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Analysis and optimization of chemical process forced periodic operation
based on data-driven nonlinear frequency response method
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Abstract: Forced periodic operation can exploit inherent nonlinearities to exceed the steady-state performance.
However, the application is limited by parameter selection and inadequate nonlinear analysis. To address these
problems, the existing nonlinear frequency response (NFR) method is proposed to judge the operation efficiency
through the DC component. Nevertheless, the reliance on the first principle model and the incapacity of higher order
nonlinearities analysis restrict the method to qualitative analysis. To address the limitations, a data-driven nonlinear
frequency analysis method is proposed in this paper. It is to use the input-output process data and the selected numerical
approximations to construct a data-driven NFR model, instead of the first principle model, to achieve quantitative
analysis and the optimal design, which enables the maximal efficiency of the forced periodic operation. The method is
then validated on an isothermal CSTR and a CO, absorption device under square-wave forced periodic operation via
both simulation and experiments respectively.
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Ypo(wj, Au);

2)  HAS)F)H B F G N\ - H B R R e A
wi,i=1,...,n+ 1EKN,(w),..., Non(w);

3) UAZFEUEELT 7 E, Bla(16)-(18), & &2)Hh 4R
SAE Ny(w), - - ., Noy (w) 2 FESHE RN 2R,

4) R TTIRZE(20), LB I IE H 3) R BOE A AT
RGMBUEIEIE 7, 5 No(w), ..., Now (w) I B EEAR
WrFoR,

5)  HEEOE A AT TR B FR G S IR 3 NFRAE
1(22);

2: R

EF5) R IR S NFREL B St I AR 4 b T R4 TE
AR AR A FIATZR w AR X 35 0 5 A 2 BT R B 351 B 2R TR
1 & AT

3 ffb it

1) BBt R E R E X (W, w.), - . .
(Wi w0 ) F(Ay, Ay RERIESEIRAG T (W, A" 104
i v

2)  ERE ) SE RS H1(28)-(32)H i A S Ak 45
AL (Ype(wr, AY) — Yo ) B/ {w*, A*}EI i &b

Beit.

3 HIEIS) NFR FEAEFR CSTR F1H

iR
3.1 %5 CSTR KI¥IEIRZ) NFR #AY

K4 R ) NFR BLAL, 4 ain firidk, 6 7 7 21 H
B AR AT Sy, SRS M AL T F 1 R S S
BT it B A BR 5l NFR L 77 ) S48 10, R ol 2
7 W JE A A T IR, 2 R R A 2R R D
k =0.01 s 'mol™*, uy = 1 mol/m*, V/F = 1000 s
(#1556 CSTR(8), A I SN JBE 7 ik Jod 353 48 1 o
SN 25 HE Ak 52 A7) ) A A R I 5 ) R AT A
SERAMT. AR — R E AR AR AL (9) AN, Fads &
BrFRMBEOKRMDFERIKENY, =
0.2702 mol/m”.

MR G % B — OV X5 ORI, R R
V£ 2 $i /£ w € [0.0002,0.0010] rad/s, A € [10%,
100%)]. 7E B IX (8] Y, AR IR HL 9 AN AR A 10 /MR
fA:

w = [0.0002,0.0003, ..., 0.001] rad/s

A = [10%, 20%, ..., 100%). (33)

1) 12 Bl 58 S A 25 w0 B2 K 7 30 ) U345 A 0l

Up(t) - U0+U(t) — u0+4Au° Z COS(ZWti_ 71-/2).

i=1,3

(34
EFXTIX 90 AN 24 A, X R G (8) MEAT A LA 5T, 1]
(GRS E X WO i TR VA= a8
Ypo(w;, Ay),g=1,...,9,M =1,...,10.
e S M AEL M, HI2N = 8, 25 CSTR(8) Xf
J7 BB (34) B HE IR 2 NFR B AT H (14)-(22)
e
Jpc(w, A) = Yo+ A2Ny(w) 4. . .+ A*Ne(w). (35)
H o, i T MSEy, = 7.4061 x 107° < MSE,, =
7.4068 x 107° < MSE,, = 7.4406 x 10~°, B it

~—

-~

No(w), . .., Ng(w) i £ 1 4% Bt = X Hermite 4 {#
(18) HisE, &l 2 Fiw.
0.08 7 S
— Ny(@) — N(o)
0.04 | — Niw) --- N(w)
3
= 0r
<2 -l e __{——_: .:.:__—-:h
-0.04 :,:“.
-0.08 . . :
2 4 6 8 10
w x10*

B2 HEEHRIETER CSTR EZ% Q) PHSBE=R
Hermite fEEREN N,(w), ..., Ny(w)

Z b, 75 L ERAE IR CSTR W72 (8) T
RS N - A (0 HOIK 3 NFR B 4 B i)
2, kD R G AT AR AR A T BRI SR
3.2 %8 CSTR RS4#HT

TEHIE S M AR MR I A, & Tw €
[0.0002, 0.001] rad/sF1 A € [10%, 100%] 3t Fl P F
S35 CSTR(S8) HIEHE 3K 3 NFR #5574 & th i 2 4\ -
it BCHE AT 23 B = YR Hermite (B M 22 JF K m N
(35).

3R T HE#HAE S Hlw e [0.0002,0.001]
rad/s, A € [10%, 100%)] 2% 1+ T, # 4 JX 5)) NFR £
T (35) X 45 i CSTR(8) & 4t % i b H It 4 =
Uno(w, A) A R VPAG 25 L, BDOWL S B T 1E A [R] S 4%
FEE 260 R, RGN R M RE R LI AR L 3
B SO A R R v, SRR, L 1 A S S A
Tl 4 B AL,

N TP IRBR G E B AT SRR KB
NFR 5 A REAf v, EAN R URh 2% 4w = {0.00025,
0.00085} rad/sfl A = [15%,25%, ...,95%] F , 3&



xR Ext

8 = % 5
~0.01

_ ~0.02

=

S ~0.03

N ~0.04
~0.05
~0.06

E3 75K A ERRAE T IEIRE) NFR 28 37 %8 CSTR
RGO MEERWED R )po(w, A) BT

TH 45 9K 3l NFR HE 8 (35) X [ B2 H 11 Ak | B4
FRIE STASTRAE AN 22 g AT VAL, 255K a3 1
A2 Frs. BeAh, AT EE IS FUE 0 5 — R BEAR R %
EEE R APA NFR J7iEEET (1) M =B JE4mr
BOE S A 43 0l 7R AE R 1A 2 A xt b, 3
Hh

5NFR =

(Wpc(w, A) = Yo)yrp = Wpc(w, 4) = ¥0),,,,

(yDC(wa A) - Yo)num '

(36)

&1 FIE CSTRITIE Q) WK IEIEE) NFRIEBIF R
(Ype(w, A) — Yy)xrr FEw=0.00025 rad/s SLEI%TEL

B w = 0.00025 rad/s

TR A (Ypo(w, A) = Y5) HIxis 2

BOHNEMEM NFRE BOREHIIE  OSver Opara
15% —0.0008 —0.0008 -0.0008 0.0% 0.0%
25% -0.0024 —0.0021 -0.0022 —-12.5% —8.3%
35% —0.0047 —0.0042 -0.0046 -10.6% —2.1%
45% —0.0080 —0.0069 —0.0080 —-13.8% 0.0%
55% -0.0124 -0.0103 -0.0125 -16.9% 0.8%
65% -0.0169 -0.0145 -0.0183 -142% 8.3%
75% —0.0258 —0.0192 -0.0256 —-25.6% —0.8%
85% —0.0362 —0.0247 -0.0360 -31.8% —0.6%
95% —0.0523 —0.0309 —0.0530 —40.9% 1.3%

#2 HIR CSTRiZ?E Q) M HIEIRE) NFRIEEZBI 5 R
(Ype(w, A) — Y,)xrr FEw=0.000 85 rad/s SLEIXTEL

HZE w = 0.00085 rad/s

R A (ype(w, A) — Yy) Hixhig 2

WERHEMR NEFRE B8Rz 5% Onrr  Opara
15% —0.0008 —0.0008 —0.0008 0.0% 0.0%
25% —0.0022 —0.002 1 -0.0022 -4.5%  0.0%
35% -0.0044 -0.004 1 -0.0044 -6.8%  0.0%
45% -0.0075 —0.0067 -0.0075 -10.7%  0.0%
55% -0.0116 -0.0101 -0.0116 -129% 0.9%
65% -0.0169 -0.0141 -0.0168 -16.6%  0.0%
75% -0.0238 -0.0187 -0.0236 —21.4%  0.0%
85% -0.0330 -0.0241 -0.0327 —27.0% —0.3%
95% —0.0465 -0.0301 -0.0463 -353% 0.7%

NI NFR JHEDHT 4R (ype(w, A) — Yo)nen 55
— JR B HAE S5 2R (yno(w, A) — Y0 Z (8] I AH
XHRZ.

Opara =

(yDC(w7 A) — %)DATA — (yDC(wv A) — %)num
(yDC(wa A) - )/O)num .

(37)

N BX ) NFR B804 31 1) R 40 &4 A 45 1
(?JDC(W, A) - Yo)DATA5 B — J5l B AR Y B 45 R
(Yo (w, A) = Yo ) Z TET AT 3222

CEANT LR 1 ORISR 2 Hh S MR AR R 2 S
TSRS, 5 BUA NFR 77 ik A4, ol 9K 3h
NFR 7R AN [F) AT 2 AR AR T 6 & G h B A i
(RIVE A 5 28— [ BRARRY 250 45 R 2 TR DR — BURIAF
SRR T, R T B REGE A BUR IR S B)
BRI, SEELE T

SR, SEONICEE I 2, 75 R G0 M G BUE 7 T,
BRI (w =0.00025 rad/s) B EIRAE (A >
55%) HIHRVESAE N, AL T-IUE NFR 51, Hodis ol
3f) NFR A5 204 48 0 55 29 BLAE 2 (A CR e 4w 1 —
FUPE. X 2 B O S 1 BOHE BK 3l NFR B 38 5 ik 5
R A S 2 M RN B 5 00 (1 A Y A 2, BB B M A b
S B 71 ) AR A o R A T R G2

BEAb, 5 BRATT I BT X A% 5% A A IR 5Tk
SR RALE, FEAR LR R R ARAL T, 452 A0 77
JE R X 5505 CSTR PRI 25 52 0 Hh — B Ak A
Al B, BV H 1Ak S B4 11 ) o3 R I o ) 40 84
L 1 184 DR AR 1) i /N T PR SR, ik i
PESI NI 25 0 v T AR sZ 5 0. 1Kt — B iEse 174
WHERE DT BT R G 2 15 . RIS, A LT 4
5% JE R VR 7Y, i Oy AR BUEE T I 2 R
P RSt T R A AR 2 R 1 1 R, e 1 R AR R 2R
P B 5 (1 7 S R E T, R A P A SR ) NFR A5
RIXHEZe ML T R G R e BT R IR R 5 &
5% P R AR A 2, B A o i ) A AT HE R
3.3 BESEMRLRIT

Ut B T TR FE AR A Ak 2 S S R (1 1
RESRTHE R, 26 T4l K30 NFR B (35), H—Frix
PR AT (24) R (25) AT, SR w IEHERAESHLX (1]
w € (0.0002,0.0003) U ... U (0.0009,0.001) racél/s).

38

ANTEAE T J2 5 A BBt DRk, T it T 1 ikl
VESHUMRAC T AT REAFLE T X [ 5, R



% xH F 4R

A = {10%,100%}, w € [0.0002,0.001] rad/s.
(39)

o

A € [10%,100%], w = {0.0002, ...,0.001} rad/s.

(40)

ZEE L FARAG A (28)-(31) W B EHfE, 145 5 IR
CSTR i H S A9 2 Rk B B AR K i AR AR A S HCh
{w*, A"} = {0.0002 rad/s, 100%}.  (41)
FESLERAE 264, 0 3R 3 NFR #E4 (35) Tifili (1
S5 AIR PEE BEAR

?gl(ﬁDC(w,A) -Yy) =

Jpe(w*, A*) = Yy ~ -0.06687 mol/m’.  (42)
SR BB 15 — SR AR Y (8) M 1 H 45 R
{w*, A"} ={0.0002rad/s, 100%} (43)

num

min((yoe(w: 4) = Y5),,,,.) =

(Ypo(w™, A*) = Y,), . a2 -0.06691 mol/m’.

(44)
2 [B] AR XT3 22 AN —0.06%. BE Ak, 18 st 6 % it
T, U EREAEAR S N A2 X AR SRR
X, = (1 — Yo/ ue) x 100% = 72.98%.  (45)
=Tt =

X = (1 - fpel(w, A)/a(t)) x 100% = 79.67%.

(46)
HE— PSR T JE B A SR m& AL A W FE I FE M
RIFET T AR T SR S EAE R A
4 FIFEIXB NFR HIEE CO,- KB4
H ER N
4.1 LRIEE
AT DB UE RE 1 W 28 11 B IR LI
HIEIRB) NFR J5 VA7 SE Rl 22 R NS FE H R 408
AT AR AL BT 0 8 s 0, 7R A7 B A I SR A
b, 3P R S R R AR TN KR A A B 2 (A
A AT ST AT S
CO, + H,0 = H,CO,. (47)
FET AR /N CO,- /KA1l s 7 344
Se6 P & B BT B N AR M T R A T kR R
Wb, /B T S AR N IR, DA R N SRR
£ 77 3 R B OB R CO, Bl 4 s . [l 48
XA NI R, TR S A AU E) B A E S
BE, 703k 18 R G N\ - B EoE, T80 IR )
NFR A5 28 [ 4 S 0 ) BB A 0 R Gy 5 PR B R I 1)
ST AL, SEEG AR B i 4 Bk,

F A T RIEIRAIE KR F e 2 T R0 B AARAE L AR AT S5 R4 9
< RS IR .
Y
coza‘m‘ ,;Et '4 CO%@% |

% pore
g@ a
A FEIE e
Pl s
N HKETK A
) AT TR

B4 COKSAFEHAMRESRTLLER

SE T & FE B AR S ) BT, N
FAARFIEHE R H il g =AM H k. CO, FITN, 7
AR R ORI T3S, HOR 2 5 4 MCGS
AT AL, 8 i o U 2
17, DA IIEAE S M o 21 5 10 2540 R SE B = 1k
B i N R B 1R 7 U8 R R AR N AR A SN . Bk
M5, ERESEET, £ LMK co, AN, i
TRV A — 2 [ A, I E B A R A R R A
17, NI A3 2018 2 N EHR A SRR, 577 9% F
WIEEVERS L, EAIHLI% IR MCGS W FR IR & S 4k
SR AR IREME, B3RS A=
1)V 8 . TR AL 4 ) 4 SE T PR ER B AT AL R R
W 2 {H 58 B S B & O T, AT R S o
50% P07 % RN TS, IR SR SR E%
AL R 4 1) 1) 25 B8 - 7K 9 ol ol N i e P, E
R B FEIE B S -CFEEOIRES, PRI IS 48 Sy B S S
WA B Y, RS )RR S S A
CO, W A% SR 2% R A I SN e IR AE KR Sl /s A
o, T B R A AR AN T BB R E & F T CO,
TR B ZESR. IV EAE %R 3 Bk,

R3 COKRBRBEEBRIESR R ERIERH
(S HfH LR
RESHERANE 12 mi/min
FadSiRiE AR & 8 ml/min
TR BT R 10 ml/min
SN ER A 130 ml

42 NFRBEHTIE CO,- KK 45 R B KR
iz
X CO- /KM BE it A2, 1 F2 v e o3 32 22
TR B TE CO, B N ¥k BE 5 ik R 1 ok 3h 3 Ak
CO, T A B HIFL M. N 5E &5 J7 5 8 WV AR A
FREMEMENIE, FE B RN E CO, IKE



10 #= % 5 Xk K FxH
BN B 8L VAT CO, W AR IR E T = (50%, 55%, 60%, 65%, 75%, 80%).  (54)

HevesE
Foo,(t)
Ceol) = F 0 + Foon0)
Hor, Coo, () NIRRT CO,KIE, Fuoo,(t)
CO, &, Fy, (t) AN LR, TG CO, WeFE N i
1 B BRI ARA 23 H e R
Feo, (t) — Faps(t)
VIO = F00 + Foonlt) — Fan®)
Hor, V f(t) R CO, BRI EL, Fap. () N HF AT
LA R IR CO,, BLHEN L (1 4 B AR A )
R E4TT . AT, H (49) AT 41, S0CTFA6 1t F e
eI CO,

FAbs(t) = FNg(t) + Fcog(t) - W

BR8P W, BLF, ()R
CO, W EEME NP F 5, T RE WS BE A R SE DL AR
SEAE ST T CO, FIRE K E &

Pt X+ CORAMURNLILRE, 7 i W #R AR
) CO, M B FR N

(48)

(49)

FN2(t) (50)

Q
Fir(w ZF/{; (51)
o, PP (w, A) R EAESHON {w, AYI — A 58 8
s B CO, BB, Q 9 R N3k 5 T AR

A=A BT BRI BRAE RUREL
2 b, 254 (51) A (12) BT A1, CO,-7K S 1T

SRR NFR AR RS A] 5 280 52 A

Ypo(w, A Z Flp(t) — Fy, =
AN, (w )+...+N2N( ). (52)
o, o R AR R R Ik B 00T R S S
CO, HITL i &

43 CO KRB FHEIERSE T

HRFSEIER L, 2 COr/K R RG IV
YRR S E IR 3 BRI, B CO, 15 188 38 R4 1
R JEIRG SR CO, IRV feo, (t), 456 (50) 7]
B, REERESEBANNRKERNY, =F;, =
2.5606 ml/min.

B2, BSRSIRIEY,, 9INT7 B IRAE B
Jil, fEFF CO, #E. fEw € [27/20, 27 /8] rad/min
A € [50%, 80%)] A, AT EILHL 6 /& H#:AE SR

(53)
A6 A J AR i e

i 36 2H A A B 2 A Xk 3 eh e A 1R i
Ja S4B, B CO, A% IR AR KMV fo, (1) AN
(51), v 13 B XF B2 36 4 &R G EH I &

ypce(w, A). BT, B (52) B 2| BEAEM L T RS
? 1/55/3 Coz u&qﬁiiai(y])c( ) — o), ﬁui% 4}5)?
IR,
F4  CO,-KSRRELIFE CO, ULELEE (1) (w, A) — Y,)
Yne(w, A) = Y,
e A B w
2120 2n/18  2w/14 2m/12 21/10 2n/8
50% 03300 02478 0.1424 00772 00168 —0.0737
55% 03073 02873 0.0914  0.0937 00773 —0.0097
60% 03601 03290 0.1625 0.1639  0.0854  0.0199
65% 03353 03643 0.1939  0.1875  0.0459  0.0218
75% 02844 02888 0.1136  0.0281  0.0679 —0.0655
80% 02060 02132 —0.0249 -0.1515 —-0.0753 —0.1369

K 8 Mt AR AR LR 1k, Bl 2N =8, CO,-/K i %
JSL ZR GE %t CO, ¥ JEE 7 I8¢ J) A 458 ' Y880l 1 50 30 00K )
NFR HA A B (14)-(22) A1 (52) #iE:

Jpc(w, A) = Yo+ A2Ny(w) 4. ..+ A*Ne(w). (55)
Hop, B F MSE,, =262x10* < MSEy, =
2.69 x 10~ < MSE,, = 5.35 x 10, [ It N, (w),

Ni(w) IR 7 e 2 i = OB SR A{E (16) W
,%%mfl 5.

20 ,
- - /
A AN /
<E/ \ \/‘/ \\\_’,’,
U
_Nz(w) N(»(w)
-40 f[— NA(w) o Nx(w)
S o < (@] (e}
o — — — — co
R R R R R R
[q] (o B Q\| N N N
w

B5 753K B EARIE T IR RN NFR #&28 (55) b= x4t
SAHEBENN, (W), ..., Ny(w)

6 J& 7~ T E#AE 2 $lw €[21/20, 21/8] rad/
min, A € [50%, 80%] 150, da5k5) NFR #71 (55)
Xj‘ CO,-7K Sl e L 7 (47) w3 B AH L

TR B AE RO E I & (oo (w, A) — Yo) I
ﬁ_ PG 45 5. B 6 ] DLW b W 5% 30 A A $ 4
T, FERAENT CO, MU RE /1 HI5

B, & S 64l B TE{w:%/
16 rad/min, A = [50%, 55%, ...,80%]|} M {A =



% xH FAEH H A THIBIRF A X I FE v B Ty k09 B R T A AT 54k 11

Vol@,4)~Y,

El6 CO,KSiBRNIZIE CO, NRNEIEE (foc(o, A)-

Y,), Ef w€E€ [27/20, 27/8] rad/min, A € [50%,80%]
70%, w = [27/20,27/18,...,27/8] rad/min} %k
T, B85 W83 NFR AR (55) %t ype (w, A) 153 B
SR A E RIS, X S I0 H R IR 2 5 5 Ik
Z)) NFR A8 (55) BRI EE. A, H CO, £ K28 4%
KA W) SE PRI H Rt R R 7R 3R S FIR 6 H, 1E A
Xof Bl i, o

%mgwﬂtQJ%”Ax (56)

Fon R DKl NFR B8 (55) 13 2 1) gpe(w, A) 5
KBRS0 B R Yoo (w, A) Z T ISR 2.

CREF SR 6 M RG I Hxt L g T LB H,
RIS 72 S R sz S FH Hh, Hds SR 3l NFR A8 4T3 g
R5 BUEIREI NFR{RE (55) ER ML HE R E w=2n/

16 rad/min 253y (w, A) B9 HXEL

B w=2n/16 rad/min

A Yoo (w, A) MR %

SEIG KR BR IR BNFRAGE R Opara
50% 2.5610 2.5549 -0.2%
55% 2.7312 2.6995 -1.2%
60% 2.9085 2.9060 -0.1%
65% 3.0292 2.9952 -1.1%
70% 3.0352 3.0172 —0.6%
75% 2.6630 2.6748 0.4%
80% 2.5609 2.5554 -0.2%

36 HUIEIEEN NFR 5B (55) R MSLIGERE A=70%
&3t ype (w, A) BIDHEITEE
T&{E A =70%

W Yoo(w, A) R 2
LI AR R IR ANFRAF A Opara
2m/8 27301 27529 0.8%
2m/10 2.8479 2.8434 -0.2%
2m/12 2.9085 2.8962 -0.4%
2m/14 2.9433 2.9312 -0.4%
2m/16 3.0352 3.0172 ~0.6%
2m/18 3.1150 3.0981 -0.5%
2m/20 3.0752 3.0805 0.2%

HER LR CO K “UHUR LR AR A 433, i L
IBRIEB K (o, A} T 1 55 RR S0 5 R 4
10— SOk, KR VPHR ) NFR B R0 5 IR e
HIR T T 2 BTk CO, WK RE ) 92, 52
LAy D AR M A

25 S TRATSE AT CO, YOI AR TP TR0
P {5, B ) NFR B S Bt
R 5 R 0 52 B S T HE W, AR, 31
AR IR T4 S T, 01 R R T, %
H ) NFR BUE S CO, BRI 8 it B 45 7
HIRE 2 2K 15 B0 D SCACEON 24, 50 1 2%
A IE. 32 %, B AT
L 07 5 A, 80T R I |
105 BEHE RS S8 A IR 1076 18, 500 3E3) NER
BB 03 R BT LA 5 T e 5.

BB, T R 5 A R 4
BFIE 0 & U R R HIRD, TR CO, R
BRI ELHEE AU HO A AT, AT b 2. 6 T
2, A Yo 2R P TR HL AT 5 1
LA AT S 3570 01, AR 500 309 4 1 AL
S50 W 045 L 520 TR 8 2 38,
I RS8R 1, O, WL R 2 U 09 AT
A HRTF, I BAISR AR {L H I — B R 4 5K
5 . FF, 7646 A LT CO, 447 Fe — S0 i 32
T 7 o e FE 2 6] P T 0 B2,
XEL RIS RS 200 5 T AR S LR (.
44 COPKTMPMTRIRIES IR B

2 e B 4y BT 98 6 o 5 K WL B 92 7
CO, Wl B, I ER AN B AL SR H ), B

max({pe(w, 4) = )

2 2
s.t.% < w(rad/min) < §,50% < A < 80%.

(57)
X T4 S 40X ]
2 2w, 27w 2w 2r 2w .
€ (%, E), (1—8, ﬂ)’ R (E, g) rad/min,
A € (50%,80%). (58)
AR N 32 5
2 27 27 27 27 2w
w = {%, E, ﬂ’ E, E, g} I‘ad/mln,
Ae [50%,80%]. (59)

HH (24)-(31) A 5, ¥ & — B Je L A AL 1%
THH B ERAE S BUX ] N 55, B

{w, A"} = {127'(9 rad/min, 65%}.  (60)




12 = % 5

*

%

FxE

TR SECT, T CO, WU ERY & H
Upc(w”, A") — Y, = 0.3696 ml/ min . (61)
5 PRt 45 R (ypo(w*, A*) — Y,) = 0.3578
ml/min Z [A] FIAEXS 1% 228 3.3%. MhAk, ML TR
ERAER ISR Y,=2.560 6 ml/min, H0AL BETHIERI  fig

J1H 4

Ypo(w*, A*) =Y, _0.3578
Y, 2.5606

x 100% = 13.97%.
(62)

5 & #

AHIF TR X A B R A TR B R SR 5 i
RS HARA BT ), 38 H T —Fh il & 20 DK s Fl
ARLRVESR R 3 T 037 732, %071 LA B R G N —
iy B RO R, S5 S5 H AR R i A U Ty
TR SE BRER R RN, I DAL A SERE S I T o RS
— Ji Y BR ] (1 3 R o A S Ak, RIS, T i A
BRSO %505 CSTR A4 B SZEE AT CO,- /KK
T A i R S B N S50 R B, B TR BE A A
KRR SAEAE BB AR S, LI RGBT FE v
Hff e T A0 2R .
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