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Abstract: The goal of this work is to study the rotation of two-dimensional deformation in a semi-infinite semiconducting medium
by ramp-type heating. The interaction of thermal-elastic mechanical-plasma waves is utilized in the photo-thermoelasticity theory
model. The governing equations are presented in 2D and are of the thermal ramp type. The normal mode and approximation
eigenvalue approaches have been applied to solve the given problem. The different physical quantities, such as displacement
components, stress components, and the temperature distribution have been presented graphically using MATLAB software. These
results were compared with previous results in the same direction, and it was found that the treatment method for the aforementioned
problem may form a basis for examining the effects of rotation, angular frequency, time, and ramp-type heating parameter on a

thermally elastic body.
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1. Introduction

In recent times, extensive research has focused on materials
science, exploring their physical properties and wave
propagation. Semiconductors, crucial in modern sectors like
electronics, electrical circuits, solar cells, and transistors,
occupy a unique position. Unlike insulators (such as glass) or
natural conductors (like aluminum), semiconductors exhibit
intermediate behavior. Early studies considered materials like
silicon and carbon as elastic substances, analyzed through
thermoelastic theories. However, after a thorough examination
of these materials, it became clear that their resistance to
electrical conduction is affected by temperature changes, as the
thermal effect on these materials causes the excitation of free
electrons on the surface, resulting in wide transformations
known as electronic deformation (ED). During the process of
electronic distortion, what is known as the carrier density is
produced, which causes plasma waves, and in this case, the
photothermal theory (PT) can be applied. Mechanical loads are
generated within the material during thermal excitation
processes, causing so-called thermoelastic deformation (TE). As
a result of all of this, the interaction between thermal elasticity
theory and PT theory can be studied in what is known as the
photothermal elasticity theory of semiconductors. A good
number of researchers have shown their dedication to this
direction. Hobiny et al. [1] studied the photo-thermo-elastic
distributed waves in a semiconductor medium due to the ramp-
type heating. In the above studies, the coupling between the
electrons and holes free charges under the impact of magnetic
field is neglected when thermo-diffusive processes occur in
semiconductors. However, the distribution of electrons and
holes on the free surface of semiconductors is important and
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cannot be ignored when semiconductors are studied [2-6].

Researchers have previously been interested in deformation
in a material caused by ramp type heating. Authors have found
solutions to a variety of ramp-type loading and heating
problems. Generalized thermoelasticity was developed by
Youssef et al. [7-11] for infinite materials heated by ramp type
in many external fields, where the thermal conductivity is
varied. The physical characteristics of semiconductor materials
that are dependent on temperature fluctuations under the
influence of Hall current have not been taken into account in
previous studies due to the overlap between photothermal and
thermoelasticity theories. One generalized theory of
thermoelasticity is developed by Lord and Shulman (L-S) [12].

A second theory with two thermal relaxation time
parameters is produced by Green and Lindsay (G-L) [13]. The
discussion of such extended theories was then covered in a few
pieces that published as Chandrasekharaiah [14] and Hetnarski
and Ignaczak [15]. Yahya and Abd Alla have investigated the
radial vibrations of a spinning elastic hollow cylinder using the
elasticity theory [16]. Numerous applications of the
thermoelectricity theory may be found in the fields of
geophysics, building constructions, and the behavior of sensitive
biological tissues. Rotation's impact on a generalized
thermoelastic medium with hydrostatic starting stress under
ramp-type heating and loading was examined by Ailawalia and
Narah [17]. The effects of variable thermal conductivity and
hyperbolic two-temperature theory during the magneto-
photothermal theory of semiconductors induced by laser pulses
and some related studies in this direction were discussed by
other researchers [18-23].

In the present work, using the photothermal model,
deformation in a two-dimensional, isotropic, rotating medium
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subjected to ramp-type heating is investigated. The medium is
assumed to be semiconductor and exposed to ramp-type heating,
rotation and photo-excited. The vibrations caused by photo-
excitation during photothermal theory produce changes in wave
propagation of physical variables. The normal mode and
approximate eigenvalue techniques were used to obtain exact
solutions for the displacement, thermal stress, carrier density
(plasma), and temperature distributions. To determine the
complete solutions of physical quantities subject to heating ramp
type, the problem boundary conditions are used. Furthermore,
the MATLAB software is employed in this case to represent
temperature, carrier density, displacement distributions, and
thermal stress for the model under discussion graphically. This
model is very useful for scientists and engineers to develop high-
quality semiconductor materials that many modern industries
rely on and that have multiple uses in electrical circuits and solar
cells (photovoltaics).

2. Basic equations

Suppose that the medium being studied rotates in a regular

manner. The angular velocity in this case is 9 =QT, wherenis
a unit vector that describes the rotation axis's direction. The
rotation axis is the axis perpendicular to the plane, and the whole

body rotates with a uniform angular velocity g=amn.
Consequently, there are two additional requirements for the

elastodynamic equations: Centripetal acceleration (ﬁ A(ﬁ A ))
caused by just time-varying motion, and Cariole's acceleration

=2, . -
(20 ~u) caused by a moving reference frame, where o =
(u,v,0) is the dynamic displacement vector. Song et al. [21]
present the constitutive equations for coupled plasma, thermal,
and elastic transport in a medium with isotropic and
homogeneous characteristics.

62;‘55'0 +p@r@AR)) +2p B AU = uVHEF ) + (A +
D = DVNG, D) - ING O +KT(E ), @)
AT(F) _ 2 _Eg oz ou(@ )
e = kV T(# t) - N(#,t) + yT-V. P 3)

Furthermore, we investigate the plane strain problem with all
field variables dependent on (x,y,t). For 2-D, we use the
displacement vector % = (u,v,0) and u = u(x,y,t), v=
v(x,y,t). Equations (1)-(3) are reduced to

92 a 92 92 92
p(a—;‘—02u+2ﬂa—’t’) =A+2)35+ (A+y)ax;y+ua—y’j—
oT ON
}/a - 671. aa (4)
92 I3} 92 92 92
p(a—;’—gzv—zna—‘t‘) =+ 205 + AW g s -
oT ON
i O 2 (5)
N _ an 1
o8 = D, VPN -2 N +KT, (6)
aoT E a (0 0
pceE=KV2T—7gN+yTo§(§+£), @)
The stress components are:
Oy = (A+2u)g—z+lg—;— (34 + 2p)(arT + dyN), (8)
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a a
oy = (A + 2;1)5 +25° = (32 + 20) (ar T + d,N), 9)
0y = 1G5+ 50, (10)
du  ov

where ) and p are Lame's constant, p is the density, o;; are the
stress components, T' is the temperature, t is the time, N is the
carrier density, D, is the carrier diffusion coefficient, E; is the
energy gap of the semiconductor, 7 is the photo-generated
carrier lifetime, c, is the specific heat, u, v are the displacement
components, T. is the medium's temperature, k is the thermal
conductivity, a; is the linear thermal expansion factor and y =
(312 + 2war, &, is the variation in the deformation potential
between the valence and conduction bands, and &, = (31 +
2pu)d,.

Semiconductor medium

—

I RamE—tiEe @

Fig.1. Schematic of the problem.
Now, the non-dimensional quantities are defined as follows:

oAl _L I_i Il = L -
@YY = =Nt =5 @v) = @), N
8N

I g% 2 _ (A+2p) r T 19w K
(/1+2u)"(2 =t*0, ¢t = =, ,tr=—=.(12)

T @z’ U T pCect

Applying the quantities in Equation (12) to Equations (4-10)
yields

Y S N N Y T
(F —Q%u+ 295)  ox? +ay dxdy + dy?  9x  ox’ (13)
S RN RN
(F - - ZQE) ~ ay? +ay Ixdy + ax2 ay oy’ (14)
VAN = a3 N+ a5, — a3 22 = 0, (15)
27 _ 9 (0w 9v) _ OoT _
V2T = a3y N+ agp o (S + ay) =0, (16)
Ju v
Oxx = a4la+a42£—a41(T+N), (17)
v ou
ny=a41£+a4za—a41(T+N), (18)
ou v
Oxy = (@ + a) (19)
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where
92 92 A+u u c2¢?
V2 =— +— a, = — A, = —— Arq = L— A, =
ax2 oy 11T o) 127 oy’ 21 D, 22
kc%t*z&ﬂ _ Eg}/cqzwt* _ Y*Tecrt*
yp, ' 31 kton | 32T k@)’

To keep things simple, the prime was also removed.
Differentiate with respect to x Egs. (13-19) can be written by
using Eqg. (11) as follow:

23u ou ) 23u 0%e ou 9T
-z ZQ—)=a— A 54y, V2 2T
(axatz ax T o o T M1 T ARV r =5
92N
— (20)

ax?’

a%v v 9%u a%v d%e v 9T
( _QZ__ZQ ):a 3+a116_y2+a1272_ ry

ayat? ay ayat. ay3 ay  oyr
%N
2 N _
\Y N_a21N+a22T_a23E—0, (22)
27 _ de OT _
V-T asq N + Az, ot Py 0, (23)
a I3}
axx=a41£+a42£—a41(T+N), (24)
u ov
Oyy = G415+ a425—a41(T+N), (25)
Ju  ov
O'xy = 5 + a . (26)

3. Solution of the problem

In this part, the normal mode approach is used, which has the
benefit of obtaining accurate solutions without any assumed
limits on the field variables. The physical variable solutions can
be analyzed in terms of normal modes as follows:

(wv,T,N,0;;)Cx,y,t) = (u', v, T*,N*, 0;;" )e @t+iY) . (27)

where w, i, and b refer to the angular frequency, the imaginary
number and the wave number in the y - direction. Applying Eq.
(27) in Egs. (20-23), we have

d?u’ " N dv* dar* dN*
Tz S W MV Myt Myt (28)
dz i * * * * du’
S = nsu’ v + 1T+ 0N + g, (29)
dx dx
a’n” * *
dx? = ﬁN - aZZT 1 (30)
d?r* « " du* M
Tz = MoV +n10T +7711E+7712N . (31)
where
_ w?+agpb?-02 200 _ —aq1bi _1 _
m=—,/"  Tn="">M="—""M=_N=
—2w0 __ab®+ay1b*+apb?+wibi-0? _ b _
a yIle — ’ 7= 778 -
12 a2 a2
—ibaqq _ . 1.2 _ _
Tan Mo = —A3z,wbi, N9 = b* + @, N1 = —A30,M1, =

az,a=1—ay; —a,a=a+a;;+a4;, =0y +a;z0+
bZ.
Equations (28-31), can be expressed as a differential equation
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with a vector-matrix as below:

ai -
4 _ AL (32)
where
-
v o 0 0 0 1 0 0 0
T / 0 0 0 0 0 1 0 0 \
. o 0 0 0 0 0 1 0
- 0 0 0 0 0 0 0 1
I=|a |,4a= 33
dv* nm M 0 0 0 73 na my (33)
dx | Ns e n7 N7 Mg 0 o0 0
ar’ \ 0 0 —ay B 0 0 0 0
dd;* 0 Mo Mo M2 M1 0 0 O

dx

We now employ the eigenvalue approach, as in Das and
Bhakta31 to solve Eq. (32), the characteristic equation of matrix
A, which takes the form

A8 4+ myA%4myA% + maA* + myA® + mgA?2 + mgA +m, = 0. (34)
where m;,i = 1,2,3,4,5,6,7 are defined in Appendix I. The
roots of Eq. (34) are as follows:

A=+, A, A5, 4,0 = 1,2,3,4.

The appropriate eigenvector x = [x1, X2, X3 X4 Xs) X6 X7, Xsl” s
which corresponds to eigenvalue, may be defined as

B(ne—22)[BA*n7+(az2+A*)A%n7+B110(n5 =A%) +(112-2%) (n5s—22) (a22+2%)] —c
BA(s—22)
=[B22n7+(az2+22)A%n7+B110(ns—22)]
A
B2%(n6=2%)+n9(ns-2%)

A
(az2+22)[B22(n6=A%)+Bno (ns—2%)]
x= B2 (3%5)
B(n6=22)[BA*17+(az2+4%) 2207 +B110(n5=22) +(112-22) (n5=22)(az2 +4%)] €

B(s=2%)
—[BA%1n; + (az, + A)A%n; + Bnyo(ns — 42)]
BA2(ns — A%) + Bno(ns — 2%)

€222 112 (g — 22) + B i1 — 27)]

where,

[B717+(az22+24%)n7][BA* (n6—=A%)+Bno(15—=A%)]

€=
B(ns—12)

The eigenvector v that corresponds to the eigenvalue from Eq.
(35) is easily determined. The following notations are used in
the remainder of the work:

X1 = [X]A:Alf X2 = [X]A:AZ: X3 = [X]/l:ly Xa = [X]A:/L,r Xs =
[X]A:lsv Xe = [X]A:AG,)h = [X]a:)w)(s = [X]Azag-

Taking the regularity criteria at infinity into account, the
solution to equation (33) is as follows:

V = Aypie ™% + Ay e % + Agyse % + Ayye %, (x 2 0)  (36)

where A, A,, A3, A, are constants determined by the problem's
boundary conditions. From Eqgs. (33), (34) and (36), we have

U (x) = Ay xpae M+ Apxie T + Agxize ™ + Ay i,
vi(x) = A1X21e_/11x + Az)(zze_lzx + As)(zse_lsx + A4)(24e_/14",
T*(x) = A Xz~ + Ay xze 2% 4+ Agxzze ™% + Ay 3™,
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N*(x) = Aixare ™% + Apxape ™% + Az sze ™% +
Asxaae ™, 00" (0) = —a4 (Adxe ™ + Ay dp i ™2 +
Asdsyyze™% + Ay 146 7") + ibay, (A xp e +

A X226 + Az xaze ™% + Ayxpae ™) — a4y (Aixzie ™M +
Apxz e 2% + Agypze ™ + A4)(34e_/14x) - a41(A1)(4le_’11" +
A2X429_/12x + A3X439_/13x + A4)(44e_l4x),

oy (x) = —41 (A1 Ay o6 ™M + Apdpxzpe ™42 +

Asdzxze™% + A4/14)(24e_’14") + ibay, (Al){ne_llx +
Apxie™M2% + Agyize% + A4)(14e_’14x) — Q41 (A1X31e_/11x +
A2X3ze_lzx + A3)(33e_13x + A4)(34e_/14x) - a41(A1X41€_'11X +
Ay X426 + Agxyze ™ + Ayxaae ),

Oy (x) = ib(A1)(11e_llx + Agxi e ™% + Asyyze % +
A4X14e_l4x) - (A1/11)(21e_11x + Ay x0T +

Asdsxzze ™" + Agdaxaae ™). (37)
where y;; ,i = 1,2,3,4 are defined in Appendix I1.

4. Boundary conditions

In this part, we will apply these boundary conditions to our
problem. We assume that the free surface in our suggested
model is traction-free.

(1) The mechanical normal stress that is traction free can be
rewritten in the following form: o,, = 0 atx =0,
(2) Also, the mechanical shear stress takes the form o,,, = 0 at

x =0,

(3) The thermal boundary condition due to ramp-type heating
at the free surface is as follows T = Tlti at x =0,
()

where T is an arbitrary constant. (38)

(4) The plasma condition (carrier density) can be expressed as

during the photo-thermal 2% = £ N atx=0.
ox De
Combining equations (37) and (38) yields four equations for the
constants A, A,, A; and A,.
t1A1 + tzAz + t3A3 + t4A4 = O,
tsAy + tgA, + t, A + tgAy = 0,
X3141 + X3245 + X3343 + X3444 = Lo,

t1gA] + t114, + t A5 + t34, = 0. (39)
where,

t; = —Auhix1n T by Xz1 — QuaXs1 — GarXar, t2 =

=41 X12 + 104z X020 — Qua X3z — Qa1Xaz) b3 = —QuadsXas +
by X235 = Aa1X33 — Aa1Xaz, ba = —Aa1d4X1a + 1DAsr X0 —

A41X34 — Ag1X44)
ts = iby11 — MXa1 te = thY1z — X220, b7 = ib )13 — A3Xa23,

t*ty

— —(wt+iby) — _
Ty PR e » tio AiXa

tg = ibY14 — MaXoar Lo
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Di)(om ti1 = —AxXaz — Di)(42r tip = —A3Xaz — DiX43: t13 =

—AaXaa — Die)(zm-

To calculate the constants A,, 4,, A; and A,, Cramer's method
is applied as there is one non-homogeneous equation in Eq. (39).

Uy g, e g sy 0 (40)

A =
1 P P

Where

A = —ty3tste)ss + tiataleXss + tistats Xz — tiatalyXay —
tiatatgXsn + ti1tatg)z1 + LiztalsXza — tiptals)zz —

t1t13t7X32 + tiolalyXaa + titiatgX32 — tiolalagXaz —

ti3tatsXaz + tigtats X3z + LitizteXaz — tiotale X3z —

tit11tgX33 + tiolalaXas + LiatalsXzs — tiglats)Xzs —

titi2te X34 t tiolaleXza T tit11t7 X34 — tiolalyXaa,

AA; = —ty3tatety + tiptatety + tiztatyly — tygtatste —
tiatatgly + ty1tatsto,

AA;=ty3tststy — typtytsty — titlstyty + tigtalsty + tityptety —
t1otststy,

AAz = —tystytsty + tygtatsty + titystely — tyglatele —
t1t11tgte + tyotatsto,

AA, = tiptytsty — tigtatsty — tityately + tiotatele +

titi1tyty — tyotatyts.

Using Egs. (27) and (37), one may calculate the dimensionless

temperature T, carrier density N, displacements u and v, and
stress COMPONENtS Gy, Gyy, Oy -

u(x,y,t) = [Alele_Alx + Ay xipe % 4 Ag e +
A4X14€_’14x]e(“’t+"b3’),

v(x,y,6) = [Adaie ™ + Agdape ™% + Ag)pge ™ +
A4X24€_'14x]e(“’t+iby),
Ty t) = [AlXSle_llx + Ayxspe % + Agxaze ™% +
AyXaa e"“"] e(wt+iby)' 41)
N(o,y,t) = [Aixare ™% + Ayxape ™ + Agxgze 3% +
A4X44€_A4x]e(“’t+"b3’),
O (6,7, 8) = [—a41 (A1 1116 ™M% + Ay Ay xipe ™% +
Azd3xize™ " + A4/14)(14e_7‘4") + ibay, (A1)(21e_/11x +
ApX22€ 2% + Agxpse ™ + Agxase %) — agy (Arxsie ™% +
Apxze 2% + Asxaze ™+ Ayxze ™) — ag (A e ™% +
Ay Xa2€ ™M+ AgYaze ™8 + Ayygae M) |e@ioY),
0y (6,9,8) = [~ (A1 s X218 + Apdyxppe ™ +
AsdsXzze ™ + AdaXzae ™) + ibay, (A xi e ™M +

Ay iz + Az xyze7h% + A4X14€_)‘4x) — a41(A1X3le—’11x +
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Ayxspe % + Agysze ™% + A4)(34e"14x) — gy (A x4 +
Ayxane 2% + Agy a0 5% +A4)(44e"14x)]e(‘“t+ibﬂ,

Oy (6,3, 1) = [ib(Axr1e ™% + Ay )16 772" + Agyize ™% +
A4)(14e—/14x) _ (Al/ll){me—/llx + A doxpe 2 + Agdsyage 5t +

A4/14X24e—/14x)]e(wt+iby) .

5. Results and Discussion:

In the frame of this model, we will introduce some numerical
data in an effort to demonstrate the analytical technique that was
previously described. The results indicate changes in the
distribution of temperature, carrier density, stress, and
displacement components using MATLAB programming
software. The silicon (Si) element (example of semiconductor
material) is used for this problem's numerical simulation [24-
27].

p =2330 kg/m3, 2 = 3.64 x101°N/m?, u = 5.46 x10°N/m? ,

T.=300 K, K=150 Wm k71, Ce =695 m?/K,
E, = 1.11eV,D, = 2.5x1073m?s™!, a, = 4.14 x 1075k,
c=2ms1,t=0.1s,d, =9x10731, 7 = 5x10~5s.

Figures 2-5 provide numerical and graphical computations of
the temperature, carrier density, thermal stress, and
displacement components with respect to distance.

5.1. The effect of rotation parameter 0.

Fig.2 illustrates how the temperature T, carrier density N,
thermal stress o, g,,, and displacement u, change in relation
to axial x over a range of rotation Q values. It is observed that
as the axial x at Q = 0,0.1,0.2,0.3 increases, all the quantities
T, N, 0xy, u and o,, decrease. When we take the special case of
rotation i.e. (Q = 0), we can reach to ramp-type heating in a
semiconductor medium under photothermal theory [21].

5.2. The effect of angular frequency parameter w.

The influence of angular frequency parameter on the wave
propagation of some fundamental physical field quantity
distributions such as temperature T, carrier density N, thermal
stress gy, gy, and displacement u with the horizontal distance
x is shown in the third category (Fig. 3). They have the same
decreasing behavior for all values of the angular frequency
parameter .

5.3. The effect of time parameter t.

Figure 4 represents the representation of some physical
guantities under investigation against the horizontal distance x.
The category is carried out under the effect of time t, the
magnitude of the physical components
T,N, 04, u and oy, increases by increasing the value of time.

5.4. The effect of ramp-type heating parameter t,,.

The impact of the ramp-type heating parameter ¢, is plotted
due to the main components T, N, o,,, u and gy, with the
distance x as seen in Figure 5. All physical distributions
T,N, 04, u and o, have the same variance. Their values rise
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dramatically as horizontal distance increases.

0.7 |

=0.0
- — -0=041
--------- Q=02
=03

0.6

0.5 *"'.‘.
04 E‘-_'
03
0.2

0171

0=0.0
- — 0=01
--------- 0=02| |
0=0.3

--------- =02
@=0.3

Sohag J. Sci. 2024, 9(3), 325-333 329


https://sjsci.journals.ekb.eg/

SOHAG JOURNAL OF SCIENCES

Research Article

70

quantities

variations of the main physical

he

T

Fig.2.

T, N, 0xx, u and oy, against x —axis under the effect of rotation.

quantities

main  physical

the

The variations of

Fig.3.

u and oy, against x —axis under the effect of angular

T,N, Oxy,
frequency.

=0.4 | 1

—_————t:

25

Sohag J. Sci. 2024, 9(3), 325-333 330

sjsci.journals.ekb.eg

©2024 Sohag University


https://sjsci.journals.ekb.eg/

Research Article SOHAG JOURNAL OF SCIENCES

3 T T T T T T T

8
8
8
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6. Conclusion

This study presents a novel model that characterizes the photo-
thermoelastic processes under the effect of rotation in a
semiconductor material with ramp-type heating. The main
governing equations in 2D electronic-elastic deformation are
presented. The system was solved using the eigenvalue
technique and normal mode analysis. Numerical calculations of
the basic physical quantities were performed and graphed. This
investigation leads us to the conclusion that the wave
distributions of the primary physical field parameters are
significantly influenced by the rotation. In the absence of
rotation, we notice that the curve has a large value with
increasing amplitude compared to the rest of the curves in its
presence. The magnitude values of physical field quantities
distributions are affected clearly in the presence of rotation,
angular frequency, time, and ramp-type heating parameter. In
addition, any minor changes in these parameters tend to cause
changes in the propagations of waves with continuous
distribution behavior. As expected, it can be found that the
principal quantities satisfied the boundary conditions. The
examined problem has several significant uses. Modern
technology and plasma physics (such as integrated circuits, solar
cells, and the electronic industry) make use of rotator elastic
semiconductor materials in the context of photo-thermoelastic
processes during ramp-type heating.
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Nomenclature

p the material density

t the time

T absolute temperature

u,v the displacement components

Ce the specific heating at constant strain

N the carrier density

ALu the Lame’s constants

D, the coefficient of carrier diffusions

ar the coefficient of the linear thermal expansion
T the photogenerated carrier lifetime

d, the coefficient of electronic deformation

E, the energy gap

On the difference of deformation potential of conduction
and valence band

k the thermal conductivity of the sample

0ij the stress components

Appendix |

My = Q22 =M1 — M2 = N11Ma —Ne — 13 1,

my = —MN3MNs — 12178,

M3 = —dzzM1 — B0 — Q22712 + N1M12 — Az2M11Ma —
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B11Ma = Na2lls — Az2M6 + M1Ne + N127ls + N117aTl6 —
N11M3M7 — A22M3Mg + M12M3Ns — N779 — NallgMo,

My = —A2M3 M5 + N12713 N5 — N11M277 — A22M2Ms +
MN12M2M8 — N4 MsMo,

ms = BiiN10 + AzaM1M12 — Q2272 Ns + N12N2 Ns + 221176 +
BMioMe + Gz2M12Me — N1Tl12Me + GzaT1174N6 +
Bn11nane = G22M11M3N7 = BN1ansny + n10nsng +
Az2M1273N8 — 221719 — BT7Ne + M1M7M9 — A22MaMgNy —

Bnangns,

Mg = P10z N5 + Aa2M1273 N5 — Az2M11M2M7 — B1aman7 +
Bn1oN2Ns + Aa2M12M2M8 — A22M4 NMsNo — B4 MsNg,

my = BNioNanls + Az2M12M2Ms — BMiMioNe — Az2MiN12Me +

Az2M1M7M9 + BN1M7M9,

Appendix 11

X11 =

B(ns—llz)[/3/112717+(azz+112)12777‘*'57110(775—/112)"'(7712—/112)(775—112)(1122‘*'/112)]
Bax(ns—2.%)

€,

X12 =

B(ns—lzz)[/3/122717+(azz+lz2)122717+/37110(775—/122)+(771z—122)(775—/122)(0-22"'122)] _
B> (ns—22")

€,

X13 =

3(776—132)[.3132"17+(‘122+132)132"17"‘5"110(775—132)‘*(7712—132)(775—132)(6122"'132)] _
513(7]5—132)

€,

X1a4 =

3(776—142)[.3142"17+(‘122+A42)142"17"‘5"110(775—142)‘*(7712—142)(775—142)(6122"'142)] _
.314(715—142)

€,
Y21 = _[5112717+(azz+112)112717+B7110(775_/112)]
21 — )
Ay
Yy = —[.3/1227I7+(a22+/122)/1227l7+ﬁ7l10(775—122)]
22 — )
A2
Y23 = —[3/132"17+(a22+/132)/132"l7+5"110(775—132)]
23 — )
A3
X _ —[BA N7+ (a20 424" )As " 17+ B30 (15 =24 )]
24 — )
Ay
_ BA (6= %) +Bne (5= %)
X31 = /11 )
_ B2 (n6=22")+Bno(ns—25")
X32 = P )
_ B2 (5=25")+Bns (15 =257
X33 = T )
_ B2 (6=24")+Bn9(ns—2s")
X34 = T )
Ya1 = (a22+112)[3112(7]5—112)+,8119(115—112)]
41 — )
By
X4z = (azz‘”Lzz)[ﬁlz2(715_122)‘*';37]9(7]5_/122)]
42 — )
B2,
Xz = (azz‘”Lsz)[5132(715_132)‘*';37]9(7]5_/132)]
43 — y
B3
Yas = (azz+A4Z)[5142(715_142)‘*';37]9(7]5_/142)]
i BAs '
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