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dui  duy
16+ &l

e(u) = (&)»2 &= 7| 5.+ o,
Po ( ), c2 , M , Dy
TMGa . (1) :
u(0)= 0, T(0)= C(0)= 0, Claoa= Co, 5
Tloa= To, ulsga= 0, 0lzgo= 0. ( )
. (1) ( [ 1]
)
2 2 (
) (1,
1
(1) :
(1) u € L0, :X),p €L*0,t; M), 0 € H, T € L*0,t; W), C € L¥0, ¢;
W)

b(q, u)= 0, Vg €M,

(w, v)+ Qa(u, u,v)+ b(p,v)+ (0, &v))= (Tgj.v),
(0, D+ (o, uwT) - 2 (g u), T) = 0, VT EH,

(T, ®)+ N(T, 9+ coar(u, T, ®) = 0, Ve E W,
(Ci, ¥)+ Do( C, ")+ ai(u, C, ¥) = 0, Vo€ W,
u(0) = 0,7(0)= C(0)= 0,

Cloo= Co;T logoa= To;ulpga= 0;01l50= 0,

Vv € X,

X =Hy Q> V= {v € X;divy = (},

M= 13 Q=PELY Q);L%h = o},

H={T= (T)oe €L7% To= ), W= H'(9),

Wo= Ho( @), b(q u)= (q,divy),

afu, v, w) = JQ(u° “v) wde = %“.ngul g—;)?”jdx_ J‘Q,-,-zzu:m g_zjfvjdx}’

a9 = [ w1y ow = L[ S flan- [ 38wl
Soholev , a(*, *, *) (ai(s, =, *)
[2] (71 )-
(A1) Vu EX,divu= 0, Vv, wEH'(Q° a(u,v,v)=0 alu,v,w) =- alu w,
V).
(A2) Yu€V,wvE€EX

L a(u, v, w) | < Hallo e llv il "wll,
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La(u, v, w) | < I u g v 1o w1l o,
afu, v, w) I < Hallg v g wllw il
L a(u, v, w) | < llulloll v llollw llo w.
(A3) 00€ "k 21, a 21), To Co € €09 Co(R)
( To, Co),
ITo N, <6 NN, <8 k211 <q < oo,
5 .
(Ag) 7 Q ( [3] [ 6] (7). Q
( [6]),Hy C H( m- 1 ), X cx N
Q) m ), Mr C M( m- 1
)Wy c wN Q) m ). Wor= Wi NHY( Q)
) Vo, €Xi  &w) €Hw Xi M, B-B.
PR %% 2Bl gn llo, Vb € M,
. m 21 B h : B-B. Xi My
Bemardi-Raugel ( [6], ).
Gronwall , [2] 6.1
1.1 (A)~(Ay) (1)

, 0Q€ECHYk 21,a 21),To, Co €ECHY(RY (1) (u, o,T,
C, p) E C,k+2(Q)2>< Ck+l( Q)ZXZX Ck+2( Q) x Ck+2(Q) x Ck+l(Q)-
(1) ( ) :
(1)
(W, prs O, Thy Cu) € [H'(0, 01; V) NV L0, 11;X5)] %

L20, e1; M) x H(O, t1;Hn) NVH'(0, t1; Wi) x H'(0, t1; Wi),
Trhloa= To, Cploga= Co

b(, w,) = 0, Ve € M,

(wn, v) + Coal w, un, v)— b(pn,vi)+ (O, &v)) = (Tigj.v),
Vv € Xy,

(04 T)+ (w0, uT) - 2U(€(uy), T) = 0, VTE H,,

(Th, 9+ Xa( = Th, @)+ crar(un, Th, ®) = 0, V ®E Wy,

(Cw, )+ Dr(Ch )+ ar(m, Cp, ¥) = 0, YV € Wop,

w,(0)= 0, To(0) = Cu(0) = 0,

Clooa= Co, Tloa= To, uloo= 0, 0lzo= 0,

Thloo= To Crlaa= Co (As)  To, Co Q 0Q

Vi = {¢h € Xu b(gn h) =0, Vg, € M/}.
, Vi D V.
Gronwall [2] 6.2 6.3

1.2 (A)~ (Ay) , (1) (wh, pr» On Th, Cr) € [H'(0,
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t; V) NVL20, 00 Xn)] x L0, 11y My) x H(O, ti; Hy) NVH'(0, t1; W) x H'(0, t1; W),
W g2z, T W22y, 0Ty gz, e Uzay, 1 cn ey, oy 122
c.

1. 3 (A1) ~ (A4) , ( 1) u € L0, t; H™'(@?) N
WheQ? p € L0, t;H™(Q)); 0 € L0, 1y H™( %) T,C € L*(0, it H"( Q) N
L0, 11; W' ™(Q)),

Wo— o 2y + Hp=pu 2+ No(C= G N+ I (u— ) 120 +

W= Tw) N2y Seh™ T 2 +

WC W2y + W W2y + Np W2+ 1012w ).

L , k= t1/L )
1" = nk, (i, ph OF, Th Ch) € X x My x Hy x W, x W,

(u(i"),p(t"), o("), T(1"), C(1"))
(1) :
(I (uiph O Ti, Ch) € Xpx My x Hyx Wy x Wi uh= 0.Ti= Ci=

(unapnﬂ 0”’ Tn; Cﬂ) (0 <n <L)

b(, uh) = 0, Vé € M,
(w", w)+ kera(uy ', uh, vi) = kb(ph, vi) + k(0% € w)) =
k(Thgj, w)+ (ui',vi), Vv, € Xy,
(Oh T)+ (w0, trG)— 20 & uy), T) = O, VT € Hy,
(TH, @)+ kX( =Th, =~ ) + kear(ut ', TH, %) = (Ti7', @),
YV 9 € Won,

(Ch )+ kDv(Ch, b)) + kar(ui ', Cho4) = (CFL 9,

Vb € Wa.
( [5] [6] )-

(1
SOOI
ant by Sent+ A Zaj, n >1, A >0; ao+ bo <co,

j=0

an+ by Scoexp( M), n 20.
2.2 Onw:H ~ Hy, Vo €EH
(0= Qw0, )+ (tr( 0= Q40),trT,) = 0, VT, €H,
o €W (1 <qg oo,
lo— Quoll_s,, Seh™ o I, -1<s <m, 1 <r <m.
21 (A~ (Ay (uwy T Cr) € Xy x W x W Ti 'oa=

6!, Ci'laa= €5 '(1 <n <L), (1) (ui, ph, Ok Th Ch) € X x M,
XHpx Wyx Wy, Tiloa= T Chlaea= Ch
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Wof o, af o, 11w o, 1T5 o, W18 o, WCE o, 1 7CH1g <M.
(ui LT CE ) € Xux Wi x W, ( [6]
[7]) ( 111 Th € Wi, Thloa= Th Ch € Wi, Chlao
= 5. uh ', Th (11 2,

A(D, W) = %(u?i, w)+ cra(uh ', ul, )+ (O, € w))+ (O Th)+
(trO, tr'G) — 2We( &up), ),

ch: (uZ, O;i)’ IHL = (Vh, Th); b( (hl; @z) = b(d)}b MZ),

F( W) = (Tigj,vi) + %(u’;‘fl, vi), Z = {u;b(u,p) =0, Vp € M}:

(I 3
A( D, W)— b(pr, W)= F( %), V W, € Xi x Hp, ,
( 11
b(, )= 0, V & € M.

A(@, @)= Lllap 120 10 13+ Hwop 13 Zall @113 V @ € X, xHy,

k
a= mif £ L0, @ 3= laf 3+ G 1E  A(e,+) ZxH ,
b(v,*) B-B ( [6) . (w
(ui, O, ph) € Xy xHyx My. . (1D : [10]
3.1 . 2.1
o' = (u'- u")/k (113

b( b, u) = 0, Vo, € My,

(Ot i) + cra(ul ', uh, vi) = b(ph i)+ (O, €wi)) = (Thgj, w),
Vv, € Xy,

(Oh T)+ (trO, trG)— 2Vp( g wp), Tp) = O, VT € H,,

(OTF, %)+ M( Tl “®)+ crar(ul’, T, ®) = 0, Ve € Wo,

(_&CZ, b )+ Do( G, )+ an( Wi, Crody) = 0, Vb, € Wo.

(1) v=op T= T, P= G, b= &, b= ¢ (1"

b(d, u'— uf) = 0, Vb €M,

(1

(w"- Omf, wi)+ cra(u', u",vi) - cra(uf ', uj, vi) -

b(pn_ PZ, Vh)+ (on_ OZ’ E(Vh)) = ((Tn_ Thn)g.]’ Vh,), VV}l E Xh’
(0"— Op, §)+ (tr( 0" = Op),trTy) — 2Up( €(u"— up), T,) = 0, VT, € Hy,
(T"= OTW, 9+ X( . (Tu= Ti), ~ %)+ coar(u',T", %)~

coar(uf T, 9) = 0, vV @ € Won,
(C = DCh, du)+ Dr( . (C" = Ch), ") +

ar(u", C", b)) - ar( Wi, Ch, &) = 0, Vb, € Won.

(3)
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22 (A)~(Ag w € W00, t; L Q%) N W00, t1: H"(2)%) N
LE0 1z H™ ' (©)7).p €L=(0. 1 H™( ). 0 € L0, 1 H"( ©)>2), T, C € W> (0, 11;
L2Q)) MW" =0, t;H™( Q) NL0, t; H™'(Q))

"= ul o+ k‘”‘ZII Sd = ) o Se(h"+ k),
17" = T o+ k”ZII (Ti= 1) o <e(h™+ k),

¢ - ¢ llo+ k”le S0 - i) o SCh™+ k),

max 10— 0 llot [1p" = phllo <C(R"+ k),
c h k , (u,0,T, C,p)
Hllder
| a( W', u", w)—- a(u'}fl, uh, vi) l= 1 a(u", u', v,)- a( u= ' u" Vi) +

- , - -1 - 1
a(u" 1, u', vh) — a( uh 1, u',vi)+ a(uk ,u",vi)— a(uh , ui, va) | <

| a(u" - u ' u, ) I+ 1 a(u™ "mowr ! u v) I+ | a(u”/fl, u' - uy, vy) | <
(el = wi" Mo+ ek Il ul Wotr M1 7(ua— uh) o) 1l vn o (5)
., w=Ru'- ui= &(R, Rixz , [2] 5.5) , Hilder

Cauchy
la(u', u', &)~ a(ui', ui, &) 1=1 a(u", u", &)~ a(u" ", u", &)+
a(u™, W', &) a(ui', u", &)+ a(u';; Lu' ) - a(uf uw, €)1 <

n—1 n

| a(u"— u" ", u", Ret' — wi) |+ | a(uly V' wl, Rd' - '+ u'- uh) |+

| a(uw™'= i, W', Ru"— u"+ u'— )| <
O Il (= wp) 15+ ¢ llu™ "= wi ' IG5+
k21w 15+ e Il u = Ru”) IS, (6)
0o
(0= O, G)+ (t(0" = 0)),u6l) — 2Wp( & u' - wp), T)= 0
R ( [2] 55), Th= 8(u"’— uh), Korn
(R = ui) 115 <2ebp ll &Ry - uy) 115 <
cllo"— o llog Il " (Ryu"- u) I3, (7)
Oh
" (Rua" = wi) o <clld" = ahllo <ch™ 10" [lm+ ¢ I1Qu0" = 0 Ilo. (8)
Oudl, Outdi € V(P [2] 62 L ), [2] 6.2
5.3 Hllder
Ny — QI < e — Qu lloy+ 11 Q= a1l <

'~ Puadt 111+ sup( Pudl = Dot v)/ 11w llg <
lwf = P 111+ sup( Ouael = e, Pw )/ 1l v 1o <
Il u — Ou 1l- 1+ sup( U - o, Q) / 1l v Il <
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Il uf— O 1l- 1+ sup/— cira( uou', Pw)+ cral il W, Q) +

b(p"= Pp", Qv) + b(Pwp"~ pi, Q) - (0"~ G, € Qv)) +
((T"= Ti)gj,Qw)]/ Il <y llo <

c(h™+ k) + o I (u = up) o+ Wa"™ "= i " llo+
o= op llgx 117" = 77 llg), (9)
P [2] L’ . B-B.

p" = pi llo < HIp" = Pup" llo+ I1Pip"= piillo <
p"= Pip" llo+ B! SEBb(Phpn_ pioon)/ Il g <
h h

Cllp"= Pup” llo+ g! SEBb(Pn_ phyon)/ I wn o, (10)
Ve S Vh
(3) Hblder
b(p"= phyvi) = (W - _azu;?, vi) + cra(u", ', vy) — cra(uly U, vi) +
(0= O, &wm))- ((T"= Ti')gj. w) S

[e(h"+ k) + o II7"(u"= up) o+ Nu"'= ui' o+
7= T o+ 110 = di 1] 11w, Ilo. (11)
(11) (10)
Up"— pitllo Sc(h™+ k+ I (u' = wi) o+ a™' = i " 1o+
7" = 7 o+ 110 = o lly). (12)
€= R - uf, (1", 2.2, [2] 5.4 5.5,
(1) v= &

(étE;‘, &)+ 2%%[ Qw0 = of 1§+ llt( Quo" = op) I§] =
(ORwd", )~ (O, &)+ (& u' - u), Q0"— 0=
(R, E )+ cra(ui ', ul, &) — b(ph, &)+
(e(u'— uh), Qn0"— )+ (0, &&))- (Tigj, &) =
(ORw' - ul, € )+ cra(ul', wh, ) - cra(u', u", T)+

(dh- O & E))+ (e(u'~ ul), u0'~ oh)— ((Th- T")gj. &) -
b(pi— p" Rud' — u")~ b(Pip"~ p". u'~ u). (13)

(G- 0, €&))+ (g u'~ ui), Qo"~ ) =
- (0= o E( R~ ui)) + (E(u' = ui). 0"~ ) =
— (9" = OO, g Ruu"— wuh))— (Quo"— O, € Ruu' — wh)) +
(& u' - Ru'), 00"~ Oh)+ (€(Ruu'— u}), Q0" - 0f) =
(Qu0"— 0" €(Ru"— uj))+ (€(u"- Ru"), Q0" - 0f). (14)
(14) (13)

- n n 1 Il Ul Il n
(8@, E_,)+ 2TT[ ||QhO - Oy ||%+ ||tr(Qh0 - Oh) ||%] =

(étRhu"— u', )+ cra(ul', wp,8)- cra(u', u", &) -
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((Th=T")gj &)= b(pi= p" R~ u') = b(Pp" = p". u'~ i)+
(Qhon_ 0"’ 8(Rhun_ uz))+ (8(un_ Rhu"), Qhon_ Oi’nl)- (15)

" "
k_lj-m'”)(s - " uds = IJ;HS”M(S) ds— & IJ./ﬂt"_ ug(s)ds =

n
t
-1 =
t

K ' sw(s)— u(s)] ‘— E (s
k*ltnut(tn)_ k*l(u(tn)_ u(tnfl))_ k*ltnflut(tn,)_‘_ k*ltnrlut(tnfl) —
k_l(tn— tn—l) ut(t")— k—l(u(tn)_ u(tn—l) — ut(tn)_ é[un7

NORw' — ) 1o < 110, Rutd' = D" o+ 110" = u llg=
! IILL,”)(RW,— u)ds llo+ k' ”Lw(s‘ " ugds 1l <
C(hm [l w ||L°°(H"') + k ||un ||L°°(L2)) <C(hm+ k) (16)

(a-=b)a= [a*= b*+ (a= b)?]/2, (6) (8 (15) (16) ,H-lder
Cauchy

1 n n— n n— 1 n n
Sp( 1€ = NE" B+ 1E = &7 IE + 50 11040" = o 1F <

e I (u"= Ruu") 15+ 110, Ruu"— u) 115+ I Pp" - p" ||%)+ 0 llpi-p" 15+
N2 0TI = T" 13+ 01Qu0 = 0} I3+ ¢ 11Qu0" = & 1134

| cra(uy ", ul, &) - cra(u”, u" &)1+ Ol (u' = uf) 1§ <

(B + k) + ¢ 1 o+ O ITI = T" 15+

e g MG+ O 1@y = o lI5. (17)
we <14

1E 113+ ﬁnohcﬂ_ G IR < HE N3+ ok NE 13+ C(h"+ 1)+
Ok T8 — 7" 1G5+ ok 1E 111G, (18)
1 n E=0u"=0uw'=0

18 N3+ 5 D00 - o 13 chn(h"+ 1)+ ok 2T I+
=1 i=1

n n—1

Ak DT = T 134+ ek DLE N2, (19)
i= 1 i=1

ck <172
a2 ko R ) P2
g 13+ ZUT;]HQM_ ol I3 <
k(2" + k)4 e 2NE 13+ 0 DN Th= T 113, (20)
i=1 i=1

2.1
n 2 k R ] i 2
— - — d—
an ||§ ||o, b,, 2uTi:§1 ||Qh Oy, ||0,
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A= ch, co= din(h*+ k)+ kO D NTh- T3 (n= 1,2 ...
=1

ao+ bo= co- 2.1

g 13+ —ZHQN_ o I3 <

[ dn(h*"+ k) + ckO ZIIT;;— T 113] exp( chn) . (21)
=1
2.2 [2] 5.5
' - ul 13+ ZTIZHO— o 113 <

lu"— Ra" 113+ 1€ 113+ j—TZ( 10 = o IF+ 11Q0' = o 11F) <
i=1

ckn(h2m+ k2)+ ckd .Z“T;.,— T 3. (2)

W= nT"= TP,
L a(u",T", )= ai(uf ', Ty, ) | =
la( ', T", )= a( ", T", W)+ ar(u™ ", T", ) = ar(uf ', T", )+
a(ut ', T = a(uh LT, 1)1 <
La(ui ', T "= T8, nT" = T") 1+ L ay(u"— a= ", T", 0" = T/ I+
a(u™ — wh T " - T 1<
Ol = 1) 15+ Cll(mr"=T") 5+
Ol "= Wi N5+ 0 llu"= w5+ cllrr"= T II§ <
COR"+ )+ 001" = /) g+ e lmT" = T 115+
Ollu™"'= wi' 3. (23)

N0, " = T/ g < N0l "= 07" g+ 107" = T/ llg=
||k‘1j o (riT= To)ds llo+ ||k"j (s= 17 ) Tuds llo <
C(hm I, ||L(H)+ ENT, ||L°°(L2)) C(h + k), (A4)

(O, )+ N( (T "= Tf'), (T"= T#)) = (draT" = T4, ') +
(._-'(Tn_ Thn), ._-'(Tn_ Thn’)) —
(_atrth, l—ln) + )!I‘( (Tn_ Thn)’ __.'(Tn_ Thn)) +
}T(Tn, IT)+ czal(u,}l; l’ T}Ill, 1—171) —
(étrth7 I~l11)+ )Y( .‘-.(Tn— Thn), -‘-.(Tn— Th"))+
N((TW' = T"), =~ ')+ coai( uh ', T, ') - coar(u', T", ') +
}T('--.Tn) IT)+ Czdl(u"a Tna 11”) =
(OmiT" = T8, W)+ X( = (T"= rl"), ~(T" - rhT")) +
crar(wy T, )= coar(u”, T", ') . (25)
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(a= b)a= [a’= b+ (a=b)*]/72, (24) (25 ,Hilder Cauchy
zik( N G- It g+ - o' G) + M( (T "= Tw), ~(T"=Tp)) <
(B + K+ 0. (r =10 15+ ¢ i7" = Ti 115+
0 llu"'= ui' I3, (26)
0 < Mi/2. 1 n

o 113+ m_le ST = 1) 13 <chn(h®™+ k) +
n1

ck len‘ 13+ ck@ZHu— uj 113 (27)
21, an= N3 A= ck, by= kN ;',II ST = T W eu= chn(h™+ )+
ckeio',llui— w, 1i(n= 1,2 ... ao+ bo= co, 2.1
(Rl k)qii:ll - T NG Se(h™+ K+ ck@j_z:):ﬂui— w13 ()
[2] s 7

7" = 7 13+ kX _Zn R L YR G A AL SV (R T
n1

ke ZII (Ti= Ti) G <e(h®™+ k2)+ ckd DNl u'~ d 113, (29)
i=0
(22) (29)

17" = 7 134 k) ZII T =T 1R e+ K+
ckZeZZZHT"- T3 <c(h™+ K+ enk®@ DT = Ti 113 (30)
j i i=0

2.1, an= NT"= TF I3, bu= mZH (T = i) 13 A= enh®0® cn= c( B>

+ k). ao= bo= co= O, 2.1
17" = 7 13+ kX le (T = Th) 13 <e(h™+ B exp(enk’ ). (31)
7" = 7 llo+ k”:ZO:II ST = ) o Se(h™+ k). ()
(32 () 7
I = uf llo+ k‘/?nzl:n G oo el + k). (%)
(32) l_
e = ¢ llo+ k“?ZIl SC= G g SC(R™+ k). (34)

(8 (33 , [2] 2.4
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' = uf o+ K2 D00 (= wh) o <c(h™+ k).
i=1
(33)
max 10— 0 llg Sc(h"+ k).

(32 (33) (36 (8 (12
p" = pillg SC(H"+ k),
2.2 : 2.2

[ ]

(35)

(36)

(37)
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Research of Discrete Formulation of Mixed Finite
Element Methods for the Vapor Deposition
Chemical Reaction Equations

LUO Zhen dong"?, ZHOU Yanjie’, ZHU Jiang’
(1.School of Science, Beijing Jiaotong University, Beijing 100044, P. R. China;
2. Department of mathem atics and Physics , Beijing Technology and Business University ,
Beijing 100037, P.R. China;
3. Institute of Atmospheric Physics, Chinese Academy of Scien ces, Beijing 100029, P. R. China)

Abstract: The vapor deposition chemical reaction processes, which are of extremey extensive appli-
cations, can be classified as a mathematical model by the following governing nonlinear partial differ-
ential equations containing velocity vedtor, temperature field, pressure field, and gas mass fidd. The
mixed finite dement (MFE) method is employed to study the system of equations for the vapor depe-
sition chemical reaction processes. The semidiscrete and fully discrete MFE fornulations are derived.

And the existence and convergence (error estimate) of the semidiscrete and fully discrete MFE solu-
tions are demonstrated. By employing MFE method to treat the system of equations for the vapor de-
position chemical readtion processes, the numerical solutions of the velocity vector, the temperature
field, the pressure field, and the gas mass field can be found out simultaneously. Thus, these re-
searches are not only of important theoretical meaning, but also of extremely extensive applied vistas.

Key words: vapor deposition chemical reaction equation; the mixed finite element method; semidis-

crete formulation; fully discrete formulation



