
CN9702084

CNIC-01164
TSHUNE-0079

CHINA NUCLEAR SCIENCE
AND TECHNOLOGY REPORT

HTR-10

FLOW INSTABILITY ANALYSIS OF
TWO-CIRCUIT-COUPLED DENSITY-WAVE

OSCILLATIONS IN HTR-10 SG USING MULTI-VARIABLE
FREQUENCY-DOMAIN CONTROL THEORY

{In Chinese}

1f ft
m m

China Nuclear Information Centre
Atomic Energy Press

VOL 2 8 Ms 2 2



1994

NIU Fenglei: Master of Institute of Nuclear

Energy Technology! Tsinghua University.

Graduated from Department of Engineering

Mechanics, Tsinghua University in 1994, ma-

joring in hydrodynamics.



CNIC-01164
TSHUNE-0079

mutt

10 MW (HTR-10) (SG)

AFIHTR, ^fif#Hi HTR-10



Flow Instability Analysis of Two-circuit-coupled
Density-wave Oscillations in HTR-10 SG Using

Multi-variable Frequency-domain Control Theory

NIU Fenglei LI Rizhu

(Institute of Nuclear Energy Technology, Tsinghua University, Beijing)

ABSTRACT

10 MW high temperature gas cooled reactor steam generator (HTR-10 SG) is

once-through-vertical helical-tubing steam generator, and operates at middle pres-

sure parameters. Two-phase flow instabilities must be paid attention in the SG.

Two-phase flow density-wave instabilities are analyzed by means of multi-variable

frequency-domain method based on Zuber-Findlay type of drift-flux model. The

feedback coupling effect between the primary and the secondary circuit is analyzed.

The mathematical expressions of multi-input to multi-output transfer matrix of the

system are proposed, and the multi-channel feedback system model is deduced. A

computer code AFIHTR is derived on above bases. The stability condition of two-

circuit-coupled density-wave oscillations in HTR-10 SG is obtained by using this

code.



INTRODUCTION

10 MW high temperature gas cooled reactor (HTR-10) steam generator

(SG) t shown in Fig. 1, is the key device which connects and separates the primary

and the secondary circuit of HTR-10. It consists of 30 helical tube bundle modules,

each of which is composed of heat transfer tube, central pipe, fixed support struc-

ture and outer case. The coolant of HTR-10, high temperature helium, enters the

SG with temperature of 700'C and. flows down along the flow path between the

central pipes and the outer cases of the

helical tube bundle modules. In SG the

helium is cooled to the temperature of

250°C and then flows into the helium

blower. The helium is pressurized in the

blower and then returns to the reactor.

The water in the secondary circuit, with

the temperature of 104°C and the pres-

sure of 6. 0 MPa, enters SG from the

bottom inlet of feed water connected

tubes and then flows up through heat

transfer tubes, which are composed of

some small diameter tubes coiled in the

form of a helix. In SG the water is heat-

ed into the superheated steam with the

temperature of 440'C and the pressure

of 4. 0 MPa. The steam finally leaves i

SG from the bottom outlet of steam

connected tubes and goes into turbogen-

erator (Li Weihua. Thermal hydraulic calculation report of 10 MW high tempera-

ture gas-cooled test reactor steam generator. INET, Tsinghua University, 1996).

The steam generator operates at middle pressure parameters and the two-

phase flow instability is often encountered. Density-wave oscillation is a common

two-phase instability phenomenon found in nuclear reactors, steam generators as

well as other industry heat exchangers. It often occurs in positive slope portion of

hydrodynamic curve. It may cause flow excursions or oscillations of flow and ther-

mal parameters. Flow oscillations may cause forced mechanical vibration of compo-
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Fig. 1 Profile of the steam generator of HTR-10
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nents or system control problem. Flow oscillations can also affect the critical heat

flux t may induce boiling crisis and wall temperature oscillation which can eventually

lead to tube failure due to thermal fatigue. Thus, two-phase flow instability affects

the safety of the systems or equipments directly.

Few reports on flow instability of HTR SG have been obtained. The research

work for two-phase flow instability almost focus on vertical or horizontal tubes and

the research in helical-coiled tubes is much less . Several available reports to date

mention a single-variable frequency-domain model (such as NUFREQ) and neglect

the influences of other heat transfer tubes and external loop. The system is simpli-

fied into single channel model.

This paper discusses the flow instability of two-circuit-coupled density-wave

oscillations. It is based on one-dimension thermal-equilibrium conservation equa-

tions obtained by using Zuber-Findlay type of drift-flux model. By means of flow

resistance and heat transfer characteristics in helical-coiled tubes, the multi-input to

multi-output transfer matrix is deduced using linearized perturbation theory and

Laplace transformation. System stability is judged by Nyquist stability criterion of

multi-variable frequency-domain control theory.

1 MATHEMATICAL MODEL

1.1 Fundamental conservation equations

For analyzing conveniently, the following assumptions are made in the devel-

opment of the model1-1-1.

1) The single-phase flow is incompressible and the two-phase flow is under

thermodynamic equilibrium.

2) All semi-empirical formulae of flow resistance and heat transfer under

steady state condition are still suitable under dynamic state condition.

3) The single-phase fluid is assumed to be ideal fluid.

4) The potential energy and the kinetic energy in energy conservation equation

are neglected.

Taking account of the above assumptions, the fundamental conservation equa-

tions are expressed as follows1-112-1.

1) Single-phase section

Mass equation;



Energy equation:

Momentum equation:

2) Two-phase section (Zuber-Findlay type of drift-flux model)

Mass equation:

«) / 0 ,y , ]=- rg

Energy equation:

Momentum equation:

Zuber type of void fraction transfer equation:

where kinematic-wave velocity

Cv — Coj da • ; da



characterististic frequency of phase change

steam generation rate Fg = . ,

drift velocity Vgj = Vt — Coj

Co is the void distribution parameter; h is the specific enthalpy; q is the heat flux

density; c is the void fraction; f is the Darcy-Weisbach friction coefficient; <% is the

two-phase friction multiplier; <£ is the two-phase local resistance multiplier; Vtp is

the two-phase mixture velocity; the other variables are explained in reference [ l ] .

The two-phase mixture density is

plf = (1 — a)p{ + apt (2)

According to Eqs. (1) and (2) , the following expression is obtained

where A = Copv + (1 - C0)ft

tp

1. 2 Two-circuit-coupled transfer matrix

In the present analysis model, the channel is divided into a number of nodes.

The steady-state thermal-hydraulic parameters are considered as being constant in

each node. Using linearized perturbation theory and Laplace transformation, the

system transfer matrix can be described by1-1-1

1) Primary circuit

<?*i.ou,0) = H\(s) • 8X\,-m(s) (3)

2) Secondary circuit

Single-phase section:

&TU.0U.0) = ffUCs) • 8Xi,v,M (4)

Two-phase section:
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(5)

where

H\ (5) , jff2,»P (^) « ̂ 2,tP (5) are two-circuit-coupled transfer matrixes; T is the fluid

temperature; W is mass velocity; Ap is pressure drop; 8Rj (j) is a function of

O ) . /̂»2..- O ) . x̂e>1- (5) and W2>, (s).

The two-circuit-coupled transfer matrix model is shown in Fig. 2.

<5T,.i

S&pi.ils) -

iSAt.iG) -

H , ( J )

II
«",..

H..s

Sh,.As)

subcooled section boiling section superheating section

Fig. 2 Block diagram of two-circuit-coupled transfer matrix model



2 ANALYSIS METHOD

2.1 Multi-channel feedback system model
In the cycle system consisted of No. i helical tube and external loop, its overall

pressure drop perturbation is

where subcooled pressure drop perturbation

boiling pressure drop perturbation

MAP.((5) = Qtp,,(

superheating pressure drop perturbation

SAprAs) = Q,As

external pressure drop perturbation

Qi.i(s) ,QtPll-(s),Q,,.-(s) can be derived from Eqs. (4) and ( 5 ) ; Q, (5) is obtained

from experiment.

Thus*

M (6)

J^,j(s) (7)

The matrix form of Eqs. (6) and (7) is

W(5) - 7(5)

where



firl(s) =

+ Q... (
Q.O)

Q. Q, (i)

+ Q,,,O) + Q.O)
Q.O)

F i g . 3 State feedback control system

Q.W Q.W - Q,p..a)+Q,. .O)+Q.(j) .

The structure of the closed-loop system is depicted in Fig. 3.

2. 2 Stability criterion
According to Fig. 3, the return

difference matrix of feedback system

is M

DO) = i + ro)»fir1 (5)
and the closed-loop characteristic

polynomial is given by

PcO) = ftO) * detD(s)

where po(s) is the opened-loop characteristic polynomial.

According to the multi-variable frequency-domain control theory,the Nyquist

stability criterion may be stated;

The closed-loop system is stable if and only if the net number of clockwise en-

circlements of the point s—0 + Oj by the Nyquist diagram of detfl(s) plus the num-

ber of zeros of po (s) in the right half-plane of the complex plane is zero. That is

encD(i) =— «o

Here, according to Eqs. (3) , (4) and (5) , no = 0.

3 RESULTS AND DISCUSSION

3-1 Effect of operating pressure on density-wave oscillation
It is notable that system pressure affects density-wave oscillation, as shown in

Fig. 4. Increasing system pressure makes decrease of density difference between va-

por phase and liquid phase, and tends to stabilize the system. In the same exit quali-

ty, pressure drop perturbation caused by operating parameters at high pressure is

less than that at low pressure. So it is not enough to produce sustained flow rate os-

cillation.
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3- 2 Effect of mass velocity on density-
wave oscillation

Fig. 5 illustrates that the increase of

mass velocity makes the increase of system

stability. For fixed heat flux and inlet sub-

cooling, increasing the mass velocity can

shorten the length of the two-phase sec-

tion , which in turn leads to a lower overall

pressure drop for the two-phase portion.

Eventually, the increase of mass velocity

p=6. OMPa

/•=6. IMPa

/>=6. 2MPa

50 70 90 110 130 150 170

Fig. 4 Effect of operating pressure on

density-wave oscillation
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tends to stabilize the system at a certain heat flux1-1'4-1.

3. 3 Effect of inlet resistance coefficient
on density-wave oscillation

The increase of inlet resistance coeffi-

cient makes large increase of single-phase

resistance and it can produce a damping ef-

fect on oscillation. The comparisons are

shown in Fig. 6. Therefore, increasing the

inlet resistance coefficient can serve as a

means of suppressing density-wave insta-

bilitiesCll4].

- 2 0 - 1 0

J - 4 0

Fig- 5 Effect of mass velocity on

density-wave oscillation

100 r

4 CONCLUSIONS

The multi-variable frequency-domain

analytical model has been applied widely in

flow instability analysis of density-wave

oscillations. Studies by this method have

indicated that the density-wave oscillations

in HTR-10 SG are strongly dependent on

the heat flux variation, mass velocity, inlet

flow restriction, subcooling, and system

pressure. Calculated results indicate that

the flow of HTR-10 SG is stable. Some ex-

perimental results that have already been obtained are found to be similar to the re-

sults of the theoretical analysis. Further experiments are currently in progress.

o i

20 30 40 50 60 70 80 90 100

Fig. 6 Effect of inlet resistance coefficient

on density-wave oscillation
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