 7, = F, ,substitute into formula (28)

d,=F, Gy+a +ad,+ad,=F, (29)
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Seek the derivative for the formula (28)

2_; =G, +28,5 +30,8 (30)

. . . - or . L o
According to the geometric meaning of the derivative, 8_ is the tangent direction on the grid line

AB, Let& =0 ,then é =i, Leté =1, theng—r =n,.here 7,, 7, isthe given value.

a =rin, a, +2a,+3a,=ri, €3]

Solve the algebraic equations (29) ~ (31)

a,=r

a=n, a,=3r,—r)—(nz+2n,)

N

(32)

ay =i+, =27 = F,)
In this way, & =i/ N, (i=0,1,...,N) , N is the number of nodes, and the grid distribution between

A and B can be obtained. When 7i,, 7, is the normal direction of the boundary on node A and B, the
grid line is orthogonal to the boundary at point A and B. Moreover, the density of the grid near points A

and B can be controlled by the size of7i,, 7, the mode |ﬁA , |ﬁB| .The grid |ﬁA | near point A is

dense and sparse when |ﬁ 4 | large.

For the interference flow using the N-S equation, not only to encrypt the grid near the material surface,
but also to encrypt the grid near the jet because the main characteristics of the flow are concentrated near
the jet.

The aircraft is generally an elongated body, and the mechanism study is usually used to calculate the
outflow, and the flow field calculation with the actual wing / rudder shape. The spin shape is used to
calculate the upper and lower jets (allowing the angle of attack), because only the angle of attack changes,
so the flow is symmetrical, can only calculate the half, and because regardless of the wing and rudder
surface, the number of peripheral grids can be relatively less. Because of the presence of the wing, the
grid encryption needs to be performed near the surface of the wing. In addition, the jet is located between
the wing, so the grid encryption process is also required in the location of the jet. The number of grids
calculated by the flow field is125x31x50 (axial / peripheral / vertical wall direction), and the grid is
encrypted locally in the jet, as shown in Figure 1.
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Figure 1: Shape of spin body and grid setting of aircraft
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4. Initial field and boundary conditions
4.1. Initial Field
In principle, the calculation of steady flow field does not depend on the setting of initial field, but the
initial field will affect the convergence process. In the calculation process, the uniform flow is taken as

the initial field. Since the flow state is dimensionless in the calculation, the uniform initial field is given
as follows:

p,=L==1
P . 33)
7=Ye_py Ve (
a, .|
_ _p, _1
Copal oy

w +v+w’
p=ly-1fe- I
The initial energy e can pass through the equation of state , in the above

formula, M is the Mach number.
4.2. Boundary Conditions

The boundary conditions include object surface boundary, symmetric boundary (including geometric
symmetry axis), far field incoming flow boundary, outlet boundary, and jet flow boundary for jet flow
calculation. In fact, in order to describe the flow interacting with the jet and the flow around it more
closely, the internal flow field of the jet engine and the external mixed flow field should be coupled to
solve the problem, but this will greatly increase the complexity and solving time of the solution, such as
the need to partition calculation, and solve the problem of grid nesting. In addition, when discussing jet
response, we should also establish a jet start-up model to study the impact of jet start-up process.

Because the size of the jet outlet is relatively small, only a few hundred square millimeters in the
current design state, and the boundary size is far smaller than the scale of the calculation area, the flow
at the jet outlet can be approximately considered to be uniform, and the jet boundary is given by one-
dimensional isentropic flow analysis. This simplification can grasp the main contradiction and reflect the
main problems, which is reasonable.

4.2.1. The Surface Boundary
The viscous fluid meets the condition of no slip on the object surface, that is, the velocity on the

object surface is zero:

V,=0 (34)

The pressure perpendicular to the direction of the object plane adopts zero gradient condition:

> _, (35)
o¢
4.2.2. Symmetric Boundary
Symmetric boundary exists in symmetric flow, then only half of the flow can be calculated, and the

symmetrical surface is taken as the symmetric boundary. On the plane of symmetry n=0 , the following
relation holds:

y=0 dopuw) (36)
on

That is, the velocity perpendicular to the plane of symmetry is zero, and the gradient of density,
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pressure and velocity components perpendicular to the plane of symmetry is zero.

In the calculation, the cross sections of the symmetric surfaces j=1 and j=NJ can be expressed by
second-order unilateral difference:

4(pap7uaw)j=2 —(p,p,u,W)j=3
3

Because the O-C grid is generated, there is a geometric axis of symmetry in the warhead, where

(p.pou,w), ., = (37)

=0 (I=1). The Jacobian determinant of the coordinate variation at the axis is singular, so special
treatment must be made for the axis boundary. Here, a very simple method is adopted, that is, the physical
quantity at the axis is obtained by interpolation of the average value of the surrounding physical quantities,
which can be either first-order interpolation or second-order interpolation. Practice shows that, usually
take the first order of interpolation:

(o, pou,w)_, = (o, pou,w),_, (38)

4.2.3. The Far Field Boundary

For incoming flow boundary, flow parameter is set as free incoming flow value, i.e:
(o.u,v,w,e), = (p,u,v,w,e), (39)

4.2.4. Outlet boundary

The outflow boundary is a fully developed boundary, all physical quantities are linear extrapolation,
(IO’ u,v,w, e)imax = 2(p’ u,v,w, e)imaxfl - (p’ u,v,w, e)imax—Z (40)

4.2.5. Jet boundary

As mentioned above, jet flow is given in the form of boundary conditions. Since the spatial scale of
jet flow relative to the overall flow is very small, it can be approximately calculated by one-dimensional
isentropic flow method.

According to the aircraft control, the thrust of the jet should produce an acceleration of about 8g, for
example. Considering the mass m=70kg of the aircraft in the passive flight section, the thrust of the jet
flow

F

Jet

=ma=70x8g ~ 5500N (41)

Here, it is assumed that the amplification factor of jet thrust is 1, that is, the thrust of jet engine is
equal to 5500N.For solid engines, the flow parameters of each section of the engine nozzle can be
determined after the thrust requirements are given and the combustor pressure and propellant are selected.
Take the Russia 9M9I6E2 as an example, its lateral jet control engine, the corresponding combustion
chamber pressure of the solid engine is:

P. =14MPa (42)

According to the formula for one-dimensional isentropic flow:

. —
- - P - = - 2(7-1)
5:(1+L1M2j 5:(1+L1M2]‘ 1&=[1+L1M2jﬂi=i L[1+L1M2j v

and
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me* m
A = — =
‘=7p P, oA

c tet

F . =mv,+p,A

>+ vac

(44)

e

After the total pressure, flow rate, characteristic velocity and specific heat ratio of gas are given, flow
parameters and thrust force at any section of nozzle can be determined. The jet outlet section is specified

by the outlet Mach number. So in this formula up here, A represents the nozzle cross-sectional area, m
is the flow rate, c* is the characteristic velocity, a is the speed of sound, M is the Mach number, F is the
thrust; subscript "0" indicates stagnation parameters, subscript "t" indicates nozzle throat section,
subscript "e" indicates outlet section, and "vac" indicates vacuum.

Flow parameters are given according to height according to international standard atmosphere table.
After selecting some parameters of hydroxybutyrate propellant and calculating the parameters of jet
outlet, the dimensionless jet boundary value needed in the calculation can be obtained.

The jet boundary parameters obtained for single jet flow, and for double jet flow, because the chamber
pressure of solid engine is known, can be simplified as:

4

t

p= (Ab ap,c *] (45)

It is assumed that a propellant with a pressure index of 0 is taken, then the chamber pressure is
inversely proportional to the throat area for a given jet mechanism design. With two jets open, the throat
area is twice as large, so the chamber pressure is reduced by half.

5. Calculation Results and Analysis
5.1. Upper and Lower Jet Flow Conditions

Take the flight altitude of 6km and the speed Ma=2 as the flight condition. It is assumed that the
chamber pressure is 14MPa for single jet flow and 7MPa for opposite double jet flow. When the Mach

number at the jet outlet is Ma=1.0, the boundary conditions of single and double jets are shown in Table
1:

Table 1: Boundary conditions for single and double jets

0 pv P Thrust (N)

Single jet 14.054 44.68 120376  5486.6

Double jet 7.027 22.34 60.188 2735.8

In the case of the opposite jet flow, it is obvious that the flow is symmetric under the condition of
zero angle of attack, and the jet flow on both sides of the aircraft can achieve the balance of the lateral
force. However, the jet flow on both sides may not achieve the balance under the condition of the angle
of attack. Therefore, the case that the angle of attack is 10 degrees (jet flow is upper and lower side) is
calculated. As the flow field is symmetrical, a half field is calculated, and the number of grids is
125%31x50 (along the axial direction, circumferential direction and perpendicular to the projectile body
direction respectively).

Figures 2, 3 and 4 respectively show the Mach number, pressure and density distribution under the
condition of upstream and downstream opposable jet flow. Obviously, the effect of angle of attack is very
obvious, and jet flow on the windward side is blown towards the projectile by incoming flow. As can be
seen from the Mach number distribution in Figure 2, the barrel shaped shock wave formed by the jet is
obviously tilted on the windward side of the projectile body, and the shock wave on the windward side
is slightly stronger, while the low-pressure region downstream of the jet is larger (See Figure 3). It follows
that the asymmetry of the jet stream is responsible for the downward force.

Figure 5 shows the change of the pressure iso-surface under the condition of 10 degrees angle of
attack, from which the interference and asymmetry of the two jets can be clearly seen. The low-pressure
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area bends to the windward side, resulting in the effective force of the leeward jet is greater than that of
the windward jet.

Table 2 compares the stress of the projectile body when there is no jet flow and when there is upside-
down opposite jet flow. The asymmetry of jet flow does not have much effect on the axial force, but it is
obvious that their combined action produces a downward resultant force of 3729-2381 = 1348N.

Table 2: Stress of projectile body without jet flow and opposite jet flow

Fx (N) Fy (N)
No flow 0.2625830E+04 0.3729046E+04
The lateral jet flow 0.2659668E-+04 0.2381162E+04

Figure 4: Density distribution on symmetry plane  Figure 5: Isometric pressure changes

5.2. Right Angle Jet Flow Condition

Table 3 shows the stress of the projectile body under the condition of right-angle jet flow. In the case
of single jet flow, the amplification factor under the same conditions is calculated to be about 0.8, but in
the case of double jet flow, it can be seen that the amplification factor of jet flow is 1.12. Obviously, this
difference is very large and must be taken into account in practical application. Analyzing the reason, it
should be caused by the interference between the two jets.

Table 3: Stress of projectile body under right-angle jet flow condition

Fy (N) Resultant force
Single jet thrust -2735.8 -3869.0
Latera Iforce calculation value  -3065.8 -4335.7
Amplification factor 1.12

Figure 6 shows the change of pressure on the cross section near the axial jet of a right-angled twin
jet, from which the interference between jets can be seen.
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Figure 6: Pressure distribution in axial cross section of projectile body(a=0)

Figure 7: Pressure distribution in axial cross section of projectile body(a=10)

Figure 7 shows the pressure distribution along axial cross sections at 10-degree angle of attack, which
can be compared with Figure 6 at 0-degree angle of attack (the positions of all sections are the same).
Also, we find that the high-pressure area on the leeward side is stronger.

6. Conclusion

Based on the lateral jet flow and vehicle flow around more interference flow field for research object,
using the method of three order WENO, through the grid generation and initial and boundary conditions
are set, the direct power flow calculation, analyzed the aircraft under the typical high double workflow,
and the different flight conditions or flight condition on the interaction between jets, etc. The main
conclusions are as follows:

(1) Due to the asymmetry of the flow field, the force of the opposite jet flow under the condition of
the Angle of attack cannot be offset. The additional force on the windward side of the projectile caused
by interference is smaller than that on the leeward side.

(2) Under the action of two jets at right angles, the interference between the two jets will enhance the
effect of the jet, and the equivalent amplification factor of the single jet increases.

(3) Because of the mutual interference between multiple jets, for the aircraft controlled by lateral jets,
in the process of control system design, the force of the aircraft must be considered comprehensively
according to the specific flight conditions, and the results of single jet cannot be simply extrapolated.
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