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Abstract In this paper, finite difference schemes for linear and nonlinear models of wheezes are
given. The waveform of wheezes is analysed. The authors show that numerical results of the linear model of
wheezes coincide well with Grotberg’s theoretical results, while numerical results of the nonlinear model of
wheezes are in qualitative agreement with our experimental observations. It is suggested that, the nonlinear
elastance coefficient (f) causes damping and is closely related with the flow limitation and the airway col-
lapse. Wheezes result from the interaction between the fluid force and the wall force, and the airway wall

flutter is a forced—vibration rather than a self—vibration.
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HEE, Hit, EnTEEIEfESRERZLHEIERR.

JLEEX, Grotberg HF AP MR THMSKH SR (Collapsible) HHEE EMEIER >4
By S R SGE WIS (Flutter theory), BIE—E&RHT, ZEWER, SHEBEEL M
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u=® , v=0 (1.0)
Vie=0 (12)
¢,+%V®-V®+2RJ.¢+P—PG=0 (1.3)

MW, +2R W, +BW__ +(1+W) + B (1+W)' —~TW_+P—P =0 (1.4
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(Darcy) BEHERE, sHEBAFEERE.
EXRERZRAT, TR (1) ThH:

MW, +2R W +BW__ +q (1+W) —TW__=f (x, 1) 2.1
W ix+i, 1) =W (x, 1) (x, 1) €[0, A ]%[0, L] (2.2)
W (x, 0) =W, (x) x€[0, 4] (2.3)
w, (x, 0) =W, (x) x€[0, 4] (2.9

H
f(x 0) = {¢‘+% Vo Vo+2R D}

- (2Rfsx+sz/2) ,

qgU+W) =1+W+p0+W)’,
A x WM, LA E.
=. JHITE
W R RK e, ZEEE KA A, J=[A_ /h,), K=[L/1) x, =jh, t, =nt, 0<j
<J, 0Sn<K. W, AW (x,, 1) WECHE. MHE Q) FmFEHMHER:

MW, +2R, W . +BW __+q 0+W) —TW,_ =f (3.1)
WJ”J_W 0sj<J, Isn<K, r==x1, 12, - (3-2)
W}. =W (x)) 0<j<J (3.3)
Wf,=W,0 (x,) 0<j<J (3.4)
n n+1 n n n n—1 n n+l
Rbw = (W] —W))/1, W, = (W] =W, )/t, W, = (W]

-W /@y, W =W, ~W)/h, W = W, =W, _)/h,.
1. KRB ESERXRBERITE

RZJH Von Neumann Bt ", W) =G"e" RAG.) (=0, f=0, ¢ 1+ W) =1
+ W) $1§:

n ijn

MG " +2R G e" +BG " +G"e" —TG"e” =0 4)
ek 4) LA
(M +1R ) G’ +[ («’ —2M+2TC?(1-— cos 1)
+4BS(cosn—1)']G + (M —1R,) =0 (5)

2

AH: C, =t/h, S,=1/h,,
# (5 AHEHR:
a,G +b,G+ec,=0 6)

HPa,, b,, ¢,k (6) RPHRH. Bl
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A=b’ —4a c,=4 M —TC.(1— cosn)—2BS (cosn—1)" —< /2]’
-4 (M"—<'R})
4t /e, BRA <08
G= (=b,+iN=A) /2a,
4a . c, c M—1R,

1 2 2
IG|* =—5 (b +4a,c,—b)=—"> =
402 ' 2 44:12

2
a, M +1R

<1

AMEUERA(3) S5 (HEE. FrUA:
ELMERS, Yy 1+W) = 1+W, p=08, EEA (3) LHRHRE, W B

BB HOG™ +h)).

2. ELRMHHBER S .
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& weC' (0, L) H, (0, 4) ), W X 3) WM, XFHEEe>0, HFEo, >0,
M[M—TC., /(T—2) —4BS. /(T—2) —1/2]>0 B, H#ES5h, <% % 0 E %
HC, fis:

1

W, («, t,) —WII+Iw.@,) —W'l,<C,(h +1) 0

Hep: S, =t/h,, C,=t/h, (RHR).
GwRY, AMHEIKEN, PERSHERERAT, EoANESSREHRET, ™
MENRE, BIZEMSERANT, EMERBEERA KGN, EMHITC +4BS. <M, H

F TR, BIANEMN: 487" < Mh, . TEd, BRATAH T BRESEREEHERM TR

PSR Er, MESKHEESRROBESTEE THEISER.
3. BiESH
BECERMA M S8, it 8EHES: M =3193, B=529, T=0, K=0.1, R

=0.0265, R, =0.0003, G =40.045, J W (x) = de """

W 2 SCHR 3] R HE AR A

Bh =062, 1=0.001, A_=2n/K = 20n, A (3), H Turbo pascal EFHE T HH
BR, 7£ IBM—PC XT /286 it B ¥l L#fT T KEBMEETE, HERWTHR.
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SEBAFRERERTE, HE Q) NELMERARFEMR, X TEREER, L%
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A2 BN RS RS
1AGIRAS 200K 4% 3. R B BB P A% 4. ICRAX SAE MBS 6.5 5 2 2L

RS HZSHEE S B&K4166 B ALHBHR, HREEN SOmv / pa, HmK 50Hz
—SkHZY, @SB ILEE Y 80Hz, FEAARERAMESTIRWRAT (KEE
HIEUE S # N 2kHz, RESRFEN SkH, REBEAL TG S4AHEIFy (HE=3A 7 7T08S 15
SREEN) . KRG, FERERIE S HTRF X BN T, B R EIE A 3 R,

B3 wEimERBEE

ME3 AR, EnTEEEERLh LA, FREPSERPER, HEREE FFEW) £
UF EZE.

PR R N 3 B AT S R S R E R MR A R T e B, BEmEA
RIAE R PEB A B BT T MR B 7 AR . M B — T, RS R SEIR AT R S e
ARSHRBNELHTREERABRKER.

. Wi55®

B P AEMEHSRE R TREASREE SSEERS 2 AEVIHEX, CRKEERS
LB RMF, AT RAEBIR A BUEBBILE RUESL T Grotberg 5 AU, HE, YSHE
BERTFimA MR, SRR BT R4 IS 18 B Ik 3 3 08 (5 B B ) 39 o g U s g ok, X —
ZRE5IK EERFREARATS, R TRESERNRRAE.

KUY Forgacs ¥R LA &, Forgacs ¥R A T SENSMESEM S =4 P
YER, FFAMEERR & TSERE B SR, BPSGERE B ¥dRs, 5HHR, Grotberg Bz
HTREASRESGEERINFHER, BIKHEEXFRETE—ERSHEE RS EESR
WLE RN, X—&H5 AKPHEZ ] BERE PRI AHRIN,

FERGHbUE, NG ROBER N YR IERMAR, (HBIELHRES TR SE —BREERD. F
SCRABED T ERRER T ANEREER, Y5HEERXTHRRASHEER, SEER
HIRMEEAE AR R, XSREERAERERMGT, RBEEN RN XKL,



468 I I R 1994 4

BB IEREMYE R I pEH R EI RN KAIER, BN MERR pEMEEH, [ERL
E—RIRFPIELRUT ERKE, ISRMNOLBRER -3 05X EELERER—
2.

BRISERREAR FRBETUEANMER, REAMEEING R TWEEN, A B
RaEREHRS), FHTEERE. HE, BEWRFNOFRRSUENAEFFEE R, E5TREE
KAAXD, B, RATAY; #nEFRBSERSSHAEAERTLENS Y, HERHE
ZiadRE, TAR H MRS,

MEBEE L ERE: BREFESENSRBBRBARA X, wHRE S HBEK
B, SREERTRFAEYELK, R, dTRE, HRERE. dTIERERRAT R
TERETASRE, B, EAERERRTESSERBESARERHAEDXER.

R BB 53 B 7 3 %o W W 3 7 A R AT 7 AT, TR R 3 15 S 28T TALEE. MU ESE
BS54, AXBBLUTEHR:

1. AREERTHETHA IREERLERERRADERME,

2. FEMRUBATERT ARSI E. FEHRERRERRE-ETEEEENE
H. '

3. BT RAMSVERMAEERTSARN, ERBREZERS, MARAHKRD,

$ £ X K

[1] Gavriely, N, et al, “ Flutter in flow— limited collapsible tubes: a mechanism for generation of wheezes” ,
J. Appl. physiol, 66 (1989), 5: 2251—2261.

[2] Forgacs, P, “Lung sounds”, (Tindall London, 1978), 5—20.

[3] Grotberg, J. B and Reiss, E. L, “Subsonic flapping flutter”, J. Sound Vib, 92 (1984), 349—361.

[4] Grotberg, J. B and Gavriely, N, “Flutter in collapsible tubes: a theoretical model of wheezes”, J. Appl. physiol,
66 (1989), 5: 2262—2273.

[5] Conrad, W. A, “pressure—flow relationships in collapsible tubes”, IEEE Trans. BME, 16 (1969), 284—295.

[6] Grotberg, J. B., andshee, T. R, “compressible—flow channel flutter”, J. Fluid mech. , 159 (1985), 175—193.

[7] Noye, J, “computational techiques for differental equation”, Elsevier science publishers B. V. (1984), 95—354.

[B] H—&, HZTH, TAABEMTMBAEBBENHR", MAFE, 12 (1993), No. 1, 38—41.

9] &EF, H—BF, FRXWEBRIEN QMM ES HHENRS", MAFE, 12 (1993), No.l, 34—38.

[10] B3, LYWL IIE", BHEHRRM (1984), 445—463.

M R

Xt (7) AAUEBA.

ﬂﬂL%ﬁﬁﬁW%&ﬁﬁ,ﬁ

(I) 2Re(u, u>)=lu’l; (8.1)
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(1) 2Re(u”, up)=lu"l; — 5 lu] I (82)

Hep(u", v")‘—'h,Zu: v, lu"1® = (u", u"), ReNLHE.
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WEB (1) BN 2Re(u’-> u')=2 W wru
(1) Re(u,, u;)= Re( . , > )
_l TR R I
=L (0 =107
FFEL 2Re(u -, u-) = ||uf|I::-
n+1 n
(1) BE% 2Re(u’, u]) = 2Re(u’, *——")
n+1 n
=Re(un+un+l—(un+l—un)s u r—u )
=" 17 =" 1%y /=l 1 =W 1 =<l
KA UE
n—-1,2

2Re(u”, w)=lu" -+l )” =" 12 + 2l

BAAMA: 4Re(w”, u7)=20u" 1% —<(lu" I = u"" 1)
B (8.2) THE.
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U V)= = (> v)) ©)

1

JASobolerZ & X HT (0, 4,) = {ueH| ()| u(x) = u(x+4,) } . ielu"|
n n - n 2 n n
=l 07 a0 =3 | 3, " KT xR 4
BIEE 3. ®y=1/h ", a=p+1, XMHTFEEe>0, 4y HE (32) B, A
c 2 2 n|? ni1 |2 ¢ a—p-1 2| n|? '
21 Iu . %sdu ‘a+ u |“)+2s 4 oy (10)
e A% Rab <ea’ +ﬁ b8
2 2 2 2 2 2
E-_ n g E_“ n _1'.:_ 2 n
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T 2] n)? T 2] a |2 ¢ 2 2@-p | n|?
L =t <= .
8e ¢ |u, . Re c o |u, . s S8 y 2 u, , (13)
B (11) — (13) & (10) mOL.

EH 1 ®gec (), M: MNFEEMe>0, FfEo, >0, [ M —TC./ (T—2e)

~4BS./ (B—2) —1e/2]>0 B, M, R,, T, B>0, E¥MERERTA R
WAEBLE, HAESh,, (RERE Y, 8

n ~ n n ~n ~0 ~0 . -n
W =W+ W =W, < e,(IW) =W I+ 1w’ = @I, + max I7"1l)

0<n<H (14)
HHS =t/h), c,=1/h,, Wh ) EHRHW,, W, [otrom.
iEBH, 4" =w" — W', Mle"WR:
Me'-+2R ei+Be' _+Q (") —Te'_ =] (15)
(15) 52 fEWHB, A:
2M(e-, €;)+4R (e} ') —2B(e"__, e") — 2T(e"-, e")
= 20" - Q") ¢}) (16)
Hge =g 1+W") —q 1+ W")
MEIE 1, 2, (16) WEHH:
2 2 2
Ml 1+ 4R, Mot + B(le" [ -5 er )
_ T(Ie" IT,?—é e ?‘;)=2Re(j; — 0", e';) a7
(17) %F n W13 m K48
p" 4R, DIl =p, + 2 TRl ~0(e"), € (18)
stpp” =mlel 1P+ 2l [, + Lem [ + Zlem [} + lem )= Zafer |
-3l
FABE gec) (o) (L (MEXR]) , WH:
Re(/’ ~ Q") e}) <, (ue;"||2+ue’:"uz+§: A+l IP + 1717y (19)

E5(HE3H, Ba=2, =0, c=B, r=s, u =e , a=g—s’. 15:

B2 m? _ (B_ \(lm+1]* , || 4B’s’ | m
2ler < (B=e)(lem [+ lem ) + o e’ (4)

Ba=1, =0, ¢c=T, r=c, u =e . s=%‘—£’$§:
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T 2 m 2 T ’ m+1 2 m 2 Tcz m 2
7T |e,|I < (5_8)08 [] +|e 1,)+m”e, I (B)
H(4), (B)RO)FBEHA: |
n" <" <cl (el + 1™ I + e} ) (20)

2

Hipn" =q lle" |’ +8( e |i + |e:"+l |? + |e” |2 + [e” ij)
XEY e =e +1e 8
le' 1 <2(1e"1* + " 1)1’ ) @1)
H(18) — (21)15:
n" <e, (el + el + max V1) + e, Z 71
.mGronwallx%ﬁ@: "
n"<c,e ™ (NelI” + 1’1y + max /717 22)

3
l€nsK

n+1

Xelle” < eIl +zlle) Il BrLA:

le"I<le’l+<Y e "I <le’l + T, max fle’ 'l (23)

M (22), (23) 8. (14) %t gec, () FRY. XMTFX[1, 2, 3WITEATRE gec, () KEE.
(7) RIERARMTEHL, BE.
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