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uselulness of the information contained in this renort, or
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parameters. "he

results apply to boiling water rcuctors, and ecmible prediction and design ol
stable two-phzose flow in reactors An analogue computor circuit is developed

for calculating loop transients. Analytical predictions of
transient response are comparel with A.P.Z.D. Heat Transfer

stability aond
Loop test results:

1. Analysis correctly predicted the trend of four tests progressing from

very stable flow to a case on the verge of instability.

2. The analogue predicts the temporary decrease in inlet velocity which occurs
when the loop heating power is increased. The quantitative comparison

for a heating rate increase of 7% is:

Ceserved
inlet velocity ,
transiont =325
oscillation period 3.0 zec.
danping factor 0.066

‘nalogue corputation oi the effect on the T-7 core of a 200
tional acceleration increase gives these results:

pressure drop 207

chirmey water velocity + 2.7%
inlet water velocity + 3.5%
average steam void -11.7%

Predicted

3

s
<
wdy
.
&
i

of normal ;v

/nalogue computation of the effect of a 20% heating increase in chanucl 1 o
2 coupled parallel chauncis similar to T-7 core channels gives these results:

Channel 1
inlet wmter velocity T 5%
average steam void +17%
hannel 2
inlet woter velocity - 0.45
avercge steam void + 0.5

"he following conclusions are drawn on the factors which determine loon dynomics:

1. '"he natural pericd of the loop is governed by the transit time of fluid

across the twoephase vertical section. If oscillatory,
¢ between 4/3 T ond 2T, where T is the tronsit time.

the period will

2. 'The primery cause of loov instability is subcooling with high steam voids,
Uecause subcooling mokes the natural circulation driving head decreace

when the inlet wmter velocity increases, and vice-versa.
of subcooling linit versus operating nressure is given.

A design line

3+ Unstable flow loops can be stabilized by velocity head losses, such as
at an orilice in the downcomer, and by the use long downcomer vipes cad

consequent high single phase fluid inertia.
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Friction pressure drops and velocity head losses in the riser can help to
stabilize, provided inlet subcooling is not excessive. f it is excessive,
the riser friction pressure drcp and head losses actually decrease vwhen

inlet wvater velocity increases. The result is a negative iancremental pressure
drop which destabilizes. This point is important to the design of reactors
with internal steam separation.



The work reported here was performed under contract /T(04-3)-187 PA /5 with the

San Francisco Operations Office of the U. S. Atomic Energy Commission.

INTRODUCTION

The purpose of this work is to explain the dymamics of two-phase saturated steam
and water flow loops in general, and particular the effects of ship's motion
accelerations on such loops. The dynamics of both stationary loops and acceler-

ated loops have obvious bearing on the design of stable boiling water reactors.

“he basic questiocns of two-phase flow in pipes or channels of boiling water
reactors are (a) what is the pressure drop? (b) vhat is the phase volume

fraction or phase relative velocity?, and (c) is the flow steady or pulsating:

In the past empirical correlations (l), (2)of pressure drop ant of volume Tractions
with quality have been used to deal with the first two questions. llecently a
etiod was introduced;Z), which relates pressure drop and velurme fraction Ly

the force between the phases. Thic method is based upon the flow system reonc-
try, the pressure, the heat input, and the single-phacse {riction Iactor of

pipes. It originutes with work by lLevy (“). Calculations of Coolk's (5) and
Marchaterre's ©) experimental data consisting of void fraction and pressure
drop were mnde by this method, and the calculated values were within the band
of experimental error of the measured values, for test runs between 275 and
614 psia. One of the calculated cases Trom reference (3) is shown in Tigure l.
The calculaticn is made from operating pressure, ialet velocity, heating rate,
and channel hydraulic diameter, but without the use of any correlation of

veid fraction with quality. CZecause the equations of this method are derived

from hydrodyncmic forces, they can be applied to the third questicn of flow
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stability and transients. The correlation ethods, on the other hand, are not
based on dynamical flow relaticns of force and inertia, and hence are not descrip-

tive of transient problems, without some patching up to account Zor the forces.

In this report, the 2quations and assumptions ol the dymomical method are des-
crived and upplied to a general two-phase, natural circulation flow loop. The
conditions o stability for the linearized equations cre derived, cnd the predic-
tions are compared with the results of flow stability experiments conducted cn
the A.P.Z.D. Heat Transfer Loop. An cnalogue computor circuit [o- solution of
the equations is developed, and is applied to the ship's pitching motion problem,
and to a parallel flow channel problem as well. Finally the mcin cause of tio-
phase flow pulsatioas, which is the dependence of the natural cireulation driving
head on inlet 'nter velocity and suvcooling, is discussed. The methods ol
stabilizing loops, =s indicated by the physical parsmeters in the equations,

are pointed out.

AVALYSIS OF T40-PHASE FLOW LOOPS

The analysis of two-phase [low loods is divided into three topiecs: the mechan-
ics of two-phase {low, the application of the mechanics to a flow loop, and

the solution for amall disturbances.

THE MECHANICS OF TWO-PHASE FLOW

"he essence of the two-phase mechanics descrited in reference (3) is the
statement of liewton's third law for each phase:
The aet force acting on the phase, plus the inertia of the phase,
plus the phase to pipe shear force, plus the phase to phase shearing
force, plus the phase weight egqual zero.
The assunptions to give mathematical expression to the provlem are as follows:

1. GSteam and water flowing concurrently are in saturated equilibrium.

2. The flow process is adiabatic.



3. The transverse pressure gradient is negligible compared to the axial
pressure gradient.

4, The shear stress between the phases and between each shase and the chaanel
wall are analytic functions of the phase velocities, the phase vcluse
fractions, and flow rate ratios.

5. The flow system pressure drop is small enough compared to the absolute
pressure that the saturation enthalpies and densities are essentially constant.

6. The fluid mechanical energy is negligible compared to the thermal energy.

“he two-phase flow equations follow from application of Causs' law to momentun
flow, and mass and energy conservation. Let P be pressure, u steam void
fruction, W and S water and steam velocities, Odensity, TI' shear stress per unit
length, g gravity, g heat rate per unit volume, and h enthalpy per unit mass.
The equations take the form:
for water pressure groadient,
P 3 2 . (1)

(Qw) g + Zz (1w o+ & (AW ¥ + Iy -« Iy + (leu)pg=0
for steam pressurc grodient,

u § + ?a upssz + == up.S_+ 1‘3 - I‘,ﬁs +up g =0 (2)
for conservation of nass

) d s

S (1-u) o0 + 3¢ (1-u) 0, + T up S + 3 up_ = 0 (3)
and for conservation of energy

3 ( . 3 (1 S upBh + 2 = q(x,t) 4

5 (1-w) pih, + ¢ (1-u) pn, + = U Bh + 2 upn = q(x, (%)

llormally the fluid pressure drop around a loop is small compared to the operating
pressure in cases of interest, and the interchange Letween the phases that
results from flashing or condensation is negligible outside ol the heated sece

tion of the loop, from assumption (). Thus, above the heated section, the

e



water termc and the steam terms of equation (3) can be set sepa:ately equal to
J eq

Zero.

It is necessary to define the shear strecs per unit length terms, Ty, I, and I .

For water to pipe stress per unit length, Uie follcwing relation is assumed.
v = £(Re) g (% 0, 5°).
f = D'Arcy Wiesbacn friction factor (5)
pw = perimeter common to water and pipe

A = pive section area

The friction factor depends on Reyrclds number, which is taken to be that of
water flow only. The common water perimeter is in general difficult to deter-
riine without measurement. It is equal to or less than the pipe perimeter.

A way of calculating it suggested by S. Levy is described in Appendix A.

’nalogously for cteam, the relation is
rs = £(Re) Fx (}osS2) (6)
where Reymolds number is calculated for steam only.

-

dic water to steam shear stress must be zero when the fluid is zll weter or

cll steam, and it surely depends on the numver and size of the bubbles, cr charrce
teristic radii of curvature of the interface between the phases when Ilow is

1ot 1a bubble form. Ior water to steam shear stress per unit length, the re-

lotion iz taken to e

; 2
Wi .
r ‘;a f(Re) 41..1" s ';'_p(S-‘..')au(l-.u) (7)
3 wublLle rodius.

The Reynolds number used is based on bubble flow, and the density is tha. of

the predominant phase. The hydraulic diameter of bubble flow is based on

ol



the volumeiric delinition of Gunter and Ghaw (7). For bubble radiuvs the

seoetric pweun of valucs suggested DYy Zuiel and Tridus, Ref. (8), ic used:

.
ry =J3 /*/(ev - 08) ¢ (2)

vhere T = surface tension of water

Substitution of the auxiliary equations (5) thrcgh (8) in the principle
equations (1) through (&) gives u system of four equations and four walknowas,

g, w, w, aond ;. If the boundary conditions zre known, the solution is

letermined.

2. Applicatica to the Flow Loon

The sirple, siagle caannel natursl circulation loop of Figure 2 is chosen for
the saite of clarity in presentation of the essentials in loop dynemics. Two
assunptions help to simplify algebra consideradly. The first is that feed-
water flow is adjusted to keep inlet water subcooling constant: Luls assump-
tion eliminates downcomer transit time effectsz. The general case is discucsed
in Appeadix 3. The second asswption, which climinates energy storage effects

in the heated section, is that heat is injected at o point rather than along

a finite scction. The eguations can, of course, La generalized U0 acccunt

0

Jor a finite heated length,

‘the equations of the preceding section can be applied di:ectly to the two-phase

portion of the loop. One additional equation is necessary which relates
pressure drop in the downcomer to single phase water velocity. With five
equations and the five unkncwns, p, u, ¥, s, and v, the provlem solution is
determined, but iz not very tractable. One wmy of sirpliflying the solution is
to work wvith aversge values of the veridcles in the two-phase sevction.  Tae
arice of thig simplification is loss o accurzcy through ignoring veloelty

and void fractlon gredients. Hith this assunption, we will not Ceucride

-G
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slugging flow where, for exumple, water is rushing in nat the bLotton and

falling back from the top of the section.

The averapge pressure gradient across the two-phase portion of the loop is a
useful quantity to work with, becuzuse it is necessary to calculate the average
steam void in the channel in order to ascertain the driving force. We will
integrate and average equations (1) and (2) over the vertical length, L. The

average void fraction is defined to Le R,
L

R-%fud! (2)
o

Integration of the acceleration terms is done in the following .ay. We make
use of the identity
ar-uwW® | r-ww .l H1oww L oA ew +
L (10)
(l-n)w% . (l-u)gz_
and the fact that the water and steam porti.ons of equation (3) are separ-
ately equal to zero avay from the heating point, and finally that ot the

heating point, equations (3) and (4) may be combined, with the vesult:

N1l -« uw X1 -u)
- + 3 = 0X>0 (ll)

- x=0
o (hs - hw

Use of the mean value theorem gives for equation (1)
3 2 2 ,
(1 - R) &P W v aw x-r< Qs )
Few| QR x-F-0-0F-7 ) g ad
L

(l-R)gj«r%V[ (l"wol“ws)dxco
)

-lo-
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cad for equation (2)
2 Q 1
§&p ERS R ds < _——
% 5 + R‘*L'Cwe hg = B) +Rej

1 L (13)
L Zﬁ (Ts + Tws)ax = ©

vhere Qs is the steruing heat rate. The steaming rate itself is derived from

conservation of energy:

h) - / i.'
“total * Ysteaming qsubcooling (L5
Qubeooling = PAY (b = ny) (15)
viiere Qm: = inlet subcooled water cnthclpy

7o contiaue with reduction of the pressure drop equations, we add equations (12)

and (13), divide by water density, and eliminate the :teaming rate variable with

equations (14) and (L7 " e result is
2
1l AP . L. v R SA5 RdS SS - ) s
x&-&(L‘R)z-z-&(l-R)R#E T+BR+ mh;-T-E)

2

R W2  Gg S
+(1-R)g*§8+cv?+_§?.°o (16)

wvhere B = g{-

At quelities less than 10,,; and with water to steam density ratios preater tiaen
10, the stecm pressure drop terms in equation (16) may be neglected without
gericus error. The reactor conditions of current interest are within these
limits. Outside of the limits, account should be taken of the steam accelerstion
ond head terms. Accordingly we will neglect the term with SAS, and wita (8-W)Qs,
whici, is the ccceleration of water that has become steam at the heated point.

The time derivative of steam velocity °7ill also be dropped, because the steam
reaches 1ts equilibrium velocity relative to woter in times rmch shorter than

the fluid transit time of risers in cases of current interest.

.u-



Equation (16) thus beccmes

W

L2, 0.2 . 2. 0-08 0% . 1.Rg=o.
pw X 2L 2L & 2 (17)
In similar fashion equation (13) beccnes
2
1 fa) & S « W 18
R % (1 - R) (18)
b ox r:
vhere G _ = f(R) -T_-bg - r*g

ifor the casc o. water {raciion predominent.

“he sum of pressure drops around the closed loop is zers. Therefore the pressure
drop across the two phase section is the static 2ead of the section height less

the velocity head losses in the cowncomer. Thus
2
1 op K L av
SR Lt-EF-TRS (29)

where K * single phace heuad loss coefflicient

~t el ad gy 20 b ety
and Lp »= total siugle phase length.

In the riser above the point of heat fnjection, the mass and encergy conservation
equations reduce to conservation of water and of steam separately. As a result,
the volume flow through all coss sections of the riser is the same at any

instant of time. Thus

1=R)W+ps = I_l-u(x,o)]'.-:(x-o) + u(x = 0) 8(x =0) (20)
- by W -
-(33-1) Q _v(l+hsc h'_gy__ se ~ My
P/ hoylng - ) By =By 7% hgehy

A boundary condition at the two-phase section is required. Tuis is obtained

from equations (14) and (15), and from mass conservation at the Qeating point.
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The equation is
) Q- Ap, Wb, - b )

Aoylig = ) ()
where rsc' inlet subcooled water eanthalpy.

(L-u)W(x=0) = vy

Finally we need the average steam voig as a fuaction of time:
L

R = %[u(x, t) axy § [.&u(o, *) vdr. (22)
w

Equation (21) is an approximation which assumes that a change in void [raction

is transport.d across the section at the velocity ol water.

Equations (17) through (22) are a set of non-linear differential and algebraic
equations in the six variables, P, R, u(xec), S, W, and v which approximate
the simple loop dynamical system. The set has no solution in closed form for

even simple initial disturbances, and is most accurately solved numerically.

3., Solution for Small Disturbances

For small disturbances the loop dynamics can Ue investigated by linearization
of the equations: that is to say, by taking small variations of the variaules
about a steady-state sclutiocn, and ignoring second and higher order terms and
cross products in the equaticns which relate the variables. The expanded form
5f the variables is
/ P
g'\gJA &

(sg=wy) + O(S-W)

(2
'
=

"

W, *aow

=
"

Uz u + Auy
(o]

Rsugt AR

<
'

v. + Ay
»~ Q
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The set of variables with the subscript zero comprise the steady state sclution,
which is found by setting the incrementul variavles equal to zero, and by

solving equations (17) through (21) simultaneously. Equation (22) is not
required for the steacdy-state solution, because the average value cf void
fraction is U, With linear differential equations {t is also convenient tc
apply the lLaplace Transformation, and write the equations in matrix-operator

form. The transformation is straightforward except in the case of the average

void, &, whleh lo

1 [ v -
{xtom (R) = n|§ ;x(t)vdt { * (1 - € f,(u) (23)
teg

vhere ¢ = complex frequency RAD/SIC.

[ The equations are normalized by the substitution of a dimensionless frequency
| variable u = Flf-, which converts the time scale from seconds to transit

:

|

time units. The set of equations in matrix form is given in equation (24).
| The disturbances we are interested in are normally heat input, and gravity
changes caused vy ship's motion. These disturbances are, therefore, placed

on the right-hand side of egquation (24).
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We are interested in both the transient response of the flow loop and in its

stability. First let us consider stability. The system is stable if the

transient response to a ulsturbance decrease: exponentially. The theory of

ordinary linear differential equations with constant coefficients shows this

to be the case !f the real parts of the roots of the characteristic equation

are negative. In the problem at hand the characteristic equation is simply

¥

the determinant of the matriv operator of 2quation (24) set equal to zero.

Reduction of this determinant gives

2 1.¢™* 1-¢™
W u
vhere Bl = EIMZL- * 22
1+a 1G,4(Sq = W )(1 - u,)
v u Kv_u
B, = 1 .22, . 2 - A + o
l+qa Gws(s° Jo)(l uo) (l+a)G“(SO Wo)l u,
u G W
» LD/L [ o . o . - ]
lea "1-u, c;w(so - wo)(l - uo) 1-u
w2
~ = T (o]
B -(1+L9/L = ﬂ°><l+ 1 e, MO LI -4
-a’ 3 W ).
N 1-a/\ W, 2(1 uo) l+a wocw(so \10)1 u
Bh = mw“ . [l - gﬁ +v°j1' . uo ] - 1{ .
1eu l+a l1l+a Gws(so'wo)(l'“o) 1+
:'2 [ 1 ; u . G, W, + wO/L ';
w ) _ 2 _ ]
ol -u leu G“(So WO)(I uo)
3 -[-l—-"-wi’wm"*“v/s“%)(* 1) .
> e Yy TR\ g . 2(1 - u )’
o o
L N,u ap u Kv B
G O T TN A o = Yo ]
A wo e/ 1. u l+a Lcws(so - wo)(l - uo)



7o ind the roots of equation (25) is a tiue conswning task. The question of
stability, however, can be answered by an indirect method. Let us call the left hand
side of equation (25) a function P of the complex varieble w . To Ilad out il £

has zerces in the right half of the p Dleae, ve draw & contour eaclosing the right
nalf plane, as shown in Fig. 3(a) and map the contour on the P plane. 3y lnspec-
tion of equation (25), we see that F has no poles in the right halfl plane excluding
the origin. If F has zerces in the right half u plane, then from Cauchy's Index
Theorem the contour on the F - plane must encircle the origin once for each

zero in the clockwise direc-ion. In Fig. 3(b) a representative F contour is

shown for the case of no such zerces. Fig. 3(c) shows a contour ingdicating two

zerces in the right half plane.

In order tc determine whether or nct a two phase loop is stable, we can calculcte
the coefficients of equation (2J) from the steady-state solution, and plot the
F contour for the positive imaginary values of {requency beginning with O, uatil
the contour crosses the imaginary axis. As a practiesl matter, the systen is

gtable if the crosging is above the origin, and unstavle if below.

The transient solution of equation (24) for arbitrary disturbances is readily
done by means of an analogue computor. We shall return to this topic after

discussion of some experimental results

COMPARISON OF PREDICTION AND EXPERIMENT

Hydraulic instability tests on the A.P.%.D. large heat transfer loop were performed
end reported in Reference (9). At the time of test, the analysis had not been
finished. When the analysis was finished, it became apparent that the test data
was incomplete and could not ve adequately checked witd predictiva. Scveral of
tre tests were therefore repested, and the missing information, which was pres-

sure drop across the two phase portion of the loop, was obtained. The experimertal

-17-
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velues of heat input, subcooling, inlet velocity and twece-phase total pressure drop
were used to solve the analytical equations for steam void fraction (which could
not at the time be measured). This value for void fraction was trustworthy to
require accuracy because it checked closely with larson's void fraction versus

quality data (Ref. 2).

The coefficients of equation (25) were calculated from the data, and the partial
F contours for four cases are shown in Fig. 4. The four cases proceed from

Case 1 - very stable, to Case 4 - marginally stable. From the discussion in

the preceeding paragrapu, it is clear that the predictions of the four cases
would be qualitatively the same, because the contour of the first case crosses
far above the origin, and the fourth almost at the origin. Let us now lock at
the ialet flow and power traces for the first three cases, in Fig. 5, 6, and 7.
The disturbances were imposed on the loop by small changes of the loop heating
rate. The first case is s‘rongly damped, the se>ond slightly less damped, and
the thi 1 is noisy and overshoots. The fourth case - the trace has been mis-
placed - was ovgerved to show lightly damped oscillations after the power
change. ‘The degree of damping of response in the different cases was controlled

by a valve setting in the donccmer line.

THE TRANSIENT RESPCHSE OF TWO-PHASE FLOW LOOPS

Transient traces of flow loop operation are important to developing quantita-
tive knowledge of two-phase flow mechanics. For example, in developing a model
for IWR dynamics, it was hypothesized that a sudden increase of heat input in
the reactor would ceuse the inlet water velocity to decrease temporarily as a
result of the impulse of steam formation increase. Fecently analogue computer

sorls on the two-phase flow equaticns showed the same velocity effect, and it
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was obvious that a simple experiment could be performed tc measure it. The
heat increase and decrease experiment was performed first at 20 psia on the
visual burout loop designed oy E. Janssen. Two typical charts of power
input to the loop and inlet water velccity are shown in Figures € and 9. The
experiment was repeated twelve times and in each case a flow decrease pip

appeared after a power increase and vice versa.

A similar experiment was carried out on the heat transfer lcop at 1000 psia
under more carefully controlled conditions than are teasible on the atmo--
pheric loop. Typical test results are shown Ln the chart of Figure 10. The
same effect is also evident in Figures j, 0, and 7. 1In every test run, the
inlet water velocity initially decreased after the heat rate increased and
settled to a new equilibrium value which was higher than the initial value if
the loop was operating on the rising portion of the natural circulation flow
curve, or lower if on the descending part of the curve. In Figure 10 the

power was increasec twice and decaying oscillations ensued.

The loop conditions which produced the flow trace in Fig. 10 were used to
obtain coefficients for an analogue computor sclution of equation (24),
which is shown in Fig. 11. The actual flow trace and the computor trace are

quite similar, and compare quantitatively as follows for a heating rate

increase of T%:

Cbserved Computed
Inlet velocity
transient - 329 - 30.5%
Oscillation
period 3.C sec. z2.4% sec.
Damping factor 0.066 0.1

-2k
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The error in period and damping factor is attributable at least in nart 1o
the approximation of riser transit time used in the analogue simulation. The

approximation errs at high frequencics.

The pressure gradient trace in Figure 1l deserves comment. [he input step
disturbance causes an impulse to appear initially. This impulse is a nmath-
ematical consequence of the assumption that the fluids in the two-phase mixture
are incompressible. It is therefore not physical, as is clearly demonstrated

in the test results.

AIIALOCUE COMPUTATION OF TRANSIENTS

M -

"he analogue computor circuit which was used to calculate the traces in Fig. 11
is shown in Fig. 12. The circuit is composed of linear networks and follows

directly from equation (24).

The analogue computation of flow transients wes developed to determine ship's
motion effects on reactor dynamics. ‘fhe principal effects are (1) tae accel-
eration of pitching and rolling which affects all channels symmetrically and
(2) the effects of sloshing which may affect channels across the core
assymetrically. To conclude the discussion, therefore, analogue simulation
of varying acceleration and of hydraulic coupling of parallel two-phase

flow ~hannels, which is necessary for the study of assymetric effects, is

pPresented.

fatural circulation in the two-phase flow loop is caused by the dilference in
weight between two fluid columns: the mean density of the riser column is
less than the density of the downcomer, because part of the riser volume
contains steam. Weight or gravity force appears in the loop pressure drop
equations with the term containing the factor "g", which is the acceleration

of gravity. Wwhen the fiow loop is accelerated, the weight of the columns

-26-
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changes Ly the component of acceleration force which parallels the gravitational
vector. In ship's motion the accelerations are transverse and rotational, as
well as along the riser flow direction. The flow loop is confined Ly channels
and thus the transverse accelerations affect the mass distrubution of the
two-phase mixture across the channel. The change in fluid distribution

across the channel will in turn affect the pressure drops along the flow
direction. In a first approximation, however, the transverse effects are
assumed to be negligible. Under this assumption, the transients taat follow
acceleration changes can be computed by variation of the weight tem in
equations (17), (18), end (19) by the amount of the axial component of

acceleration.

The solution following a step change of 20% of gravitational accelerztion
along the vertical axis is shown in Fig. 13 for conditions of the T-7 Tanker
Relerence Core. The traces show the inlet water velocity to reach a higher
equilibrium value and the average channel steam void a lower value, as is
expected. The small dip ir average channel water velocity, W, immediately
followin, the step is intriguing. Since the velccities are measured from

the channel frame of reference, the water velocity in the heated section will
initially decrease because the channel is accelerated upward. Shortly, how-
ever, the heavier downcomer leg predominates and increases both inlet and
channel velocities. The equilibrium values after the 20% acceleration

increase are:

pressure drop + 20 %
chimney water velocity + 2.7%
inlet water velocity + 834
average void fraction = L1.7%
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The damped natural period is 2.6 seconds. The results given in this parag._ h
are purely theoretical. A comparison of theory and experiments on an accelerated,
rocking two-phase flow loop at 1000 psia are reported in Ref. (10).

The simulation of parallel channel flow problems is a simple extension of the
mechanics of single channel problems. The parallel channels are coupled by a
commor: downcomer velocity head loss, v3, as shown in Figure 2(b). (ne set of
equations is written for each heated channel, including the individual head losses.
An additional equation relates the common head loss to the driving pressure. The
effect of an increase in heat rate in one channel on the other channel of a
coupled, inicially symmeirical system is shown in Figure l4. The paraseters re-
present two channels similar to the T-7 Reference Core Channels. In this problem
the velocity head loss in the common leg was chosen to be equal to the separate
leg losses. The result is to decrease the flow in chaannel whose input of heat

is unchanged, by decreasing the driving pressure. Also, it is noted, the swing
of variables in one channel is cut of phase with the swing of corresponding
variagbles in the other channel. The equilibrium values following a 20% increase

of heat rate in channel 1 are-

Channel 1
inlet wriar velocity ¢+ 5%
average steam void fraction «17%
Channel 2
inlet water veloaity -0.4%
averczge steam void fraction +0.9%

The effects of parallel channel hydraulic coupling are explored more fully in
Ref. (11).

A discussion of downcomer transit time effects is given in Appendix B.
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CONCLUSICHS

The two-phase flow mechanics presented in this report closely check the steady
state void measurements of W. H. Cook. The mechanics check his results a priori,
using only the input conditions of operuting pressure, section geometry, inlet
velocity, and heating rate. The loop analysis and the two-phase meclianlcs together
successfully explain the pubations and transients observed on the A.P.E.D. 1000

psia Heat Transfer Loop.

The parameters governing two-phase flow loop dynamics are revealed by studying
the loop equations. First we consider fluid transit time of the two-phase
section. Because the loop driving force is weight difference of the columns,
and because changes in the average void fraction are transported across the
riser at the average two-phase Iluid velocity, it is clear that the loop dynam-
ics in the time domain will be dominated by the transit time. Another wvay of
stating this fact is that a change in steaming conditions at the inlet builds
up an effect on the driving head during one complete transit time of the riser.
The mathematical consequences are evident in the time delay term in equation (22).
Experimentally it has been noted tnat loop oscillations when they cccur, do so
at cyclic periods a bit longer than the transit time. Analysis predicts the
period of an oscillatory system 4/3 to 2 times the “wo-phase section transit

time.

The second point is the dependence of steaming rate on inlet water velocity
and subcooling. This dependence is the primary cause of flow pulsations in the
A.P.E.D. loop, and it is of concern in the range of interest to boiling water
reactor design. Paradoxically this cause is thermodynamic and not hydrodynamic.
Consider the energy equation:

steaming heat rate : total heat rate -

(subcooling per unit mass) (mass flow rate) (area).

-3k-



If we suppose inlet velocity increases in a locp that has been in a steady state
of operation, the equation states that steaming rate will decrea.. The riser
steam fraction will then decrease, and with it the driving head during the
passage of a transit time. The loop velocity will decelerate as a consequence,
and as velocity decreases, the steaming rate will rise. If certain conditions
are met, the process will be cscillatory and undamped. The main conditiocns are
that steaming be strongly dependent on inlet velocity, and that the natural
circulation driving head be substantial. The conditions can be met with high
subcooiing, and high heating rate. They can also be met at low heating rates
with low inlet velocities, but the latter conditions are of less practical
interest. The degree of subcooling is related to the cperating pressure and

the specific volume ratio of saturated water and steam, as will be discussec.

It is useful to examine the structure of the characteristic equation (25) to

find out what the stabilizing and de-stabilizing influences are. We deduced
{rom the complex variable plots in Fig. 3 that the flow loop is stable if the
plot of F (u) = F (1v) passes from the first tc the second quadrant without
¢rossing under the origin as v is increased from zerc to high positive frequency,
and vice-versa. If the coefficients of the delay function in equation (25),
which are BB and Bs, are identically zero, the function is a simple quadratic.
Furjhermore, if the remaining coefficients B, Bz, and 33 are positive, it is
cbvious that F passes from quadrant 1 to quadrant 2 above the origin. e

will now see how destabilization is caused by the delay function }—'—5—:—:
wvhich is plotted in Fig. 15. The numerator is sinusoidal at periods of 21I,
and the function proceeds in a 3piral-like form in a clockwise directioﬁ
under the abscissa for positive and increasing values of v, and its magnitude

approaches zero. If the coefficients 83 and Bg are now allowed positive values,

it is apparent that they displace the F contour at each point by a vector

.35.
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\wving the direction of the delay function for each frequency. 1In the case
of BS’ the direction, using compass terms, repeets itself pointing first
South-East and then South-West. It is the South-West direction, with I>v>2 1
that destabilizes, for & sufficiently large coefficient Bs will cause the F
Contour to pass under the origin. As a practical matter, the frequency of
oscillation will be NiKw< % hich corresponds to pericd e between L/3T and

2 T.

A condition of instability is that Br must exceed B.4 by about a factor of &,
5

because the delay function magnitude is attenuated by roughly that factor in

its destabllizing direct.on. The system can nevertheless be stable if the

coefficient 32 is large enough and B_ is sufficiently smaller than B,.
| &

The parameters which comprise the ccefficients show how to determine system
characteristics, and also give considerable physical insight into the probiem.
The destabilizing coefficient, 85, is effectively the velocity dependent
portion of the static head pressure drop in the riser. It is increased by
long rigers and by subceoling. It ic decreased by high fluid velocity. The
stabilizing coefficients are 32 and Bg-
losses in both the single phase and two-phase sectiocns, and large head losses

BL represents the velocity head

will always stabilize the system. 32 is a combination of head loss terms

and fluid inertia terms by virtue cf the downccmer to riser length ratio
Ly/L, and will also tend to stabilize. The coefficient B1 is essentially an
inertia quantity. As Bl which is preocportional to Ld,L, is increased from
zero (by supplying water from an infinite reservoir at the section inlet)

its effect on stability proceeds from no effect to possibly adverse, and

fir 1ly to an absolutely stabilizing effect, when the downcomer inertia is

so large that the velocity cannot change appreciably during one riser tramsit

time.
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The effect of subcooling on the velo .Liy dependent static hesd has Luen digscussed,
and '3 evident in the temﬁ—a in coefficient B.)- Subcocling has ancther impore
teit and surprising effect. It reduces the stabilizing influence of riser
velocity hecad los= by means of the tem - gEE in 32 and Bh' To understand vhy,
we will examine equation (2C). At sufficiently high subcoocling, %%3 > 1,

the riser stear “>r volume flow rate decreases for an increase of inlet
velocity. : i3 caused by subcooling. Normally the steam sli
velocily a. sensitive to inlet velocity changes, and therefore thc void
‘raction decreases with the steam volume rate. “lius the uater acquires a larcer

“Llow area. Although water volume rate increases, its velocity may decrease. I7
the water velocity decreases, so will the velocity head loss. Friction forces
Lt lncrease with velocity tend to stabilize the loop, whether they are in tic
single phase or two<phase part of the loop. High subcooling causes riser
Frletion Lo decrease with inlet velocity incrcuses, and therefore malies the

loop less stable. A useful design curve of subcooling limit versus operating

' waure is given in Aprendix C. The effect of riser velocity head loss is
important in the design of reactors with internal stecnm separaticn, and the

stability of such designs should be checked.

This report extends prior work on two-phase flow mechnnics in Ref. (3), and a
simple [low loop model in Fef. (0). The conditions of stability of flow are
derived uader slmpliiylag ussumptions. The work does not deal with transient
velocity gradients, such as in slug flow. Two other topics, as well as slug
flow, need further exploration. The first is ‘he transieant behavior of two-
phase flow at an orifice. The second is the steam-water shear stress. <he
possibility is suggested in the equations of this report, of a decrease of the
shearing stress vetween water and steam at hipgh vold fractions whizh weuld lead

to a higher slip velocity and 2 lower vold fractisn. Such beaavior could result

-38-



in an oscillation similar to the one caused by subcooling.

"3
The author wishes to acknowledge the painstaiing work of J. M. Case in comparing
test results and analysis, the assistance of J. M. Morlock for test loop operation,

and the supervision of C. L. Swan for tests and instrumentation.
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APPELLRIX A - CALOULATION OF FRICUION PLLUOLULE DECP FACUCH

3. Levy suggested a way of calculating the effective water to wall perimeter %o
obtain twoephase Irictlon pressure drop Iiom established methods. From equation (5)

we nssume pw = » F(u), vhere p is the geometrical perimeter, and F(u) is to be

detemmined. We have now

P
r, = £ (Re) u(ip‘,"a) F (u),

end from the literature

&P AP, &P Pav
TP P | o . 0 .
P‘ oz = E—o . = (l - X) 01 1.75

using wen's (Ref. 12) paraneter ‘l. and is shown in Fig. A. In this fashion

Dy can ve determined from the literature or from experimental datu.

wie



| i [ ! [
B
l i | ,
| i |
l ! : ?
% | i |
10 b—4 ; — — +
GW (W) f : 1
GN(U =0) © USING MOEN'S DATA :
08| | e S ) I
i
|
i
06 |
i
i
i
oal | ! S, | | SRS |
| | | |
| ; '
| | | | |
1 |
2 | ’
W }
) N -—-———-—i-rN: Cw (w Pw 2 ! ! —
i
| |
| |
{ |
2 : : ? —
|
| ! { | | 'L
e
0 0.2 0.4 06 08 1.0

STEAM VOID FRACTION

DEPENDENCE OF WATER-PIPE FRICTION PRESSURE DROP ON VOID FRACTION

FIG A

=



APPENDIX B - DOWNCOMER TRANSIT TIME EFFLCTS

In the body of the report, the heated section inlet subcooling was assumed to
be fixed. In practice, feedwoter is controlled to maintain wat r level, and
subcocling varies with feedwater flow and with recirculation {low. The effect
ol subcoolirg chunges is delayed by the downcomer tronsit time. Usually the
dowvneomer transit time is many times the riser transit time. For purposes of
loop stability, therefore, the inlet subcooling is effectively constant cver
the period of several riser transit times. For purposes of calculating transit
response, subcooling variations and downcomer transit time should, on the

contrary, be included.

Two of the loop equations are affected by subcooling changes: the volume flow,
equation (20), and the inlet water flow, equation (21). Instead of constant
subcooling, let us gssume that feedwnter flow, C, is coastant a2nd equul to the
averuge stewriay rate. The average water enthalpy at the feedwater mixing

point is therefore

_C Shw-hg }

v

.

a -
ue =

The avercge water enthalpy at the inlet is hsc(t-TD), where TD is the downcomer
transit time. Incorporation of these relations results in the lollowing

changes to equations (20) and (21).

RS + (L-R)W » v(t)-(>-1)228 © Wt o+ (1) ¢

Y v(teT
; ( ‘D)

1u)d = v + Bysbe , v(£) R
l-u)W s v(t) R ¢ t-T5) r (¢)

For changes that occur in periods less than the downcomer transit time, the

two formulations are equivalent.




For transients of longer duration, the ratio v(t)/v(t-‘rD) tends to mitigate
the destauilizing tendency of subcooling. Increasing loop velocity tends to
increase tic proportion of recirculating water tc feedwater, and thereby. to
decreasc suucocling. Pulsating flow traces of two-phase flow loops often

show a basic frequency of oscillation determined by riser transit time, and
a long envelope modulation of the basic frequency of about the downcomer

transit time. The pulsation is continuous, but its magnitude increases and

decrec.es cyclically.
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APPENDIL C

As yet a convenient formuia (or predicting twc-phase flow loop stability has not
been devised, and it is necessary to do the detailed calculations. Decause of
tie prime importance of subcooling to stability, a graph of operating pressure
*2rous subcooling is useful. Two curves of the parameterg f = :%"-hg—:-;% are
plotted in Fig. C. A loop is probably stable if it operates above the curve

apf = 1, If the riser void fraction is high, the region belowg g =1 will

be unstable. At low void fractions the region between ¢ f = land gpf = 2

will be marginal.

Ve
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LIOMENICLATUIE

A - Cross sectional area

3 - Constants of characteristic equation
c - Condenser feedwater flow

£ . Pipe friction factor

F - Characteristic function

(1 - Acceleration of gravity

h, = Water saturation enthalpy

h - Steam saturation enthalpy

h - Feedwater enthalpy

Dge = Subcooled water enthalpy

K - Velocity head loss coefficient

L - Length of two-phase vertical portion of loop
LD - Length of downcomer

Pressure

*u
'

Perircter

o
'

Q - Heat input rate

licat input rate per unit coolant volume

e
'

R - Average steam void

S - Steam velocity

T - Surface tension

T - Trar ‘t time

u - Steam vold

v - Inlet water velocity

W - Two-phase fluid water velocity

x - Channel vertical dimension



- ho. = lge/lg=hy,

< PPs

- Qap,(h,-h,)

- Water-wall shear stress/unit length

a

B

Y

Ty

NER Steam-wall shear stress/unit length
Tvs

M

a

- Steam-water shear stress/unit length
- L/w*T dimensionless complex frequency
- Cormplex frequency (sec™l)

Pg -~ Stean density

o, - Water density




