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NOMENCLATURE

area, ft?

constants in the slip correlation (i=1,2,3)
constant for fraction of steam volume
diameter, ft

friction factor

gravitational acceleration, ft/secZ
enthalpy, BTU/1b

correction for friction factor

length, ft

power, kw

vapor -liquid velocity ratio (slip ratio)
time lag, sec

superficial velocity, ft/sec

flow rate, 1b/sec

quality, 1b vapor/lb two-phase fluid
vertical distance, ft

fraction of steam volume

density, 1b/ft3

time, sec
Subscripts

downcomer
liquid

gas

inlet
makeup
riser

test section



Numbers 1-4 denote locations in the loop:
1 - top of the riser
2 - test section inlet
3 - boiling boundary
4 - riser inlet

Superpost bar indicates mean



TRANSIENT ANALYSIS OF TWO-PHASE
NATURAL-CIRCULATION SYSTEMS

by

RSP Anderson; [U. . Bryant, J. G Garter,
and J. F. Marchaterre

ABSTRACT

The design of high-performance natural-circulation
boiling systems requires that the behavior of the systems be
characterized under transient conditions. In order toaccom-
plish this, the time- and space -dependent continuity, energy,
and momentum equations for a natural-circulation system
are written.

This publication presents a technique for solving the
equations of a natural -circulation system. The solutions are
compared with experimental results at various pressures
with two geometries in boiling water systems.

The solutions meet the established criteria. The ana-
log model is useful for predicting the behavior of two-phase
natural -circulation systems during transients. The model
accurately predicts the point at which such systems exhibit
oscillatory behavior.

The results were found to be sensitive to the vapor -
liquid velocity ratio (slip ratio)used in the computation. The
velocity ratio correlationused inthe model is presented. All
computations, circuits, and operating information necessary
to duplicate the experiment are given.

I. INTRODUCTION

The use of boiling for heat removal from high-performance nuclear
reactor systems has focused attention on the problems of predicting the
transient behavior of both forced- and natural-circulation two-phase sys -
tems. A number of investigators (Ref. 1-6) have made studies of the possi-
ble mechanisms which cause oscillations in natural-circulation systems.



Unstable behavior is one of the main power -limiting factors in a
boiling water reactor. Similar unstable behavior has been noted in react?r-
simulating test loops with constant power input. In the belief that the oscil-
lations observed in test loops were a primary contributing factor for, if not
the sole cause of, reactor oscillations, experimental study of the dynamic
behavior of two-phase natural-circulation loops has been carried out over
the past two years. A typical test loop is shown in Fig. 1.
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Fig. 1. Boiling Loop
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In the initial stages of this investigation, a quick-response optical
recording system was installed. This system was used to record: tem-
perature (measured with very small bead thermocouples) at the makeup
point and various points throughout the downcomer, including the test
section inlet; pressure drop (measured with a strain-gage transducer)
across the orifices measuring steam and makeup flow and the venturi
measuring total flow; the output signal from turbine flow meters in the in-
let and for some of the tests in the outlet of the test section; steam-
volume -fraction indication from a y-ray-attenuation measuring device;
power for the series of runs where the power was oscillated. Simulta-
neously, the following steady-state measurements were recorded: system
pressure; makeup temperature; downcomer temperature; inlet tempera -
ture; pressure drop across the various flow-measuring devices; pressure
drop across the individual segments of the loop and power.



During the course of this experiment the following geometries were
used:

1. 1.252-cm-ID test section and riser - unrestricted;
1.580-cm-ID test section and riser - unrestricted;
2.381-cm-ID test section and riser - unrestricted;
1.252-cm-ID test section, 1.580-cm riser - unrestricted;

2.381-cm-ID test section, 1.580-cm riser - unrestricted;

o U ks W

2.381-cm-ID test section and riser - restricted:

a. large riser restriction only;

)% small riser restriction only;

c. large downcomer restriction only;

d. small downcomer restriction only;

e. large riser restriction, small downcomer restriction;

f. small riser restriction, large downcomer restriction.

The large and small riser restrictions were orifices with inside
diameters of 1.19 cm and 1.67 cm. The large and small downcomer re-
strictions were crossover valve settings corresponding to flow reductions
of 10% and 22%. In all cases the test section length was 0.914 m and the
riser length was 0.762 m.

The series of different operating pressures for each geometry
usually included 300, 400, 500, and 600 psig. At a given operating pres-
sure and geometry the power was raised in increments, with a stabilizing
period between the time when the power was increased and the time when
the measurements were taken. For each run a fast and a slow trace of the
transient instrumentation were taken, and the steady-state measurements
were recorded. The loop was termed unstable if steady oscillations were
detected in the measurement of the total recirculation flow. In some cases
this was not an abrupt change with the loop going from stable to unstable
during one incremental change of power, but instead showed an increasing
lack of stability over a range of powers. For certain of the above pressure
and geometry combinations the power was sinusoidally varied at one -half,
one, and two cycles per second, and the resultant parameter variation was
recorded by the instrumentation for measuring transients.

Before the results of these tests were completely reduced and tabu-
lated, it was believed that a large-enough backlog of experimental data were
available to furnish an adequate comparison with an attempted analytical
model.
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Two approaches to the problem of stability prediction have been
tried:

1. The cause of the oscillation is assumed to be an isolated
phenomenon and the phenomenon is studied in detail.

2. Solutions of the general time -dependent equations of the
system are studied by either analytical solutions of linearized equations
or computer solutions of lumped- parameter models.

With the experimental information derived, another analytical
attempt was justified. It is reasonable that any model must meet three
requirements:

1. The model must provide an accurate steady-state calculation
of the recirculation rate and vapor volume fraction for various power
inputs;

2. It must reproduce the experimental transient behavior during
varying power inputs; and

3. The model must accurately predict the inception of oscillations

in a natural-circulation system without adjusting constants between analog
calculations.



II. THE TIME- AND SPACE-DEPENDENT MASS, ENERGY,
AND MOMENTUM EQUATIONS

The loop is divided into four increments as shown in Fig. 2. Posi-
tions 1, 2, 3, and 4 correspond to

O =vsTEAM the top of the riser, inlet to the test

section, net boiling boundary, and

“MAKE UP

The system is subject to
geometric constraints and the equa-
tions for conservation of mass,
energy, and momentum are written
for each increment.

T The application of the law
C— of conservation of mass to the two-
o oy phase segments of the loop results
BsoILING — in an equation in which the rate of
BOUNDARY | [T change of the mass in an increment
T — is equal to the difference in inlet

and exit mass flow rates.

Fig. 2. Analog Loop In the boiling segment with
all water inlet and two-phase exit
conditions, the equation becomes

d(AT f3-403-4)

= Wi, - Wg, - W
dT 3 E

4 g4 ' (1)

In the riser,
AP AR ba-t) -y 4w L2

-WwW, - W
dT ~ o

g g1

The total mass flow across any plane is equated to the mass of the

vapor and the mass of the liquid flowing across the plane. The resultant
equation is an altered form of the well -known slip-ratio equation:

) g
g

This equation is used to determine liquid flow past a point when gas flow,

steam volume fraction, and vapor -liquid velocity ratio at the point are known.

Thus, at the exit plane of the test section,

the bottom of the riser, respectively.

15
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W,
W = p_f i = _Ef_. W (4)
e 7 15,5| aq pgS EAIe

In steady state the nonboiling length can be calculated from an
energy balance:

sz (hf -h,)

(Zz-B)st.st. = T’I‘ET— g (5)

For the time -dependent model, a pseudo-steady-state length was
calculated continuously, by the use of instantaneous values of flow rate and
inlet enthalpy in the above equation. At any time t, the difference between
the pseudo-steady-state value and the actual value is assumed to be directly
proportional to the time derivative of the length. The derivative is also as-
sumed to be inversely proportional to the transport time through the non-
boiling length, T,.;, where

Ta-3 = zz-sAT‘Of/sz ; (6)
thus,
d(f2-3) - (l2-3)pseudo st.st. - fz-3 ) ()
dTt T2-3

Combining equations 4, 5, and 6 and simplifying:

2
d(4z-3) _ bt Vi, (he-h)) Wy . (8)
dr APy QT 45 £ 0t

Similarly, energy conservation in the boiling part of the test section
leads to the equation for variation of exit gas flow rate in terms of a pseudo-
steady-state gas flow rate:

1

(Wg,) .
g4/pseudo st.st. = QT 7T E ; (9)

and time lag through the boiling section,

Bk - byl By, pg/Wg3-4

resulting in
d(w 2
gy ; Qr Wy, W, a5
dTt ehfg b Pg Ag 2Ag Pg by,
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In increments where external energy transport is zero, the energy-
conservation equations are in the form of simple time-lag equations with
the exit parameters lagging the inlet parameter by the transit time through
the increment.

The inlet temperature is calculated from a heat balance of the make -
up point and lagged by the transit time to the inlet:

Wgyhs = o Wy W) Tl W (12)

Ty, = £y-2 Pf AD/Wf2 : (13)

The exit vapor flow from the riser is lagged by a variable time lag
based on the mean velocity of the riser:

T4o1 = AR IR Pa-t/ W,y . (14)

The mean velocity in the riser as used in the above equation and the
momentum equation is based on the mean value of inlet and exit mass flow
rates:

= 1

Wy, = E (Wf4 ar V‘/g4 aF Wfl ap ng) (15)
Similarly,

- 1

Wi = (wf3 e wf4) : (16)

A linear variation is assumed for steam void fraction in the riser:

|
-

Qgoy = = (g +0y) (17)

The mean void fraction in the boiling portion, however, is adjusted
to account for the nonlinear variation of void with the variation of quality
up the test section. Figure 3 shows variation of p as a function of exit void
fraction. Figure 4 shows a cross plot from Fig. 3 to give average voids in
terms of mean density. The proper coefficient, C4, for variation around the
expected region of interest is obtained from Fig. 4, where

i Py

ady = Cy - Cy P (18)
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Vertical Boiling Channel to Liquid
Density for Slip Ratio of Unity

@ = Cq[I-(5/p4)]

600 ZSV
1.4 — 15 F'snAx

.6
EXIT STEAM VOLUME FRACTION, @,

Fig. 4. Linear Deviation of Steam Volume
Fraction in the Test Section

The vapor -liquid velocity ratio (slip ratio) is a very important
parameter in the model. For any given pressure and geometry, this ratio
is represented by an equation of the form

S = C; +(C,-C3 Vig)x (19)

where Vj is the superficial velocity based on the fluid flowing as liquid
through the total cross section, and x is quality. Here, C;, C,, and C; are



evaluated by means of a slip-ratio correlation in terms of the dimensionless
L 2

quantities (%) p—} and the Froude number, Vg/gD. Figure 5(7) shows

this correlation, whic%x does not have the linear form of the above slip equa-

tion. It was linearized for the high -quality regions where the loop would be

expected to go unstable.

! = =
X Fr = Yolo0, Fr 20008801 o8 [
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2 B : .23
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i :
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4 5 6 s o 2 30 4o

2 3
] o
Fig. 5. Correlation of Velocity Ratios as a Function
of Froude Number and the Volumetric Flow
Rate of Each Phase

In the single-phase portion of the loop, the rate of change of momen-
tum is equated to the net unbalance of the friction, gravitational head, and
pressure-drop forces:

d(Wi,) Ap g (Wg, )? Ny
— - (py Pz)ﬁ‘ = (£ ZA_]; aF i deypy ————— (20)
dr £ ez D Pp Pr ﬂl-z
d(wg,) Ar g £(Wg.)?
= i) ——— £ - prAn g (21)
dr £-3 2AT D py T

In the two-phase portions of the loop, an additional term evaluating
the force necessary to accelerate the fluid with mean density changes is
added. The ratio of two-phase to single -phase frictional pressure drops in
the net boiling portion of the test section is assumed to be

1l %
1o (1 ‘ot)

Figure 6(8) shows the experimental basis for this assumption.

Apt.p.

APs.p.

(22)

15
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Fig. 6. Mean Two-phase Friction Multiplier
vs. Steam Volume Fraction

In the adiabatic riser section, the two-phase to single -phase friction
ratio is assumed 9,10) to be
2

APt p. 1
e B <—) : (23)
APs . p. 1E=ty

Thus, the momentum equations for the test section and riser are

d(Ws-4) AT g (W, P 5
#:(ps-m) c 2o -f z"o3-4ATg
dF L34 2 AT D7 (03-4)
A 2 2 2
_ T Wg4 Wf4 _ wfs (24)
f-s | a, Afpg (1 -04) A% pf A’Er pr
and
d(Wy.1) = )AR &C (Wyy)? Pt a
dr P4 =Py E‘i-l 2 AR DR (10—4-1>2 = Pa-1 AR g
(25)
2 2 2 2
SRy i Wg, wE,

= + o -
la-r | o AR pg  (1-0,)A s asAk pg  (1-a,)A% oy

If it be assumed that the sum of the pressure changes around the loop
equals zero, the four equations of momentum conservation can be combined
into a single equation giving the variation of total downcomer flow:



2
d(We,) 2 e dwfz W b2-3
d kg tpp Ar g tf 2 A A
" Lr-2 dr T Dy srac
L3-s  [dW3-y W3- Br =
= + P3_4 ATE
ATgc \ dr ADTAT [Pl L r s
2 2 2
at 1 Wg4 o Wf4 wf3
l3-4 |asATPg (1 -0) AT P ~ ATPf
£4—1 dVT/4-1 Wi-l Pg = 1
= 5 + By 4 ARg S
ARgc\ drt 2DR AR (Ps-1) L1
2 2
A TR i, Ve, we,
aARpg (1 -a;)ARPs @ARPg (1 -04)ARPg
2
W Z)-2
+ (f+K)

SRt A : (26)
2DpApp; ~ PE8D g, &

17



18

1II. ANALOG COMPUTER CONSIDERATIONS

A. Definition of Machine Variables

Wfl = aXp, P3-4 5 213¥137
Wg = Wg = azx;, Pa-1 = 1%
2 3
Wi_y = agXy, QT = anXn
We = agxs, ba-3 = 219%19)
4
Wy = 2agXe b3-4 = 220%20
Wg = B Ag = 2%z
4
bt = T,

B. Assignment of Scale Factors

gay & 1,0 =02

a; = 1.0 By =7IER

ag =10 Be = JIEF

as = 1.0 a;g = 10

ag = 1.0 a = 10

a; = 107! By S AO7F
b = 1.0

C. Machine Equations

2
dx, ba7x17X; ba7x7

dt 2hig LT PgaziXz) y 2az03;2) PgX20%21

h

i a3)X3)

X, = — - (h¢-h ————

£y azz ( f m) a3azeXs3
dxyg atb L [x3(hf-az%p,) asbx,

dt apalgAq s SSHESG RESTY.C T

h, = azX;;
Qg = az7Xe7
ng = a3)Xs)
Q) = azzXas
Ty = a34%X3q
S = azeXse
B = ILOF
a,; = 10
Eog & 0T
az; = 10
2o = A0F
az, = 10



Sk = (a3x3 - agxs - azxq)
dt a)3320ATX20

(05}
T (asxs +asxs +arxy)

N a7 0%y a,Pfxq

X5 =

25327236 0gX27%36 as5a36PgX36
EA c1 , 27 [ CXq C3Xq
= E AR T 3

ase azp \ 24%4 PEAT

Lt 219
Xpg = — - — X
20 e Fi 19

ajyARLRx4
R L
= apa3zgXp

_ 2,7ATXp7
2 e
21

dxie b

———— (axgtasxs -a)x) - a}lx31)
dt ap ARLR

RS 213C4X13
=
az7 a7Pf
8.5
) (a7xq +asxs Tazxz) +21%1)
6
el ey 2214%1s | 213C4%X13
o ass a33 ¢ a330¢

as31 Pf X31 az Pr X31
X = - e
: a1333336Pg | X33%36 EACEE )

19
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azagbApfxéxig

asb (f + K)x3

a3bADx§

a19AD><19>
+

Atrhi-2 £y-2° 2AT Dl

ajazobAp - f ppxix,g

2DDADFy¢

T AT By AT Py

agbAp by f PpXg

2 2
azaj3ATL -, 2DTATX),

a14a,0bADgEX14%20 "

asaisAR by -22DRARxX},

azli-2

2 2
a3 bApxs;

apbAply-1gx14 % a19bADPrgxg
a3ﬂ1_2 as ﬁ) =7
aibADxi

e 2
azazz f1-2AR PgX33

z
azh) -, AR pg(1 - azxsy)

+ [ Pa220%20 | dxg 26ADL-1) dx,
asATh,-,/ dt azARYS; -, dt

b pfApZy-28
ash-,

D. Values of Constants and Initial Conditions

Table 1

1-in. geometry, 600 psig

A2 B30 1075 £t2 f = 0.0155

AR = 4.79 x 107 £t f+K = 0.261

AT = 4.79 x 107> ft? g = 32.2 ft/sec’
Ch=1.3 hf = 474.7 Btu/lb
C, = 22.8 hg = 1203 Btu/Ib
G; = 3.0 hfg = 728.3 Btu/lb
G, = L6 hy = 60 Btu/lb
BDpr = 0. 172250t b-, = 16.67 ft

DR = 0.0781 ft

DT = 0.0781 ft

QT(0) = 54.0 kw, W, (0) = 0.947 1b/sec,
P3-4(0) = 33.4 1b/it>, £,-3(0) = 1.089 ft

Ly-y = 3.5 ft

ILhet = S

Ps = 49.50 lb/ft’
- 3

g b 1b /ft

Tiicny, = A

Ps-1(0) = 23.8 Ib/ft

Wg, = 0.0461 1b/sec.



Table 2

l-in. geometry, 300 psig

Ap = 2.33 x 1072 ft? DR = 0.0781 ft hm = 60 Btu/lb

AR = 4.79 x 1073 ft? DT = 0.0781 ft ey = W67 53

AT = 4.79 x 1073 £t? f = 0.0155 Dyian = BB A

= ilGe f+K = 0.261 LT = 3.0 ft

C, = 34.2 g = 32.2 ft/sec? pg = 52.63 lb/ft?

(G = 4535 hf = 398.8 Btu/lb pg = 0.6798 1b /1t

C, = 1.6 hg = 1203.2 Btu/lb Zy-, = 6.42 ft

Pp = 0.17225 hfg = 804.4 Btu/lb

QT(0) = 46.0 kw Wg,(0) = 0.830 Ib/sec, Pu-100) = 19.75 1b/st?
P3-4(0) = 32.2 Ib/ft’ Hoeell0)] & QEEG s, Wg,(0) = 0.039351b/sec.

E. Analog Circuit Diagram

See following Figure 7.
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Analog Circuit Diagram
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F. Potentiometer Settings

(1) 1-in. geometry, 600 psig.

The following table gives the potentiometer settings for the
"Armadilla" 1-in. geometry at 600 psig.

23
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Table 3
Argonne Aational Laboratorp

APPLIED MATHEMATICS DIVISION
ANALOG COMPUTER

POTENTIOMETER SETTINGS

PROBLEM NO. J_Z_S_Z,LRE_
Sheet 1 of 4

DRAWING NO.

"A'" MACHINE (600 psig) DATE
EOTENTIONETER HO: MATHEMATICAL CORREC-
e e VALUE VALUE TION SETTING SET PARAMETERS

40 |as/2132,0AT 0.2088

22 |as/aj3a;0AT 0.2088

23 |az/apazAT 0.0209

24 (as/2a, 0.5000

25 |as/2ay 0.5000

26 |az/22, 0.0500

27 (a7,0f/a5a36pg) x 19‘1 0.0371

28 (a7pf/asaz7a36pg) x 10-1 0.0037

29 |(az7/az1)AT 0.4792 (10)

30 |Cyais/az7pf 0.3235

31  |ag/aiARLy-, 0.0596

32 |as/a;sARLR 0.1193 !(5)

33 |a,/ai ARLR 0.1193'(51)

34 |agasy/7.2a), 0.1389

35 |aq/2a4 0.0500

52 |as/2a4 0.1000 (5)

37 |ay/224 0.5000

38 [cqais/asspr 0.3235

39 [2a14/asspf 0.4040

42 |a;/ai ARLR 0.0596

43 lay /224 0.0500

44 |(asipp/arazepy) x 1071 0.0371

45 |asipf/aiassasepg 0.0371

46 cza7/a4a36 0.2280

AMD-2C (8-57)



QArgonne Rational Laboratory
APPLIED MATHEMATICS DIVISION
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POTENTIOMETER SETTINGS

PROBLEM NO. _IZEZ:ZBE
DRAWING No. Sheet 2 of 4

"A" MACHINE (600 psig) DATE
R R SERANOy MATHEMATICAL CORREC-
e e VALUE VALUE TION SETTING SET PARAMETERS
47 |(hf-hm)as;/asaz, 0.0415
48 |a7/2a5022105 0.0375(10)
49 |aiz/2ahgLrp, o.1717£1:(§
50 |LT/ATpra 0.1265{110')
51 |Csaz/asepAT 0.1265
54 |a;/a AT pf 0.4217
2 |LT/az 0.3000
3 |1.6/a, 0.1600
4 |(2/5a; 0.0400
5 |Qr(0)/a; 0.5400
6  |hifa;, 0.4747
7 lz—;(o)/aw 0.1089
8 |Ps-4(0)/a13 0.3340
10 [pg-1(0)/214 0.2382
11 Wg4(0)/a-, 0.4610
12 TG
I T
14 ICxq
15 [1Cx;
iir C1/336 0.1300
20, |hg/ajqal 0.4747
36 [6x1/r, 0.6000 (10)
| 18 0.1000
79 0.1000
TE 0.1000

AMp-2C (8-57)
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Argonne Rational Laboratorp
APPLIED MATHEMATICS DIVISION
ANALOG COMPUTER

POTENTIOMETER SETTINGS

PROBLEM No. _ 1287/RE
DRAWING NO._Sheet 3 of 4
"B" MACHINE (600 psig) DATE
ROTENTIONETERANO: MATHEMATICAL CORREC:
VALUE i SETTING SET PARAMETERS
DRAWING | MACHINE VALUE EOR
3 | Wg,(0)/a, 0.9470
AT 102 0.0100
bl ) <2 e 0.1000
ApZ,-,g x 1072
L 0.1430
asl)-;
21 12.0 0.8000 (15)
22 [0.5000 0.1000 (15)
n A
24 < E R - D >a3 ——0.0645
FPDenRe T AT
' [
A
25 % 219 4 1072 0.0118
2ATA-,DTpg) 23 I
Il
1/2 I
1. 3ARnf azoaZ
26 <Z—Dpf—4z x 1072 ——0.0613
ZATEI-ZDTaJaHl |
27 |(Apls-12158/l1-z23) x 1072 0.1575
28 | (ADpraigg/l-za3) x 1072 0.2228
T
] Aply-11Pgag(0.72)° L
ARY;-,2DRARajsa; 5
|
}
30 |(aiz2,0ADg/a3ly-;) x 107 0.4501
31 |6.0 | 0.6000 (10)
i R e -2
a3 D/ 1-2AR Pgasas;) x 10 0.0005
S .
33 |(ajAD/ 4 -2ARpfa;) x 1072 0.0012
S [1X0 | 0.1000
35 |(asaigAD/AT-;) x 1072 0.0292
36 12.0 ‘ 0.8000(15)
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PROBLEM No. _ 1287/RE

DRAWING NO. Sheet 4 of 4

"B" MACHINE (600 psig) DATE
g T oM RN MATHEMATICAL CORREC-
e e VALUE VALUE TION SETTING SET PARAMETERS
38  |(ADAs-1/2326AR 4 -;) x 1072 0.0102
40 (azoAD/amArzl_;) x 1072 0.0292
41 |6/7, 0.2480
dp 2/t 0.0296
43 |12/7} 0.0296
44 |6/1, 0.2480
39 0.1000

.l =
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(2) 1-in. geometry, 300 psig

The necessary potentiometer changes for a pressure change
to 300 psig are shown in Table 4.



Table 4
Argonne Rational Laboratorp
APPLIED MATHEMATICS DIVISION
ANALOG COMPUTER

POTENTIOMETER SETTINGS
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PROBLEM NO. _12
DRAWING No. _Sheet 1 of 3

"A" MACHINE (300 psig) DATE
POTENTIOMETER NO. ST Hedly
e e VALUE VALUE TION SETTING SET PARAMETERS
27 |(a7pg/asazepg) x 107! 0.0774
28 (37Pf/35327336,°g) = 0.0077
30 C4313/az7pf 0.3040
38 |Cyais/asspf 0.3040
39  |2a4/dssp¢ 0.3800
44 |(as pf/a1236pg) x 107! 0.0774
45 a3 pf/a1a332a360g 0.0774
46 |Cyaz/asass 0.2930
47 |(hf- hm)as /232 0.0339
48 |aq/2az02210g 0.0736.(10)
49 |aj7/22,,hfg TR, 0.3367(10)
50 |Ly/ATpsai 0.1190(10)
51 |Csaz/asepfAT 0.1190
54 |as/ajgATPf 0.3967
5 [(QT(0)/a17 0.4600
6 |hf/az 0.3988
7 [£2-3(0)/219 0.8460
8 53-4(0)/313 0.3220
10 |P-1(0)/21s 0.1975
11 wg4(o)/a, 0.3935
12 I1Cx,,
155 ICx,;,
14 [1Cx,
15 |1Cxy
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Argonne Rational Laboratory
APPLIED MATHEMATICS DIVISION
ANALOG COMPUTER
POTENTIOMETER SETTINGS

PROBLEM NO. _l.Z.Sl/RE—

DRAWING No. _Sheet 2 of 3

"A" MACHINE (300 psig) DATE
POTENTIOMETE -
ot e MATHEMATICAL vaLues |corREC: AL
DRAWING | MACHINE VALUE TION
16 |Cy/as 0.1630
2 hf/anaw 0.3988
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PROBLEM No._1287/R
DRAWING No. Sheet 3 of 3

"B" MACHINE (300 psig) DATE
BOYENTIOMETER NO: MATHEMATICAL CORREC:
VALUE : SETTING SET PARAMETERS
DRAWING | MACHINE VALUE TION
3 |Wg(0)/as 0.8300
PfApZ;-,g x 1072
B 0.1521
azfi-2
f+K AD
24 <ZD - = >a3 —10.0607
DADPf AT hi-20f
| 1
ADf
25 - D 219 5 1072 —0.0115+
2ATh -, Drpg) @3 |
/e |
IS AT O Fasoad
—— 26 <#—2— x 1072 0.0624
2AT4,-,DTazaj;
28 |(ADprajgg/fi-za3) x 1072 0.2369
:
A fy_1fppa%
Pl R 0.0577
AR /,-;2DRAR2)1423
i
2 2 -2
32 |(a31Ap/£1-2ARPgasas;) x 10 0.0009
33 |(afAp/fi-2AR pras) x 1072 0.0011

AMp-2C (8-57)
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IV. COMPARISON OF MODEL PERFORMANCE WITH
EXPERIMENTAL DATA

The comparison of the performance of the analog model with the
experimental test loop is presented in graphical form. During the devel-
opment and testing of the model many graphs were made. Representative
comparisons are presented in the following sections.

A. Steady-state Comparison

The steam void fraction at the test section exit and the total recircu-
lation flow rate are shown as functions of power input in Figs. 8, 9, and 10.

080 040,
XPERIMENTAL
070
F] =<
0.60| £030 ANALOD)
] ES
050 =
040 020
030 | | Il
[ o 0 20 30 40

POWER, kw POWER, kw

Fig. 8. Comparison of Experimental Data with Analog
Model for the Following:
AR = 0304in.2 Ap = 3.356 in.2

Pressure - 600 psig ATs. = 0.
hm-y - 60 Btu/lb DTS, DR = 0.622 in. Dp = 2.067 in.
Lrs. LR = 41.0in. Lp = 200.0in.

0.70
0.60— ANALOG g 040—
= & XPERIMENTAL
© 050 2 L=
EXPERIMENTAL z =
0401 L ANALOG— =X
s ! I | | 1 |
10 20 30 o 10 20 30 a0
POWER, kw POWER, kw

Fig. 9. Comparison of Experimental Data with Analog
Model for the Following:
Pressure - 500 psig ATS. = 0.304in.2 AR - 0.304in.2 AD = 3.356 in.2

hm-u - 60 Btu/Ib DOT.S. = 0.622 in. DR = 0.622 in. Dp = 2.067 in.
L1.s. = 36.0in. LR = 41.0in. Lp = 200.0 in.

<—EXPERIMENTAL

10 20 30 (o] 10 20 30
POWER, kw POWER, kw
Fig. 10. Comparison of Experimental Data with Analog
Model for the Following Conditions:
Pressure - 400 psig AT.S. = 0.304in.2 AR = 0304 in.2 AD = 3.356in.2

hm-y - 60 Btu/Ib Dr.S. = 0.622 in. DR = 0.622 in. Dp = 2.067 in.
Lr.s. = 36.0in. LR = 41.0in. Lp = 200.0in.



In general, the total flow-rate curve is slightly low (2-5%), but the
slope of the curve, which seems intuitively more important, compares
very well with the prediction.

B. Oscillatory Power

Few experimental points with sinusoidal power variations are
available. Comparison of the analog with one of these points is shown in
Fig. 11.

B rowern)

— \ .20
e 74 U
NI~/ * (16/sac)
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.320
A P so0  AMALOG FLOW RATE gl
% 7 ’ (16/80c)
W &) Transient Comparison Between

Analog Model and Experimental
Measurements

.60
.55

ANALOQ STEAM VOLUME FRACTION

STEAM VOLUME FRACTION

FEIEN

C. Unstable Power Levels

The powers at which the analog model began to oscillate and over-
load are compared with experimental points of lowest oscillatory power

in Eig N2,

In addition to the above unrestricted runs, an attempt was made to
investigate the effect of simulating riser and downcomer restrictions in

the analog model.

Since the steady-state losses through an orifice in single-phase

flow are directly proportional to the velocity head, the downcomer restric-

tion was simulated by increasing the downcomer friction factor.

The actual restriction in the experimental loop is a valve with an

unmeasured loss coefficient, making it impossible to evaluate the required

33
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increase in friction factor. This was overcome by increasing the friction
factor in the analog model with the model operating at steady state. When
the analog recirculation rate decreased by the same fraction as in the ex-
perimental loop, it was assumed that the orifice was correctly simulated.

L T S S| AR S| e S [

20 |— ® ANALOG MODEL

< EXPERIMENTAL DATA
1o

1" DIAMETER TEST =
SECTION 8 RISER

100 —

90 —

80 —

Fig. 12

O ) g
3 : :
x Comparison of Predicted
E 60 |- —
S and Measured Power at
2 . . .
a p—
o801 A TS the Inception of Oscillation
a SECTION & RISER
ﬁ 40 —
3 z ®

0 —

8

20 |- ' —

o —

& = 2 | Il =] |

100 200 300 400 500 600

PRESSURE (PSIG)

Assuming that all losses occur in the flowing liquid phase and the
void fraction remains constant, it can be shown(11) that the steady-state
losses across an orifice in a two-phase region are directly proportional
to the velocity head and to the two-phase friction factor R as evaluated
in the model:

2
\'4 1
AP ~—
loss 2g Fie a)z
But this is the form of the riser friction term in the momentum
equation. Therefore, the orifice was simulated by changing the coefficient
corresponding to the riser friction factor.

As with the downcomer restriction, the change in the coefficient
was determined by the resultant change in total recirculation rate.

The analog restriction simulations were run with the l-in. geom-
etry at 300 psig. The results are tabulated in Table 5. The 4 kw heat loss
correction has been added to the analog unstable power values.
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Table 5

Comparison of Unstable Power Levels (1-in. geometry, 300 psig)

Analog Experimental

Unstable Power Unstable Power
Type Restriction (kw) (kw)
Unrestricted 80 81
Low Downcomer Restriction 76 82
High Downcomer Restriction 69 90
Low Riser Restriction 67 65

Clearly the riser orifice was correctly simulated. A possible
cause of the discrepancies in the downcomer restriction is in the assump-
tion that evaluation of the steady-state loss is adequate for the model. For
measuring pulsating flow with an orifice it is recommended 12) that
steady-state solutions be applied only when the Strouhal number is less
than 0.002. The Strouhal number, which gives an indication of the rela-
tive importance of the acceleration due to flow variation with time and
the acceleration due to flow variation with pipe location, has the following
form:

g~ By L-7,

where D is the orifice diameter, f is frequency, and V is average flow
velocity. The Strouhal number for the downcomer restriction is 021l
For the riser orifice it is 0.0023.

Possibly the incorrect evaluation of the large time-dependent ac-
celeration in the downcomer caused the incorrect trend in the analog model.
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V. FURTHER RESULTS

Since the model is capable of predicting the transient loop behavior,
the model was dismantled, and the effect of each alteration on the power
at inception of oscillations was noted. A particular geometry and pres-
sure condition was selected as standard, and the model performance was
compared with the standard after each change.

(1) From the standard, the correct slip ratio at the initial rela-
tively low power, the rate of increase of slip ratio with power, and the
slip ratio at maximum stable power were determined. Four alternate
models of slip dependence on power were tested. The results are shown
in Fig. 13. In cases l and 2, slip ratio is too low at the normal oscillatory
power, and the model became unstable at a lower power level. Note that
the model oscillated at the correct power in cases 3 and 4. These results
indicate that the model is sensitive to the magnitude of the slip ratio, but
insensitive to the rate of change of slip ratio with power.

3.0

OSCILLATION POWER
WITH CORRECT
e e VELOCITY RATIO

VAPOR-LIQUID
VELOCITY RATIO

|
a5 50 55 60 65 70 75 80
POWER, kw
Fig. 13. Alternate Models of Velocity
Ratio as a Function of Power

(2) The time lag between changes of enthalpy (due to either flow
or temperature variation) at the makeup point and at the inlet to the test
section was computed from the total flow rate and the downcomer geom-
etry. The power level at oscillation was unaffected when the lag was in-
creased, decreased, or completely eliminated from the model.

(3) The combined momentum equation (Eq. 1I.26) has two terms
containing derivatives. These terms account for the variation in acceler-
ation of the two-phase pressure drop when the mean test section and riser
mass flow rates vary. Therefore, only a small correction to a part of the
overall two-phase pressure drop is contributed by these derivatives.

Since differentiation is a noise-amplifying system, it was thought that the
derivatives would influence the model. The effect of eliminating the deriv-
atives was studied. Individual and collective elimination of these terms
from the system had no effect on the oscillatory power level.
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(4) It was previously stated that the time lag of a void change
traversing up the riser was calculated by assuming the void change moves
upward with the local liquid velocity. Six variations of this time lag were
tested. The lag was multiplied by 0, 0.75, 1.0, 1.33, 1.5, and 2.0, and the
unstable power level for each case measured. The dependence of unstable
power on this lag is shown in Fig. 14.
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Fig. 14. Dependence of Unstable
Power on Riser Time Lag
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VI. GENERAL DISCUSSION AND CONCLUSIONS

It has been hypothesized that a change of flow pattern somewhere
within the loop causes a discontinuous change in steam-water distribution
and pressure drop. These effects feed back into the loop dynamics, caus-
ing a reversion to the original flow pattern, which causes the loop to os-
cillate. It may be true that loops of different geometries oscillate from
different basic causes. Therefore, we cannot rule out the hypothesis.

The hypothesis, clearly, does not apply to the loop presented herein,
since the model properly predicts the transient behavior and oscillatory
power level with the use of two-phase friction and void fraction correla-
tions with no discontinuities.

The two-phase pressure-drop and void-fraction correlations used
in this model were originally derived from steady-state data. Within the
frequency range considered (the loop oscillated in the period range of
EROSNNE sec/cycle), these correlations do an adequate job.

Continued effort to obtain a simple physical model with an attendant
stability correlation is deemed worthwhile. The complexity of a complete
model makes it difficult to apply in the design stages of a reactor project.

It is hoped that knowledge of the relative importance of the indi-
vidual components of the system herein, and other models, will soon lead
to simple, useable stability criteria.
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