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OSCILLATORY SUBSONIC POTENTIAL FLOWS AROUND THREE-DIMENSIONAL
BODIES AND ITS APPLICATION TO THE CALCULATION OF DYNAMIC
STABILITY DERIVATIVES OF THE AIRCRAFT

Liu Qiangang, Wu Changlin and Jian Then
(Northwestern Polytechnical University)

Abstract

This article introduces a unified method for processing
the oscillatory subsonic potential flows around three-dimen-
sional bodies of various configurations. The major feature of
this method is the employment of the finite element method
to directly explain the use of the integro-differential
equation for the velocity potential on the surface of the body
derived from the Green theorem to obtain the velocity poten-
tial distribution on the surface of the body. Later, we further
used the finite difference method for the differential of the
velocity potential so as to obtain the pressure distribution
on the surface of the body.

Due to the fact that theoretically this method is rela-
tively stringent, when used for the calculation of flows
around bodies with complex configurations the obtained results
were relatively accurate. Because of this, in the last several
years its application has become more and more widespread
abroad. Similar basic equations from related reference [3]
were utilized, yet there were dissimilarities in the calcula-
tion of the aerodynamic influence coefficient. This article
also applies this method for the calculation of dynamic sta-
bility derivatives of the aircraft and the obtained results
are in agreement with the experimental results.
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I. Perturbation Velocity Potential and Boundary Conditions

L If we take a right angle coordinate system such as the
j i one shown in fig. 1 (in thefigure the OX axis direction is
identical to the undisturbed air flow speed of the y direc-
tion) under small perturbation, there is the following per-
turbation velocity potential equation:

i o z
: Fig. 1,

3 > a’«v 1 do a"") 1
| —f,?;- o* (U’ U )= 0 (1)

{ In the formula,?’is the perturbation velocity potential, Coo
is the speed of sound in the undisturbed air flow and t is
the time.

If we can use the following equation to show the surface
of the body:

» ' s(x,y,2,t)=0 (2)

- then the boundary conditions of the surface of the body is:
- P _ Vs L (s L e 5

1 L R — -lv‘lVQ’ UlVd(éf +U ax) (3)

In the formula, n is the outer normal line of the s.

- The following transformation is carried out for the var-
J iables x,y,z,t and velocity potential 9:

E X=x/BL, Y=¥/L, Z=2/L

(4)
Bi/L, b=9/UL

In the formula, B=7%M§;ﬂu is the Mach number of the undis-
turbed air flow and L is the characteristic length of the body.




By applying the Green function method for the subsonic
perturbation flow we obtained the following formula:

wEe(r, Ty==ff{ 5] Fasefflear J(5)-[5F) 7 v es:
S S»
+ff{ corsi(3)-GF) & wes (5)
Sw

In the formula, SB and Sw separately indicate the surface of
the body and the vortex surface of the body's trailing edge:
AP is the difference of the velocity potential on the top and
bottom of the vortex surface; p(X,Y,2) are points in the flow
field: q(xl’Yl'Zl) are points on the surface of the body or
vortex surface; Xl,Yl,Z1 are integral variables; N,, is the
outer normal line of point g; R is the distance between two

points of p and q.

R=y X=XV +(¥,—Y)+(Z,-2Z)* (6)

r is the required time that the perturbation is emitted from
point g and is transmitted to point p.

* = R+Mo(X,~X) ' )

When the functions indicated in the brackets takes T1=T—T? E
B,E=l/2. When

point p is outside SB and not above sw then E=1.

is the parameter and when point p is above S

When point p is above S, formula (5) takes ¢ as the
integro-differential equation of the unknown function. It can
be used to calculate the velocity potential distribution of
the surface of the body.

It is worthy to note that in formula (5) the velocity
potential difference A¢ on the top and bottom of the vortex
surface is actually not another unknown quantity. It can be
determined by the difference on the top and bottom of the




trailing edge of the surface of the body:

Ad(a, TQ,-A#(Q,., Tl""’l) ) (8) ‘

In the formula, Apg and g separately indicate points on the

trailing edge of the surface of the body and the vortex sur-
face. Moreover, when they are on the same vortex line:; MY,

is the required time of tﬁe vortex point flowing from point

ArE to point q:
By =P X, = X2s)/Ma (9)

In the formula, XTE is the X coordinate of point drp

The above integro-differential equation can use the finite
element method to seek a soclution. In order tc solve this
equation, we divided the surface of the body into N_ quadri-
lateral elements and took the [—‘;%7 [¢)' (&)r in each of

h/ » ) 3T

the elements to be constants and be equal to their values
in the figure centers of each of the elements. At the same
time, all of the vortex lines are divided on the vortex surface
and each of the vortex lines and series of elements on the sur-
face of the body are joined. The length of the vortex line can
take any effective length€§7 Each vortex line is further div-
ided into many quadrilateral elements and the value of

CA#QP) Efg? in each element are also assumed to be constants
and be equal to their values in the figure centers of each of
the elements. At the same time, we also considered the Kutta
conditions and the trailing edge's A% of the surface of the
body could be considered to be approximately equal to the 4&4
value of the trailing edge's joined element figure centers.
Therefore, formula (8) can be written as:

ADy(T —tia) = EKM‘bi(T - Ti—Ha) o)
1

In the formula, i and j=1 and 2--*N_ is the serial number of the
element on the surface of the body; h=1 and 2---Nw is the




serial number of the element on the vortex surface (Nw is the
is the coeffi-
cient, and when the element j is joined with the trailing

total of elements on the vortex surface):; K

jh

edge of the surface of the body and the element h is on the
trailing edge vortex line of the element j, th=t1 {when the

. element j is on the top surface it takes a "4" and when on
the bottom surface it takes a "-") otherwise th=07 4¢
\ indicates the A4® of the h element's figure center on the

vortex surfaceriﬁ indicates the ¢ of the j element's figure
center on the surface of the body: T, is the time required for
the perturbation to be transmitted from the h element's
figure center on the vortex surface to the i element's figure
center on the surface of the body;ﬁﬁ‘is the time required for
the vortex point to flow from the%pg point to the h elements
figure center. In considering the use of the above approxima-
tion, when calculating My the trailing edge's coordinate XTE

of the surface of the body and the trailing edge's joined X

coordinates of the surface body element fiqure center can

substitute so that the y, in formula (10) can be written as:
=P X4~ X)) /Ma ay

In the formula, xh and Xj separately indicate the h element
on the vortex surface and the X coordinate of the j element
figure center on the surface of the body.

After undergoing the above process, when the p point was

on the SB, formula (5) changed into a constant differential

equation with a constant coefficient and linear time dif-
ference variable:
$:(T)= N bidf* (T =)+ D Cubl(T =)+ Y Disos(T ~ )
] J i

+ Z ZK;ACM(T—M""%)
J A

+ Z ;K,.D:J:(T-fu—l’m) i=1, 2N, (12)

)

"
!
§
i




. e = e

In the formulafzﬁ is the time required for the perturbation
to be transmittd from the j element's figure center of the sur-
face of the body to the i element's figure center: 45-= 24 ). ,

¢1”) 3" L C C} b, are the aerodynamic influenc:r
J — U ) ’J ) ’J ) ] ) ‘ y
coeff1c1ents.

by= =5 ff—=dsu
Sy
i ]
Cu- -Z_Ii—!.[ﬁ(%)d S., o
Drs=~= ﬂ + N4Sy
Ca= 2x ﬂ. TN,( )dS.'.

m='- j]- R aN dsw. (13)

S'.

In the formula, SBj indicates the surface of the j element on
the surface of the body: Swh indicates the surface of the h
element on the vortex surface: bij and Ci' can use analytic
formula calculation - the formula for calculating Cih is the
same as for Cih only it is necessary to change the j into an
h in the formula. For approximate calculation, we could also
use Dlj ijcif and D1h 1hcih2 In these formulas Rij and th
are separately the j element on the surface of the body and
distance from the h element's figure center on the vortex
surface to the i element's figure center on the surface of
the body.

Equation (12) can be used to calculate the indeterminate
constant flow around bodies.

II. Caégulation Formula for Harmonic Oscillatory Flows Around
Bodies

CNT AT P AP SR 1o

L



When a body revolves around its fixed constant reference
state and creates harmonic oscillation, its additional per-
turbation velocity potential can be shown as:

b(X, ¥V, 2, T)=4(X, ¥, Z)eoF*¥an) (CEY)

In the formula:

Q=0>L/a.l_3=-KM./B . (15)

In this formula, @ is the oscillation frequency; K is the con-
version frequency:; andf) is the conversion frequency computed
in the compressibility effect.

After the surface of the body is divided into a finite

element, formula (14) can be written as:

&i(T) =T H=rP (16)
When formula (16 is substituted into formula (12), after arrange-
ment, we obtained:

Sty — Cri—Waid {&s = (b (65™) an
In the formula, 8 ij is the Kronecker function, when iXj
thenSij=O , and when i=j then &ij=1.

Cu=eRi(1 +:iQR;NCy (18)

bei=e"19Riihy, A 19)

W= Z K e X xw X atin 8 (1 +3iQRu)Cu (20)
h

When the body creates harmonic oscillation, the equation
for the surface of the body can be written as:

8(X9 Y’ z’ T)=Z_z-.l(X9 Y);‘E(X, Y)elﬂr (21)

In the formula, "-" corresponds to the upper surface: “¥" cor-
responds to the lower surface:; footnote U indicates the upper




surface, | indicates the lower surface, and 2 (x, y)is the
model of vibration. Therefore, the boundary condition of the
oscillitory flow around the surface of the body can be
written as:

, a(m =Nz<fK‘2'+ __é_ _}j%_)e-mu_x (22)

In the formula, NZ is the cosine of the constant reference
state of the outer normal line N on the surface of the body
and the 02 axis included angle.

In general, for indeterminate motion, the pressure coef-
ficient can be calculated according to the following formula:

B b 1 b (22)
Co=- Z(M °T ¥B X

and for the harmonic oscillatory flow around the body:
C,=Cpe'T 24

From formulas (23), (24) and (14) we obtained:

a

-9 (reiKxiB (25;
o (& )

~ 2
Co=— B g *hx

When calculating the numerical value, the finite differ-
ence method could be used for the differential in the above

formula.

After ascertaining the geometric parameters of the surface
of the body and the boundary conditions, we could explain

equation group (17) and obtain the $j value (j=1,2---N.)of
the NB dispersion points on the surface of the body. Further,

we could also obtain the pressure distribution from formula
(25).

III. Its Application to the Calculation of Dynamic Stability
Derivatives of the Aircraft

Equation (17) has been applied for the calculation of a

iy
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great many types of oscillatory flows around bodies. It can
be used to calculate aircraft fluttering, the effects of
gusts and the indeterminate aerodynamic forces when the air-
craft makes other various oscillatory movements. In this
section, we will present calculations for the pressure dis-
tribution and dynamic stability deri#atives when an aircraft
creates pitch oscillation as concrete applications of this
method.

If after the aircraft has perturbation at a certain equil-
ibrium and ths revolves around its center of gravity creating
pitch oscillation, its model of vibration can be indicated as:

E;=G.(X,—X)) B (26)

In the formula, X is the x coordinate of the aircraft's center
3
of gravity.

Based on the method introduced in the above section, we
can obtain, at this time, the variable pressure coefficient
Z}o of the aircraft's surface and carrying out the integral
of this variable pressure coefficient obtain:

&

l

@n
- (28)

T+

DU
-t

o

Ls

Al &l
o

2!

In the formula, letters R and I separately indicate the real
part and imaginary part. At this time, the aircraft's lift
and pitching-moment coefficient are separatetly!

CL=RL(C.e"") (29)

C=RL(C nt'"") (30)

In the formula, "RL" indicates the real part.

On the other hand, after the aircraft has perturbation
and creates pitch oscillation, its lift and pitching-moment

coefficient can be indicated as:




RS

A . S 2l i 4

: ) il
C.=CrLa+C 3 -%—)+C..‘.(‘9;,—) 6D
. - 'L
c_sc_.+c_='(3v£‘ ) +C.'.( ~!’;—) (2)
- al = g
In the formula, & = ) 6= %_/: .

In the above two formulas, the small amounts above the
second order are omitted.(S)

When the aircraft has pitch harmonic oscillation, the
increment of its attack angle and pitch angle is:

a = § =aRL(e™) (33)
From formulas (29)-(33) we obtain:

Cu=0,(CL. +iK(C.I+Ci3)) 4)
Cu=0(Caa+iK(Cui +Ca3)) (35)

In comparing the imaginary parts of formulas (27) and (34)
and formulas (28)and (35) we obtain:

- C' -
2= ok —C (36)
T Ce - C.3 7
C—."‘ I.K Cu' (3 )

Therefore, CLg and Cm; _can be obtained under fixed constant
hypothetical conditions,r The value of the dissimilar con-
version frequency times of CLz and sz can be obtained from

formulas (36) and (37).

Zﬁ. Calculation Examples
We applied the above method in a TQ-6 electron computer
at the Optical Machine Institute of the Chinese Academy of

10




Sciences in Xian for the calculation of aircraft wings,

ellipsoids, the left distribution of the pitch harmonic oscil-
lation created by a certain aircraft (aircraft wing, fuselage,
tail assembly) and the dynamic stability derivatives C,x and
Cmg of an aircraft. The results were as follows :
1. Aircraft Wings

The form of the plane's aircraft wing was rectangular, the
aspect ratio wasA =2, the relative thickness was ¢=0.001, it
revolved on a x=c¢/2 axis to create harmonic oscillation and
when in M, =0 and K=2 its lift distribution was as shown in

figure 2.

a9 ° 43 (1)
i-EEE[ < shima (2)

Fig. 2. The Lift Distribution of the Rectangular Wing Root
Chord Area When a Rotating x=¢/2 Axis Creates
Harmonic Oscillation

1. Results of this article's calculations
2. Reference work [2]

It can be seen from figure 2 that the results of this
article's calculations are identical to those of reference
work [2]. Because the divisions into pieces were relatively
few, the 1lift distribution of the trailing edge section near
the aircraft wing was not given accurate calculation values by
reference work [2]. They only used a curve to indicate its
distribution tendency. Yet, in this article, because we used
the already known conditions of the 4¢ value on the vortex
surface, although the division into pieces were few, accurate
calculation results were still obtained for the trailing edge

section near the aircraft wing.




2. Ellipsoids
The ratio of the major axis and minor axis of the ellip-
soid was 8. It revolved around the center to create pitch
harmonic oscillation. Its pressure distribution is shown in
chart 3.

o sppnw (1)
. A BYXRWQ  (2)

Chart 3 The Pressure Distribution When an a/b=8 Ellipsoid
Creates Pitch Harmonic Oscillation

1. Results of this article's calculations
2. Reference work [4]

In the chart, the results shown by the symbol "A " are
the analytically interpreted calculations obtained by refer-
ence work (4] based on Helmholtz's wave motion equation. It
can be seen from the chart that given the situation of few
divisions into pieces (only 54 pieces were divided on half
an ellipsoid), the results of this article's calculations
were still relatively the same as the analytical interpreta-
tions.

3. Aircraft Wings, Fuselage and Tail Assembly
Below we will give the test results of a certain aircraft
(aircraft wings, fuselage, tail assembly) when it uses dif-
ferent frequencies to revolve around its center of gravity
and create pitch harmonic oscillation. The outer geometrical

12




form of the aircraft is generally as is shown in figure 4.

| L

Fig. 4.

Strictly speaking, the dynamic stability derivative should
have the oscillation frequency be close to zero. Because of
this, we took a relatively small numerical value in the cal-
culation yet this did not cause any apparent calculation
errors in frequency when calculating the frequency. Fiqures
5,6 and 7 separately show the lift on certain sections of
the aircraft wings and tail surface, and the pressure distri-
bution on a certain meridian along the fuselage when the air-
craft used these frequencies to create pitch harmonic oscil-
lation.
"o AN

15 Me=0.6
K =0.605,0,01

10

0 0.5 1.0

olu
[ -]
(-]
o
-
-1
afx

@ ()

Fig. 5. The Lift Distribution on a Certain Section of the
Aircraft Wing When a Certain Aircraft Revolves
Around Its Center of Gravity and Creates Pitch
Harmonic Oscillation
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Mw=0.8 0.4 Mw=0.6
K =0.005,0.08

0 5.5 To=x O 0.5 1.0
(@) @ (]

X
o

Fig. 6. The Lift Distribution on a Certain Section of a Flat
Wing Wwhen a Certain Aircraft Revolves Around Its
Center of Gravity and Creates Pitch Harmonic
Oscillation

[} 8=15°
. Me=0.6
2 K=0.005,0.01

(a)

Fig. 7. The Pressure Distribution on a Certain Meridian Along i
the Fuselage When a Certain Aircraft Revolves Around ‘
Its Center of Gravity and Creates Pitch Harmonic
Oscillation

See table 1 for the calculation results of the aircraft's
Ca/% and dynamic stability derivative C,3 when M, =0.6.




K ! E.'./uo

0.005 . - 0.0545 -1.787

!
0.01 1 -0.109 -1.787

Table 1

- )
In the calculations, the aircraft's Ch,s Uses —9.119(1’.

It can be seen from table 1 that when Mach_ = 0.6, the air-
craft's Cm; can use - 1.787.

Therefore, in recently published works, we still have not
seen theoretical calculations or experiment results for the
indeterminate aerodynamic force of aircraft wings., fuselage.
and tail assembly. The above calculations in this article are
still not suitable material to offer for comparison. Yet, at
present, we already have test results for the dynamic stab-
ility derivatives of the aircraft. See table 2 for the dynamic
stability derivative test values of the aircraft when at
Mach_ = 0.6.

: CI": l C-;

(1)xna } - 1.864 - 9.529

(2)tna -1.787 -9.119
Table 2

l. Test value
2. Calculated value

It can be seen from table 2 that the test values of the

15




aircraft'é dynamic stability derivatives are'quite close to
the calculated values of reference work (l1). This also ex-
plains in one sense, this article's calculated results of
the indeterminate aerodynamic force of the aircraft wings,
fuselage and tail assembly.

i Conclusion

This article introduced a unified method for processing
the oscillatory subsonic potential flows around three dimen-
sional bodies of various configuration. It also presented
calculation results for the indeterminate aerodynamic force
and dynamic stability derivatives of a single wing, ellip-
soids, aircraft wings and tail assemblies when different
frequencies were used to create pitch harmonic oscillation.
Actual calculations showed that the application range of
this method is quite wide and can be used for the calculation
of the oscillatory flows around bodies of various different
and complex configurations. Moreover, the amount of calcula-
tion work is relatively small and the results are relatively
accurate. At present, then, this is a good method for cal-
culating oscillatory subsonic flows.
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OSCILLATORY SUBSONIC POTENTIAL FLOWS
AROUND THREE-DIMENSIONAL BODIES AND ITS
APPLICATION TO THE CALCULATION OF DYNAMIC
STABILITY DERIVATIVES OF THE AIRCRAFT

Liu Qiangang, Wu Changlin and Jian Zheng
(Northwesiern Polytechnical Universily)
Abstract

A general formulation for oscillatory subsonic potential flows around three-
dimensional bodies of various configuration and its application to the cal-
culation of dynamic stability derivatives of the aircraft are presented. By
applying the Green function method, we obtained an integro-differential equa—
tion relating the perturbation velocity pot;ntial to its normal derivatives on
the surface of the body. In order to solve this equation, the surface of the
body and its wave are divided into small quadrilateral elements. The unknown
¢ and its derivatives are assumed to be constant within each element. Thus the
integro—differential equation reduces to a set of differential-delay equations in
time. This set of equations can be used as the basis of a general method for
the fully unsteady flow calculation. For oscillatory subsonic potential flow, this
set of equations further reduces to & set of linear algebraic equations which is
solved numerically to yield the values of &; at the centroid of each element.
The pressure coefficient is evaluated by the finite difference method. The lift
and the moment coefficients are determined by numerical integration of the
pressure coefficient. The dynamic stability derivatives are obtained from the
imaginary parts of the lift and the moment coefficients.

The formulations in this paper are embedded into a general computer pro-
gram. Several typical numerical results have been obtained by means of this
program. Figure 2 shows the distribution of lift coefficient ¢, along the middle
section for a rectangular wing oscillating in pitch with A =2, ¥ =0.001, Mao=0,
K= 2 .The result is identical to the original calculation by Morino®®. Figure 3
shows the distribution of pressure coefficieat ¢, for a harmonically oscillating
spheroid vith—z—- 8, Ma=0.5, K= 2, The result is in good agreement
with the analytical solution of wave equation‘”.Figures5, 6, 7show the di-
stributions of lift coefficient T, at various stations of an aircraft (wing-body-
tail combination) oscillating in pitch with Ma=0.6, X =0.005,0.01, Table 2 shows

the dynamic stability derivatives C.i. Cai of the aircraft. The results are

in good agreement with the experimental data.

17a




DISTURBED SYMMETRICAL POTENTIAL FLOW AROUND AIRFOIL
by Ling Heyao

¥ AN INTERPOLATION MIXED DIFFERENTIAL METHOD FOR TRANSONIC LARGE

(Design Department of Hongan Aircraft Company)
Abstract

By extending an interpolation mixed differential methodl1]
- for transonic small disturbed steady potential flow to the tran-

sonic large disturbed steady potential flow, we proposed an
interpolation mixed differential method for solution of the ex-
act equation for transonic potential flows in the local speed
coordinate system. In numerical illustration of this method, the
pressure distributions of the double arc airfoil and NACAOOLS5
airfoil in symmetrical state are computed and compared with the
data of the experiments [2,3] and the results of the computa-

‘ tion for the double arc airfoil by the small disturbed mixed

. differential method. The results were close. The computations

] proved that the interpolation mixed differential scheme is 7

stable and convergent. This paper has solved the difficulty of

computing the Mach , number which near 1.

I. Preface

Since 1970 when Murman and Cole[4] proposed the use of an
interpolation mixed differential method for solving the tran-
sonic small disturbed potential flow equation, various different
methods have continued to appear for the solution of transonic 1
flow and development has been very fast. Beginning from the end

of 1973, using reference [4] as a basis, Professor Luo Shijun

further developed and extended the computation and application
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of transonic steady disturbed potential flow and obtained a
great many resultgl]. In order to extend the application range
of the mixed differential method, reference [6] extended the
mixed differential scheme for the transonic small disturbed
potential flow to the transonic large disturbed potential flow.
The revolving mixed differential scheme was proposed whereupon
computation results were obtained for the obtuse flow around
the body yet the amount of computation work was relatively
large. Because of this, this article proposes a new computation
method which is an interpolation mixed differential method for
the local speed coordinate system.

II. Speed Potential Equation in the Local Speed Coordinate
System

In a plane flow, the exact speed potential equation is:
(@ —u*) b,y + (a2 = v*) b,y — 240, = 0 (1)

In the formula, a indicates the speed of sound; u and v
separately indicate the speed component along the x and y
coordinate axes:; and é (x, y) indicates the speed potential.

In the son local speed coordinate system, s is the tangent
of the 0 point on the flow line and n is the normal line of the
0 point on the flow line (see fig. 1) . In the local speed
coordinate system, the local speed g is identical to the s axis.
Because of this, there is no division of speed in the n axis
direction.
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Fig. 1. The Local Speed Coordinate Svystem
Key: 1. Flow line
Based on this, when equation (1) is converted to the local speed

coordinate system, it possesses the following equation form:

(@*—q*)b,, +a*buu= 0 (2)
When the two sides of formula (2) are divided by az, we obtain:

(1 =MD, +bu=0  (3)

In the formula, M=q/a is the local Mach number.

Equation (3) is a non-linear partial differential equation.
Given that the l—M2 item can be positive,negative or zero, it
is also an equation which can be an equational form in a flow
line for an elliptical form, hyperbolic form or parabolic
form. Because of this, equation (3) is a mixed form and the
solution of the flow field is a mixed problem.

In the supersonic or sonic range, equation (3) is a hyper-
bolic form or parabolic form with an existing group of char-
acteristic lines. In the local coordinate system, the charact-
eristic line is symmetrical to the local speed axis and further-
more the characteristic line makes a local Mach angle 4 with

20




S T TEILT Tagle T

o PR T

the included angle of the local speed. Thus, the character-
istic line is exactly the local Mach angle. In the small dis-
turbed plane potential flow, the characteristic line is sym-
metrical to the basic coordinate axis, and the two situations of
the characteristic line equation forms in each coordinate
system are completely identical. Because of this, in the same
way we conclude that the stability of the differential scheme

in the small disturbed potential flow is appropriate for the
large disturbed plane potential flow in the local speed coordin-
ate systemn.

ITII. The Fitting and Interpolation of the Speed Potential
Surface

The speed potential surface in the binary flow is a complex
surface. It is necessary to use a single function to express
the formula exactly and this is actually impossible. We should
use, based on the network's nodal point distribution, any
"speed potential surface piece" to describe it. Within each
speed potential surface piece the smoothness requirements in
the speed potential curved surface piece should be guaranteed.
In this way, after joining with a suitable form of a speed
potential surface piece, nearly any form of speed potential
surface piece can express it and thus the required accuracy can
be attained.

Based on reference work [7], we can find the boundary line
for the ruled surface interpolation formula of the line. The
angular point of the already known ruled surface is 00,01,10,11
(see figure 2). We can form a set of boundary lines:

0n =000 01)( F,
[ ] (4)

F,
18 =(10 11][ F,

1 (5)
k)
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Fig. 2. The Position Information of the Ruled Surface Angular
Points

After attaining these two lines, the identical parameter
value n points on their surface are viewed as corresponding
points and lines are drawn in each of the pairs of correspond-
ing points in the same manner. When this type of line becomes
the m line on the ruled surface, we obtain the m line
formula:

(8)

ma=(F, FJo0n
]

When we make this type of m line the “generating line" and
the slip on the two "base lines" of formulas (4) and (5)
causes the n to change from 0 to 1, we obtain the total m line
of the ruled surface. This is also the scanning »f the entire
ruled surface. Thus, formula (6) is an equatica Z.r the ruied
surface.

Using formulas (4) and (5), we can write formula (6) as:

(mn) =(F, .FJ[ 00 01 ][ F, ] (1)
10 11 JLF,

The entire element in the divalent square matrix on the
right side of the formula is the constant vector and they are
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all position information of the angular points on the ruled
surface angular points. Therefore, this square matrix is

called the angular point information square matrix. The inform-
ation in the square matrix is easily provided by actual pro-

% blems and formula (7) is also convenient for numerical com-

: - putations.

2it3

Fig. 3. Double Cubic Surface
If the known surface boundary lines are cubic functions,
@ then they accordingly form a ruled surface equation which in
' turn can form a double cubic surface interpolation formula
"y (see fig. 3). Without undergoing deductions, an equation is
given similar to formula (7):

- (mm)=(F, F, Gy GJ 00 01 00, Ol F,
- 10 11 10, 1. F, (8)
1 : 00 0la 00,0 0la. G,
' 10.. 11- 10.- 11-- Gl

: ' Functions FOF Go and G, in formulas (7) and (8) are called

1 1
mixed functions[7]. The complete elements in the tetravalent
. square matrix of formula (8) are constant vectors. They are all
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position vector, tangent vector and torsional vector informa-
tion on the angular points.

The tangent vectors and torsional vectors on the surface's
(mn) four angular points can use the differential method com-
putation (see fig. 3). The tangent vector differential form-
ula on the ij nodal point is:

T e LY »
.. (i, §+1)~(i, i—1) 10
ijqm—t XTIy +0(A) (10)

/Lm and 4n are the nodal points of the two parametric change
directions.

The torsion vector differential formula on the ij nodal

point is:
ijonm 1 [(i+1, j—1)=(i—=1, j—=1)
= Am,y+ Ay Amy_y i+ Amy,y .
i+, j+1)=(Ci—1, j+1)]
Am'-hhl'*'Amhhl +o (A) (ll)

The tangent vectors and torsion vectors on the other three

angular points can be computed in a similar manner.

The differential formula for the tangent vector and torsion
vector on the boundary can be formed according to the imbed-
ding boundary condition and exterior extent topological methods
mentioned in reference [1l]. We will not go into greater detail
here.
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The interpolation accuracy of interpolation formula (8)
is higher than that of formula (7). Formula (7) only guarantees
the continuance of the positions on the adjacent surface
boundaries; the boundary slope is not continuous and shows a
surface bending:; the adjacent curved surface boundary line is
also not continuous in the tangent vector on the angular point
and shows a curved surface inflection thus forming a space
broken line. However, formula (8) not only guarantees the con-
tinuance of the position on the adjacent curved surface bound-
ary but also ensures the tangent vector continuance of the
boundary slope and boundary line on the angular points.

IV. The Differential Scheme and Boundary Conditions

The differential scheme explained by the mixed differen-
tial of a non-linear mixed partial differential equation must
be based on the flow field at subsonic, sonic and supersonic
speeds. Then equation (3) can separately choose the different
patterns of an ellipsoid, paraboloid and hyperbolic. In order
for the differential scheme of the linear hyperbolic type
equation to satisfy the Courant-Friedrichs-Lewy stability con-
ditions in the local speed coordinate system, the dependent
area of the difference equation must be greater than the
dependent area of the differential equation. If we use the
center difference on the n axis and use the upstream one side
difference on the s axis, then the dependent area of the
difference equation is necessarily greater than or equal to
the dependent area of the differential equation. Also, the
stability conditions are always satisfied. The perturbation in
the subsonic flow field can be disseminated in every direction
and conversely it is also dependent on the points all around
the flow field. Therefore, both the n axis and s axis use the
center difference scheme and are able to exactly describe the
physical characteristics of subsonic perturbation.
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Taking the ij nodal point as the basic point, they sep-

arately interpolate the step length on the local speed coord-
inate system as the corresponding speed potential values of

$ ‘pzl 4>3and ¢4ofA.

ll

The center difference form is used for the tangent flow
field (see fig. 4).

i il-'—z—g’-:ﬁil +0(AY) (12)

The upstream one side difference form is used for the inner
points of the supersonic tangent flow field (see chart 4).

¢,,=9i‘—:-§i:i‘£‘i+ 0(a) (13)

The center difference form is always used for the normal
flow field (see fig. 4).

¢'.— &!—ZZ:,"*"bd +0 (A’) (14)
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Fig. 4. The Difference Scheme for the Inner Points of the Flow
Field

Key: 1. Center form
2. One side form

®o (1)

Fig. 5. The Difference Scheme on the Surface of the Body

Key: 1. Center formula
2. One side formula

The boundary condition for the surface of the body in
formula (3) is:

Because the boundary line for the surface of the body is a
flow line, the speed on the normal surface of the body is
naturally O and the local speed g must be in contact tangent
with the surface of the body.'When the boundary conditions
of the surface of the body are imbedded into the normal diva-
lent partial derivative we obtain the difference formula on
the surface of the body:

bae=-E (b= + 0 (4) (1)




The tangent divalent partial derivatives separately use
formulas (12) or (13) based on whether they are subsonic or
supersonic.

When this article concretely processed the boundary but
had not yet satisfactorily obtained the actual surface of
the body, the position was shifted on to the chord line. The
tangent direction was still identical to the tangent direction
on the surface of the body. That is vector s on the chord line
was parallel to vector s1 on the surface of the body (ﬁee

Fig. 6).

Fig. 6. Simplified Schematic of the Boundary

The local speed g in the Mach number square represented

form always uses the center difference scheme:

q=_£2=_z__4lL_+o(A=) (17)

In the flow field, each point of the local speed q and the
basic coordinate axis included angle & is different. Based on
speed components u and v in the basic coordinate system we can

obtain:

a o

In the formula, both u and v use the center difference form:




Axp A%

. 19 —¢_-_l__"
u = =N '+0(A)% )

= Sria=Otia 4 g ()
v Ayt Ay

V. The Difference Equation and Its Analytical Method

Given that the flow field is subsonic or sonic and super-
sonic, separating composite formulas (12)-(17), we obtained
the mixed difference equation of the flow field.

For the inner points and points on the surface of the body
in the subsonic flow field, 1—M2>O.

) {z(¢‘—¢,,)=- 0 wmER (1) (20)
— M?) (b, = 261+ &) + 2
(1 M)(¢l ¢‘l 1} (¢3_2¢”+¢‘)=0 mﬁ (2)

Key: 1. Points on the surface of the body
2. Inner points

For the inner points and points on the surface of the body

in the supersonic flow field (including the sonic points),
1-m% € o

2(dy=d)=0 BER (1)

(1 -M')(@:‘z‘s"‘d’")‘*'{
(dy—2¢s+d) =0 AR (2)

Key: 1. Points on the surface of the body
2. Inner points
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The equation cf sonic discriminate difference is:

- Vs~ e AR B

In the formula, ge =1 and y =1.4. ’

T

F Besides Pij, difference equations (20) and (21) were

2 both obtained by previous field speed potential interpolation.

Because of this, we used the point relaxation simple iteration .

solution. Its formula is differentiated as:
For 1-M% > 0,

V B 2 4 B
e b= *ztlﬂr((l ~M (b, +6,) + { b B (1)
3 (bs+0)) A (2)

S Key: 1. Points on the surface of the body
2. Inner points

$ For 1-M2 §; 0,
2‘#4) %ﬁﬁ (1)

f'b ; 'f'n=——-—l-,-(( 1 =M (d,~2¢ )+{ 2
» 1+M : (¢a+¢4)) WR (2) @

Key: 1. Points on the surface of the body
2. Inner points

In order to quicken the computation convergence speed,
S the relaxation operation formula was applied in the relaxation

. iteration computation process:

: b7 =wnfy + o7 (1 — ) (25)

- . -
4 ; In the formula, 4,{?) is the iteration computation result of the n
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¢ {(n) and

sequence having not undergone relaxation processing,
¢ (n-1) are the iteration computation results of the n sequence

and n-1 sequence after having gone through relaxation process-
ing; W is the relaxation factor, its value is determined by
requirements and it generally uses W {x A but this paper's
computations generally takes it as 1.

The computation of the initial field uses the undisturbed
homogeneous flow field or the computation result field near the
Mach _ number. The formula for the undisturbed homogeneous flow

field is:

b1=qe* (26)

The distant field boundary speed potential value without ex-
ception uses the undisturbed homogeneous flow field value.

The pressure coefficient formula is:

2 A
B=Y;:{[1—£1:¥£E%¢—@9]*'1—1} (27)

In the formula, local speed g uses the center difference formula.

VI. Numerical Illustrations and Their Analysis

This article writes on two numerical illustrations. One is
the sharp nosed double arc airfoil and the other is the blunt
nosed NACAQOl5 airfoil. Their relative thicknesses are 0.06 and
0.15 respectively.

The computation was done on the TQ-6 computer which has -
close to a 1 million time operational speed. Two types of
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computation networks were used: the 42x25 and the 82x40 were
used to test the effects of different network densities on the
computation results and iteration convergences. The computa-
tions showed that the different network densities had no effects
on computation stability. The figure results of these computa-
tions all used the 42x25 network.

The computation results uniformly used two similar wing
surfaces with pressure coefficient errors of AP \< 0.0001.
See figs. 7 and 8 for the computation results.

- it (1)
o xmfi»  (2)
o MRELIE (3)

1.094 0f

1.057

(=2

1.005 0|

0.961 [)

‘; Fig. 7. The Pressure Distribution of the Double Arc Airfoil

' Key: 1. Our method
. 2. Test values|[3] .
. 3. Small disturbed difference method )

Fig. 7 appends the test values and small disturbed dif-
ference method computation values from reference [3). The
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results in this paper coincide very well with the test values
and are actually closer to the test values than the small dis-
turbed difference method.

M- 3| — & (1)
cog © ZnEe™ (2)

-0. /———\
1.001 ;

0.999 /
o_o
°
ﬁ o
\\ .
0.837 4 N
/ . . 5
[
0.805 00F N - ‘0\;
o
0.777 "
N
0.650 m —
\
0.300 - —‘l'\—:'

Fig. 8. The Pressure Distribution of the NACA0015 Airfoil

Key: 1. our method
2. Test values [2]

Fig. 8 appends the test values from reference [2]. When
in a subcritical state, the results of this article coincide
very well with the test values. Yet, in a supercritical state,
the pressure coefficient computation values are higher than the
test values. When at a supercritical state, the airfoil's
boundary layer is even larger. This article did not consider
the effects of the increased thickness of the boundary layer
and therefore the computations tend to be high.
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Due to the fact that in the computation process of this
paper the stability was very stable there was no acute oscil-
lation divergence. Therefore the computation initial values
were uniform for the flow field.

In reference [1] the computation of the Mach , number was
close to 1 and therefore the oscillation divergence which used
the computation of the initial field was the result field of
the above computed Mach 6 number. Moreover the computed Mach_ |
number increment was very small and A M, =0.001. That is,
with the use of these types of strict measures the computed %
Mach  number only reached 0.953. Zheng Youwen, one of the writers i
of recently composed article (1), utilized the zero initial
field as well as the control relaxation factor method and com-
puted the NACAQ012 blunt nosed airfoil whereupon he only
reached Mg =0.95. He also pointed out that up until the present,
when using a precise potential flow equation to compute the
NACA0012 airfoil, after Mg 0.9, the computations were diver-
gent and no convergent computation results were obtained.

e <y e NS 1 1S

Nevertheless, this article obtained convergent computation re-

sults for the NACAOO1l5 and double arc airfoil when Mach_ was

close to 1 as well as corresponding Mach , numbers of 0.999 and ;
1.001 (the results for the double arc airfoil are not shown in i
chart 7). Numerically, the two Mach, computatlon results )
are almost identical and thus we have overcome the difficulty

of computing the Mach _ near 1.

VII. Conclusion
This method is applicable for subsonic, transonic and
supersonic flows.

The computation accuracy of this method is higher than the
mixed differential method for transonic small disturbed poten-
tial flow. Because the equation is a hypothesis for small un-
disturbed perturbation, with the expansion of the computation's
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application range, we can compute the large perturbation fiow
field of a blunt nosed body.
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AN INTERPOLATION MIXED DIFFERENTIAL
METHOD FOR TRANSONIC LARGE DISTURBED
SYMMETRICAL POTENTIAI FLOW AROUND
AIRFOIL
Ling Heyao
(Design Deparimemt of Hong An Aircraft Company)

Abstract

By extending an interpolation mixed differential method for4 transonic

small disturbed steady potential flow to the transonic large disturbed sicady
potential flow, we proposed an interpolation mixed differential method for
solution of the exact equation for transonic potential flows in the local
speed coodinate system. In numerical illustration of this method the pressure
distributions of double arc airfoil and NACAO0015 airfoil in symmetrical

2.8 and

state are computed and compared with the data of experiments
the results of the computation for the double arc airfoil by the small
disturbed mixed differential method. The comparisons are shown in a good
approximation, therefore it is proved that the interpolation mixed differential
scheme is stable and convergeat. This paper has found a way out of the diffi-

culty at Mach sumber near 1.




THE CALCULATION OF LIFT AND DRAG CHARACTERISTICS OF SUBSONIC
WINGS WITH WINGLETS

by Zhou Renliang
(Nanjing Aeronautical Institute)

Abstract

This paper uses the finite fundamental solution to divide
the spanwise lattice and determine the spanwise locations of
control points by means of the constant roll-angle method. We
calculated the lifts of rectangular wings with different winglets
at subsonic speeds and calculated the induced drags by using the
combined flow field method. From the calculations of various
configurations of a winglet, we have found out some rules
affecting the lift and drag characteristics of wings and picked
out a favorable configuration from them. The mechanism of
winglets is also analyzed.

Symbols

A® Degree of constant roll-angle

e The included angle of the roll-angle ray and y axis
Total number of lines of the lattice
Total number of rows of the lattice
Line series number of the lattice
Wing chord length

Wing semispan length

Winglet angle

Wing attack angle

Wing area

Wing aspect ratio

Lattice area

Circulation coefficient

Load coefficient

Normal induced speed on wing
Overtaking flow speed

Wing lift coefficient

Wing induced drag coefficient
Induced drag factor
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I. Preface

A winglet is an aerodynamic plan with a simple and effect-
ive structure as well as a new technology for improved aircraft
performance. The winglet which is fitted on the wing can raise
the 1lift coefficient and lower the induced drag coefficient of
a subsonic aircraft, thus raising the climbing rate and econ-
omizing on cruise fuel consumption. Therefore, at present, the
winglet has already been given serious attention in aerodynamic
research and by aircraft designers.

Although some articles and test results have been published
on winglet research still there have not been very many. Further-
more, there has not been ample theoretical research and aero-
dynamic mechanism analysis on the winglet.

This paper which employed the finite fundamental solution
method recommended in reference [1], the constant roll-angle
method to divide the spanwise lattice and to determine the
spanwise locations of control points, and the combined flow field
method to calculate the induced drag, obtained satisfactory lift
and induced drag values. On this foundation, we calculated and
compared the l1lift and drag characteristics for wings with winglets
of various configurations. In this way, we found out some rules
affecting the aerodynamic layout of the winglet and picked out
a favorable configuration from them. We also analyzed the aero-
dynamic mechanism of the wing's vortex elimination action and
reduction of reduced drag by means of the circulation distribu-
tion chart and distribution chart for the circulation change

rate.

II. Computation Methods

1. Calculation of the wing lift coefficient

We used the constant roll-angle method to divide the span-
wise lattice and to determine the spanwise locations of control
points. The principle of the constant roll-angle method is as
follows:
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Taking the semispan length 1L as the radius, the center of
the circle is placed on the coordinate origin to create a 1/4
circle and beginning from the y axis each 4é angle is a meri-
dional ray and thus we can obtain a group of meridional rays.
The 48 angle is determined by the following formula:

N (1)
AD AN

The included angle of each ray and y axis is ©:
8=KA8 K=1, 22N (2)

When the point of intersection of these rays and the arc
are projected on the y axis, K is the projection of the odd
numbered ray point of intersection on the y axis. This becomes
the spanwise location of control points and K is the even
numbered ray point of intersection on the y axis which becomes
the lattice dividing line. For the chordwise, we used the
partitioned lattice and chordwise location of control points

taken on the 1/2 chord line of the lattice. On the half wing, the

common M X N lattice becomes a winglet section beginning from
a certain row to the wing tip causing it to have the required
warp angle and thus forming the unflat surface of a wing tip

with a winglet.

On each lattice there is arranged a compressible horse shoe

vortéx, there is added a chordwise location placed on the ad-
vancing edge of the lattice and two free vortex separately fol-
low the overtaking flow from the two ends of the lattice's
advancing edge and extend out towards infinity. Each control
point satisfies the flow boundary conditions. It can solve the
linear algebraic equation and obtain the wing's circulation
coefficient vj distribution. With the circulation coefficient
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distribution, we can obtain the circulation cocefficient rate
of change of the circulation coefficient along the wingspan.
At the same time, we can obtain the (4 Cp)j from the Yj and
after summation we obtain the wing'scylift coefficient.

2. Calculation of the Wing's Induced Drag Coefficient

If the wing is in Voo’ then the definite load distribution
on the wing can be produced. This type of flow field is called
the forward flow field. When similar plane form wings are further
located in 'Voo' if it is able to produce a similar load dis-
tribution to the normal flow field then it is called the reverse
flow field corresponding to the above mentioned forward flow
field. From reference (3] we know that the wing's induced drag
of the forward flow field and reverse flow field are equal.

~/
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Fig. 1. Lattice Division and Location of Control Point
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Fig. 2.
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Fig. 2. The Forward Flow Field, Reverse Flow Field and Combined
Flow Field

Key: 1. Forward Flow Field
2. Reverse Flow Field
3. Combined Flow Field

The combined flow field is the superposition of the forward
flow field and reverse flow field. In the combined flow field,
because the directions of the forward flow field and reverse flow
field appended horse shoe vortex in the lattice are opposite,
they counteract each other. Only the two free vortex extemding
into infinity are left in front and in back. At this time, the
calculation of the wing's downwash speed only requires the cal-
culation of the produced effects of the free vortex. The in-
duced drag of the wing in the combined flow field is twice that
when it is either in forward. flow or reverse flow. Therefore,
the calculated induced drag must be decreased by half.

In the combined flow field, the circulation coefficient of
each lattice free vortex is a known value which is the yj in
the advancing forward flow field. With the circulation coef-
ficient distribution, we can obtain the normal wash Dj of the
entire free vortex in each control point location. After the
summation of each lattice, we obtained the induced drag coef-
ficient of the wing:

1 MxN 5
Co= asVv. 121 (AC,):Di(AS)) ¢

(4 Cp)J is the load coefficient in the positive flow field and
is a known value.

If the relative value of & is taken to indicate the ij,
the induced drag form factor is:
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3. Analysis of the Calculation Method

In order to test the applicability of the calculation
method, we calculated the 4 values of four types of rectangular
wings with different aspect ratios and compared them with the
values of reference [4]. The comparative values are listed in
table 1.

\{ A=2 A=y

(L)Aackx) 1.00085 1.00623
(2)axmcan 1.0007 1.0070

A=6 1 A=10

1.01642 —[ 1.04218

1.0160 l 1.0420

Table 1
Key: 1. This paper
2. Reference [4]

It can be .seen from the comparison in table 1 that the
relative accuracy of the theoretical values found in reference
[4] are extremely close to the calculation results of this
method and that the accuracy is effective and satisfactory.
Furthermore, the use of a constant roll-angle to divide the
spanwise lattice and a relatively dense wing tip lattice can
better reveal the circulation change of the wing tip area. There
is not a great change in the wing tip form and the reaction of
the 4 value is relatively acute. Therefore, when making a
comparison we can use this method to calculate the 1lift and
drag characteristics of wings with different winglets.
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III. Discussion of the Calculation Results

In order to economize on calculation time, we calculated
50 lattices on half wings and M X N was 5x10. . On 709 aircraft,
each calculation of the conditions of a winglet took about 5-6

minutes.

At first, we took the measured wings with winglets shown in
fig. 3 as calculation examples and calculated the aspect ratio
as L= 6.375. The wing area used was S=2x8x25.5 and in an a=0.1
(arc degree) situation the lift and drag characteristics of
rectangular wings with different winglets were calculated.

y
!

Fig. 3. The Measurements of a Rectangular Wing With a Winalet

1. The Lift and Drag Characteristics of Rectangular Wings
With Upward Turning Winglets

When the upward turned angle<§ on the winglet is Oo, 30°,

450, 75° and 90°, the calculated wing lift and draq character-

istics are as liéted in table 2.

.

) | G g Cay A

0° | 0.129548 : 0.009385 ; 1.013685
30° 0.411652 0.009117 1.077522
" 0.386130 0.008574 1.151774
75° 0.328177 0.007243 1.346800
90° 0.329244 ! 0.007601 1.401237

Table 2




Table 2 The Various§ Values of the Lift and Draq Character-
istic of Rectangular Wings

It can be seen from table 2 that the larger the § the larger the
4 value. 4 represents the ratio value of the induced drag and
the minimum induced drag. The smaller this value the better the
induced drag characteristic and the closer to the minimum in-
duced drag. Therefore, the comparison of the 'Y # o° rgctangular
wing and § =0° condition not only causes the block type winglet
upward turning to be able to decrease the actual span length of
the rectangular wing but the induced drag characteristic can also
have some advantages. The greater the upward turning angle the
greater the difference of the induced drag characteristic.

In order to analyze the reasons, we drew fig. 4 with the
vy and dy of two rectangular wings being & =0° and & =75° for

3
s
I
4

Fig. 4. The Yoand %Z Dis-gribution of Rectangular Wings of
& =0° and &€ =75




2 It can be seen from fig. 4 that the y distribution of

8 =0° is relatively close to elliptical distribution and the
Yvalue of the Yydistribution of 4 =75°in the vicinity of the
of the wing and winglet boundary line has a sudden drop. More-
over, the y values in each location were all smaller than the
3 value when & =0°. Therefore, the Cy value of the & =75° was

smaller than when the value was & =0°. Because the Y distribu-
tions are different, their gﬁ' value the stronger the exerted
vortex. When &7=0°, there is a strong exerted vortex on the
b wing tip and when & =75° there is not only a strong exerted
g vortex on the wing tip of the winglet but there is also a

b B 5 b s 458

;o swelling of the gf'in the vicinity of the winglet's and wing's
boundary line. There is also a relatively strong exerted vortex
at this location. This then increases the induced downwash on

the wing and furthermore causes the spoilage of the induced

drag characteristics.

2. The Lift and Drag of Rectangular Wings With Patterned
Winglets

As regards the 1ift and drag characteristics of rectangular
wings with upward turned winglets discussed above, the winglet
is a whole flat plate. If we equally divide the winglet into
five horizontal narrow lines chordwise, when each. line has a
' different upward turned angle, then a type of patterned winglet
i is formed. Starting calculation from the leading edge the upward
| turned angle of each narrow line on the winglet isg’l, 82,

; <§3, 51, and 85. The results of the calculations of the 1lift
; and drag characteristics of rectangular wings with various

patterned winglets are listed in table 3.




aae i

N (B, d3s 430 34s 89 c, i Cuy < A

(4] 0°,0°0°%0%0°%,) 0.428548 | 0.009385 ] 1.018L63
@ (-50° ~50°,70°,70%,70°) 0.453810 0.012075 ’ 1.174282
(€} (70°,70°,70°%, -50°, ~50°) 0.447308 0.011373 ! 1.138361
@® (0°,20°,40°,60°,80") l 0.521052 0.015879 1.156575
® (80°,60°,40°%,20°%,0°) 0.429518 0.008649 0.938963
@ (60°, 45°,30%,15°,0°) 0.445285 0.009315 0.940880
@ 0°,15°,30°,45°%,0%) 0.491092 0.011530 0.957503
® (0%, 45°%,30%,15%,0% 0.455304 0.009211 0.889895
(] (0°,60°,40°,20°%0°) 0.452066 0.009135 0.895231
o 0°,75%,50°,25°% 0% 0.448295 0.015583 1.552973
o (6°,30°,20%10°% 0% 0.453312 0.009279 0.904366
@ (0°*,45°,35%,25%, 15" 0.448599 0.008798 0.887387
® (0°,30%,0°,30°0% 0.455909 0.009768 Q.941150
® (30°,15°,0°,30°,15°) 0.449585 0.009848 0.975789
o (20°,0°,20°,0°,20") 0.449668 0.009740 0.964855
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Table 3 The Lift and Drag Characteristics of Rectangular Wings
With Various Patterned Winglets

From table 3 we can conclude the following few points:

(1) Plan() is a rectangular wing of & =0° and we took it as
the criterion state.for comparison. If the wing tip section is
divided into a patterned wing tip, although this can fundament-
ally raise the Cy value, yet some of the 4 values have large
changes while some change only slightly.

(2) Yet there is the possibility of the patterned winglet
causing 4< ) for the rectangular wing and the winglet can also
cause its induced drag to be smaller than the minimum induced
drag value of the rectangular wing with an aspect ratio of
A =6.375.

Therefore, the rectangular wings with patterned winglets
are different from rectangular wings with upward turned winglets.
We can clearly improve the induced drag characteristics of the
rectangular wings by manifesting the superiority of rectangular
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wings with patterned winglets.

(3) By comparing the 15 plane listed in table 3 we can see
that thed in plan(® (0°, 45°, 30°, 15° and 0°) and plan
(0°, 450, 350, 250, 15°) are relatively small and their C_ values
are larger than those of plan CD Therefore, as for improzing
the lift and drag characteristics, they are good plans worthy of
recommendation. In order to analyze the mechanism of the
patterned winglet being able to improve the lift and drag char-
acteristics of the wing, each line of the y distribution for
plans@andare drawn in fig. 5 and each line of the %\I, dis-
tribution for plan (@) is drawn in fig. 6. )

0.020] 2 ————
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— D
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Fig. 5. The y Distribution fgr Each Line of the Rectangular
Wing in Plans @ and (8)
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Fig. 6. The Y pistribution for Each Line of the Rectangular

Winngn Plan®

It can be seen from fig. 5 that each line of the vy distri-
bution in plans @ and (® are noticeably different. For the Y
values in plan @ besides the winglet section having a sudden
drop- smaller than plan@, the y values of s=2,3,4,5 are all
greater than plan@. There is relatively large swelling in the
winglet section and therefore the Cy value of plan is-greater
than the value of plan @ Each line of the <y distribution in
plan@is progressively decreasing and therefore each line only
has the %3 ;maximum value in the wing tip area. However, there

is a relatively strong exerted vortex on the wing tip. The %;

of plan@ are all negative values in the four lines of s=2,3,4,5

and moreover the minimum value point of the existing %}-Z is

shown at these points to have a relatively strong reve.se ex-
erted vortex. The reverse exerted vortex produces induced upwash

on the wing and thus causes a decrease of the induced drag.

. It can clearly be seen from fig. 6 that plan still has a
F ) positive gg maximum value in each line of the pointed end of the
winglet yet because the s=2,3,4 lines of the winglet turn up-
wards one degree these forward exerted vortex are not again in

the x-y plane but shift a distance in the z direction. This
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also decreased the z direction induced downwash weight on the
wing and was partially favorable to decreasing the induced drag.

In order to further observe the wing tip exerted vortex of
plan@ we drew schematic: fig. 7.

Fig. 7. Schematic Chart of the Wing's Wing Tip Exerted Vortex
of Plan(@®

It can be seen from the chart that in the wing's wing tip
and its vicinity there not only appears a relatively strong
forward exerted vortex but there also appears a relatively
scrong reverse exerted vortex. At the same time, the winglet
has dispersion and upwards shift of the vortex. Therefore, the
winglet in plan@has noticeable vortex elimination and is able
to improve the induced drag characteristics of the wing.

3. The Lift and Drag Characteristic of Upward Turning
and Downward Turning Winglets

In order to compare the effects of the upward turning and
downward turning of winglets on the lift and drag character-
istics of wings we made the following few group plan comparative
calculations (see table 4).




i (CXTR-FIR-FIR - FIR YY) (31,8, 03: 8439

(30°,30°,30°,30°,30°) (-30°, -30°, -30°, ~30°, -30%
(15°,715%,75%,75°,75%) (~75° -75% -75° ~75° -75°)
(80°,60°,10°,20°,0°) (~80°, -60°, —40°, ~20%,0")
€0°,20°,40°,60°,30°) 0°, - 20°, - 40°, -60°, -80")
0°,15%.30°% 45,0 (0°, - 15°, -30°, -45°,0%

(0%, -45°, - 35°,25° 15°) | 0° 15°.35°, - 937, - 15°)

©e8®®ee6| 7

Table 4 Comparative Plan of the Upward Turning and Downward
Turning of the Winglet

Results showed that the calculated Cy, ij and A4 values of
the upward turning plan and downward turning plan were totally
identical. This explained that only if there was symmetrical
upward turning then the lift and drag characteristics would be
identical to the upward turning. It can be seen from table 4
that the combined upward and downward turning of the wing tip
only needed an unchanging turning angle increase or decrease.
At the same time, the included angle adjacent to the winglet
does not change so that its 1lift and drag characteristics also

do not change.

4. The Induced Drag Characteristics of Different Sized
Winglets

The previously calculated lift and drag characteristic
values were all concerned with the reference area as the wing
area after the winglet was flattened for the a=0.1 (arc degree).
Now we will discuss another situation, that is, using the
A =4.5 rectangular wing of plan @as the basic wing. When
without a winglet the wing's reference area is S=2x8x18. If
different sized and different patterned winglets are added on
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to this basic wing and use plans@, @, @and@, although the
lengths of each of the added winglets of these four plans is
different yet their actual projections op the half wingspan
length on the y axis are all close to 20.8 (see Ffiq. 8). 1

Fig. 8. The Plan of Different Sized Winglets
If plans @, @, @and @all use the reference area of plan @ their
aspect ratios all use A =4.5 and the same CY values of plan@ are

comparable to their ij values. This then requires that the orig-
inal lift and drag values of plans@. @, @and@be converted
into conversion values. The conversion values of each plan are
listed in table 5.

3 N @1 b by dudn o ;‘;l“*‘flﬁxm G | Cy A | ACH (%)

1 @ [ 00%0%0%0% 0|01 | 0.379347 | 0.010265 | 1.008454 0

F., @ €0°,0%,0%,0%0") Il 22 0.085214 , 0.379847 ! 0 008172 : 0.802918 20.3818

- @ | (0°,45%,30% 15,0 2.2 | 0.081428 | 0.379347 | 0.007865 0.77273 | 23.3719
@ | (58.5°,58.5%,58.5°,50.5%,58.6%) 4.2 | 0.081335 ! 0.379347 ' 0.007875 0.75404 | 25.2282
® | (73°%,13%73%713%,13% . 7.5 | 0.083632 | 0.379347 , 0.006755 0.663623 |  34.1341

Table 5 The Conversion Values of Each Plan

! Key: 1. winglet length (centimeters)
: 2. a (arc degree)
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It can be seen from the comparison in table 5 that:

(1) The added 2.2 length of patterned winglet plan(3 has a
23.37% decrease in induced drag as compared to plan()vﬂuch does
not add a winglet. This is better than the aspect ratio of
plan (D which has an induced drag decrease of 20.38%.

{2) The 7.5 added length simple upward turning winglet plan(§
reduced the induced drag by 34.19% more than plan (D and is better
than plans(®, @D and (@l Although these plans have the most de-
creases in induced drag yet the winglets' measurements are large,
are heavy in weight and the winglets' y direction lateral force
can greater enlarge the bending moment of the wing root. When
selecting plans, we should synthesize each aspect's good and bad
points and make the choice by means of an overall comparison.
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THE CALCULATION OF LIFT AND DRAG
CHARACTERISTICS OF SUBSONIC WINGS WITH
WINGLETS

Zhou Renliang
(Nanjing Aeronautical Instiiute)

Abstract

In order to calculate the lifts of rectangular wings with different
winglets at subsonic speeds, we have adopted the finite element method
which divides spanwise lattice and determines spanwise locations of control
points by means of a constant roll-angle method. The induced drags are also
calculated by using combined flow field method.

As the results of calculating various configuration of a winglet, we have
found out some rules affecting the lift and drag characteristics of wings with
winglets and picked out a favourable configuration from them. The aerodyna-

mic mechanism of winglets is also discussed.
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A NEW MODEL FOR PREDICTING OVERLOAD RETARDATION EFFECT IN
FATIGUE CRACK PROPAGATION

by He Qingzhi
(Beijing Institute of Aeronautics and Astronautics)

Abstract

Based on the concept of effective residual compressive
stress and considering the residual compressive stress relax-
ation in basic circulation, we calculated a formula for the
propagation speed of cracks after overload:

an), = (),

(da)
In the formula, (dn) is the propagation speed of craﬁgs without

the effects of overload; u =1 + (1-a) /L ~ (l-a) x 4K the
stress relaxation coefficient is:

b7

1~ AK.
AK,

a=1-= ro—1

The method in this paper was used to calculate some specimens
of LY12, 2024, 7075 aluminum alloys, Ti-6Al-4V titanium alloy and
a stiffened plate under different loading conditions. By putting
in the coefficient n=4, we discovered that the calculated re-
sults were in good agreement with the test results.
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I. Preface

Given an alternating circulation loading component, after
exerting single or multiple high peak loads (overload), the
crack propagation speed decreases noticeably, after a period
of circulation, the crack propagation speed then gradually
returns to normal. Fig. 1 (a) shows loading conditions and
fig. 1 (b) is a schematic chart showing the crack propagation
characteristic points after overloading. The above mentioned
phenomenon was previously given attention and a great
deal of research work was carried out.[1-6] Manvy theories were
proposed to clarify the physical quality of this phenomenon.
Among them, the most notable are the theory of the residual com-
pressive stress in the plastic zone[l,3and the crack closure
theory[9]. Wheeler{7]Jand WIllenbarg (8] separately proposed models
for calculating the retardation period. These models which were
used to estimate the load spectrum of the retardation period
under loading were relatively successful, yet they did not
predict the retardation effects of single overload very satis-
factorily.

This paper uses the concept of effective residual compres-
sive stress to propose a new model which can accurately predict
the retardation effects after a single elongated overload.
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Fig. 1.

Key: (a) Loading conditions of overload
(b) Schematic chart of the crack propagation
characteristic points after overloading

II. Model and Calculation Formula

After a single elongated overload, there is residual com-
pressive stress in the plastic zone produced by the overload.
Based on the hypothesis found in reference {81, this compres-
sive stress is equivalent to an externally added compressive
stress 0} on the specimen:

G, =04p—Oyuas (1)

In the formula, O;p is the circulation stress peak value required
for this instantaneously caused retardation effect loss. Its

value is:

0,,;/5‘-;;/R,|_Aa ( 2 )
Y(a)

Tgp=

See the appendix for the deduction of formula (2) and for the de-
finitions of each of the symbols.

Taking the hypothesis a step further, in basic circulation
(low load circulation) when the stress drops from the peak value
Gbmax to the valley obmin'
of the crack tips. At the same time, the crack propagates forward

there are changes in the stress field

a micro-8§ a and there is local relaxation of the residual com-
pressive stress in the overload plastic zone; because of this,
the equivalent externally added compressive stress also decreases,
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that is, it drops from O} to ao;. It is

(ov)w =0pp— Obmas

(3)

(CAMNETIC AL ey

-

In the formula, a is the compressive stress relaxation coef-
ficient whose value will be determined below.

Because of the action of an equivalent residual compressive
stress, the peak value load and valley load effective values of
the basic circulation (see chart 1l(a)) are separately:

(U..u ) e11=Obmax —Or

(Obmin ) #/1=Cbmin— 20, (4)

We can obtain the effective- stress amplitude value from formulas
(3) and (4):

(5)

(AGY etr= (T Jent— (Gomin) o1t =00= (1 = @) (O4p—Otues )

In the formula, 4 O - d’bmax- dbmin. Formula (5) can also be

written as:
(AKY) ey =AKy~(1—2) (Kop— Kiued) (6)

In the formula: (AK)uy=V (o )(AGY) ops
AKy=Y (a)Aa,
K,=Yv(a)o,
Kinas=Y (8)04aus.
Y (a) is the coefficient of the crack's characteristic length
a and the geometrical shape of the component.
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When the two ends of formula (6) are divided by AQKb, we
obtain:
- (AK,). K.
v =1t — o= (1-a) o2 (1)
In the formula:
=KL-5-_-.—_.__!_. = Tomia_ i‘-.‘."i".»‘ 5
A 1,\K5 - 1 —R,(a&n}d?) o‘m.. Ki-ml }Jrijjtto (1)
1. is the stress ratio
It is very easy to prove that when blg 1, u is the reduced

coefficient of the stress strength factor amplitude value after
overload.

Formula (7) can be written as:

(AK3) ey=u\K (8)

If the crack propagation rate is expressed by the Paris formula,
then

da _ n

It can be seen that the effective value (AK,) _c.= u(d Kb)gAKb
of the crack propagation's stress strength factor amplitude is

caused after overload and therefore the cracking propagation
speed will decrease after overload.

Below we will seek the compressive stress relaxation coef-
ficient a.

It can be seen from formula (22) that when /] a = O (that is,
just after overload), Kap has a maximum value.

(Kn)-n-oytl/al/R;;-Klnn (9)
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We know from formula (6) that at this time (4 Kb)eff has a

minimum value

(AK ) ertae=AKi—(1 — @ YK\ gy = Kmas)
=AK (1 =(1=a)(r—1)) 10)

In the formula, r =5!L LT is the overload ratio® ‘M-l
4%, AKp

Many tests have proved that when overload ratio r is greater
than a certain critical value r. (the r value is related to the
data and stress ratio R; further, it increases in accordance with
the increases of R), crack propagation will be completely re-
tarded17,181'F M1 | ac this time,

(AK ) ettan=AK(1 =(1 = a)(r,— 1))

F.N.l: In references [17] and [18] the overload ratio is
defined as r’ = Klmax . Naturally, between r and r”

Kbmax c° -R
there is the following relationship, r = 1 - R"
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Naturally, if

(AK5) "fmln< AK(. (1 1 )

crack propagation will be completely retarded: A!Kth is the
"threshold value" of the fatigue crack propagation. Using the

conditions expressed in formula (11), we can obtain:

1 - AKu
___AK, 12)

AQ=]1 -~
1 re— 1

When formula (12) is substituted into formulas (7) and (8), we
obtain:

71— AKa 1- AKs K

<AK.)."=-K1+ Ao A—;g—.)AK.m(AK,,) 1)

During the retardation period following overload, the crack pro-
pagation speed is:

('gﬁ')' =C,(AK ) o H )(AKO)m>AK,.

(% . 0 (2hg (AKDw<AKw
de) aw (40
®3) (47), = CuaKy = (3 ), o

Key: 1. If
2. If
3. Or
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In the formula, gg—g; is the crack propagation speed corres-
0

ponding to 4 Kb without being affected by overload and n is a
coefficient. '

Integral formula (14) can obtain the circulation nuwber
NE required to penetrate the overload retardation zone.

Aa.
.va=f —9',“0"3— (s)
[} u (Tv \

A a, is the length of the overload retardation zone and its
value can be obtained by putting in u = 1 from formula (7):

Aaym e (Kla =K (16)

The comparison of retardation zone length A a and crack
characteristic length a is very small and when A 0'b is the
constant, we can consider the AKb and g%%;o as the constants.

At this time, formula (15) can be written as:

Ao,
1 ‘ dAs
N'."(_da _[o v (17)
aN




Below we will study the changes of the crack speed after
overload. It can be seen from formulas (7) and (22) that the u

value increases in accordance with the increases of the 4 a and

when it reaches 4a = 4 ac, u = 1. The minimum values of u and
(da)

(dN) are:
e 1 —(1—a)(r=1) (18) s
and
d n (_do_ 19)
(7}'7”)_‘. = thain (dN )

ITI. Results and Discussion of Calculations

Applying the previously deduced formulas, we separately
calculated the overload retardation period of some specimens of
LY12, 2024-T3, 2024-T351, 7075-T6, 7075-T73 aluminum alloys,
Ti-6A1-AV titanium alloy and a stiffened plate under different
loading conditions. The éthh and r. data are separately taken
from references (12,13,18,19,20).

In the calculations, we used the coefficient n = 4. The

calculation results of NB are listed in table 1 and the calcula-

tion results of (da) (da) are listed in table 2. Both
| (@) (a2

tables list the corresponding test values.




_
o o AKs | "o | da . ey
: I i Np U AL
(1) My R 1(3) (4) N | CO _{5) =t
$.3: % 3 3 m% ; Lo &%/ HRA e a LNn(ﬁ.—-ﬁ)(Q)
LY12 9.4 0.1 ' 2.0 |16.5x10°%1D ' 19 30000 | 32000711 L 0.9¢
! !
) 10.2 0.1 | 2.0 |18.0x10-8CIB 1.0 | 33000 | 36000:!¥ bogume
9.0 | 01 | 15 soxiose 1.0 | 3600 7000C103 0.51
: . 8000
2024-T3 9.0 0.1 2.0 : 8.0x10°%4 1.0 42000 €0000C1) 0.99
45000
€1.6) 15.0 0.1 1.5 ! 15,0%10-8C1® 1.0 5400 | S50000(i%) 1.08
15.0 0.1 2.0 |15.(»:10"‘"" 1.0 | 124000 | 120000C(19) 1.03
| T 0.05 | 1.5 | 15.0x 107810 1.0 8700 | 7000C10) 0.96
15.0 0.05 1.5 | 29.5x10°8(® 1.0 6300 8500¢%) 0.97
16.5 0.288 1.5 | 53.0x10°8(® 1.0 4800 5000¢0 0.92
16.5 0.286 2.0 ) 53.0x10°8(® 1.0 | 50000 4600083 1.09
2024-T3 | 16.5 0.5 2,0 | 80.0x10-5C8: 1.0 | 43000 47000 0.92
G.2) [ 19.8 0 1.5 | 41.0x 10784 1.0 4500 800019 0.37
19.8 0.03 2.0 | 41.0x10°8(® 1.0 | 87000 104000¢10) 0.74
133000
23.1 (] 1.5 | 56.ax10-8(&) 1.0 9100 9000C19) 1.01
} 23.1 0 2.0 ) 56,0x10°5(4) 1.0 1216000 2450000193 0.86
L 131y 001 | 2.0 | 87.7x10°624 | 15 [ 22800 | z0500110> 1.1
TR 0.01 2.0 1 40.0% 10-8C16) 1.2 47500 41000010 1.15
204-T351 | 154 | o1 2.0 | 62x10-3(14) 1.0 | 52900 | 5380012 0.98
o | 135 | 01 2.0 | 32.0x10°5C26 | 1.3 | 38800 | 16000¢161 2.4
15.7 0.1 2.0 53.2x10-8C14) 1.1 40600 416000143 0.98
2002 | 0.1 | 2.0 ' 118x10°81® 1.0 | 39000 | 32000010 1.2
Y ° 2.0 | 7.6x10°5C18 | 10 | 18000 | 15000€21 : 1.2
Il ! ]
|14 0 2.36 : 7.6x10-%(18 1.0 24000 30500232 i 0.8
' 14 0 2.40  T.6x10-818) 1.0 | 28000 | s0000C21) . 0.93
Ti-6Al-4V 16.7 0.1 2,11 17.8x 1073018 1.0 10300 11200¢1® 0.92
a.e 16.7 0.1 1.78 . 17.8x 1075018 1.0 8260 | 8200ti® 1.01
17.4 0.1 2.11: 22,8x10°8(18) 1} 1.9 8800 10100¢4® 0.38
25.2 0.1 1.55 | 63,0x 10-8C183 I 10 1650 | 2400C18) 0.70
25.8 . 0.1 W56 | 63.5 x 10-8¢10) | 1.0 1500 250018 0.62
- ”
ANmHBE D ! ‘
(2) 9.8 | 0.43 | 248 |20.0x10-%3 | 1.0 | 73000 & 68000 1.07
1.5)
7075~T6 7.32 0.1 2.11 | 8,89 x10°%C39) 1.0 12900 f 12500¢20) 1.03
1.8 10.0 0.1 j 2.311 | 20.8x1078¢30: 1.0 13000 ' 10000C3%? ! 1.3
|
i ! i ‘ !
7075-T73 ! 781 | 01 . 2.11 6.6 x 10°8(20) 1.0 | 24000 | 25000039 b 0.96
(1.6) | 10.0 . 0.1 2.11 | 13.72x10°%(2) 1.9 26900 20000¢30) ‘ 1.34
! | ‘

(100 MRSAXIMUOYABX WA

(11)9 HMsIxB@MM,

Table 1
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Table 1

Key: 1. Material (thickness in millimeters)
2. A model stiffened plate
3. Overload ratio
4, Millimeters/cycle
5. (Cycles)
6. (Calculation)
7. Calculated value
8. Test value

9. Test
10.() Calculation based on data from reference [10]

11. @ Data of 503 tests at the Beijing Institute of
Aeronautics and Astronautics

-T :
L g » K da
G| | ) G, (@G, |G EXS)
' da \
MERH  [MN/m3/y r (3 aram (4) o i (@) x6)
131 | oo1 | 2.0 2.56% 1.65% 1.55
we | o001 | 20 2.20% 1.59% 1.38
z°z:1::35’ 18.0 | o.01 | 2.0 1.83% 1.45% 1.26
13.5 | 01 2.0 2.45% 1.5% 1.55
15.7 | 01 2.0 2.00% 1.32% 1.58
202 | 0.1 2.0 1.68% 2.54% 0.66
2%{;’ 19.8 | 0.05 | 2.0 1.67% 1.8% 111

(7)o nanacaxmu& 42,

Table 2

Key: 1. Material (thickness in millimeters)
2. Overload ratio
3. (Calculation)
4. (Test)
5. (Calculation)
6. (Test)
7. Data taken from references [14] and [4]




The comparison of NB (calculation) and NE (test) is shown
in fig. 2.

2024
a Ti-6Al-
(3,) o] ﬁ;hﬁ

asd A Py el
Ww 167 10%
(2)v; cxw

Fig. 2.

Key: 1. (Calculation)
2. (Test) i
3. Stiffened plate

After the above analysis and calculations, we can make the

following conclusions:

(1) Coefficient n = 4 can be used for the LY12, 2024, 7075
aluminum alloys and Ti-6A1-4V titanium alloy:

NN i ac

(2) The overload retardation period NB obtained from the
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calculations of the proposed model used in this paper were
in good agreement with the test results. When considering the
dispersity of the crack propagation speed E%%; and the NB
o
test data, we found that using the method in this paper to cal-

culate the retardation period was quite satisfactory:

(da)

after over-
(dN)min

(3) The crack minimum propagation speed

load calculated by means of this method was generally slightly
greater than the test values. Moreover, when occuring just after
overload, this speed was not in agreement with the test results.

Appendix

The deduction of formula (2):

Based on the concept proposed in reference [8], we have

(see fig. 3):

a;+R,.,=a°+R,, (20)

Fig. 3.
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In the formula, Ryl = E%F"Elﬂé&’z -~ Plastic zone diameter pro-
( )
ys

d duced by overload:
R ap~ E%? 2%%?;2 ~ the plastic zone diameter
yap derived from the added cir-
culation stress peak value
d;p of a certain instantan-
eous and hypothetically
caused overload effect loss:
C - the constant of the Irwin

plastic zone

1 is the situation for plane stress:

3 is the situation for plane strain:

3 is the situation for the combined model, s is
1+2s
the proportion occupied by the inclined fracture on
the break fracture (shearing model).

Qoo
woan

From formula (20):

_Z,l_;‘_(_fg"-)’ =R, —(a1—6)

o’l

-

i e

~
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If Zla =

a; - a, is the crack propagation quantity after over-
load, the
Ky=0,/Cxy R, =53 (21)
or
K, 0,vCrny' R, —Aa
V(e T ¥(a) 2
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A NEW MODEL FOR PREDICTING "VERLOAD
RETARDATION EFFECT IN FATIGUE
CRACK PROPAGATION

He Qingzhi
(Beijing Instilute of Aeronauiics and Astronautics)
Abstract

The effect of the residual compressive stx"ess in the overload plastic zone
is equivalent to an effective stress 9, and as proposed by Willenborg
O, =0,p—0p nux
where
Oup= O”VE;VW
Y(a)
In the present paper it is further assumed that O, is not constant during

one baseline cycle, but it varies from O, at Oi mex to @0, at Op min» & is a rela~
xation factor. Then

(1 aax) 11 =0b mas — 9,
(04 min) 011 =04 min— 2T,
so the effective stress range (A%y)ey during the baseline cycle is
(898 0t1= (01 mas) 011 — (T8 ain) e =A% — (1 =~ @) (00p~0} o)
Or alternatively the above equation may be written in the following form
(AKDer=0Ks= (1 = a) (K=K, uur)
It is easy to show that the maximum value of K., during the transient
period following the overload will be
(Kep)aus=K | as at Aa=0, so

(AKY) gt an=A0K (1 =(1 =a)(r~1))
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where the overload ratio r =—1]%:—o

Many investigators have found that when the overload rate increases to
some critical value 7,, the crack will cease to propagate at all after the over—
load. It is reasonable to assume that when r reaches rsy, (AKi)ess mia will de—
crease to a value (AK)ey nia=AKw, so the crack will cease to propagate.

Using this condition, we get

AKi (1 =(1~a)(r,~ 1))=AK.,

or l— AK}

a=1]—_ "2

If the crack propagation rate is expressed by Paris formula
d .
2 =Ci(8K)
then the reduced rate of crack propagation following an overload will be

( g )=C,((AK.).,,J'-c,(..AK.)._u. ( :& )

where u=(AK‘)' =14+(1—a))~- (1—0)——1\%—

d
(*3]%‘ A =C,(AK)* the unretarded rate of crack propagation corresponding

to (AK.).
The retarded number of cycle N3 can be calculated by

where Ad, is the length o/ he retarded zone.

The retarded number of cycle of some specimens of LY12, 2024, 7075 alu-
minium alloys, Ti~6Al1-4V titanium alloy and & stiffened plate under diffe~
rent loading conditions are predicted by the present method. By putting the
coefficient # = 4, we find that the agreement between the predicted values
and the tested values is good, as shown in fig. 2 of this paper.




J-INTEGRAL EXPERIMENTAL CALIBRATION OF SHEET SPECIMENS WITH
SINGLE EDGE NOTCH

Lui Ligeng, Chen Xianxi and Cai Qigong
(Central Iron and Steel Research Institute)
' Zheng Minzhung

: (Aircraft Strength Research Institute)

. Abstract

The J-integral of a sheet notched specimen has a very simple
form when the notched surface has been taken as the integral
contour, i.e.

I =j Wdym (':’:/2 W () P cosedd

. It can be further simplified into:
B T=APW

where

A-2J:/2 ®(8)do

68




3

w(e)--—’““

cos §

For two types of specimens with single edge notch (the
notch root curve radius is divided into 20 millimeters and
9 millimeters), this paper determined the strain distribution
£ (8) of the notched surface, then after stress-strain curve
was converted to form deformation work density distribution
W (&) there was finally numerical integration and we obtained
coefficient A. The test results were compared with the linear
elasticity fracture mechanics method of Weiss's correction of

the plastic zone.

I. Preface

When analyzing the strength and predicting the lifespan of
the notch specimen, it is necessary for people to determine the
relationship between the outer load, specimen and notch geo-
metrical parameters, and the notch root's maximum strain E '
the maximum stress-strain product £ d’ and the maximum deforma—
tion work densityll- 3]W .Ydﬂe. It is well known that when the
notch root is located in an elastic sphere, Eo—Kt Eg,

2
26 _ _ 26‘2
£°cxo —KtEg and W =% Eod =% K
od_ are the distant mean strain and stress, and K is the theor-
etically elastic concentration coefficient. After the notch root

entered into an elastoplastic state, it went through the commonly
2

. In this equation, Eg and

used Neuber relationship, that is K d Kt' and obtained
2
2 &
€09 = €9= K¢ =2

Based on the J-integral full quantity theory, in reference
(4] Cai Qigong proved that, under the conditions of a hardened
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~ 1. Specimen

material of an assumed power and when the notch root strain

distribution satisfies the &(8)= Eocosme, the Neuber rela-
tionship is still established under a type I load. He also cal-
culated the A in J/KhAWb when in the 0.8-1.2 range.

Therefore, after J-integral direct experimental calibra-
tion of the notch specimen, we measured the £(€) and W(8) and
experimentally determined coefficient A. Thus, we used the
fracture mechanics parameters to describe the maximum deforma-
tion work density W of the notch root.

II. Specimen and Experimental Method

The specimen was taken from hot rolled sheet of aluminum
alloy LY12 with a 50 millimeter thickness of Gb.2=ll.2 kilo-
grams/millimeterz. The measurements of the sheet speciment with
a single edge notch was: length 400 millimeters, width 150
millimeters, thickness 30 millimeters. See fig. 1 for the speci-

men number  and notch measurements. a

. kL]

‘ D o » 4
' , 020‘1 10 E
Q2o 10

[
=]
<D

[
=4
(=4

i Tig. 1. Measurement of Specimen Notch

Key: 1., specimen number
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The following formula can be used to indicate the stress-
strain curve of the measured LY-12.

e = +ag”® (1)

2
E

In the formula, a=3.537x10713

millimeterz.

, h=9,25 and E=7000 kilograms/

2. Test Method

The test was carried out on a 200 ton East German ZDM200TPU
type material tesct machine. The two ends of the specimen were
each.  fixed on a plate with 6 bolts and the plate used dowels
to connect the connecting rod to the test machine. In the test,
specimen onb was directly clamped.

There were 1xl1 millimeter and 2x3 mill.meter resistance
strain pieces pasted on the inner surface of the specimen notch.
Their model numbers and resistance values were PBJl—A3 (R=60 ohm)
and PBJ3-A3 (R=120 ohm). The resistance strain pieces were sep-
arately pasted on the 0°, 10°, 20°, 30°, 45°, 60°, 75° ana 90°
curvature central arguments of the corresponding notches (see

fig. 2.)
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Fig. 2. Developed Distribution Chart of the Strain Piece on
the Inner Surface of the Notch

Key: 1. Location of pasted strain piece

At the time of the test, there was gradual loading so as
to maintain the load and measure the strain value up until the
strain piece lost effectiveness when it reached the maximum

strain area at about 9000 microstrain.

III. Test Results

1. The Strain Distribution of the Notch Root

Figs. 3-5 present the distribution of the strain along the
notch surface under different load levels. In two specimens
with relatively large curvature radii, there was a strain dis-
tribution form similar to: a specimen with a curvature radius
of p=9 millimeters had an obvious widening of the strain concen-
tration region.
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Fig. 5. The Strain Distribution of Specimen Q Under Different
Load Levels g

Key: 1. Microstrain (9)
2. Angle 8 (degrees)
3. Load (tons)

The tests also found that when three specimens were in the
8=90° area and the A,B and C areas (see Fig. 1.) on the outer
side of the notch, they all appeared in the compressive stress
region and the strains were all negative values.

2. The Deformation Work Density Distribution of
the Notch Root

The conditions of the plane stress was G;=C£=O. Because of
this, the deformation work density was:

e () (2

wee)={ " ade

In the formula and afterwards, the o and € were separately in-
dicated as o and & .
) o
d
o

The conditions of the plane strains were d;=0, 0 = .

2z -

2
€x=0 and £r= —%‘b.If the material's equivalent stress and strain
curves can be approximately indicated by the following formula

= 5) 2
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then
9 1em € (9) (1) f
W(9)=(_7T—) .[0 ade

The deformation work density under mixed conditions can be

written as:

! W(9)=f(m)f:(“ode (5)

Therefore, based on the material's stress-strain relation-
ship, we can convert the strain distribution &£ (@) of the notch
root into the equivalent deformation work density distribution
which is W(8)/£f(m) (see fig. 6.).

{ 0.144 .
(3) mmiw)
o ]
15
0
23
.3

i

. 0.13

i N
0.129 \\

-
(W)
4

\
0.111 a

D+epx

0.104
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0.071
mu1
,mw<

[ RTIN TR

i)
pm -

0.041

o»u \\\'l
0:0[L Q‘%
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(g)muo(u;)

Fig. 6.




Fig. 6. The Deformation Work Density Distribution of Special
ona Under Different Load Levels

Key: 1. Kilograms/millimeter2
2. Angle 6 (degrees)
3. Load (tons)

In the specimen with a p=20 millimeter notch, the W(®) can
be approximately indicated as:

W(e)=Woosy (6)

For the specimen with a p=9 millimeter notch, then:

W ()= o0s% (7)

3. Determining Coefficient A

Based on the definition and characteristics of the J-inte-
gral, we can take the notch surface as the integral contour at
which time:

n/2
- - Pcos = APW (8)
s=f way= {7 W(0)pomtdo=aoW,
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In the formula

A=2J“°/z‘v(0)d'9 )

In the formula, P (@)= %iﬂl cos 8. When formulas (6} and (7)
are separately substitut@d into formula (9) we can analytically
obtain coefficient A.

A=0.91 when p=20 millimeters or a/p=2

A=1.18 when 0=9 millimeters or a/p=4.4

Based on fig. 6, we can also convert the W(8)/f(m) figure into a
P (8) figure (see f£ig.7.). We can obtain the A value by num-
erical integration (see table 1).

Dot uEinaty

Miinade. ' SLAFAEE R b A A

Lot M

L

Table 1

The A Value Obtained by Numerical Integration

Key:

1. Specimen
2. (Microstrain)

174 "‘-(1) lo"-ﬂ'-‘/ff)(z) A
' 168 1.10 j
Uges | 3034 0.98 !
8495 0.91 ,
>9230 0.87 .
' 1547 1.08 ’
Qras ! 3132 0.93
‘ 23930 0.59
1443 1.2t
Qe \
>3004 1.20




‘e 10 20 0 45 a0 75
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Fig. 7. The ¢(6) Function of Sample Q20a Under
Different Load Levels.

Key:(1)Angle 6 (degrees)




ii. Analysis and Discussion
(1) In the direct ratio of the notch root's maximum deform-

ation work density W, to parameter J/ p (formula 8), the propor-

tionality coefficient A is approximately 1, for a specimen of

a/p=2,Ax1 and for a specimen of a/p=4.4, A 1.2.

Specimen onb is directly clamped but because it is not
clamped firmly the specimen slips in the clamp hold. When
measured from the auxiliary strain piece, we can see that the
specimen endures a relatively large bending moment. Even though
this be the case, the P (8) and A values of the QZOb are close to

those of the QZOa'

Besides this, tests initially proved that the A value tends
to increase following the increases of the a/p. Further, we can
infer that A is related to the hardening characteristics of the

material. Yet, when applied in engineering, A can be viewed as
a constant approximately equal to 1.

(2) When the specimen notch is still in a small range vield
condition, we can use the calculation of the stress strength
factor to obtain the J-integral value. Thus, when establishing
an external load, the specimen and notch geometrical size are
related to the notch root's maximum deformation work density.

If we assume that this experimental calibration is in a
plane stress situation, then after using Weiss's correction of
the plastic zone in the calculation of Kl we can obtain con-
sistant results (see table 2).
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(RPN

e [r— [

g £ Wo J* 7
® » .
2) 2F/®%d  (3) @E® 4) (AT/ERD (5) BR/ZH
(1),
1.11 897 0.0028 0.054 0.056
2.22 1869 0.011 0.22 0.22
Q 3.33 3554 0.029 0.60 0.58
e 4.44 6498 0.063 1.31 1.26
5.11 9230 0.097 1.97 1.94
5.58 ~~11500 0.128 2.54 2.56
1.11 1443 0.007 0.054 0.076
2.22 3004 0.023 0.024 0.25
3.1 5119 0.047 0.53 0.50
Qs 3.56 6437 0.062 0.74 0.66
4.00 8334 0.037 1.01 0.94
4.22 9424 0.100 1.18 1.08
! 4.67 ~11400 0.127 1.54 1.37
Table 2.
Key: 1. Specimen 2
2. (kilograms/millimeter<)
3. (Microstrain) 2
4. (Kilograms/millimeter”)
5. (Kilograms/millimeter)
- 3
E co 4 S

In the formula:

Y is the geometrical form factor of the single edge crack
drawn specimen stress strength factor:

o is the maximum theoretically elastic stress concentra-
tion stress dﬁ=th§ of the notch root;

Kt is the actually measured elastic stress concentration
coefficient;

o is the distant mean stress.
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In this paper, for QZOa' Kt=5.66: and for Q9, Kt=8.18.

By substituting this into formula (10), we can obtain the J-inte-
gral value recorded as J* (table 2). At the same time, from
formula (8) we can obtain the J-integral value recorded as J
(table 2) when A=1.0 is used for Q502 and A=1.2 is used for 04-

Actually, experimental calibration is not an ideal plane
stress condition as the wo in J*=pro should be f(mxy dde .
In this formula, £(m) is in the area of 1.0-1.2. Therefore:

e SER Y GO

It is also only an approximate engineering calculation method.
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J-INTEGRAL EXPERIMENTAL CALIBRATION OF
SHEET SPECIMENS WITH SINGLE EDGE NOTCH

Luo Ligeng, Chen Xianxi and Cai Qigung
(Ceniral Iron and Steel Research Institute)
. Zheng Minzhung
f (Aircraft Sirength Research Institute)

Abstract

J-integral of sheet notched specimen has the simplest form when the no-

‘ tched surface has been taken as the integral contour, i.e.
%/2
. 7= [ wdy= (" w(o)eosoan

it can be still simplified

J =ApW,
where
a=2 [T o (0)d0
and
9 (0) =L o g

it can be seen that the ratio of J-integral to radius of curvature P is propor-
tional to the maximum deformation work density #, at notch root.

The specimens were cut from hot rolled sheet of aluminium alloy LY12
with yield strength Op.,=11.2 k¢f/mm*. The specimen sizes are; thickness B=

i_ 30mm, width ¥ =150mm, notch depth =40mm, and the radiuses of noth

curvature P=20mm and 9mm, respectively. The resistance strain gauges of 1

by Imm were adhibited on the inner surface of notch at angles 0 being 0°,

10°, 20°, 30°, 45°, 60", 75" and 90°, respectively. And then, the measure-

' ment of strain distribution €( 8 ) at various load levels was made and defor-
mation work density distribution W (0) was derived from stress-strain curve.
The value A, at last, has been determined by means of numerical integration
and the approximation function, and varied in a range of 0.9 to 1.2.

Owing to the limitation of the experimental accuracy and the difficulty
in determining exact degree of plane strain, the agreement of experimental ca-
libration of J-integral in the present work with J converted from equivali-nt

. stress intensity lactor K,y considering Weiss's correction of plastic zone cun

be considered as an approximation for engineering.
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ON THE DESIGN OF TRANSONIC TURBINE CASCADE BY HODOGRAPH METHOD

Ling Zhiguang
(Institute of Engineering Thermophysics Academia Sinica)

Xin Shaokang and Zhu Shican
(Fudan University)

Abstract

The design and realization of a transonic turbine cascade
with a low energy loss coefficient is one of the crucial pro-
blems for raising the performance of transonic turbines. This
paper deals with the inverse design problem of the transonic
turbine cascade in the hodograph plane by the finite area
method. In the first part of this paper, the governing equa-
tion is transformed into a symmetrical form which can be adopted
to obtain the upstream singular solution. The boundary condi-
tion connected with the existing discontinuity in the hodo-
graph plane is also analyzed and afterwards verified by num-
erical tests. The next part describes in detail the method of
solving the stream function field by means of the finite area
method, including the integral transformation of the governing
equation, the finite area scheme and the particular corner
finite area scheme. The accuracy of the solution is also briefly
analyzed. The worked out equation is quite simple and quick-
acting. Calculation results prove that the soclution is quite
stable and it is not necessary to modify the mesh near the sonic
line or other places. Calculations also show that the choice of
the position of the critical point on the sonic line has a
definite effect on the flow field and the blade type molded line

Translator's Note: Subscript oo should be read as =.




form should be given careful attention in design.

I. Preface

The transonic turbine has great potential for raising
efficiency and one of the crucial problems is the molding and
designing of a highly efficient traﬂsonic turbine cascade. Aero-
dynamic flow around body calculation methods such as the time
correlatio nmethod and relaxation method are all forward solu-
tions for various existing transonic turbine cascades. In order
to attain a transonic cascade with a low energy loss coefficient,
if there are only repeated improvements of the blade type molded
lines based on aerodynamic positive calculations, the goal will
still not necessarily be able to be attained. This is because
the sonic line position and its front and rear flow fields are
all able to directly affect the efficiency and performance of
the shock wave component and transonic cascade. Sometimes the
application of artificial viscosity methods such as the time-
correlation method are considered for the calculation of shock
wave discontinuity and the resulting shock wave position is a
region from which it is difficult to more accurately determine
a corrected and improved direction. The test research initially
revealed: if we could cause uniformity in front and behind
the transonic turbine cascade sonic line, especially in the
throat section flow, rationally control the speed gradient and
outlet flow field and rationally design a molding line, then
it is possible to decrease the viscosity shock wave loss,
realize a weak shock wave and even a transonic wing and cascade
without shock wave[l-3).Because of this, we have reason to be-
lieve that the transonic turbine cascade is not very appropriate
for arbitrary analytical curve modelling resembling the subsonic
turbine cascade but should adopt a general position in accord-
ance with the predetermined profile flow velocity distribution
and sonic line and use the inverse problem method for the mold-
ing design. After obtaining the initial molded lines, the
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direct problem method is then used for further computation
checking. .-This type of inverse problem is carried out repeat-
edly and hopefully obtains a highly efficient transonic tur-

bine cascade series.

The hydrograph method takes the speed component or speed
molded length and velocity vector direction as the independent
variable whereby we obtain the dominant equation of a linear
partial differential equation which simplifies the solution.
There are already many results(4-7lattained on this aspect of the
transonic wing. In recent years, G.Karadimas and D.E. Hobson[8]
have carried out effective work in extending the above results

to the transonic cascade.

As for the inverse pcoblem, the method provided for the pre-
determined profile velocity is directly related to the eguation
and solution. If we use the velocity distribution on the given
pressure surface and suction surface along the x axis: A p=

“r
There is also a given distribution along the arc length direction.

fp(x) and }\s=fs(x),7L is the dimensionless velocity V/A .

This type of supply method is relatively intuitive and seems to
be advantageous. to the formulation of the control and load of
the boundary layer loss. Yet, this is also conditioned because
the profile form and curvature are unknown. Therefore, it seems
to be insufficient to guarantee that the gas emission angle for
the transonic turbine cascade be able to regulate the sonic
line location form and a fixed level. The hodograph method

takes V and the velocity vector direction as the independent
variables and supplies the relationship of the profile velocity
and profile inclination. Aside from simplifying the equation and
the other mentioned advantages, when seeking the solution, the
sonic line acts as one of the supplied boundaries. Thus, we
could also prepare beforehand a fixed control for the sonic line
location form. After gaining experience, we could make some
restraints beforehand to guarantee the gas emission angle.
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Yet, the supplied V and & distribution on the velocity
surface form a solution region and its geometrical shape has a
certain arbitrariness and complexity. There are two types of
methods used for this: one is to transform this solution region
to another conversion velocity surface causing it to become a
rectangular region (see appendix 1). The other is even more
effective and uses the finite volume method (binary is the
finite area method). At present, the finite volume method has
attained to very good application for solving the wing and
flow around the cascade. For example, Jameson used it to solve
the wing's transonic potential flow[llland McDonald and Denton
separately used it to solve the time-correlation relation of the
cascade.[12-13) The finite volume method showed the conservation
equation as an integration pattern causing the form to be con-
cise and thus raising the stability of the solution. At the
same time, a small volume unit component mesh could be conven-
iently deployed and divided in a rational smooth solution area
wherein we obtained a relatively good discrete approximation
which was advantageous to the calculation of the complex geo-
metric shape. Because of this, we applied the finite area method
to the transonic turbine cascade and even to solving the in-
verse problem of the sonic line'sS velocity surface.

II. Dominant Equation and Boundary Conditions

1. Dominant Equation

If the shock wave in the cascade is very weak, the effect
on the boundary layer is also very small. We can write mass
discrete and irrotational equations for the plane, irrotational
and permanent flows:
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3 ( l) ’!' ( V) 7

—V,=0 (2)

Now, the independent variable changes to V and © and introduces
stream function ¥ and potential function § :

-

do=V dx+V dy
dy=—pV dx+pPV .dy

Held on the physical surface:

After arrangement, the separate derivations of & and V on the
velocity srrface are:

' o _ 1 SlnP oy
VaV"p<l+V aV)ae (4
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After merging and becoming nondimensionalized, we can obtain:

L= (P ) (o) s

In the formula

- v ) .l =N
b*= PV ot cosha, * p= A (1 =i
(1)

A K—1 _ 1
Q= (.1‘——.3)\:)" Bam’ c—K—l‘ ‘%mﬁo

Key: 1. t is the blade pitch

Formula (5) is the linear partial differential equation needed

for the solution.

Formula (5) can be further transformed into a symmetrical

form. Letting § =p & and Q=(1—B7L 2) = f(/7), after

. (1-8 )
using the new equivalent independent variable A’ to substitute for

. , we obtain:

oD ap* R
% =Wa‘)l.” ‘o)
) ap* -
Y =-4Vj%- (7)
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In the formula ;y=zﬂ%%lﬂ and xl-J}/lkNldL
which is

_1
w_ltsh{(gl;>hwq—pme/(B/l—w—/ﬁu—syjhm]+c

BV 1=-2+vV B(1-B)\Y)

Thus, formula (5) becomes:

L(¢‘)=—;; (W:‘:')+o—:,(w%";‘~.)=o (8)

2. Boundary Conditions

After utilizing the stream function from figure 1, the
boundary conditions on’; =0 on the suction surface along the

blade surface, ¥ *=1 on the pressure surface and wc=f(e) on the
sonic line can be determined by using the singular solution of

a mixed type equation(6].

Ay
1M, 2
Ay s Cy
Tk (3)
" yd
4, MiMy A 0 c =
(1)axs (2) uxa :

Fig. 1.
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Fig. 1.

Key: 1. Velocity surface
2. Physical surface |
3. Sonic line

Up to the present, the difference between the various singular
solutions lie in the accuracy of their compression functions.

Other approximate hypotheses were all the same but in the area
of the sonic line the differences of the compressibility func- -i

tions were very small. When we used Germain's{l0 solution, which
shows that there is a critical single point Oc nozzle on the
throat part, then

_ (8, =)= (=)

= 0,20 T (8, 0T

The upstream boundary conditions are the distant overtaking
flows ;mbo and 600 which forms single point I on the velocity
surface from the cycling of the flow. Further, after selecting
the blade's '"geometric" stagnation points A1 and Ao, we can then
determine the solution area IM1 A, Cl C° AoMoIo on the velocity
surface. To sum up, the problem is the solution of "degenerated"
elliptic equation (S)F'[\]'1 or equation (8).

Because the equation is linear, its solution can be obtained
from a combination of the regular solution and singular solution,
which is Y*= ‘r’ + voo' In this equation, Y’ is the regular
solution and q’oois the singular solution near the upstream I
point. Therefore, the solution equation changes to: :

F.N.1: Because it is necessary to directly solve the sinqularity
sonic line.
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LW)=L0%)~L0k)==L () (9)

we used an approximation;z:c;f W=y 1'Moo in formula (8) and
L oo
formula (8) changed in the Laplace equation. From this,we could
directly attain the Fenain results:

o teh. ] (10)
Po= 3% Ty 1 — M2 logR+C

In the formula

T L R LU (5 ey Wy A e
R=y/ L2 L2 “’-tg'( e [ v

Now, the solution area is AlclcvoMoMlAl and the boundary

conditions are: ?i‘ —‘)’ for ﬁ:\ ’}'=1- Y for A C,; and
: 0o a o’ oo 171’

’ N
? = ‘)'c- \}’oo for Clco' It is necessary to further discuss the

AIMIMOAoline because the M1Mo area function is non-continuous.

* *
It jumps from the ? = 1 in the Ml area to the Q’ =0 in the M,

area and is also on the A =0 line: "I=-?°° for A1M17 v=1 -9

for AoMo In order to maintain a continuous ’}' on the solution

.
area boundary it is necessary to establish ‘Y’Ml =Y,M° . This
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can be realized. For example, using"qu1= 'WqMO =0 it is then

necessary that: WOO'M1=1 and ‘yoo'Mo=o' To do this, it is
only necessary to use the C value in formula (10):

C=1 -‘;);_, Q) o <o,
o (2
C-—_Z%-' g m>(‘)A

Key: 1. When
2. When

Then the goal can be reached.

Fig. 2.

LA
We can also use reference [l1] which takes 'HM°= ~flM]_=1. At
this time:‘Yoo M1=0 and .Yoo, Mo=l and it is necessary to use

=.—‘2‘,}r— when a o 5 and C=- ‘!‘,’417— -1 when a >NA-

74
Asgside from this, we can also use 7 )Mo— \}', M1 as another
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arbitrary value such as 0.5 etc.(see fig. 2). From this comes
the corresponding C value and given “’A. ngerical tests proved
that no matter what the value of "}”’M = ‘HMI, the results were
the same. We could also understand whyothe final result was

* /
V’ = \P + \Yoo' The above result was obtained assuming IM was
obtained in a straight line. Actually, IM represents the upstream

flow field and any W origin can be selected along IM.

III. Solution Method

We used the finite area method to solve the boundary value
problem of formula (9).

1. Transformation of Equation

In order to be appropriate for solving the finite area
method, the integral of formula (9) was:

Il & e + @i | dedx=fff,( 8, A)ded\
b D

In the formula, fl(ﬁ),iL)=L('Woo). After applying the Green form-
ula:

§ o (Poiar—Quide) = de(P\bim+Q¢im)ds=gf.( o, Mydedr (D)

In order to simplify calculations below,'ylis written as V.

2. Treatment of Format

Using a non-equidistant . =const line (actually it is not
absolutely necessary to use an equal A line, yet because A =0
and N =1 are boundaries, the use of an equal N\ line is more con-
venient) and an equally separated point joining line along the
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A=const line, we cut up the solution area into an arbitrary
E tetrahedron. The stream function Y was defined in each format
center area. For each tetrahedron mesh in the solution area, the

peripheral integrals in formula (11) can be changed into line
integral sums on the four sides.

Fig. 3.

For example, the 2-3 side in figure 3 has:

. 3
Ip= J : (Phony+ Qs )ds~ Py J. : nds+ Qy. j \ n.ds
‘ ’FEO(AS—M) +61.h(ez-93)

. In the formula, P, Q, 7 @ and ¥ are all mean values in the

integration area. We took point P and Q values in the area as
P and 5 Because '* was only defined in the format center areas,
it was necessary to provide the expression of derivatives 7 e
7)\' Using the directional derivative:

W _op 99 . oy I

o= g ot e ol =Whtbd 2

If for point@ of the 2-3 side in fig.3 we take the 1 direction as
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the ee, direction and 2-3 direction, then:

l'A';:i‘f'— = Py r008Q, + Y, g8inA,

—*&;;—'— =y veosf, + ¥, 18inh,

In the formula, AS32 is the distance between the two adjoining
points:and 4r_
. format centers. ‘)’n is the point@ area “i’n, and w’@ is the !
: point d)area ‘}’9 (see fig. 4). when a

is the distance between the two adjoining

=0 (using the equal A line

1 3
| to divide the mesh), we can obtain !
" ‘l‘m= ‘b':.‘:'\b_.'
T
3 N Nk, Y 12) |
o= Asy SinB, ctgBibe

1 Fig. 4.
Taking w3= % (\ye"‘ -yel‘-' ?es_l_ \)’ez) and \y2=;‘ (?e+ Yel"' \ye4

+ \yea) ., then
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‘bw-: ¢'I+¢l‘—¢n_h - \I’a‘ - ll’l

4As,,sinf, Teey

\.tgﬁl

Therefore, the 2-3 side can be written as:

Io=p (A.)—""A'T'"‘!i(x,—x,) +0 () [ Yo :‘z;’l;i'f,‘él_ i

—ctgh _&%‘b—'](ez —8y)

Fere, 7L3, 63,7L2 and 6, are the A and € values of points 3 and 2,

and P ( 7Le) and Q@ (N 2) are the P and Q values of the 7L=)\-e
area.

Similarly, point@of the 1-2 side has:

_"’z:lh_= Vgt Yo, = Yoy — Yoy

o= Asyy 4As,,
- ‘bl-‘bq - (¢'g+¢l -‘bn-\l’r-‘)
R e O

Because 7\-1= 7‘-2, therefore
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Ig=Q(M‘—><-—‘bf—“’"~—cth. Bop+ e, = e, = beyg ) (8,—6,)

2 Areesing, ERYT

and I® are analagous. When the four sides are added to-
gether we obtain:

A.‘L“-%-é.sl: lslsini}l

4 -
N Imlg+ Lot I+ lo= Paiva=fGe 0
1

In the formula, a is the coefficient of \Pe and Ve..
¢

1

Fig. 5.

106



The boundary infinitesimal has eight types of different
situations (Fig. 5) wherein it is necessary to treat and write
out their integration formulas. For example, for situation(zz

from Fig. 6, 1’=1- #go on the 1-4 side, and 1V=12 (e) - ‘+;°

on the 3-4 side. Therefore

‘b.‘_ ‘b‘(ea) _J’-Ass:< 1 —Yay)

\bc( _‘l’ —‘j’n ‘ba(e T Ve "'(1 = Ve
*w'zﬁ‘,ﬁm et —:l0) ¥on={l—des)
4 3




*'(4@‘&) _‘b-ﬁ—‘l’u

ASy,

‘ 3

and
Yop= e = (1 —thez)
*® (_A_is_n;\.m
4
bmr=ter b= —an) |
¢XG= As:lsinﬁg Cth:l ( ;\sﬂdt__\ﬂ}
4

Therefore

0_(1—'-' 'lb- _d’.
Iy=P Q) q"&éu;‘&il:}) =2+ 0 () { ' A.%;'sinﬂ:-
('— 4
o—( 1 —‘b-.'!‘
- Ctgﬂg_i_ass‘.‘. As;;:))—] (GQ—OI)
(Pt
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Finally, the related simultaneity of the infinitesimal mesh

defines the linear algebraic system of first order equations

in each format center * and then the solution is carried out.

3. Annotation of Several Points

(1) For the most part, the finite area method is carried

out for a system of first order equations. For example: equa-

tion (5) can also be written to form a system of first order

equations

Q 99 A
®_ pdb
oA +I’00 0

After integration

f(zl)-?in, —\lm.)d:- 0

6 @m~Pim)ds=0

(13)

At this time, the mean values of the two adjoining mesh format

centers are used for the value on the infinitesimal area bound-

ary. The presently used equation (5) has direct integration and

utilizes the derivative value on the boundary. The coordinates
of the four angle nodal pcints use the mean values of the four
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mesh format center . The accuracy is raised and some are similar
to the Lax format. The use of the 4 point means is also advant-
ageous to stability. Aside from this, the use of a system of
first order equations can also save on the machine's storage

quantity.

(2) In the solution, the first order derivative yGL approx-
imation uses the difference quotient alternate approximation of
the 1 and 6-directions and the accuracy is in the first to
second order range. When the mesh degenerates to a square it
has second order accuracy equal to the central difference.

From Fig. 3, when Bi=90°,

AR R TNl TH
am |, jey2 AA
a'bl ‘ =‘b’bltl—\|’h’
M i +1/2 § AD

(3) We can also use the weighted residue method of taking
the weight function as 1 for the integration of formula (8).
If the weight function acts as the form function, mathematic-
ally speaking, this corresponds to the finite element method.

(4) }P oo 1S the singular solution "near" the upstream
infinity area..We continued the use of the method in refer-
ence [1] and employed it for the whole solution area:; although
this method was much more convenient to use than the hyper-
geometric function for seeking the effects of the upstream
single point, yet the approximation was larger. Therefore, in
the next step, we calculated the problem of the first category
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boundary value conditions in carrying out a direct solution of
formula (8) or (5) on a fractured surface.

ii. Calculations and Discussion
Based on the above mentioned method worked out on a computer

program, we obtained the 9’ field in the solution's linear
algebraic series of equations. After obtain the "* field we
used numerical integration to directly calculate the s surface,
p surface, and x and y sonic line coordinates. The coordinate
origin was taken on the intersecting point of the s surface and
sonic line. For the supersonic part we continued the use of the
characteristic line solution method.

Fig. 7(a) The Relationship of the A -6 Distribution System
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Fig. 7(b) Profile Calculation Example

Fig. 7 is the calculation results. The cascade nodal dis-
tance t is taken as 1, the upstream overtaking flow is Moo=0‘15'
the axis gas intake is ao=90o and the gas emission angle is
alJ)2=15°. Fig. 7(a) gives the A -8 distribution and Fig. 7(b)
is the sought transonic turbine guide blade profile,

(1) In the relationship of the given velocity distributions,
at the sonic line 7\ =1 area, 0p=72.3° and es=68.7°. The calcula-~

tions practically proved that the selection of the critical
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single point Oc was not only related to the performance of
the supersonic part form but the effect on the profile of the
front surface of the sonic line and the form and position of
the sonic line was rather great and quite sensitive. Fig. 7(b) %
shows the results created by three types of ec values wherein A
Oc=68.8o is taken as relatively good. It can be seen from this i
that when we want to obtain a uniform flow in the throat area, j
the subsonic line form is very important. After providing pres-
sure surface p and the A -8 relationship of the suction surface,
following adjustment the ec can obtain a relatively good value.
Concrete calculation examples have also showed that in a certain
‘ overtaking flow M number sphere, the Oc point near the back arc
will cause the sonic line to become even more level and straight. ]
This is equal to causing the exit back arc to approach a straight
line shape.

(2) After the *’* field is known, the return physical sur-

faces x and y require separate integration formulas for the
p and s surfaces:

: si-sdpe= [ L 1P+ Q(GE) )5y s an (14) |
o T
F
b . ‘ V1= Yolps= CJ; ’A]—[P "‘Q(—g—g— 3] 3;1’6. sin § dA (15)
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For the sonic line

; .
:u—x.l.-EJ-; [—:‘%’—wse - a;l; sin ]dO (16)
.W“y.l.-aj; [-% sin § + a;g cos 6 ]dO (17)
— Poo
In the formulas, the C= Pcr 7\°°COSGOO is obtained from the

given overtaking flow conditions. In order to satisfy the profile
seal condition there should be

(xe—2) s+ (xm— x) e = (xa=%0p)ls

In the formula,n indicates the integration end points of the

p and s surfaces, m is the end point- of the sonic line, xop

and Yop are the coordinates of the p surface integration begin-
ning points and xop=xmo‘ If i is used to indicate the flow
points on the p or s surfaces, then the blade thickness distri-

bution can be shown as:

de= ¢ ‘|:(J'l‘yo)|t-(y'—yo')|p- (Ya—yo)l

During the actual calculation procedure, it was necessary
to repeatedly adjust and modify the original data (the 7\ -¢
distribution of pressure surface p and suction surface s) or
consider the relationship of the profile's form velocity and
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inclination changes so as to obtain a relatively good seal and
to satisfy the thickness distribution of the profile. After
gaining a certain amount of experience, this was not difficult.
Because the function P value had singularity, when there was
actual integration, we could try to shift to the upper half of
the mesh. Although this caused the leading edge to have a small
number of breaks, this problem did not have a very large effect
when there were many mesh nodal points.

(3) When using the finite area method for solution, it
was necessary to divide the mesh for the solution area and
solve the mesh's central values. The mesh was divided in detail
and solutiun sccuracy was raised. As regards the solution re-
sults, if a relatively rough mesh was used, the results were
complet=ly stable near the A =1 area. The same holds true
for the A =0 area. In this way, it was not necessary to have
relaxatiy.. difference solution in some places. For example,
with the use of under-meshing near the sonic line, the mesh
was finer in the A direction or a mesh with an undetermined
value was used. This also used the special characteristics of
the finite area method and was one of the advantages.

E Brief Summary

(1) This paper presented the use of the finite area method
on the velocity surface for the solution of the transonic tur-
bine cascade as well as the inverse problem results of the
sonic line, a concrete description of the treatment of the equa-
tion, the solution method steps and the handling of the format.
It also discussed the accuracy of the solution. After using
this method for numerical calculation and analysis, the program
was concise and calculation time was short which could be
appropriate for a complex area form. Moreover, it was not nec-
essary to have more meticulous treatment near the sonic line.
This point is an improvement over the method found in
reference [1].
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(2) Calculations showed that the selection of critical
single points of the throat's sonic line which have a rather
great effect on the sonic line form and profile form should be
given careful attention in modelling design calculations.

Appendix The Transformation of the Solution Area on the
Velocity Surface

9—0
In taking E“j;:ﬁf‘ and n=y as the transformation of
the coordinates on the velocity surface (Fig. 8), we had:

9 1 a 9 9 ox _ o
0 0,—0, ox’' a ax or 9y

Letting g= é%?, we obtained from the relationship in the coordin-

ates:

g = (8 -0)8— (0 —8,)0!
(9.—0,)‘

/ /
In the formula 67, and 87, are the 8 and &, ..i;5) geriva-

tives for /L . In the same way, we can obtain:




g’ _—""’" (9;(06:*‘6,0.- ,9 9:)+9t( 69:+ 9,,0;'?'0 9 0 )
- 3
+20$O;(9:-’26+6,) +29"( ] ‘_Bt> +20:'( 8 ‘“0.)}/(0;' 0,)

Letting gy= %% and Qy‘ 38 , on the converted velocity surface,
equation (5) becomes:

P 2 2
(i@ [+ Q ph+ 20,00 -+ (o Q46,0 + 00 2

+Q,' dL"‘ (5/)
A n
Ci~Co 1.0 C, L2 Co
io 1.0
Ay Ao A Ao %

Fig. 8.
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THREE DIMENSIONAL STRESS ANALYSIS FOR A SHROUDED AIR-COOLED
TURBINE BLADE

Shung Changbing and Ziao Junxiang
(Beijing Institute of Aeronautics and Astronautics)

Abstract

Up to now, there are still no accurate and reliable methods
for computing the stress field of a shrouded air-cooled turbine
blade because the cooled blade with a complex figuration works
under high temperatures and centrifugal loads:; moreover, the
distribution of aerodynamic loads is rather non-uniform. Gener-
ally, such problems which occur in practice are handled by
means of experiments of statistics.

In attempting to solve these problems, we applied the high
order three dimensional isoparametric elements for describing the
complex configurations of blades. In order to solve the high
order linear system of equations, we have used the frontal method
with high accuracy and considerable economy of main memory space.
The high order bicubic Coons interpolation function is also used
to fit the space curved surface. In order to verify the present
method and the reliability of the given program, we have compared
the results of numerical computations with those obtained from
experiments on the revolution of the real blades at high speeds,
and the comparison confirms the adaptability and the satisfactory
accuracy of the present method.

This method is appropriate for various blades such as solid
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or hollow blades, shrouded or unshrouded blades, blades with or
without a shank root, and at high or normal temperatures.

I. Preface

The analysis and calculation of the high temperature fields
and stress fields of shrouded air-cooled hollow blades is a
major research topic brought forth by related departments in
China. When used by an engine, it can improve the performance
parameter greatly and raise its lifespan. At present, there are
already many types of advanced engines making use of it. After
the appearance of the finite element method, references [1] and
{4] had calculated the temperature field and thermal stress for
the shrouded hollow blade. Yet, the three dimensional blade was
simplified into the handling of the problem of the plane. Natur-
ally, there is a great difference between this and the real
situation.

A few of the major characteristics of this type of blade
are: firstly, it is composed of an irregularly shaped shroud,
possesses a special profile and a warped blade body as well as
various special types of cooling holes and shank roots. Because
of this, is is very difficult to disperse on the curve side
element, to fit on the special form and to automatically pro-
duce on the nodal point coordinates. Secondly, the blade works
under a complex load. Its tangent velocity generally reaches to
250-300 meters/second and therefore the centrifugal load is
very great. Moreover, the barycentric shifts of each tangent
surface produce added moment. When the unevenly distributed
aerodynamic load is along the arc direction and radial direc-
tion, it is extremely difficult to simulate the boundary condi-
tions. The working temperature of the air-cooled blade (in front
of the turbine) reaches to over 1500K, there is very great
thermal stress produced on the side of the cooling hole and the
high temperature area often has burning. Thirdly, testing and
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measuring are difficult. When the blade works under high tempera-
ture and high rotational speed, it is impossible to directly
measure the required temperature and stress distribution of each
point. Moreover, it is even more difficult to simulate the
engine's various working conditions in a laboratory. Fourth,
theoretical calculations are difficult. There are many load
types that require calculation for the blade and this is very
difficult. For example, at present, the temperature boundaries
and aerodynamic boundary conditions are being studied, yet the
calculation of the temperature field and stress field depend on
the accuracy of giving these conditions. Furthermore, the order

of the series of equations is also an outstanding problem.

ITI. Basic Method

At present, the three dimensional curved side isoparametric
element method is one effective method that can solve the cal-
culation of the complex blade's temperature and stress. We sel-
ected a high order 20 nodal point‘three dimensional element. The
external form of the blade is shown in fig. 1., and fig. 2. is
the employed element.

Fig. 1.
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Fig. 1. External Form of the Shrouded Air-Cooled Blade

Key: 1. Shroud
2. Gas emission hole
3. Tangent plane
4. Gas intake hole
5. Root

()]

m 2
(a) MkBW(x,y, 20 (b REBHKE, 1, 0

Fig. 2
l Key: (a) Integral coordinate (x.,y,z):
(b) Local coordinate (£ ,n ,¢§)
. The form function of the 20 nodal points on the indicated

element is:
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Nem 201 +8)(14+1) (1 +8) Get N+t~ 2)
(i=1,83,5,7,13, 15, 17, 19)
Ni= (1= (1 +1)(1+8)
(i=2,6, 18, 14)

(1)
Ni=1(1=1)(1+L) (1 +£)
(i=4,8, 20, 16)
N;a%( 1-89(1+&)(1+n,)
L (i=9,10, 11, 12)
In the formulas, §o= E,lg ’ no= ’)i'\ , €= glf-. , and

£, n,; and g ; are local coordinate values of the i nodal
points.

We know from the elastic theory that for the geometric
equation of the three dimensional problem the matrix is used
to indicate it as:

{e)=08){3) (2)

In the formula

Key: (B} is the matrix of the relationship
of the strain and displacement:

f8} is the displacement vector:
fe? is the strain vector

Its physical equation, when there is initial strain {60},
is:
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(o} =(DI({e}=le}) (3)

In the formula
Key: {c? is the stress vector;
fe,} = aT {11100
T is the temperature:

a is the material's linear expansion
coefficient;

(D) is the elastic matrix.
The element has volume force and surface force in simultan-
eous action and the initial load functional eguation caused by

the temperature difference is:

UBIDTIKINS I =~ (UBI)TLEY (4)

" —

M°(u, v, w)

For the whole area, then we have

‘ ]
U=Zn'=ZH‘“5*')’EKT{M—,({M')T«F%‘J (s)

In the formula

(FY'=IF} '+ (Fa}*+{Fa* is the element's external load (5a)
: vector:
Far={{[ (BI DItV is the element's initial load (5b)
e vector;
Fa'= r
{Fa) &gkNj{p)dV is the element's volume force; (5¢)
{Fﬁ'=£ﬁUVTYq>dV is the element's surface force: (5d)
A ..
(K]‘=fﬂ(BJ’KDJ(BJdV is the element's stiffness matrix; (5e)
V‘
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{8} is the nodal point shift vector:

[N) =(IN1, INnJ ete.

When functional II uses an extreme value of gn =0, then we obtain
the series of equations required for solution.
III. Temperature Fleld

In order to calculate the element's thermal load and
thermal stress, it is necessary to calculate the three dimensional
temperature field on the blade. Based on the experimental data
found in reference [12] concerning geometrical correction along
the arc length and mathematical interpolation along the blade
height for a certain type of blade we obtained its boundary
value. When the boundary conditions were of the first category
and third category, the temperature field's elliptic equation and
boundary conditions were:

| T o oT _ o
| ox? Toyr ¥ oo (in volume V)

-

V T=To(x, ¥, 2) (on surface Al) (6)

oT

on +n,(x,¥Y,2)=q(x,y,2) (on surface A2)

In the formula

A=A1+A2 is the entire boundary condition;
T is the known temperature distribution;
2T ©
2n is the external normal derivative:

ng and q are boundary parameters.

Using the Gauss divergence thecrem, we can transform the
elliptic equation into a functional extreme value condition:




BlT= Y ({3 ) LK+ K DT} = (180" {17}

= {3 T((KI{T}—{F})=10

In the formula ;

(Kv]‘=ﬂf|ZC)’((J)")T(J)'l(c)dV is the volume element con-
Ve S tribution to "total stiff-

ness";
(1\'s1'=jf{NHN)’Tl,dA is the surface element con-
4 tribution to "total stiff-
ness";
{F}'=ﬂ'<N}qu is the surface element con-
P tribution to the right end.

Due to the arbitrariness of fg,ri , formula (7) is equivalent to

(K{TI={Ft=0 (8)

This then is an algebraic system of equations for the element's

nodal point temperature.

R IV. Frontal Solution Method
This is a variation of the Gauss method and its greatest ad-

vantages are that its solution accuracy is high and its time is
fixed. Moreover, its programming is ingenious so that it can de-
crease internal memory and make full use of external memory.

Its special characteristics in operation are that it both accum-

ulates and eliminates, it does not require the formation of total
stiffness and the results after elimination are sent to the ex-

ternal memory and does not occupy internal memory space.

By using fig. 3, it is even easier to explain its solution
process. In the fig., when elements Q—@ are already accumulated,




element (B) is in the process of being carried out and elements

@ - @D have not yet accumulated: nodal points with a "*" symbol
have already been eliminated, nodal points with a "O" symbol are
in internal memory which is equivale»nt to the tape width, and
nodal points with a "4" symbol have still not begun action.
Therefore, the activity variable "0" in the solution procedure
forms a "wave surface" that continuously advances forward. This
is the origin of the frontal method.

S 9 17

’;@ /’ / " L@ @ )

S A s
O oo
8 12 16 20
o— ELmpNTE OG- EEELRMTR

X — gagaanrys B— 2oEmaRR
a— P ERARE TS O— SRERHTR

22

Fig. 3. Schematic Diagram of the Frontal Method
o is a nodal point in the internal memory
is a nodal point already eliminated element

is a nodal point which still has not begun
action

X

a

B is an element being produced

Z is an element which has already been produced
O is an element which has not yet been produced

It is easy to prove that the internal memory of the frontal
method mainly depends on the width of the wave surface and be-
cause of this it can economize the internal memory better than
the band width method and divided piece tape width method.

Tests have proven its obvious advantages for high order systems
r of equations and high order elements. Its shortcomings are that

the program is too complex and when operating, the repetition
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of internmal and external memory exchange wastes time.

V. Fitting and Automatic Mesh Division of the Profile's Curved
Surface

1. Fitting of the Profile's Curved Surface

The body of the blade:is  surrounded by two skewed space curvéd
surfaces. The contour of the curved surface must be accurate
otherwise this will affect aerodynamic performance and engine
efficiency.

The divided three dimensional curved surface element must not
only have the curved surface strictly coincide with the profile
but the element's nodal point coordinate must also accurately
fall on the curved surface.

We have test tried a new method proposed in recent years by
Coons and Forest [13] using a type of structured curved surface
for the fitting of the space curved surface. If the profile is
composed of many small curved surface pieces and the interpola-
tion function's second order derivative is continuous in each
of the curved surface pieces (as shown in fig. 4), the domain
of the bivariable interpolation fungtion x(u,w) is: 0 g.u‘g 1
and 0 § w § 1. If we now fix a certain parameter in the x(u,w)
then we obtain the common single variant interpolation function.

/
*

S

©,0)

LG+ G+1), (i +1)

‘ . N ta
01 1Y) G+1),§

1,0) § L] []
a,1;
s
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Fig. 4. Curved Surface Pieces
When formulating the partial derivative of the second order

continuity in the boundary, we write the matrix as:

x(u, w)=(F,(a) G(u) F,(u) G(u)
x(0, 0) x.(0, o);x(o, 1) x,(0, 1) 'fF..(w)‘

20, 0) (0, 0)x(0, 1) 2a(0, 1) | [Gulw) |

(1, 0) (1, 0):x(1, 1) x(1, 1) iF.(:»)J
G.(w)

(9)

x |

%(1, 0) %u(1, 0)x(1,1) xw(1, 1)

In the formula, the variable in the 0-1 area is second order con-

tinuity and the related symbols are:

F(0)=F,(1)=1
F,(1)=F (0)=Fi(0)=F(1)=F{(0)=F,(0)=0

Gy(0)=Gi(1)=1 (10)
G (0)=G,(1)=G,(0)=G,(1)=G(1)=Gi(0)=0
x,=dx/ou% » (a1

Key: 1. Etc.

We further define the x(u,w) in the rectangular area as:
0§ ugn, 0w m and n,m is the positive integer. Further-
more, taking the ui and uj values in formula (9) wherein i=0,1,

“** n,j=0,1,°°°,m, then

' ww= P (4)Bu(w) (12)




In the formula:

! 00 OOU ! 01 olw """ ‘ Om Om,, 1
00- oo-u 01- 01uv """ Om. omw |
. e - e e ———
10 10. 1 | P 1m 1m,
103 10-0 11- llnu """ lm- lmw
B= — ; (13)
! |
[ eeeses ! ...... I R
! |
| n0 n0. ; nm nm,,
1 0. mon | i ...... -
Fu(“l)o (kai) F.(bl). (l=i)
]Go(m), (k=i+1) Go(bp), (1=j+1)
Pu)=\ Fi(ar), (k=1i+2) g (w) = F(bp, (1=j+2) 14

G(a), (h=4i+3)
0, i (1)

Key: 1. Other
2. Other

Moreover, there is:

k-l’ z,"‘,2ﬂ+2,
i=2(u)+1,
j=2(w)+1,

Gu(6), (1= +3)
0 R (2)

| = 1, 2’...,2m+ 2,
Gr=1u—(u),
b,=w—(w),

Formula (12) is then the divariant interpolation function de-
fined on the rectangular area of the unit square mesh. Each

order of the partial derivative in the Bx matrix is very dif-
ficult to give. Here, we use the smallest second power method

to seek Bx (141,

2. Automatic Mesh Division
The form and nodal point coordinate of the element both
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utilize automatic mesh division (this only requires the input
of a small amount of information). Its process is divided into
two steps: first is to determine any transverse tangent plane
and divide it into tetrahedrons according to any type of stand-
ard, and second is to join the vertical direction to make

el e i

hexahedron elements.

The cutting up of the transverse tangent plane depends on :
the shape and position of the cooling holes; for a solid blade, '
. we can cut equally or according to proportion along the arc
2 length; for a hollow circular holed profile, we can use the
' center of the circle as the basic standard to cut along the cir-

cumference; for a specially shaped holed profile, we can make

a curved surface fitting similar to that of the outer form be-
T cause the inner walls of the holes also have curved surfaces.
E ; Fig. 5. contains examples of various types of transverse

tangent planes.

FoMA (1)




Fig. 5. Cut on Profile's Transverse Tangent Plane

Key: 1. Solid blade

. Hollow blade

. Circular holes

. Specially shaped holes

LS VS N N

VI. Calculation Results

1. Assessment of Examples

(1) Using a trapezoidal sheet with varying thickness as the
example, we calculated its centrifugal force and aerodynamic
distribution load; using a hollow cylinder as the example, we
calculated its temperature field and thermal stress; they all
had analytical solutions. When we compared it with the calcula-
tion results of this method the patterns and data all tallied

and satisfied the engineering requirements.

(2) when comparing the calculations of the large twisted
blade with the tests, using the semi-solution analytic method of
reference [5], this method's error for the large twisted (>20°)
blade was relatively large. When tested at n=17000 revolutions/
minute, we used the direct measurement method yet the surface
measured point was not the same as the principal stress dir-
ection and thus there was also an error.

As shown in fig. 6., the calculation results of this paper
basically fall within the tests and semi-analytic method.
Moreover, this method's curve is smooth and 1is therefore con-

sidered believeable.
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(b) WEALUE

Fig. 6. Test and Calculation Curve of a Large Twisted Blade

Key: (a) Blade
(b) Data on measured points
1. Measured point
2. Method
3. Test point
4. Finite element method

5. Kilograms/millimeter2

2. Shrouded Hollow Air-Cooled Blade
(1) Calculation of centrifugal force

For the calculated objects shown in fig. 1., in order to
economize on the internal memory, we used a four holed tangent
plane to carry out research. For the stress distribution on this
blade's II and ii tangent planes see fig. 7. The high stress area
is on the tail edge of the tangent plane and here, besides having
a centrifugal force, there is also added a centrifugal bending
moment. The stress distribution of the 2,3,4 points on each
transverse tangent plane along the blade's high speed direction,
as shown in fig. 8., coincides with the results of most
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calculation methods. The stress gradients along the sides of
each hole are not large. This is because the axis line of the
cooling holes are basically the same as the direction of the
centrifugal force and the added bending moment is very small.
Naturally, the stress value near the small holes is greater than
that of the large holes. The stress value on the shroud is then
very small and the shroud is equivalent to adding a concentrated i
mass load on the wingtip.

i o g

] 1 15 0 23

2
% (2) LINYES D)

{ Fig. 8. Stress Distribution Along Blade Height
Key: 1. Tangent plane R
2. (Kilograms/millimeterz)
3. Center of gravity

(2) Aerodynamic force

The blade's stress distribution caused by aerodynamic force
is basically identical to the stress distribution pattern on a
varying thickness blade. Yet, in an actual turbine cascade, the

o T AT VTS T
.

aerodynamic force changes the blade's leading and trailing edges
as well as the blade height direction. It requires the use of a
three dimensional flow field for calculation because it is dif-
ficalt to accurately give the aerodynamic boundary wvalue. This,

then, effects the accuracy of stress calculations.

(3) Here, we will only give the temperature field for the
IT and iV tangent planes as shown in fig. 9. As regards the

!
!
i
?
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temperature distribution of each cooling hole side, the cooling
effect of the large holes is better than that of the small holes.
The temperature changes along the periphery of each hole is

not large, yet the normal temperature gradient changes on the
side of the holes is large. The temperature difference between
the side of the holes and the profile's outer surface is about
300°c. The high temperature area is on the leading edge of the
profile and the tail edge location because the leading edge
comes in direct contact with the gas flow and the tail edge's
dissipation of heat is difficult; the heart shape of the blade
becomes a low temperature area, the temperature on the outer sur-
face is relatively high, the temperature field alonqg the height
of the blade is related to the temperature and flow quantity of
the air-cooled gas flow, and the temperature on the side of the
blade hole is close to the temperature of the air-cooling gas
flow. The curves in fig. 10. are the temperature changes of
points 1,3,2 from the blade root to the blade tip. Their temper-
ature changes are all about 250°C and the shape of each line is
similar; the temperature on the blade tip's tail edge is very
high and this seems true for most turbine blades. Cracks and
excessive thermal burning are often produced in this local
position.

(4) Thermal stress

The changes of the thermal stress field are basically
identical to the change patterns of the temperature differences.
The thermal stress on each tangent plane in the side edge of the
air-cooling holes and outer surface is very high. Although the
temperature on the side of the hole is not high yet it very
easily produces cracks. The temperature on the tail edge of the
blade which is very high lowered the material's permissable
stress value. In brief, a relatively high temperature gradient
area causes the thermal stress gradient to also be relatively
high.
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Fig. 7. 3tress distributions of tangent planes I and IV
Key: (a) Stress distribution of tangent plane I.
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(b) Stress distribution on tangent plane IV.
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ig. 9. Temperature distribution of tangent planes I and IV.
Xey (a) Temperature distribution of tangent plane I.
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Fig. 9. Key:
Key: (b) Temperature dlstribution of tangent plane IV.
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Fig. 10. Temperature Distribution Along Blade Height

Key: 1. Tangent plane R
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A STUDY OF THE METHODS FOR MEASURING RADAR'S ECCM PERFORMANCE

Li Nengjing
(PLA Air Force Laboratory)

Abstract

This article reviews the methods for measuring radar's
ECCM capabilities and points out a set of commonly used measur-
ing formulas. Tne basic parts of these formulas which are com-
posed from the radar's principal technical parameters repre-
sent the radar's potential ECCM capabilities. The supplementary
parts of the formulas which are composed from the indices of
the radar's various ECCM technical measures represent the quality
level of these ECCM measures. The use of this set of formulas
can calculate the expressed numerical values of the radar's
anti-passive jamming capabilities, anti-active jamming capabil-
ities and integrated ECCM capabilities. This paper gives ex-
amples and discusses the application of the calculation results
for radar systems analysis and overall design.

I. Preface

Radar's ECCM capability is one of the most important func-
tions of radar yet up to the present there is still not a com-
monly used measuring method.

In the past, there were two commonly used means of express-
ing radar's ECCM capabilities. One was the listing of the radar's
various ECCM technical measures and their performance indices.

For example, whether the radar could quickly convert its




frequency, how wide is its frequency conversion band, whether
the radar has moving target indication (MTI) and how much is
its visible coefficient in the complex waves (SCV) etc. This
type of expressed formula is not only overelaborate but the
ECCM measure items and index itself are not able to accurately
measure the radar's real ECCM capabilities. Taking the radar's
anti-passive jamming capabilities as an example, it is related
to the SCV value as well as the radar's resolution or pulse
volume.

The second type of formula is the use of the level of the
radar's check or measurement performance decline under specific
interference backgrounds to show the radar's ECCM capabilities.
For example, under a specific interference power spectrum
density, how far the radar's defense was, how much the radar's
tracking precision of a certain target decreased, etc. The
numerical values obtained from this type of formula which are
connected to the interference conditions and target character-
istics cannot independently evaluate the radar's ECCM capabil-
ities.

J. L. Johnston suggested the use of the ECCM improved
factor EIF to indicate the radar's ECCM performance [11. The
definition of the EIF is

(s/J)k

EIF=
(S/J)o (1)

In the formula, (S/J)_ 1is the radar's output signal interference
power ratio before adopting ECCM measures:

(s/J), is the radar's output signal interference

k power ratio after adopting ECCM measures.
This formula is suitable for various types of interference
and ECCM measures and its universality is relatively strong. Yet,
it is only suitable for measuring the above type of radar ECCM
measures on the integrated ECCM performances of several types
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of ECCM measures but cannot measure the entire radar system's
ECCM capabilities. Because of certain technical parameters of
radar, for example the transmission power and antenna gain, they
are obviously not able to belong to the radar 's ECCM measures
yet they determine the fundamental factors of the entire radar's
ECCM capabilities.

Because of this, we attempted to find a new method to meas-
ure the radar's ECCM capabilities. The demands for this were:
first, to only rely on the radar's technical parameters: second,
having universality, it could measure the radar's capabilities
to counter various major types of interference. Based on these
demands, in 1978 for the first time I proposed an expression
formula for radar integrated ECCM capabilities, that is:

PTOB

lGFAFS[Zl (2)

In the formula

P is the radar's mean emission power:
is the radar's observation time of the target;

Bl is the radar system 's instantaneous band
width:

G 1is the radar antenna's gain;
¥, is the radar antenna‘'s quality factor;

F_. is the radar signal's quality factor.

This paper will further prove and investigate this method.

II. An Analysis of the Interference Type and the Fundamental
Measures of Radar's ECCM to Bring Forth an Expression
Method for Radar's ECCM Capabilities

In order to bring forth an expression method for radar's
ECCM capabilities, we first observed the radar's fundamental
ECCM measures. See table 1.
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Table 1.

Type of Interference

Radar's Fundamental ECCM Measures

b et ioodestccadid

l. Emission type interference
(active jamming)

(1) Inhibition such as
noise interference
or other modulation
wave form interfer-
ence.

(2) Deceiving such as
response jamming.

2. Reflection interference
(passive jamming) such
as interference tinsel
cord and non-man made
surface features, clouds
and rain, and ocean waves.

(a) Increase the radar's signal
power.

(b) Cause a difference between
the radar's signal carrier
frequency and interference -
resolved from the frequency.

(c) Raise the radar antenna's
orientation - resolved from
the space direction angle.

(d) Have the generally best filter
so as to find the greatest
output signal interference
power. Use a matching filter
for white noise interference;
then join the most effective
filter of this type of in-
terference wave form for the
non-white noise interference -
resolved from the signal wave
form.

(a) Design a complex radar signal
so that the jammer finds it
difficult to duplicate -
resolved from signal wave.

(b) Design a radar operations
system so that the inter-
relation between the radar
signal wave and space direction
angle are smallest (dealing
with angle deception response
interference).

(a) Use different speeds for the
radar target and interference
complex wave (the Doppler fre-
quency), signal selected from
complex waves - resolved from
frequency.
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Type of Interference Radar's Fundamental ECCM Measures

(b) Raise the radar antenna
orientation and reduce the
radar signal time width so
as to decrease the strength
of the received complex wave,
- that is, raising the
resolution for the space
direction angle and time.

3. Absorbing interference (a) Enlarge the radar signal
such as electromagnetic power.
absorption coating.

From an analysis of the above brief table, besides the spec-
ial demands for dealing with angle deception response interfer-
ence with signal wave form and space direction angle, there are
two basic radar measures for ECCM: one is power and the other
is resolution. Because of this, it can be inferred that by using
the radar's power parameter and resolution parameter, we can
indicate the radar's fundamental ECCM capabilities.

To represent the radar power's technical parameters, we

should use the radar's mean transmission power P.

The radar's resolutions, for example those mentioned in
table 1, have the aspects of frequency, space directional
angle, time and signal wave form. From the signal analysis
theory it can be known that, in essence, the wave forms resol-
ution is the resolve of the signal in the time domain and fre-
quency domain. Because of this, the radar's resolution is
mainly concerned with four areas of overall resolution: the
time domain, frequency domain, space directional angle and
angle of elevation.

Without the simple parameters, we can still express the
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radar's integrated resolution. Yet, we know that the radar four
dimension blur function brought forth by H. Urkowitz [3] can
describe, on a relatively wide foundation, the integrated resol-
ution of radar in space, time domain and frequency domain.

The function is:

PIARY =fj:jcr-(f)u<f =fOF*(8, $)FL(8 =0 ;

X (b —b,))e*"4dfdodd (3)

In the formula,

U(f) is the radar signal's envelope complex frequency
spectrum;

F(0,9) is the radar antenna's direction fiqure:;

td and fd are the time difference and frequency difference:

8=sin a is the sine value of directional angle a;

&-sin £ is the sine value of elevation angle & ;

e, and ¢d are the difference of © and the difference of .

When the antenna band width is far greater than the signal
" band width so that there is no apparent interaction between the

antenna and signal,

A ("v fl' 04- ¢‘) hnd A (I‘o f‘) A (el' d’l) ( 4 ) 'g

' This is the product of the four dimensional blur function which

can be expressed as the signal blur function and the antenna

direction blur function. Formula (4) is applicable for most
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radar.
The signal blur function A(td,fd) is:

= (7 USHU S =faeadf

=7 (e et (51

In the formula, u(t) is the signal's envelope time function.

The antenna direction blur function A(Sd, ?d)is:

=_UF'(9,¢)F((e—-9.),(¢-¢1)1‘{e‘l¢ (6)

This function is the self correlation function of the antenna
direction figure. Because most of the radar antenna direction
figure is close to the sinc function, the self correlation func-
tion of the sincc function is still the sincfunction. Because of
this, the antenna direction figure is clore to its self correl-
ation function. We can use the antenna direction figure to sub-
stitute for the antenna direction blur function.

In order for the resolution to be able to be expressed by
a parameter, we used the main peak of blur function modular
value |A] when it decreased to a specified range. For example,
when it decreased to the main peak and the highest value (after
normalizing this value was 1) was -6 decibels, the width of
the main peak (when the blur function is one dimensional), or
the sectional area (when the blur function was two dimensional),
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or sectioned volume (when the blur function is even more multi-
dimensional) acts as the parameter. This parameter can be called
the resolution unit.

We call the sectional area of the two dimensional blur
function lA(td.fdﬂ whose main peak decreased 6 decibels the radar

signals distance and frequency integrated resolution unit. The
sectional area of the antenna direction figure )F(G,;)I whose
peak decreased 6 decibels is called the radar antenna's space
angle resolution unit.

It is inferred from this that the four dimensional volume
obtained when the four dimensional blur function
lA(td'fd’Od'¢é)' main peak decreased 6 decibels can be defined

as the radar's integrated resolution unit. When RT is used to

represent this value, the larger the R the more error shown

TI
for the radar's integrated resolution. Therefore, the precise
description of the radar resolution parameter is El'
T

Radar's basic measure for anti-passive jamming is raising
the radar's resolution. Therefore, the description of the para-
meter of the radar's integrated resolution (El) can be used to

')
express the radar's basic anti-jamming capabilities.

Radar's basic methods for anti-inhibitory active jamming
are to increase the energy of the target echo as much as possible,
decrease the interference power coming in from the antenna as
much as possible and filter out the interference that has already
been transmitted in so that the power ratio of the output signal
and interference will be maximal. To realize these, we must
rely on radar with great emission power and at the same time
depend on radar with high resolution. If the latter's emission
power can be concentrated on the target, then both the
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interference input and output will decrease. Therefore, the
product of the power parameter and resolution parameter which is
(P/RT) can be used to express the radar's basic anti-active
jamming capabilities.

As regards the response type interference, besides having
specially interrelated demands, we can also depend on the radar's
high resolution. As regards absorption interference, it is also
necessary for the emission power to be concentrated on the
target. This is identical to dealing with active jamming. From
a wide general perspective, the product of the power and resol-
ution parameter (P/RT) can be used to express the radar's funda-
mental integrated ECCM capabilities in dealing with various types
of interference.

Yet, the calculation of the RT numerical value is complex
and an inferred simplified formula should be substituted.

Firstly, we established formula (4) for most radar and
because of this,

|A(i'«f4'9«¢4)‘=|A(faf4)“A(9a‘ba)‘ (7

In this way, RT is then equal to the four dimensional volume
formed from the 3 decibel modular value sectional surface of the
signal's blur function and the 3 decibel modular value secti~nal

surface of the antenna direction blur function.

There are three types of radar signal blur function modular
value forms (abbreviated as the three dimensional blur figure):
nail board form, thumbtack form and knife-edge form [4-5].

When the radar signal is a pulse train, the three dimensional
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blur figure of the signal is a nail board form. If this pulse
train includes N pulses, the width during each pulse is r, fre-
quency width is Bs, pulse repetition period is T and the pulse
train's sustained time is TO=NT.

There are two forms of this type of signal blur function
modular value with a 3 decibel sectional surface (abbreviated
as the blur plane figure):

(1) The pulse itself is a simple pulse or phase coded pulse
and signal plane blur figure as shown in fig. 1.

Fig. 1. Simple Pulse Train and Plane Blur Figure of Phase Coded
Pulse Train

{(2) The pulse itself is a linear frequency modulation pulse
and signal plane blur figure as shown in fig. 2.




r"—"' ——

Fig.

2. Plane Blur Figure of Linear Frequency Modulation Pulse
Train

We know from figures 1 and 2 that the approximate value of
this type of signal blur function modular value main peak with
a 3 decibel sectional area is:

=
4

When the radar signal is formed by a single relatively long

pseudohatted code, then the three dimensional blur function of

this type of signal is a thumbtack form.

Its plane blur figure
is shown in fig. 3.
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Fig. 3. Plane Blur Figure of a Single Pseudohatted Code Signal:
T, is the Total Length of the Signal

From fig. 3 we know that the approximate value of this type
of signal blur function modular value main peak with a 3 decibel
sectional area is:

Given that at this time the signal's sustained time is To' then
the total length of the code is ’Fo.

When the radar signal is a single linear frequency modula-

tion pulse, the three dimensional blur figure of the signal is
a knife-edge form. See fig. 4 for its plane blur figure.

2

t.ﬁ ~|~

1e

5

Fig. 4 Plane Blur Figure of a Single Linear Freaquency Modulation
Pulse

This type of signal can only accurately determine the com-
bined value of an unknown target's distance and speed. This com-

bined value is the oblique axis in the plane blur figure. Yet,
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we cannot precisely know what the distance and speed are. There-
fore, at the least, during actual application we must transmit a
pair of linear frequency modulation signals. This pair of
signals have opposite linear frequency modulation slopes as
shown in fig. 5.

Fig. 5. Plane Blur Figure of a Pair of Linear Modulation
Frequency Pulses

At this time, a target will produce two echos on the indicator:
the intermediate value of the two echos is the accurate dis-
tance and the interval of the two echos represents the target's
speed. The equivalent plane blur figure of the radar signal
composed by this pair of linear frequency modulation pulses is
the overlapping part of the two directional slope ellipse which
is the oblique line part in fig. 5. This area is approximately

equal to %x(;% El . When considering T°=z*r, then this area is
1 F
equal to .
T B
Q s

We know from the above analysis that the value of the com-
monly used radar signal blur function modular value main peak
with a 3 decibel sectional area is:

1
k‘—T—E (%)

154




In the formula, kA is the coefficient and its approximate value
is 3/4~1.

The antenna direction blur function can use the antenna
direction figure for an approximation. Therefore, the approximate
value of the antenna direction blur function modular value main
peak with a 3 decibel sectional area is:

g TS (9).
In the formula, ao and So are the 3 decibel widths of the antenna

direction figure's directional angle and elevation angle.

Thus, we can now obtain the approximate value of RT:

nk
O

Because the antenna gain G can be approximately expressed as:

nt

G= @y Ey . (11)

Therefore

k 1
Rt%‘ﬁ TTo SG (12)

Because the constant coefficient is of no importance it can
be eliminated in normalization and therefore the radar's inte~

grated resolution parameter qsﬁcan be simplified and expressed
T

as ToBsG'




P
Using (RT), the expressed radar fundamental integrated ECCM
capabilities can be simplified as:

PT B:G (13)

I11. The Expression of Radar Fundamental ECCM Capabilities

Derived From the Signal's Interference Power

The expression of radar's fundamental ECCM capabilities ob-
tained in the last section can also use another method which is
derived from the radar's transmitted signal interference power
ratio.

If (g); represents the power ratio of a radar target signal
and passive jamming in a radar input area and (%)o represents the
power ratio of +he radar's output sighal and passive jamming, then

(2)-

In the formula
o; is the target's radar sectional area:

dE is the radar sectional area of the passive
jamming.

g, = %ch:m. (15

In the formula,
c is the electric wave propacation speed:

is the distance from the passive jamming
area center to the radar station;

{) is the three dimenisional angle value of

?~ : the radar antenna direction figqure;
o is the reflex coefficient of the passive
jamming.
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Because

_Arx
Q="
S
B,
Therefore
S\ o 9BG_ (16)
C )i 2nenRi
and

(%)o - I( g ): an

In the formula, I is the modified factor.

If the speed distribution of the interference object is
basically uniform, its Doppler frequency band width is Bc, its

signal frequency band width is B, BS< Bc and the two are

overlapping, then the theoretical value of I is Eg . In

B
]

real situations, if the interfering frequency band and signal band
are possibly not overlapping or not completely overlapping then

we can define Bc as the equivalent interference band width which
is:
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B.=IB;

We already know that
B.|~' ]—
T,

and therefore

Because of this

In the formula,

9.8,

b= e R

1s)

(19)

b

(22)

It is composed by the constant coefficient 2 U ¢ and target

2

paramenter d% as well as the interference conditions no and Rc.

When deciding the size of the radar output signal-interfer-
ence ratio in passive jamming, we also decided that the radar's
technical parameter for the anti-passive jamming capabilities
size is TOBSG. This is a simplification of the radar integrated

resolution parameter 7%rderived in the last section.
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Let us take a further look at the situation of anti-inhib-
ition active jamming.

Letting (%)o represent the output signal interference power
ratio when the radar receives active jamming and if the inter-
ference power spectrum is basically uniform (this is a relatively
common interference condition), then the radar selected and
signal matched receiver at this time is:

(_i = Es .= EsBs @3
J )i Puw/Bs Pu

In the formula, .
Es is the energy of the target's echo siqgnal:

PJR is the received interference power.

Therefore

Esa ----- ("
1]

In the formula,

A is the radar's wavelength;

Rt is the distance between the target and the
radar station.

Pu=t10e 300 (2
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In the formula,
P_ is the jammer's reflection power :
G, is the jammer's antenna gain:
Ar(e) @s the radar antepna's equivalegt regeiv—
ing area for the interference direction;
is the polarization cc...ficient;

R. is the distance between the jammer and the
radar.

If the jammer's location direction is basically the same as

‘ the target, then

. L
_Gn

@] i

: After substituting in formula (25): !

P,GYNG (27)

P1x= (4“)1R7

When formulas (24Yand (27) are substituted into formula (23):

(5),~— LT BG . b (PTBG) (28)
' I /e 4n

(e
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In the formula,

= e v — (29)
4
4n ('%;")PIGIYI

It is composed of target parameters dt and Rt’ and inter-

ference conditions PJ,GJ, YJ and RJ.

Therefore, when deciding the size of the radar output signal
interference ratio under active jamming, we also decided that the
radar's technical parameter for anti-active jamming capabilities
size is PT BsG This is a simplification of the radar power and
resolution parameter product (;—) derived in the previous

section. T

Now we will take a further look at the radar output signal-
interference ratio condition when two types of interference exist
simultaneously. Let (3%5) represent the output signal-jamming

(Fe)=7 iv ey =TT

C
*(‘5—)0 kT.BG BPT.BG

f

(&),

[ | } (PT.B:G) (30)
_k—_

ratio.

If

(& Je«a a1
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]
.

Then

S \ - 9
(I % ¢ ), ~k(PT.BG) (32)

which is the same as when there is only active jamming.

When we employed a representative technical parameter to
calculate the value of (fg) , we could prove that formula (32)
k
1

is established in a rather wide range. Therefore, formula
PToBsG not only expressed the radar's fundamental anti-active

jamming capabilities but it was also able to express the radar's
integrated fundamental ECCM capabilities for anti-passive jam-
ming and anti-active jamming.

IV. Supplementary Factors for the Fundamental Expression

The already derived radar fundamental ECCM capabilities ex-
pression measures the radar's fundamental or potential ECCM
capabilities. If we want to measure the radar's ECCM capabilities
more completely it is also necessary to have the usefulness or
quality level of the radar's various ECCM measures act as
supplements. Below we will mention a group of supplementary
factors.

1. Quick Changing Carrier Frequency

Because the radar's integrated four dimensional blur function
only takes into consideration the signal's complex envelope and
has not yet considered the radar's carrier frequency, it only
expresses the resolution of the signal carrier frequency when in
a static state. The changes of the carrier frequency are often
used in the radar ECCM measures to resolve the signal and active
jamming. Yet, these changes must be quick changes within the
pulse or within a small group of pulses to be able to shake off
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an enemy location's track jamming and force the enemy to use
wide frequency band jamming. Because the total power of an
enemy's jammer is fixed or limited, the jamming power spectrum
enlarges kJ times, the jamming power density then drops kJ
times and the radar's output signal jamming power ratio then
rises kJ times. Because of this, the guick change measures of
the carrier frequency are equal to raising the radar's trans-
mission power to kl times.

The radar allows the maximum range of its carrier frequency
quick changes to be the radar system's instantaneous band width
Bl' Naturally, radar designers have made every effort to reach:

K= oL
1 BS

(33)

Therefore, after the radar has quick changing frequency
measures, the expression of the radar's anti-active jamming cap-
abilities should add a supplementary k1 factor.

2. Side Lobes

When we defined the radar's integrated resolution parameters
we only considered the sectional volume when the integrated blur
function main peak decreased 6 decibels. Because of this, the
corresponding signal blur function and antenna direction figure
also only considered its main peak 3 decibel area. Yet, there
are many side peaks around the main peak and they influence the
ECCM capabilities within a fixed range. This will be discussed
below.

When the present microwave radar antenna direction fiqgure
main peak (commonly called the antenna beam main lobe) is very
sharp-pointed, the active jamming carried out from the side
peak (commonly called side lobe or secondary lobe) is already
the principal jamming method of the radar against the enemy.
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The side lobe level has already become a technical index for
measuring the radar's ECCM capabilities. Therefore. in the ex-
pression of our measuring the radar's anti-active jamming cap-
abilities, it is necessary to introduce the supplement factory
Gs to represent the radar antenna's side lobe level.

We defined factor Gs as:

(antenna power direction figure )
(main lobe peak value )

Gs (decibel)=101g (antenna power direction figure )-25 (34)
maximum secondary lobe peak valuei

Defining it in this way takes into consideration the present radar
technical level. The antenna's main side lobe power ratio of 25
decibels can be viewed as a medium level representative value.
When it is higher than 25 decibels this represents the antenna's
high grade design which causes the GS to have a positive value.

On the contrary, when it is lower than 25 decibels this represents
a poor design causing the Gs to have a negative value. This type
of method is used to cause the Gs factor to influence the numer-
ical value of the original anti-active jamming capabilities
fundamental expression.

The Gs only has one value for the needle-shaped beam. The
Gs should include two factors for the fan-shaped beam, that is,
a horizontal side lobe factor G and a vertical side lobe factor

SH

Gsv . These two factors are separately added after calculating

formula (34).

Gs=Csu™Csv (35)

When the radar has an offsetting device, the offsetting
benefits should be added into Gs' Sometimes when the radar
signal's blur function is in a relatively distant area of its
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main peak there exist many relatively high branch peaks (also -
called grating lobes) and side peaks (also called side lobes)
near the main lobe.

The branch lobes or grating lobes usually lie in the time
domain of the radar's sustained interference and outside of the
frequency domain. Here, we will put off discussion on this
temporarily.

The signal side lobe is a signal processing circuit

which must be inhibited. Its disadvantage lies in a weak signal
producing interference near a strong signal. Yet, it is differ-
ent from the antenna beam side lobe in that it does not belong
to a hostile interference entrance. The demands for the inhib-
ited signal side lobes also do not resemble the antenna side
lobes direct columns which are the radar's ECCM performance.
Because of this, we do not take the signal side lobe inhibi-
tion as an ECCM factor for calculations.

3. Signal Processing

The radar resolution described by the radar blur function
indicates the potential abilities of the radar's resolve signal
and if the potential abilities are realized it is still necessary
to adopt measures in signal processing. Firstly, the radar re-
ceiver should be a matching wave filter because the radar
signal's blur function is essentially formed from a group of
different Doppler frequency target echos which pass through the
output wave combination of a matching wave filter within the
same period of time [4,5]. Yet, the radar does not necessarily
use an integrated matching wave filter. For example, generally
in dealing with passive jamming the radar does not use a
Doppler frequency shunt circuit matching wave filter but after
it is in a single circuit matching wave filter it connects the
MTI circuit. Further, in order to deal with non-white noise
type active jamming it is also necessary to connect special
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filters. The quality and anti-jamming usefulness of these signal
processing circuits are supplementary factors which we must con-
sider.

Firstly, we will consider the quality of the MTI. B.D.
Steinberg has already defined quality factor I for measuring the
quality of the MTI's technical measures (6],

MTI output signal stray

. wave power ratio (36)

MTI input signal stray
wave power ratio

SCV is often used in a radar technical performance expression
to substitute for I. The value of SCV is 6 decibels lower than I.

In the anti-passive jamming capabilities expression, we
defined a moving target to indicate quality factor PM:

PM(decibels)=SCV-25 (37)

Taking the constant 25 decibels, we first consider that it
is able to represent the canonical level of the modern radar MTI
visibility coefficient SCV and at the same time cause it to be
convenient for memory and use with the previous side lobe
factor constant.

Second, the signal processing factor which must be considered
is a constant false alarm processing quality factor.

The derivation of the radar's integrated resolution formula
takes the radar's receiving system linearity as a basis. If the
strength of the signal, interference or both surpasses the dynamic
range of the radar's receiving system, this causes the receiving
system to be saturated or obstructed and the radar's resolution
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to decrease drastically. Because of this, the constant false
alarm is a necessary radar measure for various types of anti-

jamming.

Therefore, the action of the constant false alarm process-
ing in the anti-jamming is anti-saturation and after constant
false alarm processing the signal interference ratio has a loss.
Because of this, we defined the constant false alarm processing
supplementary factor in the radar's ECCM capabilities expression

as:
()
Pr (5 1) =10 1g( ﬁc‘f)—zs (38)

Key: 1. (Decibels)

In the formula,

AM represents the allowable increased
multiple in the radar receiving system's
dynamic range after adding in the con-
stant false alarm processing device:

LCF represents the constant fale alarm loss:

The selected theorem of constant 25 decibels
is from the same previous formula.

Noise frequency modulation jamming is the often encountered
wide band noise type active jamming. In order to deal with this
type of interference, modern radar has already made wide use of
Dicke-Fix (i.e. wide-limited-narrow circuit). We defined the
Dicke-Fix supplementary factors for the anti-active jamming
capabilities as:

1
Pu(fr() ')3) m=(ElF)p— 8 (39)
Key: 1. (Decibels)

4. Antenna Polarization
The radar's comprehensive resolution discussed previously
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did not include the influence of antenna polarization. There-
fore, it is necessary to further analyze the polarized resol-
ution. Theoretically speaking, because the radar target's
scattered echo and outside interference are completely independ-
ent, the polarization states can never be the same. Because of
this, they can be used to cause the antenna to, as best as pos-
sible, have polarization matching for the useful echo signals
and exert the mismatched method for the interference to obtain
ECCM results. Yet, in reality, it has good results for rain and
cloud interference.

Because raindrops are nearly circular, most of its reverse
scattering for the circular polarized waves are reverse rota-
tional circular polarized waves but aircraft and other complex
man-made targets are not like this. Therefore, the use of a
circular polarized antenna or an antenna whose polarization can
be randomly adjusted can benefit a signal-interference ratio of
10-20 decibels. Yet, complex structured natural objects which
produce interfering complex waves, for example surface object
complex waves, are not able to obtain this benefit.

As regards man-made interference, if active jamming comes
from a jammer or passive jamming object which possesses rela-
tively uniform scattered polarization characteristics (for ex-
ample, interference tinsel cords hanging down all assume a hor-
izontal state), then the use of a polarized adjustable antenna
or the polarization offset method can have very good ECCM re-
sults. Yet, in an electronic war, the enemy actually takes pre-
cautions against these measures. Its jammer is usually a pair
of simultaneously started machines which separately transmit
two types of opposite polarized waves. Its put in interference
wire is also designed to hang down with one half horizontal
and the other half vertical. Because of this, under actual
countermeasure conditions, the radar antenna feed polarization
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which can be adjusted can only benefit 3 decibels. If the radar

does not have this changeable polarization measure, the ws value

is O.

5. Dealing with Response Type-Interference
There are several different types of situations in which
response type interference disturbs radar.

Repetitious entering from the secondary lobes is usually
used for search radar. This causes response pulses, disturbance
and useful hidden target signals on many locations and at dif-
ferent distances on the indicator frame. The measures for deal-
ing with this type of interference are mainly inhibiting the
antenna side lobes and causing the radar to have repeated fre-
quency chatter.

For tracking radar, the response type interference mainly
has gate pulling and counter-modulation angle deception. The
counter measures for the former ére wave form differentiation
and repeated frequency chatter. The basic measures for the
latter are using a signal wave form and space direction angle
non-interrelated operating system; for example, the single
pulse goniocmeter system.

We have already discussed wave form resolve and antenna
side lobe isotopes previously.

The repetition frequency chatter measure is already being
widely used in modern radar. Besides counter response type in-
terference, it is also able to inhibit a nearby station's
synchronic interference and is also able to overcome the blind
speed of the MTI technique. As regards the signal's three dimen-
sional blur figure, its action causes the branch peak of the
nail board form blur function to lower and the lowered multiple
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is equal to the numeral J of the chatter changes. Shown on the
radar‘s reception terminal, it also surpasses the periodic
response signal's lowered output power J times. For this, we
defined the repetition frequency chatter measure's supplementary
factor for the radar's ECCM capabilitie= as:

(1)
P(AN)=101g] ~ 8 (40)

Key: 1. (Decibels)

By taking a constant 8 decibels, because the modern radar J
is commonly 5 to 7, 8 decibels represents all levels. At the same
time, it is also identical to formula (39) and is thus easy to

remember.

The reason that the counter modulation angle deception inter-
ference can start operating is that the radar's useful signals are
interrelated on the wave form and antenna space direction angle.
Previously, when we deduced the radar's integrated resolution
parameter, it was assumed that the signal wave form and antenna
directional angle were not interrelated. Because of this, the
obtained radar ECCM capabilities expression did not include this
element and thﬁs awaits further research.

i. Summary and Calculation Examples

We will sum up in table 2 the radar's ECCM capabilities

expression proven above.
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Table 2

Key: 1. Anti-passive jamming capabilities (AC)
2. Anti-active jamming capabilities (AJ)
3. Integrated anti-jamming capabilities (AJC)
4. Fundamental expression
5. Supplementary factor
6. Quick changing frequency factor
7. Side lobe factor
8. Moving target quality factor
9. Constant false alarm factor
10. Wide-limited-narrow circuit factor
_ 11. Antenna polarization factor
° 12. Repetition frequency chatter factor
) 13. Whole expression
2 14. See formula (37)
; 15. See formula (38)
' 16. See formula (23)
17. see formula (34)
18. See formula (39)
19. See formula (40)
20. or
21. or
22. Or

It can be seen that the radar's ECCM capabilities expression
has two parts. The first is the fundamental part. This part
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measures a radar's fundamental or potential ECCM capabilities
determined by its major technical parameters. Its significance
is similar to other radar fundamental measurement formulas in
wide use at the present. For example, the fundamental measure-
ment formula of search radar force is the power and antenna
aperture product PA; further, the fundamental measurement form-
ula for the accurate tracking radar's goniometric angle pre-
cision is the power, antenna aperture and (antenna gain)[2}°
product PAG[2] [7].

The second is the supplementary factors part. This part shows
the radar's ECCM measures and their quality level. Within this
part those factors belonging to the antenna aspect can be jointly
called antenna guality factor FA (orly the part that acts on the
passive jamming is FAC). Those belonging to the signal aspect
are jointly called signal quality factor FS (those that act on

passive jamming are Fsc and those that act on active jamming are
F_.).

sJ
By combining the fundamental part and supplementary factors
part we can obtain: anti-passive jamming capabilities expression
AC=TOBSGFACFSC; anti-active jamming capabilities expression

AJ=PT°BlGFAFSJ. These two formulas form an approximately direct

ratio with the radar's corresponding output signal interference

power ratio. In the formulas, each factor cannot compensate for
§
the other.
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Finally we have the combined anti-jamming capability expression
AJC==PT0B1GFAFS. This formula can broadly and generally indicate

the overall capabllity of radar to resist various types of jamming
but 1s 1s not directly proportional to the radar signal and overall
Jamming power ratio. In the formula, the various factors cannot
compensate for each other.

Now, we will discuss the measuring method for a multichan-
neled radar's ECCM capabilities.

Many radar systems consist of multiple channels and they are
divided into several different categories:

(1) Each channel has a different carrier frequency, yet the
space beams are the same or overlapping:; for example, frequency
diversity system radar.
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(2) Each channel's carrier frequency is identical, yet
the space beam positions are different or only have partial
overlapping. For example, pulse system radar and some three
coordinate radar.

(3) Each channel's carrier frequency is different and the
space beam positions are also different or only have partial
overlapping; for example, some three coordinate radar.

For each channel's ECCM capability measurement formula, as
was already shown above, we calculate the whole radar system's
ECCM capability and consider them separately according to three
categories of conditions.

For the frequency diversity radar which belong to category
(1), one channel receives interference while the other channels
still operate normally. If all the channels receive interfer-
ence then the whole system is inhibited. Because of this, the
system's anti-active jamming capacity is:

(AD)s= D) (A (11)

i=1

In the formula, n is the Ehannel's total. If each channel's
carrier frequency differs greatly and do not belong to the same
frequency band then the systems anti-passive jamming capability

is:

(AC)s= Y (AC), (12)

i=]1

Yet, in all situations, each channel carrier frequency still Lke-
longed to the same frequency band. At this time:
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(AC)s= (AC) tuse (43)

In the formula, (AC)imax represents the largest one in each
channel (AC). Using the system's integrated ECCM capability
calculation method, the above analysis should be the same as

the anti-active jamming capability. Therefore it is defined as:

(ATC)s= 3 (AIC): | (48)

i=1

For the category (2) multiple beam radar system, when one

space beam receives interference the other independent beams

still operate. Because of this, the system’'s anti-active jam-
ming capability is:

(AD)s=hke )} (Al)r (45)

i i=l

In the formula, kR represents the overlapping coefficient of the

! partial overlapping condition in the beam. If each beam has an
independent kR=1 and if there is a partial overlapping of

g .f kR < 1 then when we previously defined the radar's space dir-

ectional angle resolution and took the antenna beam's 3

decibel angle width as the resolved unit, if the space two beams

are overlapping below 3 decibels this can be viewed as the fund-

amental independence, taking kR=1. With the same reasoning, the

i system's anti-passive jamming capability is:




(AC),‘ kl\' Z (A(') {

i=]

The system's integrated ECCM capability is:

(AIC)s=hy Y (AIC)s €h)

i=1

For the category (3) systems, the anti-active jamming capa-
bilities are the same as formula (41). As regards the anti-
passive jamming capabilities, we observe whether or not each
channel's carrier frequency belongs to the same frequency band
and use formula (42) or (46). The system's integrated ECCM
capabilities are still based on formula (44).

Below we will calculate and compare four types of radar
ECCM capabilities according to each of the above mentioned form-
ulas. They are: two new models, the three coordinate radar
AN/TPS-43E (manufactured by Westinghouse Company of the U.S.)
and AR-3D (manufactured by Bendix Company of the U.S.); two
older search radar A and B types (see table 3).




m & % % e
(1) (2)
| giusda wnusmn TH NS MD w0 Bk sk sl
(3)m b (M) wwes SeHEwE Z®bbs @ TBELL PE KNG
AN TPS-13E(5)AR-3D (6@ v (7R (8 2 2 & 4
[ .
(9)& 2 MMm&ECF L) ‘, 5 10 \ 4 I 1.6
(10 ! ; . (35)
e I | 385 as 2.5 393 | HEHERNE—L,
G ) i ‘ Y % b 0 A0 k4 il
i |
(11)%*gfggm$ 11 32 0.8 04 m=miewirn (36)
W(F i ; !
(12) 2mmm s 0 ! ‘ s z ! ¢ EE (39
(13)MEmIBRB KM | 1 10 i 1 T 1 !
(14)asnmnm‘°<m 0.03 0.028 002 | 0.03 J
(15)TeBsGi (5 M) 83.3 96.0 ;‘ 85.5 J 34.1
(16)}PTeBGI(HRE) | 1008 | 1207 | nzs 1 061 Emerstme (38)
(17)HEEF kOO 23 0 0 : 0 | BEmusREBEIESE
i (%39
(lsfsu(f)m) -4 ! 0 -5 i -3
(19wt m> -2 -2 ‘ -5 j -5 ‘
(20)‘;3(5)91) -6 -2 ~10 -2
(21Wwsnm ‘ 0 , 0 0 0 wrocanema (40)
(22b,sm -2 -4 I B BREMTI (4])
(23 ppsrm ( -8 -8 , -t -8 , @ % (licke-Fix (42)
G 0 ; 0 Y 1 -3 DO WIWEEH AP, 21
(24 pets r : , ’ { UHECFAR
! | (43)
(257180 0 i 0 -8 -3 OW MG R, LB
: ) HERUMKF LR
(26ANBFRWERFRN -2 -4 50 -2 (44)
Grm . .
- I ; . ! t
(27§tmgf$4mm%awl 9 {o-10 |- -49 l
. \ !
(28Azxmzaucrmy | 7, -u | - -5
(29)»—31&»&%nm»1 81.5 | 92 f 5.5 | 52.1
(A0, R | } | l
(BO)T—dmumaTumx 118 8 4.7 61.5 | §7.1 ]
Wy AR l !
(31)m—amsaxTomn 6.8 | 110.7 36.5 | 50.1 ‘
AIC), (HA) i i ? i
' i :
% ; :
(32) NS L 86.5 ‘ 92.1 TRI s21 |
33) xmmmmrrmn 123.4 ‘ 119.5 67.8 | 63.1
(AD (B RR) ‘ i
(34)RRBANTUMRN 1214 115.5 2.3 56.1
AIC) (3 AR [

Tabi= 3

176




T

Key:

10.
11.
12.
13.

14.
15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.
29.

30.
31.
32.

Radar system

Remarks

Type

Multiple beam 6 channel three coordinate
radar AN/TPS-43E

Frequency scanning system 8 channel three
coordinate radar AR-3D

Multiple beam 5 channel two coordinate
radar A type

Frequency diversity system 4 channel two
coordinate radar B type

Radar system with each channel's power
and antenna gain (see table 4)

Total emission power (kilowatts)

The first channel's antenna gain G1
(decibels)

The first channel's emission power Pl
(kilowatts)

Emission loss (decibels)

Radar signal band width BS (megahertz)

Signal's continuous time To (seconds)

ToBsGl (decibels)

PlToBsGl (decibel watts)

Supplementary factors: ks (decibels)
(decibels)

(decibels)

(decibels)

(decibels)

(decibels)

(decibels)

(decibels)

(decibels)

Anti-passive jamming supplementary factors
total (decibels)

Anti-passive jamming supplementary factors
total (decibels)

Supplementary factors total (decibels)
First channel's anti-passive jamming capa-
bility (AC) (decibels)

First channel's anti-active jamming capa-
bility (AJ),, (decibel watts)

First channéls integrated ECCM capability
(AJC), (decibel watts)

System's anti-passive jamming capability
(AC)S. (decibels)
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33.

System's anti-active jamming capability

(AJ)S, (decibel watts)

34. System's integrated ECCM capability
(AJC)S, (decibel watts)

35. The first channels of the first three types
of systems are the beam's lowest elevated
angle channel

36. The first two types are estimated values

37. Estimated value

38. Emission loss already deducted

39. The latter three types of radar systems
do not have quick changing frequencies

40. All are non-polarized adjustable measures

41. B type without MTI

42. All without Dicke-Fix

43. The first two types are estimated values of
the A and B types which are without CFAR

44. The first two types are estimated values
of the A and B types which are without
repetition frequency chatter measures

(1) wEhw TPS 431 AR-3D *(2) LY Z (3)
- —_
(5)%]1 Rmex G F N Rn-\ (1 @ Rems. G P i Keea ¥ T
L O e gy e g
11 1 i ! 1 | ,
saanEN . — gL n o V(1Y)
¢ 9 0.8 1 1 »ll E 1 1 1 1 1 1 “
Wl Rmane & —_— - (9) - —— - IR S L)
R EG. B R {T:_F;_ osiloeqlgah ‘l__i.-_, 1o L % (19)
N i 0.5 0.36 1 o1 1 0.2(1k 0.5 1 11 o0y
RN AR fox mzso4 ou loAka 0.5 0.25 1
6 03;0%01: 045 11004 % (13V : - i
! | ‘ 5 0.4 1! 0.025 k14) R )
5 | o:‘l,owm 24115) | ' .

Table 4 The General Characteristics of Each Channel for Four

Key:

Types of Radar

1. Name of radar

2. A type
3. B type
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4. The operational distance for each

channel is Rmax’ the antenna gain

is G, the reflection power is P and
there is a mutual proportion rela-
tionship

Channel number

Other

. Other

. With MTI

. Without

10. Without

11. Without

12. Without

13. Without

14. Without

15. Without

16. Other

17. With MTI

18. Without

19. Without

20. Without
21. Other

WO WM

It can be seen from the calculation results that because the
AR-3D signal band width is large and its antenna gain is high,
its anti-passive jamming capability is about 6 decibels higher
than that of the TPS-43E. Yet, because the AR-3D does not have
quick changing frequency capability, its anti-active jamming
capability is actually about 4 decibels lower than the latter.

It is worth noting that the AR-3D systems anti-passive jamming
capability only increases 0.1 decibels as compared to the first
channel. Besides the first channel, this is due to the other
channels not having MTI circuits.

As regards the two older types of search radar, the numer-
ical values calculated from their fundamental ECCM abilities
expression are not low and are actually close to those of the
first two types of three coordinate radar. This shows that their
ECCM potential capabilities are strong. Yet, because they bas-
ically do not add any ECCM technical measures or only have very
few measures, the supplementary factors are all relatively
high negative values and the final calculated ECCM capability
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expressed numerical values are much lower than those of the
three coordinate radar. Their performance in an interference
environment drops drastically and their difference from modern-
ized radar is very obvious. On the other hand, in view of their
possessing very strong ECCM potential capabilities, if we carry
out technological innovations and add necessary ECCM technical
measures then we can remake it so that it possesses ECCM
capabilities close to those of modernized radar. We can adopt
formula calculations to obtain the increased numerical value
index of their ECCM capabilities.

Now we can sum up the major uses of the radar's ECCM capa-
bilities measurement formula which we obtained as follows:

(1) We can use the radar's own technical parameters to
measure the numerical value indices of the radar's anti-passive
jamming capabilities, anti-active jamming capabilities and in-
tegrated ECCM capabilities. This is convenient for making com-
parisons between various types of radar or between various types
of design plans for certain radar.

(2) Because the anti-passive jamming capability expression
and anti-active jamming capability expression are approximately
in direct ratio to the output signal's interference power ratio
under corresponding interference conditions, we can take their
calculated numerical values and directly use them to compare
and calculate the levels of surveyed location performance
decreases for the various plans of various types of radar or
one type of radar in an interference environment.

(3) The radar's ECCM capabilities expression includes the
fundamental and supplementary factors parts. Because of this,
we can separately calculate the radar's potential ECCM capabil-
ities and the effects of the radar's ECCM technical measures.
For certain radar we can use this analysis in design or in
techrological innovation to increase the investment-result
ratio of certain complex ECCM measures.
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Finally, it should be pointed out that when the same radar
is in different operational conditions (for example, search or
tracking conditions), if its technical parameters or channel
numbers are different then the ECCM capabilities numerical
values calculated according to the formulas will be different.
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Abstract

This article reviews the commonly used methods for expression of radar’s
ECCM performance, points out their disadvantages and proposes that it is re~
quired to establish the formulae which consist only of the radar’s technical
parameters in order to measure the radar’s ECCM capabilities.

By means of logical argumentation and ambiguity function theory we can
derive the followings; (1) The radar’s 4-dimensional generalized resolution
parameter can be used to express the radar’s basis anti-clutter capability. The
simplified expression of this parameter is T, (the dwelling time at a radar’s
target, or the integration time of a echo signal of the radar) X Bs (the radar
signal bandwidth) X G (the radar antenna gain)s (2) The product of an ave-
rage radar’s transmitting power and its generalized resolution parameter T, x
BsG can be used to express the radar’s anti-jamming capability, and the sa-
me formula may also be used to express the total interference rejection capa-
bility in gross.

By another approach, i.e.by calculation of the radar’s output signal to
interference power ratio under various interference conditions, the given for-

mulae have further been proven.

The given formulie consisting of the radar’s fundamental parumeters are
the fundiumental parts of the measuring formula of the radar’s ECCM capuhi-
lit‘es. They represent the radar basic or potential ECCM performance. The
supplementary factors for the ECCM capability formulae are composed of the
technical specifications of the radar’s ECCM devices. The general rule of com-
position is to take the typical quality level (or the middle level) specifica-
tion (1n db) as the base figure. If the quality level of some devices is higher,
a positive factor will be got, and if lower——a negative.l'or example, the
equation for MTI supplementary factor Pu is

Pu(db) =SCV —25(db)
where 25 db is the middle level specification for SCV of modern MTI radar.

As many radar systems consist of multiple chuannels, in this article we
propose a set of equations for the multichannel radar system’s ECCM capa-
bilities in terms of the ECCM capabilities of the individual channel.

In the last part of this article, 4 radar systems are taken as examples,
their ECCM capabilities are calculated by means of the given formulae. Appli-

cation of obtained results to radar’s system analysis and system design are
discussed.
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BRIEF REPORT ON THE FIRST FLIGHT TEST RESEARCH ACADEMIC
EXCHANGE MEETING

The Chinese Aeronautics and Astronautics Institute con-
vened China's first flight test research academic exchange
meeting from December 16-21, 1980 at Yentai in Shandong
Province. The conference was prepared and managed by the Test
Flight Institute. Attending the conference were 28 representa-
tives from related units and 77 authors of papers from China.
among these, besides the engineers and technicians, there
were also pilots with long term test flight experience.

At the conference, 74 papers were exchanged. The contents
were concerned with the flight test theories, methods, test
techniques, flying techniques and testing techniques of air-
craft, dynamic devices, electronics, special designed air con-
ditioning and aviation armaments. The conference was divided
into three stages. The first stage was a general meeting ex-
change and besides exchanging seven papers, two special reports
were given. The second stage was divided into three sets of
exchanges: aircraft, dynamic devices, and electronic, special
designs and test instruments. Altogether, 44 papers were read
(another 23 written papers were exchanged). The third stage %
consisted of specialized discussions of problems dealing with
the advance of flight test research, promoting academic

exchange and establishing related academic organizations. From
beginning to end the conference was very conscientious, enthus-
iatic and pervaded with a friendly atmosphere.
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The conference had abundant content, wide specialized
fields and strong real practice which caused everyone to
broaden their outlook, increase their knowledge and attain to
great gains. Everyone considered that this indicated China‘'s
flight test research enterprises were going from the stage of
having studied and comprehended foreign test flight theory and
methods and were beginning to enter a stage in which China

was initiating its own independent new creative research. The
representatives each requested that this type of academic
meeting be convened in the future.

During the conference, they discussed existing problems in
China's present test flight research, proposed establishing
corresponding academic organizations and chose a name list for
the preparatory group of the academic organizations. The con-
vening of the second academic exchange meeting during the third
quarter of next year by the Flight Mechanics Alliance was also
decided at the conference.
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AIMING COMPUTATION FOR FIGHTER WEAPON AIMING SYSTEM

Zhang Sen ‘
(Optic Machinery Research Institute) ]

Abstract

This paper presents several derivations of the aiming
computing equations for the "Non-Director" (also called "Dis-
turbed Recticle”) system in the aiming computer systems of the
air-to-air gunsight and head-up display weapon. This paper
deals with four situations: the fighter attacks a non-maneuver-
able target which is considered as moving in a straight line
at a constant speed:; the fighter attacks a maneuvering target
and the corrections for the maneuvering of the target are taken
into account in the aiming computation:; the fighter attacks a
maneuvering target and the corrections for the maneuvering of
the target and the effect of the fighter's own roll rate are
also taken into account in the aiming computation:; during the
attack of the fighter on a maneuvering target the historical
tracer line (hot line) and a version of the damped tracer line
based on multiple Lcos computations are adapted in th. com-
putation for air-to-air gun snap-shot.

Symbols
M target point
My target leading point
¢ bullet's oblique firing length
n ballistic lowering quantity
D target distance
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D.D

w Mx wMyl, Mz

1’ 1

WXy @Y. G110
Tj
Ty

‘}’zu- . "}’iv

distance change rate and distance change
acceleration
commencing speed of muzzle

fighter's speed

=V

bullet's composite velocity (601 0

+ Vl)
unit vector of V01

target velocity

bullet's mean velocity

target's relative angle velocity
fighter's rotational anqgle velocity

is the fighter's body coordinate system
ii?{if which are separately the unit
vectors on three axes

fighter's attack angle and slip angle
fighter's pitching angle

fighter's slope angle

pitching total correction angle (or
pitching total leading angle)

azimuth total correction angle (or

azimuth total leading angle):; when &M and v
are in air-to-air gun snap-shot, this also
indicates the fighter's pitching and
azimuth angles of the tracer point on the
tracer line.

indicate the projection of the target's
relative angle velocity on the three axes
of the fighter body's coordinate system

indicate the projection of the fighter's
rotational angle velocity on the three
axes of the fighter body's coordinate
system

*~
computation time (Tj=3aTj)

the flight time required from after the
bullet is shot until it hits the tarqget

the rate of change for the pitching and
azimuth total correction angles




a . o & the fighter's pitching and azimuth
pitching azimuth aiming angle components
n fighter's normal overload )
alift fighter's 1lift acceleration
a ._+, the fighter's tangential and centripal
t%pgentlal accelerations
3 centripal
S Laplace operator
’rl time constant
g gravitational acceleration
' ab, K,, K,, K3, F, 3 the constants related to the ballistic
' and fighter flight parameters
All of the vectors have the following relationship with the
fighter body's coordinate system:

D=D(coskcosv sink —cosusinv)| 3

D=pD (coshcosVv sink —cossinv)| ¥

- Vi=V,(cosacosP sina —cosasinf)| 3;

a*‘d,( 0 1 0 J ;';
(1) (2) =
L

fi=n (—sinh —cos@cosY cosfsiny) »

Key: 1. Lift
2. Lift
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Fig. 1. The Relationship of All of the Vectors and the Fighter's
Fuselage Coordinate System

In the fighter's fuselage coordinate system o-il?lil,

0 is the point of origin in the fighter's gravi-
tational center: the ox, points straight toward
the nose along the aircfaft's longitudinal axis
: direction; the 8%, points straight toward the

2 cockpit along the aircraft's mechanical axis

direction; 571 and 6?1, and oY, form a right angle

t right hand coordinate system relationship.
- Key: 1. Lift

f ' The total design of the fighter weapon aiming system has a
multifaceted content and the determining of the aiming computer

v -,

equations is one of its important functions. Below we will dis-
cuss this problem under four types of different conditions.

1. The aiming computation of a non-maneuverable (or rela-
tively lacking maneuverability) air target.
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Fig. 2 Aiming Vector Diagram

Fig. 2 is the aiming vector diagram under this type of

condition and from this we can arrange a deviation vector aiming
equation:

N=D+Vuly—EVs —1n
Because

- - dD - = .
VM=V|+T[;‘= V,+ D+ (0yx D)

therefore

N= B v, DT + (@uxD)T,—tVo, —

T,+
=( g— >D+(a).,XD)T +v.T, E(—V‘— -V—")—i
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Because

E ~D’- .'T’

therefore we obtain

ﬁ=( 1 +T"T,) D+ (3ux D) T,+(1 ——,‘;AML)V.T,- Ver 1,7~

Given that the gun axis and fuselage axis coincide, we use
the relationship of all of the vectors and the fuselage coordinate
system and project it toward the fighter's fuselage coodinate
system. Therefore, a,B,,u, v, N and sin @ are all small and
relatively small quantities and because of this we can consider
sin a~a, sin B~ B, sinu=u sin vav, cos g cos Bxcosu=ccos v
2=1. If we overlook the quadratic or above quadratic small
quantity then we can obtain the computing equations for (N=0)
pitching channel total correction angle (¥sw&) and azimuth
channel total correction angle (Ysv ) under aiming conditions:

Ncos § sin Y
bi= =V =0u T~ T,

In the equations, Tj= Vﬁ?_ is the smoothing of the aiming line
cp 1

during track aiming and this causes the return of the peovrle and
aircraft to be steady. Damping coefficient x is introduced into
the aiming computing equation; to obtain the target's relative
angle velocity, we introduce the relationship of the angular
velocity and the target's relative angle velocity when the fighter
is track aiming: 4, = Oy + ‘i’s.; to decrease the dynamic error during
track aiming we take Tj=§TJ (& is smaller than the coeffient of
1). In this way we obtain the following equations:
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Neos Aens Y

‘bt-=((‘)|q—( I+ = )‘vc‘..-1 TS s (V,,,"V,)T,

. e NcosOsinY
boo= (@, = (1 + ) T 7T,

For the sake of simplification and convenience, if we can
consider that during an attack the fighter makes equal over.load
circles, then the second item (aiming angle item) on the right
end of the equation can obtain the following form:

Azimuth aiming angle _ Mcos@siny _  Teos®  V,ocosY
d d Ti) ¢ -'_Vl)Ty (Vu_llt)r, Jeos @
Key: 1. Azimuth DW @, Vo, VoW,

= (’/"—.VI)DQD'= -Dyg“; m”'T’

Pitch aiming angle NeosfeosY _ VT

(al.)g(le—Vl)’l'y - UyD:—cosecoSY
Key: 1. Pitch

To correct the azimuth aiming angle then we use the method
of multiplying T}' times a coefficient Kz smaller than 1 to
approximate the correction and obtain:

by = (“’w;'“( 1+x )\1‘:-]7'7K,

The total correction angle of the pitching channel also changes
because of this:

e am VW V, T3
Y= (0),.,"'( 14+ % )4l 73K+ D ng_A—a @D q, T""‘—D a' cosfcosY
V,o
. . . ) VTS 1%,
It is simplified into: Vo= (0, — (1 + % Yen ) TOK, + '_D:Da' (cos fcosY +——-g—-—)
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TOWTET Y W

Because Vo, (1)
Wmcos Qe Y by FK e ~(TT+ b)

Key: 1. and take

we then obtain: b5, = (O, = (1 + %)) TIK:+ (aT3+ b) n

Naturally, in accordance with the difference of the selec-
tion and simplification methods for the aiming system plan, we
can also obtain other forms of the aiming computing equation.
For example:

‘bzu=‘[‘°u|—( 1+ x )&!-JT’+(GT’+ b)
’«b:v:‘(mu.—'( 1 4+ % )\.szT’Kz

Whether it is the aiming computing accuracy or decreasing
the system's complex equations both are satisfactory.

During the previous derivation and simplification process
for the aiming computing equations, we overlooked the influence
of the trailing angle item when shooting; further, because the
attack is against a non-maneuverable (moving in a straight line
at a constant speed) target, the roll rate (the angular rate
projected on the fuselage coordinate system xlaxis) generally
does not exceed 3°/second and the error caused by it is usually
within 2-3 milliradian. Thus, we do not have to consider it.

2. The approximate aiming computing correction for a
maneuvering target

This type of aiming computing correction is for improving

the original sight (non-head-up display) weapon aiming system
for use. Its aiming vector diagram is shown in figure 3.
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Fig. 3. Aiming Vector Diagram

The arrangement of its deviation vector aiming egquation is:
_ = - Ty [ —eo =
N=DvVuTr+fo fovmﬂwaavn—n

When the bullet flight time is relatively short (close to

the range of fire), we take VM as a constant (equal to Vﬁ when
opening fire).

Further, 7,,7,4.%-“2—- 7.+ D+ @uxD)
Gy ¥+ B+ 28y X D+ dux (@ X B) + (bux )
Overlooking the angle and second derivative item and second small

quantity of the distance, we then obtain:

N=B+V.T,+BT,+ @ux B) T,+ 5 V. T3+ @ux B) T}~ £73,—
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When the fighter is in attack flight, V1 tangent + 3 ector’
has a very small influence on the aiming computation.
3 . 2 Lam2 ;
Therefore, we can take V1 A ector’ take n.v-égTY (from this, the
caused error is generally within 1%):; when the fighter is in equal
overload circles, there is the following relation in the accelera-

tion: + (-g). Thus we can obtain:

alift=atangent

(1)'
=5+V.Ty+DT,+ @y xB) T,+- a,7"+(muxo)7" EVa

Key: 1. Lift
Projected on the fighter's fuselage coordinate system, under aim-

ing conditions, after N=0 simplification, we obtain:

¢:.=(mx.,—(1 + % )indTst g (2 a*(l)) 7= (@ — (1 + % )40)Ty+ KT,

Key: 1. Lift

In the formula, ap=ng
k.-
2 (V‘»-V )
Yo = (@ = (1 + % )§edT,
Key 1: Lift
This aiming computing equation took into account the

correction of the maneuvering target but did not take into account
the influence of the roll rate. This is because most sight com-
puters are electromechanical or electronically simulated wherein
it is difficult to realize the correction of the roll rate
influence. Yet, it must be pointed out that when there is a
relatively large roll rate (over 10°/second) the caused error
cannot be overlooked. For example, when a fighter carries out
aiming attack on a target with equal overload circles, the
application of this formula group for aiming computing will be
very accurate. Furthermore, this set of equations can also
realize the computing of the reticle snap-shots which does not
require a central spot of the reticle. It does, however, require




—

that before the reticle's central spot goes on the target we
use the method of advancing the flight time firing of a shell
and only then will the target be brought down.

3. Weapon aiming computing taking into account the correc-
tions for the maneuvering of a target and the influence of
the fighter's roll rate.

Its relationship within the aiming vector can be seen in
fig. 3. The deviation vector aiming equation is:

T - e o~
N=B+VuT,+ [ f;vudldi—avu—n

With the same principle as was mentioned previously in the second

part, VM is viewed as a constant and when the relation of VM and

VM is substituted into the equation and we overlook the angle

and second derivation item of the distance, then we obtain:

N=DB+7, T,+BT,+@uxB) T+ 57 T3+ @uxB) T3+ ,au
X (@y X B)Ti—EVSl—ﬁ
With the same rationale we took

Vinin, fim 3375 aa=dn+ (=)
(1) (2) (3)

Key: 1. Tangent
2. Lift
3. Tangent

and then we obtained
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N=p+V.T +pT + @uxD)T,+ a,‘l’ +(@uxD) T2

1
+5 ou Bux DT —EV5,
Key: 1. Lift

In the formula
Ou X (By X D) =8u(@u D) — D (Ou - D) ~ By Dy, — DO

When this formula is substituted into the N relation, we obtain:

N=D+v.T,+bT, +(w..xp)7' + a,. Ti+ @uXxD)T?

-—a)u Dml.‘T,-——DmuT —EVa
Key: 1. Lift

When each vector is projected toward the fuselage coordinate
system and simplified, we can obtain the aiming computing
equations under aiming conditionS°

(1)
Ygp=—H = (@, =~ (1 + % )y )T, + 2 (_V"::—V—")‘T + “)llva

Vg = — Vv =[(|)l"-—( 1+4+=x )wg']T ‘Du,"'T

Key: 1. Lift
In the equations, alift=ng‘

This takes into account the correction for the maneuvering
of the target as well as the fuselage's roll rate influence on
the correctqed aiming computing equation. It is generally applied
for use in the numerical computer's weapon aiming system.
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4. Its application in the head-up display aiming system can
carry out snap-shot tracer line aiming computing for air-supported
maneuvering targets.

The typical display of this type of aiming attack method
developed during the 1970's is shown in fig. 4.

LELR

Fig. 4. Typical Display Diagram of Tracer Line

Key: 1. Gun cross line

. 0.5 seconds

. Tracer line

. Reticle

. Distance octagon
. 1.5 seconds

. 1 second

. Central spot

. Target aircraft

In principle, the snap-shot tracer line can be divided into

_ ; two types: one type is the past historical tracer line (also

A ; called the hot line) and the other type is the damped calculated
% ' tracer line. The so-called historical tracer line indicates the
? connecting line of the real time calculation and each different
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time a hypothetical bullet is fired within a past period of time
opposite a fighter's bullet tracing point. Its principle-vector
relation diagram is shown in fig. 5.

Fig. 5. Principle-Vector Relation Diagram
Key: 1. Firing point
2. Bullet point

F. 3. Fighter's realized position
4. Fighter's locus

In the figure, o is the reference point, xoy is the se-
lected coordinate system; A(t) is the target's maneuvering
acceleration.

The realized bullet point position is

§=Kn+a.v_;|+ﬁ

' The realized fighter position is




_—— ke o % .

b ki e o b -

- T, (t_
A=M+J}‘I°Aﬂ)ﬂﬂ+7ﬂy

Because R=B-A, R is the vector of the realized bullet position
opposite the fighter's realized position. Therefore, we obtain

= —e , = T
Rt Vatd ~ [ [ 1300 yatai w7,

A(t) is the fighter's motion acceleration.

When there are projection calculations of all of the
vectors in this vector equation within the realized fuselage
coordinate system we can then obtain the aiming computing
equation of the past historical tracer line. Using the equation,
we can calculate the bullet's tracer point each time a hypo-
thetical bullet is fired opposite the fighter's realized position.
The connecting line of these points is displayed on the head-up
display which is the past historical tracer line.

The damped calculated tracer line is sometimes also called
the damped tracer line. Because of the differences of the com-
puting method and damped lead-in method, it has many different
types. The most commonly used among them is the type of tracer
line obtained after repeated calculations using the total

correction angle aiming computing equations derived in part

three above. The damping in the equation can set up a composi-
tion that is changeable. The total correction angle aiming
computing equation mentioned previously can also be rewritten
in the following form:




! 1 n
B g 1
1+r,S[‘°"+ 2 Woorytron]T

=1 1
1+1,8 [“’" —T“’"“] T,

In the equations, 4 and v separately indicate each different
Ty time tracer point on the tracer line opposite the fighter's
pitching angle and azimuth angle:;

’Ul is the damping time constant which can
change within 0.5 T,-1.20 T,;

; S 1is the Laplace operator.

The above can be used for the tracer line of air-to-air
gun snap-shot and has often been applied to antiaircraft quns
(such as the American six barrel gun). Furthermore, if this
type of attack method is used for most single barrel aerial guns
with relatively low firing speeds, the shooting down probability
of air-supported targets cannot be very high. Naturally, if
several more simultaneous volleys are installed on the aircraft,

' in principle, this is also a type of remedy method yet this is
further limited by other conditions.

This paper only analyzed and discussed several specific
problems regarding the fighter weapon aiming system. It did not,
, however, mention the director type weapon aiming system or the
MRGS system which is now being developed abroad.
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Abstract

This paper presents several derivations of the aiming computing equations
for the “Non-Director” or the “Disturbed Reticle” system in the aiming compu-
ter systems of the air-to-air gunsight and head-up display weapon. The paper

2. deals with four cases; the fighter attacks the non-maneuverable ‘target which
is considered as moving in a straight line at a constant speeds the fighter attacks
a maneuvering target and the corrections for the maneuvering of the target
are taken into account in the aiming computations the fighter attacks a ma-
neuvering target and the corrections for the maneuvering of the target and the
effect of fighter’s own roll rate are taken into account in the aiming compu-
tationy during the attack of the fighter on a maneuvering target the historical
tracer line (hot line) and a version of the damped tracer line based on mul-
tiple Lcos computations are adapted in the computation for air-to—air gun

snap—shot.
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THE OPTIMUM DESIGN OF NON-MOMENT LAMINATED COMPOSITE PLATE
- According to static failure strength condition -

Ma Zukang
(Northwestern Polytechnical University)

Abstract

When the upper and/or lower panels of the loading box of
the aircraft wing surface is made of the fiber reinforced com-
posite laminates, they can frequently be simplified as a non-
moment plate. This paper introduces an optimum design method
of the laminated plate according to static failure strength
condition. The mathematical tool used in the measure is the
Lagrangian multiplier method and the static failure strength
condition is adopted as Hill-Tsai criteria and Norris criteria.

The formulas for optimum design have not only been derived,
but also reformed to be convenient for application in the computer.
How to establish the ultimate strength of luminates is also dis-
cussed in detail. An example, illustrating the solution procedure
and how to select the optimum scheme of lamination design, is
presented in this paper. Some technical problems are briefly
discussed in the last part.

At the stage of the preliminary structural design, this pro-
cedure can be considered as an engineering method of lamination
optimum design for the loading panel of laminated composite
which works under tension or compression (assuming that the
buckling failure would not occur).
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I. Preface

The total bearing action of the upper and/or lower panels
of the loading box of the aircraft wing surface is mainly the
axial load and shear load in the bearing plate plane. Even the
aerodynamic load of the vertical plate plane is a local bearing
problem which cannot be overlooked in the preliminary structural
design when calculating the total strength. Aside from this, to
avoid the coupling effects of the laminated composite plate, the
lamination should be designed into a symmetrical mirror surface.
Furthermore, because the curve of the wing's stressed panel is
very small and is close to a flat plate, the wing's stressed
panel can be taken as a non-moment laminated plate. That is,
moments without internal or external force. Further, the lamin-
ated plate is in a plane stress condition. Frequently, a
00/1450/90o lamination is used by this type of loading laminated
plate (the principle of this method is still appropriate for
other lamination angles).

Because the lamination of the laminated plate mainly
affects the layer's normal stress and shear stress but has a very
small effect on the bearing capability, the main content of this
paper concerning the optimum design of non-moment laminated
plate is the determination ¢f the number of layers needed by
each directional layer based on the size of the external load
so that the laminated plate will have the lightest weight under
certain constraint conditions. These constraint conditions are
under the action of the design load and in accordance with the
static failure strength criteria, the laminated plate's safety
tolerance is zero (or the remaining strength coefficient is 1).
Mathematically, this is the problem of finding the conditional
extreme value which can be solved by using the Lagrangian
multiplier method.

II. Constraint Conditions
We can select suitable failure criteria based on the type
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reinforced fiber. For example, we can use the Norris criteria
{(generalized divalent interaction law)

"V'-‘" “jv’ ¥ =
(3) *(D) .D’+ ) !
or the Hill-Tsai criteria

(B (B -8 () -

In the formulas, the Nx'Ny and Ns are the design loads (service

loads) of the unit lengths on the X,y and s axes defined in
figure 1. The unit is pounds/inch or kilograms/centimeter.

1[///////
N, — /[ ._L_ f:»v.

——

"IL“*——-——— F]

///////

Fig. 1. The Plane Stress Action on the Laminated Plate

In N =f t= fk(tx+ty=ts), (k is the service stress of the

k
k direction and k=x,y,s.

Dx'Dy and Ds are the ultimate loads (permissable loads) of

the unit lengths on the y and s directions. The unit is also
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pounds/inch or kilograms/centimeter.

In Dk=Fkt=Fk(tx+ty+ts), Fk is the ultimate stress (ultim-

ate strength) of the k direction and k=x,y,s.

III. Determining the Ultimate Strength of the Laminated Plate
When we take into account that the ultimate strength of the

laminated plate along a certain axis direction is obtained

from the ultimate strength of each directional layer provided in

the corresponding direction according to the linear weighted

average rule, it is

s d
!

'Fla (Fll‘l+Fayt'+Fn‘l)—}‘=<
=(a,,L +a,,M+a,N)F,

1. Flr iz_ _Fﬂ ’_')
t YR, F.

In the formula,

F is the ultimate strength of the lamin-
ated plate along the x axis (the unit

is kilograms/centimeter2 or 1000

pounds/inchz):

Fxx'ny'Fxs are the ultimate strengths able to be

provided along the x axis by each dir-
ectional layer under plane stress
conditions:

F is the longitudinal tensile ultimate
stress of the single direction compos-
ite material:

t ’ty'ts are the thicknesses of each directional
layer;

t 1is the total thickness of the laminated
plate;

L,M,N are the thickness ratios of each dir-
ectional layer:;

kj 1is the stress coefficient (kj=x,y,s).
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Based on the definitions of figure 1, we know that F =F
and therefore a__=1.
XX

£ -ﬁ‘ !2,_.‘ ﬂ,.-=l==_,.. F. T °“="l;"'“
k2 )
I et

Fig. 2. Schematic Drawing of Ultimate Strength for the
Laminated Plate in Each Direction.

In the same way, we can obtain:

F,’ (ay:L + a,,M + a,,N) F,
F.ls (duL+a,,.U - (l,-,.V) F‘

Based on the definitions of figures 3(a) and (b) we know

=1 = = a_ _=a and a and a’/ are not
that aYY ’ ayx axy’ axs ays, sx 2sy’ ss ss

necessarily equal yet to simplify we consider that ass=a’

ss-
Fuf P, F, Egézil L Fn
| ; -
Fre
s ar =y

T
K
Fp £y Py l ‘-—
i by Bt Shep e
(o) (]

Fig. 3. Schematic Drawing of Ultimate Strength for the
Laminated Plate in Each Direction.
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Written in a matrix form, it is:

F s Gy Guy Qo LF,
F y |™=]| Gyz Gyy Gy MF .
F P Qs Boy O4 NF .

If we use the ultimate load of the unit width then it is:

Dl all al, all fl F L]
D, |=| ap oy, a, i, F,
D, Qs Gy Gy i, F,

IV. The Method of Lamination Optimum Design Method
1. Method and Steps
Because it is necessary that the determined variables are

tx’ ty, ts, the weight function of the non-moment plate is

f(tx'ty'ts)=(tx+ty+ts)AY' In the formula, A is the plate surface
area and Y is material's specific gravity

The constraint condition is a certain strength criterion.
For example, using the Norris criteria,

‘o s N.)’ N, X _NWN, (N} )
@ tutnt=(52) +( ) - Ty +( 5 ) -1 =0
£ 5 : :
In the formula, Dx,Dy and Ds are all functions of tx’ty and ts'
and then Nx,N

y and Ns are relatec to tx,ty and ts.
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Applying the Lagrangian multiplier method:

W= f (fn 1” ft) +ACP({" fy’ ft)

-aemrere (3 o) - S () 1)

W W w
Separately letting 2= =0, 2% o and 2- =0, we can attain the fol-
Dtx Oty Bts

lowing three formulas:

ey £:=a..lvi+a,.1v§( B: )'—o.sN.zv,[a,.( 3: )+a,.< g; )’]+a,.1v:(-~g:—)'

—g{-}?—%sa.,z\li-l-a,,N;(_gz )’—o.sN.N,[a..( 3, )+a” (‘%‘i‘)’]*'a,,N’ %)

;‘!‘(D;_’ __D'_ '_ Dx Dg ! D,
At a.,Nz+a,,N;( D’) o.sN.N,[a.,( D,)*"" («ﬁ,—) ] +ou T),‘)

When formula (1) is reduced into formula (2) and the asx=asY

relation is applied, we obtain:

(0= N2+ (a,.—a..)N:(g;—)' ~0.5N N, (au=0m) (“g:‘)‘*(""'“”) 'ﬁ—:’)’]' ¢
(4)
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When formula (1) is reduced into formula (3), we obtain:

(Gm—a)N2+ (an;a,:)Nt(%-)’ -o.szv.}v,[@..-a.,)( D)+ (a,.-a,.i( 2

+@a—a)NY5e) = 0 (5)

The selected strength criteria can be rewritten as:

Di=N2+N3 (D) - N, N, (3

)+ (3:) ®

D
The (553 found in formula (4) is substituted into formula (5)
Yy

D
and then the found (55) is substituted into formula (6) and we
s of Dx
proceed to find Dx' The positive and negative signs‘are identical

to those of Nx'

We have already obtained from the last section that:
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r D. 1 Gex Gy ‘] r 'lFl ] 1.
D’ =| ays G, Qy, ‘ l ‘a =F¢(AJ "
L D, | s 4G, au..‘ L. t,
iy ] 1
l- t ~ L (41 r~ Y —-——]
| F. (D./0) (m
L 4, .J J— _l.__._J
(DI/DI)
D, Dy
When the found Do o and D are substituted into formula
Y S

(7)., if (A) 1 na F_ are already known, then we can find the

values of tx'ty and ts. When tk is divided by the thickness of

a single layer plate then we obtain the layer number n, of
each directional layer. However, in most situations the n, is
not ne#cesssyily a positive integer so that at this time we can
take the closest positive integer as the feasible scheme value.
In this »ay, we have several sets of feasible schemes and its

safety tolerance for each set of calculations is

M. S. -(

“‘7 “‘V‘"*(D,)

D,

The selection of M.S. is the largest positive value as the
optimum design scheme.

2. Calculation Examples

A cylindrical structure having a radius of R=10 inches, a
maximum pressure inside the cylinder of P=1000 pounds/inch2 also
sustains a maximum torque of 2 million inch pounds. The material
used is boron/epoxy composite material,
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its single direction permissable strength is Fa=173,000 pounds/
inch®, and the single layer thickness of each type of lamination
(Oo, 90°, 1450) is t°=0.0075 inches. After arranging the test
data, the stress coefficient matrix which is

G Gay Ouxs 1 - —0.1266 0.2133

H
(A)=| ayx Gy Gy |= —0.1256(%':') 1 0.2133
Gre Gy Gy 0.2133 0.2133  0.4266 J

finds the lamination optimum design scheme of this struvctured
cylinder.

Fig. 4. Example Figure

The solution of the external load is

Nx=2R=1 x 10=10,000 pounds/inch

Ny=P§=5,000 pounds/inch

T .
N =———7-=3.183 pounds/inch
S 2wR

N N
A= S-
therefore Nx 0.5, ﬁ; 0.3183




C e - = .

A R e e i 4 e St oo

1 —0.1266 0.21338 1.202  0.304 ~—0.735
(A4)=| —0,0316 1 0.2133 (A4)'=| o0.181 1.166 ~0.674 |
0.2133  0.2133 0.4266 . —0.674 —0.735 3.o49J

When already known data is substituted into formulas (4), (5)
and (6), we can obtain —K-l 772, gx—Z 362 and D =12,100 pounds/
inch. Further, when the gbtained rgsults are substltuted into

formula (7), we can obtain

f." [ 1.202 0.304 —0.735 ] 1 0 0743"
! L
1,i= 12, 000181 1.166 —0.6714 || 1.772 {—=|0.0387 ¥}
; 173 | ’(1)
1] ~0.674 —0.735  3.049 _l 9 362]) LO.01l41]
n. [t ' 0.07431 [ 9.9
1 L1 -
n, =T[”f‘0‘00?5 0.0387 |=| 5.2 |2 (2)
n, ] 0.0141 1.8

Key: 1. Inch
2. Layer

Because 2n=16.9 layer, therefore we take the Zn=17 layer. In
this way we have the following three types of feasible schemes
and separately calculate their safety tolerances.
" Dy=F (Gude+anly+asd,) =1.2980,— 0. 164n,+0.277n,
Dy F [(Gyel s+ Gyply +8yel ) = = 0. 041m, 4+ 1, 2981, 4 0. 277,
D= F,(ards+ eyl +0,8,) = 0.2TT(n.+ 1,4 2,)

(Dounn | o " o. n, b, | Ms.
] ] 2 11.252 7973 $.263 , +0.008
2 10 s | 2 12,714 s.634 5.263 +0.0418
3 10 ] 1 12273 | T.e88 4086 +0.0352

Key: 1. Design scheme
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Based on the M.S. values, we should select scheme 2 as the
lamination optimum design scheme.

3. Improvement of Method

During actual operation, the calculatior of the structural
design is a step-by-step approximation process. In addition, the
external loads and stressed panels often require partitioned
calculations and thus in order to decrease the amount of work
and make it convenient for using an electronic computer, we can
use the above mentioned calculation measures to make the
following changes. According to the matrix formula we know

A:. Ayl Au
(A]q’-l%l_ Axy Ay Ay
A.‘ A,l All

In the formula, A ™ ByyBis~ Cpelrys Auy™ Gy Brs— Byslise ete. Formula
(7) can be rewritten as:

f. r Au An -An r

D,
1, -F‘|A| Ay A, A,y

i, A, A'a A,

- Blo Fe-

Therefore, we obtain

—tl oy e e e = !_-- (8)
D D N

‘. Au""A,- "DL + Au'Dl_
A.‘+A’, 'g‘z‘+ A;[' D'

- o (9)
Avet Ay g’ +A,.-3f !

A
b
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Furthermore, formulas (4), (5) and (6) can separately be re-
written as:

(6 —a,,) +(a,.—a,,)(%—f> ( ) -0. S(EL}[(a" a.,) ( >+ (ay.—u,,) ( L, ) =0

(10)
(a,.—a.,)+(¢n—¢n)<1—v-‘) ) 5<N ) (0e:—a,) (U )'*'“’" =) (U )
+(ap— WJ<N))(E" = (11)
3
BB -GE)IG e

When the (%K from formula (10) is substituted into formula

(11) and the Qx of formula (l1) is then substituted into
formulas (8) ang (9), we can find r, and r,. At the same time,

when ﬁ-) and gx) are substituted into formula (12), we can
Y S

.. D
Dx
find T
Letting o¥=R, then D_=RN
ng ! X X

Purther DemFu@utst 00ty + 6uid) = F ol (0en b G, + Guary)

Therefore, we obtain RN =F 4:(Gsa+ 0ot +0uts)

We know from this that

:___ RO ) g
N: (’:+‘,+':) ¢"+¢ e ;’U.:"" (13)
L= ~'— = . S (14)

t 147 +r,

- i, ra
N ¢ = 1 4r+r, (15)
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Only if we give the values of NX and ﬁf. based on the
X X

known (AD and the Fa in accordance with formulas (8)-~(15), we

can find the corresponding numerical values of L and N, and

F t N N
ﬁs" If we take a series of ﬁX and ﬁE based on a certian specific

vBlue then we can use hand coﬁputatién or an electronic computer
to calculate the following table for the approximate step-by-
step calculation during the preliminary desion.

Ny N, _Fat '
N, N, N. | L N
1.00 L]
0.28
$ 0.50
0.75
1.00 1.00
0.75 0 5
0.
3 52 i

4. Special Circumstances

(1) If there is only the action of Nk

The optimum design of lamination is naturally accomplished
by the lamination along the k direction,

Ne
ﬂnF .

(k=x, ¥, %)

f."'

(2) If there is only the action of N, and N_ then N,=0
This type of loaded situation has practical significance for the
stress panel of the wing surface and therefore we will discuss

this in greater detail.




From formula (11) we can

obtain:

D. _ 3/ a,—au 1
b= o N_,')T (16)
N
Because
[ Dz ] [an [+ 7% ][F.‘,}
D, Gz Gy F.t,
we therefore obtain
D,
f, au—an( D,)
r= .= ;( D,‘_)' ’ 17
Iz D‘ —a.,
From formula (12) we can obtain
R="/ 1+ ) ( —jr 18)

From formula (13)

Fi _R(1+7)
N, an+au'

Q9)

From formula (14)
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T+r (20)

and from formula (15)

r
N=137=1-L

Formulas (16)-(20) are very easily arranged into computer pro-
grams. For example, if the stress coefficient and Fa are taken
to be the numerical values of the above examples after going
through an electronic computer we can obtain the following
table

* ; Y A |
%L i o 01 ] o0z | os m;‘ o5 | es | 07, o8 i o3| 1o
s 1 |
%‘,"— (1) | 1043 |1.370 |1.687 | 1.947 )z.m 2.481 | 2.738 .z.osz ls.uz | 3.489
t 4 i :
: ! (
L . (1) |1.220 [0.979 0382 0.718 0.636 i°'571 i 0.517 ‘ 0.472 ! 0.433 | 0.398
: - ] | 2

If the data in the table are drawn into figure lines then it is
as shown in fig. 5.




-—

ol e

A A " N
¢ 0.10.2 0.3 0.4 0,50.60.7 0.8 0.9 l.OW:'

Fig. 5. The NS/NX—Fat/Nx-L Relation Curve

N
When ﬁE is very small, we know from formula (16) that 55
. X N D s
will be very large and especially when ==0, X will become

Ny Ps

infinite. In reality, however, when ﬁ§=0' that is it becomes the

X F t

single load of Ns=Ny=0 and Nx¥0 then there should be ﬁ§—=1 and

X
N
L=1. Therefore, the L- ﬁ§ curve in fig. 5 should take a value in
X
N
accordance with the dotted line when ﬁé is smaller than a certain
N Y

value (for example, taking ﬁ§=0.3). The dotted line area shows
X

the transformations within two types (single load and double load)
of minimum weight designs. Because of the selection of the dotted
line area‘'s curve form and stopping point there is a certain
randomness and therefore its error can be relatively large.
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V. Discussion of Technique

1. Can we differentiate and determine the number of layers
of each directional layer based on the external load of each
direction?

Also, is it possible to carry out a lamination design based

N
on the tk -;;F;(k=x,y,s) formula. Wwhen we still take the above

example's data, we can obtain:

0.0578 (2)
oos7s;&~} M= 00075 =7.71n~8 B

173
3, 173 =0-0289 iwj’, %=9"0075 3.85~ 4 B

=

(6)

3.183 0.0431
1, 01266 X173 =0, 043&&‘1’; n,=- 00075 =5.74n 6 /2

Key: 1. Inch
2. Layer
3. Inch
4. Layer
5. Inch
6. Layer

We know that the differences of the optimum schemes in the
contrasting examples are relatively large and it appears that

the main reason for these differences is, as regards the

laminated plate, causing the external load to be single direction-
al. The stress conditions of each directional layer are still
complex stress conditions (if we do not calculate the stress

in the layer then they are plane stress conditions) and the
interaction within each directional layer cannot be overlooked.

2. Stress coefficient akj and single direction composite
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longitudinal tensile strength Fa

We can see from the numerical examples that the influence

of the numerical value of akj on the calculation results is

quite large. The value of a is obtained from special single

kj
load tests based on the different percentages of each layer of
the composite on the x, y and s axes. In the same way, Fa is
also determined from the tests.

3. Strength Data

We must take into account that this paper used the laminated
plate's strength criteria and that this was for a non-singular
laminated plate. Therefore, each of its data items should use
the laminated plate. The above mentioned formulas were based on
the Norris criteria yet if we use the Hill-Tsai criteria then
the formulas can have fewer differences and yet its results can
also have some dissimiiarities. However, the two formulas are

not dissimilar for the 35#0 and gz¥0 situations. 1If we use the
X 2

Tsai-Wu tensor multinomial criteria, the derived formula is
quite complex and inconvenient to use because there are very
many number items and also because it is necessary to use the
tensile and compression limit strength. Therefore, it is more
convenient to use the previous two types of criteria during the
preliminary design.
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Abstract

When the upper and/or lower panels of the loading box of the aircraft
wing or tail are made of the fiber reinforced composite laminates, they can
frequently be simplified as a non-moment plate. This paper introduces an
optimum design (i.e. minimum weight design) procedure of the laminated plate
on static failure strength condition. The mathematical tool used in the proce-
dure is Lagrangian Multiplier method, and the static failure strengtk condition
is adopted as Hill-Tsai criteria or Norris criteria.

The formulae for optimum design have been not only derived, but also
reformed to be convenient for the computer. How to establish the ultimate
strength of laminates is discussed in detail. An example. illustrating the
solution procedure and how to select the optimum scheme of lamination design.
is presented in the paper. Some technical problems are briefly discussed in the
last part.

At the stage of the preliminary structural design, this procedure can be
considered as an engineering method of lamination optimum design for the loa-
ding panel of laminated composite, which works under tension or compression
(assuming that the buckling failure would not occur).
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