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Numerical Analysis of Flow Instability and Dynamic Characteristics
in Water Wall of 350 MW Ultra-Flexible Boiler
during Deep Peak-Shaving Operation
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Abstract: To address the typical hydrodynamic instability phenomena induced by periodic fluctuations in working
fluid pressure, flow rate, and temperature during deep peak-shaving operation of ultra-flexible boilers, a predictive
model is proposed to investigate the density wave oscillation mechanisms and dynamic response characteristics of
water-cooled walls in-depth. Using the frequency-domain method, the evaporator tube section is divided into
subcooled, two-phase, and superheated regions. The conservation equations are linearized with small perturbations,
and Laplace transform is applied to obtain the pipe section's transfer function. Based on this, a one-dimensional linear
three-region Critical Heat Flux (CHF) prediction program was developed in C and Matlab, with system stability
evaluated using the Nyquist stability criterion. For a 350 MW ultra-flexible tower-type supercritical coal-fired boiler,
analysis shows CHF values of 194.9 kW-m™ at 75% rated load and 26.38 kW-m™ at 30% rated load, with actual
operating conditions maintaining sufficient safety margins from thermal load boundaries. When operating between
these loads, increasing operating pressure and thermal load enhances flow stability, while longer tube lengths and
reduced pipe inclination angles decrease stability. Higher inlet enthalpy shortens system stabilization time. These
findings provide theoretical support for safe boiler operation during deep peak-shaving.
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Table 2 30% turbine heat acceptance operating condition 1
loop steady state calculation parameters

ZH HE

ANE ST pi/MPa 12.193 1
NS hin/ (kI kg™ 1341.435

H H & 77 pou/MPa 11.608 0
H S how/(KJ kg ™) 2710.169
[l %K L/m 187.321
JRERE G/(kg'm2s™) 722.8346

2 sh AR EEUE T A

ASSOR IR S AR, 2 =X B
Xl 7y ems, AR SAUK S B S SRR S 5
YRR XA, 2T 1 Fos it ve-pii-id A =1X
X3 759, ERRTT TETE U RS I S8
JIEERAS R PR B ARG R R R T 2 R

K1 XBorE

Fig.1 Section division diagram

2.1 HRERR

AR X R AR KV BE R SN 5 R
L 38— Y BB TE SR i T AT RO,



XGRS AT I ) T 5 8 sl A M 1) i
FER B AR 5N BLR AR 50122

(1) Hfhra A AR BE: A% R 8 i % 74
RURL, AN REAR 1) A B0 T 5 #4  R P R R I

(2) HMARWAIX AT K T AR
AR FERSA RN, 72 T I A 1k K FE Pl A
SOIANEERE,

(3) H i shfafe: o T s shket,
RISV 75, DARRRAR % R BOR R E R

(4) BMPPETRR. BT P,
Wﬁﬁﬂﬁ%é@DMﬂ@ ﬁ

(5) BmBEIAG: WE
A RFHEE

(6) THE T ARH: B PR R BRI

22 FlEAE

(D) NOJEEGTE. THRENDLE S RE
FEA R, HRARH R B T FEBIn] RN

2
Al?in = kin pht;uin (1)

KA Apin WANOEPRE/Pa; kin NADTTRAREG pom
AR B ((kgrm ) s w9 LB ON G R
/(m-s71),

(2) W XA ISP AETTRE . R 1 A 4
SR L, ST —4ERaR R, WOE e X A ]
e #g B B, #ES HZIX s TR, I T
BB 58 N RIS ZHLIE R R

T Al e 1 P Py

Joi B SFE T RN
g_z =0 (p(2) = p,, =Const) (2

o w A TRE/m-s™ s z RIE Bl A 7 [l Al

br/m; p AL B /kgm >,
RS E TN

oh oh B,

—+ Pl 3
phm 6t phm in 82 AC q ( )

K h NLFRAIE/(I kg™ ¢ RItTals; g X
BURINE) A 4 /(kW-m™2); Py NEBHR A /m; A
N B I I A T A /m2.
SEsFETEAN
ap d in : -fi

X 4
a phm dt ( )

A fi MR XS EE R G D AINVERS
B EAR/M; g NI E IR (ms2); @ NEE

BRH A o
G)ﬁﬁE#Eﬁﬁ PESFEITREA
0 qF,
o [phm(l a) I:phmuh l-a ]__A—hm

)

a 0 _ 4k
o (pmla) + Py (pmlula) A (6)

A o RETHEVRER b AWAIVR SRR RS 2
I(kIkg ™) pa LRI S5 5 (kg m) o
RSP E TN

P ¥ Pally = (7
(IR /(T kg ™1)e
e TR

_Op_0G 0 SoPully
—+= +
oz o &[ j ap, | PeESn O

[§

TR B (kg m3); = NTRA LI

(8)
Kb G N TR HFUETRE/ (kg'm2s); f IPIHHIX

PR R A o NEBRMA .
23 RESENHERZE

HUETHE R HEHE 3 MRsho XIKHE 7 #=%
Sisfosfs MRS I T & X3l T B ZHL Zons Zinio
(1) WIRSUE SN EE R BT Tk, T

WG TR S T I i, B 2 M o BT
P AT R e
f= ! ©)

4d (log,, (3 700d / 0.06)° )

qrp: d HEENZ/mm.
(2) =X FRRRSLIRRITHE T %, TR
SRER TR, B BUM AR AEE e RO Tt
W%,EiﬁMﬂﬁ,ﬁﬁTﬁmﬁﬁEE%WBQ
FANLE Zom KT AN
th — Zin + GAc (hhm hin) (10)
qrk,
SR i R IR (KD kg s Zin HEFER
AN AL & AR AR /m.
UM X5 AR DX ) S AL . Zo W] EH AR SR &R
X E

GA.(h_, —h
Zml :Zin + C( m m) (11)

A A AR tEEﬁZEEﬁkA/GCFkg De
2.4 RIBRHHIES

e spE TR, I YRR T VR AR B 4y
NS E SR, SR IS H &S
DX 33 A e R PR AR AR 124,

KH /N AL T A R B TR, AR
B EEARIAN O RIME SRR

NP, (5) = Gy (5)5u, (s) (12)



Gy (s) = kiy Pl (13)
T4 X RN #4 X 453 PR A ] 5o
5Ap1 (S) = Gl (S)é‘uin (S) (14)

G, (S) = PomLimS + gphmuinzhm +

€

£ , |1 sZ,
+—=p u. |—|1-exp| ——m
[thg 2D, PhmUin P p "

15)
R, X (3 4 S A
AP, (5) = G, (5)Su;, (5) (16)
/s
GQ, +llp g+ G
G2 (S):—; p lg 2De

e |:uin +Ql (Zml _th )]

17)
Q Z Z
1——[1 - exp(— 2% b H —exp[—sﬂj
S uin Min

|:1 + Ql (Zml - th ):|(QIS)/Ql

Uu.

m

L E AT BORAS T, RS0 AR AL 3 R A

B 4 N 3l N ETTRIX ., R X P

DRI AR o o7 S, T P AH X, U)o A 328 R AN

BLETHT 3 B, WIAH B A% i pR ARV R 2 A B 2

. FET AR R A, DL DR NN,
FEzh it S KRG RLIE KRR

ONAp(s) = [GO )+ G (s)+G,(s5)+ G, (s)] ou, (s)

(18)

T I T 3R A 35 ) 32 IAVE B P A% 3 R 1) A

ik MRYEE 2 #EH RGHER, SLiE Nyquist £2
SE VEHHE TR S R HME B R &R, Rk T

ou, (s) 1

OAp(s) [GO(S)+G1(S)+G2(S)+G3(S)]

(19)
. ou,,
5(ap,) R s
§(Ap|
+ y\+ b'(Ap) . 1 ou,, R
/ 16, (5)4G,(s)+ Gy (5)+ Gy s) "
++
§(Apm)
5(Ap3) S
G (5 e

K2 ERGINEREER R
Fig.2 Feedback relationship of disturbance to pressure system
M I ES B A B, LI RS R
R AR R

ou, (s) _ G(s)

= 20
OAp(s) 1+G(s)H(s) 20)

RS IAE B R BN
Gopen (8) = G(s)H () 2D

JH I g ST M ) 52 I B IR PR A AR TR 4y B Rl

pall
G(s)=1 (22)
1+G, . (5)=G,(s)+G,(s5)+G,(s)+ G, (s) (23)

FEMTUSAR E PEI M ey, A%3 R R Nyquist 265
ARBR S R AH O 7 BB A2 4 Uiy 28 8 A s P F) A A -
WA R A SR i Oy ANRESE o R sl A
€ ARG RO R R,

3 MLAY[E]ER Y Nyquist FHZR 55

HFTPIE SRR E TERE T, W DA AN e
UIE EN R

N, = % Vﬁ (24)
hfg Ve
Qv
pch = & (25)
Ghy, v

i Ahaw ANTRIG/KI kg™ hey J9VEAL T A
IKI-kg ™y s v U A KR AL R 25 951 LE A g 22
A(m3-kg™h); v A ELARE (m3 kg Y)s Q M
I /W

3.1 BEBIEEE 75%%0E fafer Lt Nyquist f1%k

TE 75%%0E Fifef LHIEAT TOLR, AMEE 1 [
%N 1 AT4EFRTE 21.442 9 MPa, JEIEEEN T £
AN 0.5, MAHE N 1535.083 kI kg™ !, FRERE
N 1774.767 kg'm 257!, FERGLE FE N 180.05 kW-m™
THR, MALENNDLAE Nawv=0.951 6, 4
K Npen=6.340 9. F T 21.442 9 MPa JE /1244 T NIST
VIR EHE (A A R, R D6 B R KR
N 372.45°C . N Nyquist Fa5& ST 75%405E Bt
fof THUHAT 20 b7, 4320 3 Fos o amenm i ih 28, &
BZI AN REAL T A TARRAS .

R
£ 10

I il




B 3 Nsub=0.951 6 Fll Npen=4.077 7 1] Nyquist &
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