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Abstract

In the pressure range of 3~18 MPa, high pressure steam-water two-phase flow

density wave instability in vertical upward parallel pipes with inner diameter of 12mm is
studied experimentally. The oscillation curves of two-phase flow instability and the effects of
several parameters on the oscillation threshold of the system are obtained. Based on the small
perturbation linearization method and the stability principles of automatic control system,
a mathematical model is developed to predict the characteristics of density wave instability
threshold. The predictions of the model are in good agreement with the experimental results.
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1 Introduction

In recent years, developing integrated nu-
clear power reactor is considered more and
more necessary in many countries. In this kind
of reactor, the reactor core, steam generator
and other auxiliary equipment are designed as a
whole and put together into the pressure shell.
The reactor. has the advantages of simple struc-
ture, light weight, convenient start and adjust-
ment, good safety properties and so on. It is
especially used as naval ship power, heat sup-
ply, sea water desalinization and other indus-
trial powers and has a brilliant perspective.

Steam generator is the key equipment
of the integrated nuclear power reator, which
transmits the heat produced in the core to the
water of secondary side. Whether it is running
safely is related to the work of the whole reac-
tor. It is known that the secondary side’s pres-
sure of the steam generator is generally lower
than 7 MPa, therefore there exists serious two-
phase flow hydraulic instability. Under unrea-
sonable design circumstances, two-phase flow
instability may cause flow excursion or oscil-
lations of flow rate and thermal parameters.
Sustained flow oscillations may cause mechan-
ical vibration of components or disturb sys-
tem control. It can also affect the critical heat
flux, leading boiling crisis and wall tempera-
ture leap. The persistence of such flow oscilla-
tion could eventually lead to tube failure due
to thermal fatigue. So, two-phase flow instabil-
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ity is the key problem in developing integrated
nuclear reactor.

Density wave oscillation is the most com-
mon type of two-phase flow instabilities. De-
spite extensive studies had been made during
the last three decades on the subject of density
wave instability, the researches of two-phase
flow instability mostly focused on one vertical
or horizontal tube, and were done with boil-
ing freon!!-2l. Under high pressure and temper-
ature conditions, the researches of two-phase
flow instability in parallel pipes with water as
working fluid are much less. In the present
study, density wave oscillation in parallel pipes
under practical working conditions is studied
experimentally and theoretically, and the ef-
fect of system parameters such as mass velocity,
pressure, inlet subcooling, etc. on the instabil-
ity threshold is analysed. The results of this
paper can be used for the design of steam gen-
erator in integrated nuclear reactor to prevent
from the occurrence of density wave instability.

2 Apparatus and experiments

2.1 Test apparatus

The high pressure water experimental
loop is shown schematically in Fig.1. The dem-
ineralized water from water tank is pumped by
high pressure pump, then divided into two lines
— the test section line and the by-pass one for
regulating the water flow rate. Water of the
test section system enters preheater through
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orifice lowmeter, where it is heated up to the
desired temperature. Water flowing out of the
preheater flows into the test section through
(or not) a surge tank, where it is heated to
boiling. After the test section, the steam-water
two-phase mixture flows into the condenser, fi-
nally returns back to the water tank.

The test section consists of two parallel
1Cr18Ni9Ti stainless steel pipes with inner di-
ameter of 12mm. Its whole length is 7.31m,
the heated section of which is 4.2m. The
two parallel pipes are linked by the upper and
bottom header with the distance between two
pipes of 0.8 m.

The test section is heated by large electri-
cal current produced by transformers passing
through the pipes themselves. In this experi-
ment, the preheater is heated by 3 large elec-
trical current transformers with the maximum
power of 380kW. Each tube of the test sec-
tion is heated seperately with the maximum
power of 180kW. The test section and pre-
heater both are insulated by aluminum silicate
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Fig.1 Schematic diagram of high pressure water
loop
1. water tank, 2. high pressure pump, 3. orifice, 4.
valve 5. filter 6. preheater 7. surge tank 8. inlet
venturi 9. inlet valve 10. test section 11. exit venturi
12. condenser 13. inlet of cooling water 14. exit of

cooling water, T. thermocouples P. pressure

2.2 Experimental procedure

a. Select a working condition, the param-
eters of which such as pressure, flow rate, inlet
subcooling and inlet resistance coefficient are
fixed.

b. Increase the preheater electrical power

ceramics material.

Three Venturi flowmeters are installed re-
spectively at the entrance of the test section
and at that of each tube. At the entrance
and exit, 2 NiCr-NiSi jacked thermocouples of
®3 mm are installed to measure the fluid tem-
perature. The test section pressure drop, inlet
pressure, exit pressure and the pressure drop of
each tube are measured with 1151 HP capac-
itive pressure drop transducer and DBY-140
pressure transducer. The 80 NiCr-NiSi ther-
mocouples with ®0.5mm are attached to the
outer surface of each tube to measure wall tem-
perature profile along circumferential and axial
direction. All signals from transducers go into
MS-1215 high speed data acquisition system
and IMP3595C serial data acquisition unit as
well. These data acquisition systems are con-
nected to IBM computer for data monitoring,
storing and processing. In addition, continu-
ous oscillation curves are recorded by a func-
tion recorder.

G
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Fig.2 Recordings of typical density wave
oscillation in parallel tubes

pe = 10 MPa, G=1000kg/(m?:s), Atgup = 30°C

in order to improve the fluid’s temperature up
to the selected inlet subcooling of the test sec-
tion.

c. After a stabilizing time, increase the
electrical power of the test section by a small
step.
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d. Record the relevant data when the sys-
tem is steady. :

e. Continue steps ¢ and d till the sustained
oscillations are observed, then record the aver-
age data and instability data. The above pro-
cedure is then repeated for different working
conditions to cover the allowable range.

2.3 Experimental results

For conditions closing to saturated vapor
state at the exit of the test section (positive
slope region ‘on the hydraulic power curve),
density wave oscillations are observed. Fig.2
shows recordings of the total flow rate and the
flow rate of each tube, pressure drop of each
tube and the exit pressure under the typical
density wave oscillation. As it can be seen
from the figure, the whole flow rate and exit
pressure do not oscillate; the flow rate of the
two tubes oscillates with an exactly contrary

phase. The phenomena can be explained as
0.4
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Fig.3 The effect of system pressure
The effect of the mass velocity. With

the mass velocity increasing, the threshold heat
flux always increases, so does the system’s sta-
bility. And the oscillation’s period becomes
shorter, but the amplitude larger.

The influence of the inlet subcooling. The
inlet subcooling increases, so do the thresh-
old heat flux and the system’s stability. And
the oscillation period always becomes longer
(Fig.4).

The influence of the inlet resistance coef-
ficient. With the inlet resistance coeflicient of
each tube increasing, the threshold heat flux
and quality always increase, so does the sys-

follows: according to the mechanisms of two-
phase flow instabilities, the absorbing and re-
leasing of energy appears accompanying with
the oscillations. When there is no compress-
ible volume for energy exchange at upstream of
the test section, then the two parallel tubes are
taken as compressible volumes from each other
for energy exhange. Therefore, the oscillations
with an exactly contrary phase are observed.

The following are the experimental results
of the effects of system parameters on the den-
sity wave oscillation.

The effect of the system pressure. With
the increase in the system pressure, the oscilla-
tion’s threshold heat flux g;; and threshold exit
quality x;, increase, so does the system’s sta-
bility (Fig.3). When the system pressure goes
up to 1 MPa, there is no density wave oscilla-
tion. The period of oscillations becomes larger
with the system pressure increasing (Fig.4).

8 r -~  ep=12MPa  G=1000kg(m®s)
op.=8 MPa Ap. =3MPa
- =
Y N /
4 [ A 'l
0 20 40 60 80 100
Atan/°C

Fig.4 The effects of pressure and inlet
subcooling on oscillation period ()

tem’s stability.

The influence of unsymmetrical heat flux.
Fig.5 shows the experimental result of thresh-
old heat flux g;, versus the heat flux ratio of
two parallel tubes. With the unsymmetrical
heat flux ratio decreasing, the threshold heat
flux increases, so does the system’s stability.

For simplicity, meanings of all symbols
used in this paper are listed as follows:

D= inner diameter, g= acceleration speed
of gravity, h= enthalpy, H= heated length,
Nogr= inlet resistance coefficient, p= pressure,
Ap= pressure drop, Q= volume heat flux, ¢g=
aera heat flux, R= hydraulic resistance, s=
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complex variable, t= time, Atg,,= inlet sub-
cooling, V= specific volume, v= flow veloc-
ity, G= mass velocity, T= average mass frac-
tion, z= length coordinate, §= void fraction,
6= small perturbation, p= density, = mass

G=800kg(m’s)

" At,ep = 60°C

[ 300 op. = 10MPa

é Ap.=3IMPa

™

=
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Fig.5 The influence of unsymmetrical heat flux
3 Mathematical formulation

The practical test system may be simpli-
fied as Fig.6. First, consider the flow condi-
tion of one tube and assume: one-dimensional

For two phase flow region

5;1Pe(L = B) + gl +

_[Pfhf(l - ) + pg g:B] +

E[vaf(l — B) + pgvghf) + 3‘[/’&‘"’{ Q- .3) + Ps”zﬂ]
-32 los(1 — B) + peBlg — ('32')TP

Vg = YVt 4)

Let 8 = 0, the conservation equation in
single-phase region can be obtained.
Boundary conditions are as follows:
At inlet:

G(0,t) = Gi(t); h(0,t) =hi(t)  (5)
At boiling boundary zg:

h(zp,t) = hsat; B(zn,t) = 0;
> S G (©)

Slip ratio v could be expressed as:

fraction; for subscripts, B=boiling, e=exit,
ex=external loop, f=liquid, fg = difference be-
tween two phases, g = vapor, i = inlet, jx =
boundary, SF' = single phase, TP = two phase,
0 = steady state, sat = saturated.

Lol
—J
Condenscr '

—
-

pump }

Fig.6 Simplified diagram of the system

flow, thermal equilibrium between two phases,
uniform heat flux. By use of the variable den-
sity model of two-phase flow, the conservation
equations can be expressed as:

%vmu—m+%%m=o (1)

0 [Pf‘vfhf(l ~ B) + pgvghef| = (2)

3)
1-p8
=— 7
=08 (7)
ky =0.714+1.45 x 10~%p (8)

Single phase frictional pressure drop gradient
(%’;—f)sp and resistance coefficient A are calcu-
lated according to Ref.[3].

Two—phase frictional pressure drop gradi-
ent is given b

(-ap—)Tp gvenby
(—— p=0- (— SF (9)

Two-phase frictional coefﬁc1ent ® are cal-

culated according to Ref.[4].
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Variables and their reference variables
(RV) are listed in Table 1.

Table 1 Variables and its refereﬁce variables

Variable RV  Variable RV
z, zp H Q Qo
t H / Vj0 v, Vg vip
G, G; Prvio P pivl,
P [ h—heat  hig/(piVeg)

Then make the conservation equations
and boundary conditions of two-phase region
and single phase region dimensionless. For con-
venient writing, the dimensionless variables are
expressed by the symbols of their variables and
the following dimensionless numbers are intro-

duced: Vi HQ
Q= Thevo (10)
Ng =PV A, (11)
hig
2
Vio
= Jo 2
Nr oH (12)
_ oH®,
Nr=—5 (13)
1-8+p8y
FR=———— 14
YT 1 B+nby (14)
1— 2
L = ___ﬂlﬂ'y? (15)
A —-B8+nBy)
n = pg/Ps (16)

Dimensionless equations and boundary
conditions are as follows:
Two-phase region:
dp  OG

E+E_o (17

6h(z,s) = Ng / e~ 42" . (6Q — 6G;) + 6hi(s)e>*
0

Two-phase region:

8
a(Fl "G)=Nq-Q (18)
%% + BBE(FZ -G?) = 19)
_gg _ Flp‘p_ NRGl™5®
Sin.gle phase region:
oG
3 = 0 (20)
oh oh
Et- + Gz NQ -Q (21)
8G , 8G? _
ot T 8z (22)
_ _ 1 _ NRG1.75
z Nr
At inlet:
G(0,2) = Gi(t);h(0,t) = —Ns  (23)
At boiling boundary:

G(ZB,t) = Gi
4 Solution of conservations

4.1 Solution of the continuity and energy
equations
Single-phase region:

Linearize Eqgs.(20,21) by small perturba-
tion, then do Laplace transformation to them,
one obtains,

§G(z,3) = 6G; (25)

(26)

Let Eq.(18) integrated, small-perturbed and linearized and Up = _F‘IT - 4B one obtains,

1
6G = Uobp + -[(F1 ~ 1)6Q — Nobzn + 6Gi]
1

" Combine Eq.(27) and Eq.(17), let 8pn, = Upbp, a = FLI’ 2y =

one obtains,

06pm

pym

dp
(27)
Oz g—z, be = 6Gi—6Q—NQ6ZB,

=—da6e

ot Oz,

(28)

dz,
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Do Laplace transformation to Eq.(28), then solve it, obtain,
8pm(zm,s) = [ eSCm=Em) . (— (280, 5)e~*(=m=25m) (29)
At steady boiling bounda.ry zBo, Eq.(24) is small perturbed we obtain by reorganization,
6pm(zBo, ) = —6hn(s) (30)
8§G(zmo, 5) = 8Gi(s) (31)
Shp(s) = —Ngbzp (32)
Therefore, the solutions of the continuity and energy equations are as follows:
Two-phase region: .
8pm(2my 8) = / e =om) (——)dz . — bhp(s)e*(zam=m) (33)
ZBm
6G(2,8) = bpm + 6Q + e (34)
Single-phase region: _
§pm =0; §G = 6G; (35)
6. = 6G; — 6Q + 6hy (36)
Shp(s) = / Nge®®'=#8)d7! (6G; — 6Q) + 6hy(s)e™**» (37)

The relations of the above perturbation
variables are expressed in Fig.7. Define the fol-
lowing transfer functions,

4.2 Solution of momentumn equations
Two-phase region:

Integrate Eq.(19), we obtain,

G
G, = ﬁ = (1+H3)(H1+Q0)+H2H3 (38)
8pm ~Bpre = [}, GFde + (G I, (41)
G i 1+ Hs)H, + H:H 39
2= BG = (1+ H3)H; + HyH; (39) +N;fz3 pdz+NR LB G 5ddz
aZB H3
=25 40
%= 36, = " Ng (40)
Q
ﬂu(z,.) +
- + + sG
Jd; ,— 6,‘ fll = f::_ expls(zl, —'z.;)](‘d—:":rl)d;:_ "
5pm
Hy=-["N, s(z' Shy
2 _Z:)’EEL‘ + Hy = —expls(zpmm ~ zm))
6’._. H4 =e "B _I,NQ ]
. bzp

Fig.7 Transfer relations of small perturbation variables
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Let Eq.(43) small-perturbed, linearized
and Laplace-transformed and Rtp =

- 6—%%2 , obtain,

RTP = SfZIB Gle + (%Gz(z = 1)
+2FGi (2 =1) =2+ & [, Gadz
+Np [, [1.75 + & (32)0®oGrdz
+Np(1 — ®0)G;

(42)

Single-phase region:
Deal with Eq.(22) in the same way as
mentioned above, obtain,

6Apsr
6G;

Rgp = — = sz + 1.75Ngrzg + Nor

(43)
The hydraulic resistance for the whole
tube is expressed as

R = Rtp + Rsr (44)

4.3 Characteristic equation of parallel
tubes
According to the electrical current law

of closed circuit, for the system expressed by
Fig.6. We obtain:

1
Rex +

A

As mentioned above, when density wave
oscillation appears in parallel tubes, the total
flow rate is kept constant, the flow rates of two
tubes oscillate with an exactly contrary phase.

G=800kg/(in”8)
Aty = 60°C g
=200 kW/m’

m

Therefore, the hydraulic resistance R, of ex-
ternal loop equals co. Eq.(45) could be simpli-
fied as

Ri+R;=0 ‘ (46)

This is the characteristic equation of par-
allel tubes. In order to stabilize the system, all
the roots of the characteristic equation must
lie on the left side of the complex planel). The
stability of the system can be also estimated by
Nyquist stability criterion, examining whether
the Nyquist cure encircles point (-1, ¢0). In
the present study, Nyquist criterion is used to
decide the stability of system.

5 Results and discussion

Fig.8 illustrates the experimental and pre-
dicted threshold heat flux under two working
conditions. As it can be seen from the figure,
both results are in good agreement.

1—p. = 10.0 MPa At = 90°C

2—p. = 5.0MPa
Aty = 60°C

400

%je/kW.m™?

00 }
3 — predicted results

w experimental results

1150

950
G/kgm~s™!

50

Fig.8 Comparison between predicted results and
experimental results

pe=5.0MPa 61 p.=50MPa
Atyay = 60°C g Atwb = 90°C
— 3 )
g=200kW /m 3} 6= 800kg/(m?s)
3 6 9 -3 3 6 9

1—pe. = 7.0MPa
2—p.=10.0MPa

Fig.9 The effect of system
pressure

L N N N
Tﬁ/l ‘ R.
2
3 F

Fig.10 Effect of mass velocity

2T N N
[ 4 R.
2
L 1
<t 1-a/a=10
2-q /g2 =2/3

1—G=1000kg/(m*s)
2-—~G=900 kg/(mz.n)

Fig.11 The effect of unsymmet-
rical heat flux
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Figs.9,10,11 illustrate the effects of pres-
sure, mass velocity and unsymmetrical heat
flux on the stability threshold, respectively. As
it can be seen from the figures, with the in-
crease in pressure, mass velocity and unsym-
metrical heat flux, the distance between point
(-1, 0) and the intersection point of Nyquist
curve with real axis becomes larger, so the sys-
tem’s stability is improved. This results coin-
cide with the experimental results as mentioned
above.

6 Conclusions

a. Density wave oscillations are observed
in the positive slope region on the hydraulic
power curve. Its period is shorter, from 4 to
20s.

b. Under the conditions of no compress-
ible volume at the upstream of the test section,
when density wave oscillations appear, the to-
tal flow rate and the exit pressure are kept con-
stant, the flow rates of two parallel tubes oscil-
late with an exactly contrary phase.

c. With the increases in pressure, inlet re-
sistance coefficient, inlet subcooling and mass
velocity, the threshold heat flux is improved, so
is the system’s stability.

d. With the increases in pressure and in-

let subcooling, the oscillation period becomes
longer; with the increases in mass velocity and
heat flux, the period becomes shorter.

e. Unsymmetrical heat flux improves the
stability of the system.

f. Density wave oscillation could be pre-
vented by improving system pressure, inlet re-
sistance coefficient of each tube, mass velocity
and controlling the inlet subcooling suitably.

g. The mathematical model is in satisfac-
tory agreement with the experimental results.
It can be used as reference for the stability de-
sign of steam generator in integrated nuclear
power reactor.
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