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| A NUMERICAL STUDY OF APPARATUS SCALING IN A

PRESSURIZED WATER REACTOR

A Status Report--May 1978

by

B. J. Daly4

ABSTRACT

The K-TIF numerical method for calculating the transient
dynamics of two interpenetrating fluids has been extended and
applied to the study of scaling of the downcomer and lower plenum
regions of a pressurized water reactor during a hypothetical loss
of coolant accident. Tentative criter!.a are established for
judging the similarity of flows at different apparatus scales.
These criteria are used to evaluate various procedures for
specifying inflow velocities of the time varying steam flow from
the reactor core and the emergency core coolant supply to
determine the most appropriate procedure for modeling full scale
phenomena with small scale experiments. The sensitivity of
scaling relationships to lower plenum pressure levels is examined
by comparing results obtained at pressures that are typical of
small - scale experiments with those at higher pressures.
Sensitivity studies are also performed to determine the importance
of various properties of the theoretical model and the numerical
calculation procedure.

I. INTRODUCTION

An extensive s eries of experiments at 1/30, 1/IS, and 2/IS scales

have been performed to investigate steam-water interactions during the bypass
and refill stages of a hypothetical loss of coolant accident (LOCA) in a pres-

surized water reactor (PWR). These experiments have examined a wide variety
of factors that' might influence the mass, momentum, and heat exchange between
the phases and with the confining walls. The purpose of these experimental
studies has been to determir.e the effectiveness of the emergency core coolant
(ECC) system in refilling the lower plenum and reflooding the reactor core
with water.
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ne usefulness of these experimental results depends upon the develop:ent
of the proper scaling relationships by which s=all-scale experiments can be ex-
trapolated to full scale. In this study, we make use of a nu erical method for

calculating the transient dyna =ics of two interpenetrating fluids to examine the
effects of apparatus scale si:e on stea=-water interactions in the downcocer
and on ECC delivery. The results of these numerical calculations can be used
to interpret existing small-scale experimental data in tems of the full-scale
reactor and to propose relevant future experiments. In addition, this study

demonstrates the capability of exanining flow variations at full scale to pro-

vide guidance for PWR licensing.
To relate small-scale results to the full-scale reactor, some criterion

cust be established for describing flow sitilarity at different scales. Two

criteria have been established in the present study: the per cent of inject-

ed water that is delivered to the lower plenu= when the lower plenu: is 90t,
full should be similar at the various scales, and the stage of flow develop-

nent attained prior to the onset of delivery to the lower plenu: should be
the same at all scales. The latter criterion is illustrated by exa:ples.

He procedure that is used to specify the inflow velocity of the stea
and the water at different scales has important consequences for flow si=i-
larity. Several types of inflow specifications are considered in this study
and an opticum procedure is suggested, ne sensitivity of scaling relation-
ships to lower plenum pressure levels is tested by cc= paring results obtained
at lower plenum pressures that can be achieved in small-scale experiments
with those obtained using pressures that are core typical of a full-scale
reactor. ne effect of water boiling in the lower plenu: is examined by ini-

tiating a calculation with the lower plenun partially filled with water at

saturation temperature. In addition, a series of calculations has been per-

forned to test the sensitivity of results to the various properties of the

nuscrical nodel. The medeling variations examined include the procedure for
specifying the liquid and gas entity si:es used in the comentum exchange
function, the equaticn used in computing the heat diffusion through the con-
fining walls, the neglect of the three dicensionality of the lower plenur,

and the finite difference mesh resolution.
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II. Tile PilYSICAL MODEL

The flow model described here is an extension of the K-TIF finite differ-
ence procedure proposed by Amsden and liarlow. The reader is referred to that
reference for a more detailed description.

It is assumed in this study that sound velocity is much greater than ma-

terial velocity so that microscopic density is independent of position. liow-
ever, the effect of temporal variations in gas density as a result of overall |

compression or expansion of the fluid is included. h'ith these considerations,
the mass conservation equations can be written

30
1 + V - (O u ) = - J/p -S (1),gg yg

30 0 dp
2 ()Bt * ( 2 2) " * !P* ~

~ { dt
*

2 2

The subscripts 1 and 2 refer to water and gas, respectively; 0 is volume frac-
tion, u is velocity, p is microscopic density, J is the mass per unit volume per
unit time changing phase and S is the volume per unit volume per unit time en-
tering or leaving the system.

The steam is assumed to be always at the saturation temperature, T . Ac-
s

cordingly, the phase change model is written

J=J 0 gg (T - T ) /T, , (3)s

where T is temperature and

i 0 if Ty > T, (evaporation)3

0"= ; (4)
*

| 0 0 a if T < T, (condensation)3 2

llere n is the fraction of the gas volume that is steam, the remainder being air.

The form for 0 in Eq. (4) is changed from that proposed in Ref. 6. The pres-
ff

ent form reflects the fact that evaporation can take place in the absence of

steam (there being an abundance of nucleation sites in this turbulently mixed
flow), but that condensation requires the movement oi cool water to the phase
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transition interface where water and steam exist in equilibrium. Condensation
then takes place to the extent allowed by the release of latent heat and the,

consequent heating of the water.

Air can enter the system through the broken water supply pipe if the pres-
sure in the downcomer drops below the external pressure as a result of conden-
sation in the downcomer. This air is then convected throughout the downcomer
and lower plenum with the gas velocity. Its presence can affect condensation

1

; locally by occupying volume that would otherwise be occupied by steam. However,
in the highly mixed, turbulent flow that we are considering, it is assumed that
the gas coraponents are sufficiently well mixed that the availabic steam can come
into contact with the water.

| Another modification of K-TIF has been to compute phase change in the ECC
inlet cells. In earlier versions of K-TIF this was not done. The effect of

| thit c iange has been to increase mass and momentum exchange through condensa-

tion. These changes should prolong holdup.
The coefficient J in Eq. (3) is a negative constant in the calculations

; g

reported here, but an anticipated extension is to relate J to the magnitude ofi

the local turbulent mixbig rate.

The momentum equations for this two-phase flow are written.

|
|

I 3(0 E ) 0

gfI + V - (0 E 5 ) = - Vp + 0 g + (U ~ 1) * "T1(V 0 V) U311 2
1 1 |

J' +[(1 + sign J) +u + (1 - sign J) u ] , (5)- 2p 2
1

g{ 2 } + V - ( 0 "i -*- ) " ~
3(6 1 +-

'VE * 0' 7t
.

("I ~ "2) * "T2 (V 0 V) +"2
-i-

2 2"2 2

[(1 + sign J) E + (1 - sign J) 3 ] - (6)+
,

2

where p is the pressure, g is the gravitational acceleration, V is the kinemat-
T

ic eddy viscosity coefficient and

4,

1

I
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+1 for J > 0
sign J =

-1 for J < 0 .

The momentum exchange function K has the form

P0p IL, = 3 (r + r )2 {I
~

D1122 1 2ji | (7),

8 1 2 r# *#0
(# 021 12)( 12 /

where r is entity size and C s the hag coemcient. If 0 s s et. ,
D 2

to a large value with the effect that thte gas then moves with the liquid. With
this provision the K formulation in Eq. (7) reduces to the appropriate limits
for small 0 and small 0 , and is intended to be appropriate for intermediate

1 2
values. This momentum exchange function was proposed by liarlow and Amsden on

the basis of. available momentum arguments. It has previously been applied in
comparisons with countercurrent air-water experiments. A discussion of the
choice of eatity size is presented in the following section.

In the present version of K-TIF the momentum exchange function, K, is
evaluated at the mesh cell faces, whereas in earlier versions of K-TIF, K was

evaluated at cell centers and then averaged to obtain the cell face values.
By avoiding this averaging procedure the current model incorporates a more
locally determined and generally enhanced momentum exchange. One effect of
this change should be a greater delay in the onset of ECC delivery to the lour
plenum than was observed in previous comparisons with experiment.

With the assumption that the steam is always at saturation temperature,
only a transport equation for water temperature is required,

-T)BT 0 JT zkw (Tdw s (8)8 911+V- (T 0 $ ) + J+=-
at 111 p pb b sy -

g g

liere Q is the specific latent heat of vaporization, b is the specific heat
of the water, z is the number of walls adjacent to the water, k is the ther-

mal conductivity of the wall, T is the deep interior wall temperature, s is
dw

the downcomer gap width and y measures the depth of penetration of a heating or

5
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cooling wave into the wall. We assume in Ec,. (8) that the wall edge is at sat-
uration temperature rather than the water temperature as in Ref. 6 when water
is adjacent to the wall. This change will generally decrease the heat transfer

from the wall, and thereby enhance comentum transfer through condensation. The
result should be prolonged water holdup. The presence of the downconer gap
width, s, in the denominator of the heat flux term in Eq. (8) ensures that the
effect of wall heat flux is diminshed as the system scale size is increased.

An equation for the depth of penetration, y, is obtained by assuming that a
solution to the wall heat di ffusion equation,

,

BT B'T
=0

9t w ,.2 (9),

0%

can be expressed in terms of the similarity function,

n=C/(2s/Kt (10).

Here, T is the wall temperature, & is distance from the wall edge and K is the
w w

thermometric conductivity. The solution to Eq. (9), subject to the appropriate
boundary conditions, is

c , -

dw) {1 - ~- erf (n)T =T + (T -T (11)w dw s
.vn

We choose y to be that value of C at which T = .9 T .1 T . This occurs+
w dw s

when n = 1.0 or y = 2 s/ r t. From this we obtain an equation for the time varia-
, w

tion of y',

, |

By" _ .

(12)
I at -

-

w
i

In the original version of K-TIF, Eq. (12) was written,

1

\ ,

| By' , g (13)*

at w
i

|

The use of Eq. (12) permits a more rapid penetration of a cooling wave into the
1

i wall. This decreases the heat transfer from the wall to the water and conse-
,

|

6
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quently increasca the mass and momentum exchange through condensation. The ef-
fcct of this change is examined below.

III. CilARACTERISTIC ENTITY SIZE

Some guidance regarding the variation of entity size with scale can be ob-
: tained from empirical counter-current air-water flow correlations and the bal-

ance of forces concepts upon which they are based. At equilibrium, the balance
'

between buoyancy and drag forces acting over a single spherical drop can be
f written,

2 2 T+ +

-|+8|(DC P2 ("1 - "2 Wr -P ##
D 1 2 *

!
1

where r is the drop radius. If the average drop velocity is zero, the dimen-
sionful quantities can be grouped to give

2

2 "2 4
(14)=

'

|g|2r(p -p) D
3 2

+
where u is the minimum gas velocity required to prevent water penetration.

2 9- 9
<

The Wallis and Kutateladze correlations for zero water penetration dif-;
9fer in the manner of modeling the droplet diameter, 2r. Richter and Lovell

4

found, when this entity size was assumed to scale in proportion to the pipe
size, that the left hand side of Eq. (14) remained approximately constant
for pipes with diameters less than two inches. This is the Wallis correla-

! tion. Ilowever, this correlation breaks down at larger pipe sizes, indicat-

ing a limit to the importance of boundary effects on entity size.

| For pipe sizes larger than 2 inches they found that the zero penetra-
j tion data could best be correlated by using the Kutateladze correlation,

! .

$p)-
15

2r = = 0.11 in, for air-water , (15)'

-
1 2

where o is the surface tension coefficient. This form can be obtained by
' balancing surface tension and drag forces and using Eq. (14) . Then

7
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a (16)r 3/8 CD 8(9 - 21

where We is the Weber number for an isolated drop. Equations (15) and (16)

are equivalent when C e = 0.67. In the numerical study we obtain the best
D

i,s a e= s consistent w Magreement with experiment when C =
.

D

the Kutateladze entity size expression. Indeed, in the numerical calcula-

tions we have found that the use of a critical Weber number formulation for

r, r = We c/ [p f"1 ~ "2) ], with We = 1.1, or the use of a constant value,2
r = 0.06 in. [in good agreement with Eq. (15)], gives the best and essen-
tially the same results.

Substituting Eq. (15) into Eq. (14), one can obtain the form of the
Kutateladze correlation,

2| =|8 WebP f2
| '

[g c(p - p )]g (3 CD/
g 2

Evaluating the right hand side of Eq. (17) with the values used in the nu-
merical calculations gives a value of 1.5. In the Kutateladze correlation

I

for pipes the value of the right hand side of Eq. (17) is generally found
to be approximately 3.0. This quantitative discrepancy is quite acceptable
in view of the differences in geometry between calculation and experiment
as well as the heuristic arguments leading to Eq. (17) . -

IV. APPLICATION OF Tile MET 110D

A. Comparisons with 1/15 and 2/15-Scale Models of a PWR

The K-TIF code has been used to calculate a series of transient steam
0water flows for comparison with specific experiments performed by Creare,

Inc. in a 1/15th scale model of a pressurized water reactor. A comparison
of the calculated and experimental measurements of the time delay and rate

of delivery of water from the downcomer to the lower plenum showed a con-
sistent tr3nd for a variety of water injection rates and subcoolings, steam!

flow and pressure ramp rates and wall superheat. In all cases the numeri-

cal calculations predicted a shorter delay time for the onset of water de-
livery to the lower plenum than was measured in the experiments.i

i
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As discussed above, the K-TIF model used in that comparison has since
been extended by several modifications (e.g., the inclusion of an air com-
ponent in the gas field and a core local determination of the comentum ex-
change function, K) that tend to prolong the delay time for water delivery.
This extended version of K-TIF has been used to siculate a transient flow
experiment performed in a 2/15 scale codel of a PWR by Battelle Columbus
Laboratories. Figure 1 shows the computation tesh used in that nucerical
calculation. For display purposes the downconer annulus is pictu:cd as un-
wrapped. In the calculations the flow is rssolved in the a:ituthal (hori-
:ontal) and vertical directions, but flow variations across the downconer

gap are not resolved. The Icft and right boundaries of the cesh are con-

nected while the top is a free-slip boundary. The bottom is a prescribed
inflow boundary for the tine-varying steam flow from the lower plenum and a
continuative outflow boundary for the water and the gas. The deep lower
plenum used in the experiment is not resolved in the calculations.

FREE-SUP BOUNDARY

|
t
!

\ '\ / |' ' " '
N

. A |
I
i

l
I

. . . . . . . . . - -j
PERIODIC PERIODIC

DOUNDARY BOUNDARY
. . . . .. . . . . . . . .

!
. . . . . .. . .. . .

I
!

,

I
i

f (MTINUATihE OUTFww 'PRECRIBED INFt0W l
c AS AND WATER STEAM

Fig. 1. Computation cesh and boundary conditions used in flow comparison with
2/15 scale experiment by Battelle Columbus Laboratories. The cells
labeled I near the top of the mesh represent intact inlet pipes for
coolant water. The cell labeled B represents a broken inlet pipe.
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Energency core coolant enters the downco=er through the three intact cold
water injection ports, labeled I, near the top of the =esh. Water and gas

(s tea: and air) can leave the downconer through the broken cold water pipe,

labeled B. However, if the pressure in the downco=er falls below ambient as
a result of condensation, so that there is flow into the down:crer through the

broken leg, then the fluid flowing into the syster is air. The two cross-hatch-

ed nesh cells near the top or the resh si=ulate hot legs connecting the core

with the external power generating equipment. These are treated as obstac1c3
in the numerical calculation.

In the Battelle expericent, 93 K (165'F) subcooled water is injected at the

rate of 407 gallons per =inute through the three intact cold legs. The tire-

varying stear flow and lower plenu pressure are shown in Fig. 2. The core bar-
rel and vessel walls are at the initial saturation temperature, 424 K (333*F).

The nu=crical calculation of this experiment takes use of a co=putation
grid (Fig.1) of square cells, 6.05 inches on a side, with 12 cells in the hori-
:ontal direction and 7 cells in the vertical direction. The water injection

rate corresponds to that of the experiment, but the stea= flow ramp rate and the
pressure transient used in the calculation are scooth representations of the
curves shown in Fig. 2.

Figure 2 also shows a co parison of the =easured and calculated lower
plenu: filling curves as they vary in time. The experimental liquid level is
=casured at discrete sensing positions, giving rise to a stair-step appearance

to the curve. The calculated liquid level is obtained by computing the total

volume of water crossing the botto= boundary of the downconer and dividing by
the cross sectional area of the lower plenue. The two curves are in satisfac-
tory agreement regarding the delay time for the onset of water delivery to the,

lower plenu=, and in good agreement regarding the rate of delivery.
B. Sensitivity to Apparatus Scale Si:e

I

( A series of K-TIF calculations has been perforced in order to investigate
i

| the sensitivity of the flow dynamics at different apparatus scales to the water
'

and stea: inflow boundary condition s caling. It should be emphasized that the
results to be presented here are prelicinary and that much additional work re-
rains to be done before a full understanding of flow variations with apparatus

scale is obtained. The tentative nature of the present results derives frc

several considerations:

10
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Fig. 2. The transient steam flow (---) and lower plenum pres-
sure (- - ) measured by Battelle Columbus Laboratories
in a 2/15 scale model experiment, representing a hypo-
thetical loss of coolant accident in a Pl@. The solid
lines indicate the experimental-(stair-step curve) and
calculated lower plenum filling curves.

1. He lack of flow representation in the radial direction, the conse-
quences of which could vary with scale.

2. Uncertainties regarding the constitutive relations. For example, the
mass exchange function, Eq. (3), does not take into account the turbulent na-
ture of the flow in the downcomer, which must have an important effect upon

the details of interphase mixing. He momentum exchange function, Eq. (7), is
novel and has not yet been sufficiently tested for simpler flow conditions.

11
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3. Fkile the flow model described here has been shown to give results that
are consistent with small-scale experiments for many flow conditions, 0 quanti-
tative agreement has not yet been demonstrated for a wide spectrum of flow vari-
ations .

.

4. Some of the parameter variations considered in the following study have
not previously been tested in small-scale comparisons.

With these reservations in mind, let us examine the trends indicated in

i these numerical calculations regarding the similarity of flow development at

; 2/15,1/2, and full scales. We shall describe flow similarity at different
j scales according to two criteria:

1. Agreement in the per cent of injected water that has been delivered to

the lower plenum when the lower plenum is 90% full. This is an important cri-
terion since it measures the effectiveness of the emergency core coolant supply

| system at full scale. The ultimate usefulness of small-scale experiments rests
on their ability to accurately predict the percentage.;

2. Close similarity in fluid configuration at the onset of water de-

livery to the lower plenum. It has been observed in these calculations that
the distribution and dynamics of water flow in the downcomer develops in
three stages, as illustrated in Fig. 3. In the initial stage the water that>

is injected into the downcomer accumulates as single large entities, or

" globs." This water is then entrained in the second stage by the upward4

directed steam flow and set in a swirling motion in the region above the

) inlet legs. Because of a favorable pressure gradient, part of this swirling
i

j water bypasses the system through the broken inlet leg. In the final stage

; of flow development, sufficient water accumulates below the intact cold legs

f that momentum transfer from the steam produces bypass from below the broken
| 1eg.

Depending on the inflow conditions, some flows may not proceed beyond'

j the first or the second stage of this development. For example, if the

i water injection rate is small th'c local overpressure resulting from the in-
flow will also be small. Hence there will be little spreading of the water

interface, so that the area of contact between the phases will remain small-
i and little momentum transfer will take place unless the steam flow rate is

j large. The water will then fall into the lower plenum as two isolated

streams below the injection legs. With somewhat more spreading or increased
I
t

1

| 12

.
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i Fig. 3. Water volume flow plots showing three stages in flow development prior
i to the onset-of water delivery to the lower plenum. Top. The injected
#.

water accumulates below the inlet legs. Middle. As a result of momen-
tum transfer from the steam, the water is set in a swirling motion in
the region above the inlet legs. Bottom. Additional momentum transfer-
produces water bypass from below the broken leg.
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steam flow the momentum transfer may be sufficient to give rise to the
swirling flow development. Delivery to the lower plenum then occurs as a
single, rapidly falling water stream. As the momentum transfer is increased

even more, bypass may occur from below the broken Icg as indicated in Fig.
3. The increased contact area between the phases results in increased mo-
mentum transfer through condensation and interfacial drag. Water delivery
to the lower plenum is thereby delayed.

The second criterion that we have used in defining flow similarity is
that the flows have reached the same st.:ge of flow development before the
onset of water delivery to the lower r ienum. The reasonableness of this
criterion for flow similarity rests on the observation that the timing and

nature of flow delivery from the downcomer to the lower plenum varies great-
ly depending upon the stage of flow development that has been reached.
Therefore, if small-scale experiments are to be an accurate representation
of full-scale events, it would appear to be important that the two flows
have reached the same stage of flow development before delivery to the
lower plenum.

Calce'.ations were performed at 2/15,1/2, and full scales using the
calculation mesh shown in Fig. 4. In these calculations the lower plenum

is explicitly resolved as a linear extension of the downcomer with the ap-
propriate volume. Boundary conditions are identical to those described for

Fig.1, except that steam is now injected throughout the entire lower plenum
rather than being prescribed at the boundary between the downcomer and the
lower plenum, and the bottom boundary condition now represents a free-slip
rigid wall.

Table I summarizes the test conditions and some of the results of these
transient calculations. In all cases the lower plenum pressure and the

steam injection velocity, j , were linearly ramped from their initial values

to their final values in 10 seconds. The water injection velocity, j , is

a specified constant in any calculation. These injection velocities are

determined from the volume rate of flow into the downcomer divided by the
downcomer cross sectional area. The column headed t g s th M ay

DELAY
time for the onset of water delivery to the lower plenum. The last two
columns provide a measure of the flow similarity criteria described above.

We first of these is the per cent of injected wcter that is delivered to

the lower plenum when it is 905 full. We final column gives the stage of

14
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Fig. 4. Computation mesh and boundary conditions used in the
transient flow comparisons at 2/15,1/2, and full
scales. In these calculations steam was injected
throughout those parts of the lower plenum that were
not occupied by water.

,

f

flow development just prior to delivery to the lower plenum,1 corresponding

} to almost immediate delivery as two isolated streams below the injection

legs, 2 being the development of swirling flow above the injection legs
t

followed by delivery as a single stream without any bypass from below the
.
' broken leg, and 3 being the development of bypass from below the broken leg
i

before delivery. A flow regime, 2-3, is a borderline case in which there

; is only a slight amount of bypass from below the broken leg before deliv-

ery.

15

.

p , - < , 7
- ,- - , , , < , , , , , , , - , - , - - - , , .--,---n . - - , - w+-



1

1

TABLE I

TEST CONDITIONS AND RESULTS

LP Pressure j
2

PSIA In/sec j t % Delivered Flow

Run Scale t = 0/t > 10 t = O/t > 10 in/sec sec 90*. Full Regime

1 I 175/60 611/0 22.5 2.6 90 1

2 1/2 175/60 611/0 22.5 2.5 75 2

3 2/15 175/60 611/0 22.5 4.3 24 3

4 1 175/60 611/0 22.5 2.9 95 1

5 1/2 175/60 611/0 72.5 2.5 79 2

6 2/15 175/60 611/0 22.5 4.6 NA 3

7 1 175/70 4583/0 168.5 8.5 7 3

1/2 175/60 2291/0 84.3 7.6 15 3*

9 1 175/60 1674/0 61.5 4.3 44 2-3

10 1/2 175/60 1674/0 61.5 6.3 24 3

11 2/15 175/60 1674/0 61.5 7.5 6 3

12 1/2 175/60 837/0 30.8 'i 6 55 2

13 2/15 175/60 223/0 8.2 n.; 90 1

14 1/2 175/60 1183/0 43.5 6.1 30 3 i

15 1/2 175/60 1674/0 30.8 6.2 40 3

16 2/15 175/60 1674/0 8.2 8.5 37 3

17 1 175/60 1674/0 61.5 3.6 NA 2-3

18 1 175/60 1674/0 61.5 3.8 44 2-3
}

19 1/2 175/60 1674/0 30.3 6.5 40 3

20 2/15 175/60 1674/0 8.2 8.6 36 3

21 1 175/60 1674/0 61.5 3.5 48 2-3

22 1/2 175/60 1674/0 30.8 6.3 44 3

23 1 175/60 1674/0 61.5 4.3 43 2-3

24 1/2 175/60 1674/0 30.8 6.2 39 3

25 1 175/60 1674/0 61.5 5.0 40 3 |

26 1 175/60 1674/0 61.5 6.3 7 3

27 1 75/15 1655/0 61.5 2.9 61 2

28 1/2 75/15 1655/0 30.8 3.3 59 2

29 ?/15 75/15 1655/0 8.2 -- 0 3

30 1 75/15 1655/0 61.5 3.1 60 2

31 2/15 75/15 1655/0 8.2 -- 0 3

1 - Weber number formulation for r.
I2 - Double the standard mesh resolution.

3 - r = 0.45 in. (constant) .
# 4 - r = 0.225 in. (constant) .

5 - Using Eq. (12) .
6 - LP 1/3 full of water initially.
7 - Only one row of mesh ce!!s in 1.P.
8 - Superheated walls.

16
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Except where otherwise noted, the parameter values used in these cal-
culations are those shown in Table II. Also, except where noted, Eq. (13)
is used to calculate the depth of penetration of a cooling wave into the

wall.

Inflow Boundary Conditions: Effect on Flow Similarity. Figures 5-8

show plots of water delivered to the lower plenum and bypassed through the
broken leg as percentages of the total water injected up to that time for
various types of inflow boundary specification. The-results shown at full
scale are from the same calculation in all four p1 pts. The water and steam
inflow specification used in that calculation are obtained from a system
calculation of a hypothetical loss of coolant accident in a Combustion
Engineering System 80 reactor.

The purpose of these comparisons is to determine which type of inflow
specification results in small-scale results that are similar to full-scale

in the sense described above, i.e., that have the same per cent of injected
water delivered to the lower plenum when the lower plenum is 90% full, and
that have reached the same stage of flow development before delivery to
the lower plenum. The latter criterion is not satisfied in the case shown

in Fig. 6, for which the water and steam inflow velocities are proportional

TABLE II

PARAMETER VALUES

Mean Downcomer Circumference: 541.2" x Scale

Downcomer lleight: 315.7" x Scale

Downcomer Gap: 10" x Scale

Lower Plenum licight: 270.6" x Scale

Computation Cell Edge: 45.1" x Scale

Entity Size: r =r 0.06" (constant)g 2

Drag Coefficient: CD" *

Phase Change Coefficient: J = - 0.16 lb/(in x sec)

ECC Temperature: T 120*F = 322*K
ECC

Deep Wall Temperature: T = T (t = 0)
dw s

17
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to scale. In that case the 2/15 scale calculation did not develop beyond
the first stage of flow development, while the 1/2 scale calculation reached
the second stage of development. The full-scale calculation shown in Figs.
5-S only reached the third stage of flow develop ent in a =arginal sense.
There was a s=all arount of bypass fro = belew the broken leg in this calcu-
lation, but it did not develop until the water strea: began to fall through
the downconer toward the Icwer plenun. On the other hand, the 2/15 and 1/2
scale calculations in Figs. 5, 7, and S all reached the third stage of flow
development prior to the development of the water strea: in the downcerer.
Thus in these comparisons, the second critc* ion for flow si=ilarity is only
jartly satisfied.

The first criterien for similarity of flow at different scales see=s

to be best satisfied in Fig. 8, in which the inflow velocity of the water
is proportional to scale and the inflow velocity of the stea: is the same
at all scales. Thus at this stage of the numerical scaling study this ap-

'

pears to be the best type of boundary specification.
The results in Figs. 5-S can be explained in ter=s of the effect that

the various inflow velocity specifications have on the area of centact and
the relative velocity between the fluids, and consequently on the rass and )

comentu: exchange. De area of centact between the fluids is influenced to
a great extent by the arount of spreading of the inflowing water, and this
spreading is in turn related to the local overpressure resulting frc: the
volumetric source of water in that resh cell. For an inecepressible fluid

the pressure change in a control volu e is proportional to the input rate of
volu=e per unit volu e per unit tire. If the inflow velocity of the water

is proportional to scale, then the overpressure, the spreading and the cen-
tact interfacial area will also be proportional to scale. When the contact
interface is proportional to scale, the area available for cass and morentu:

'

transfer through phase change and fluid drag will be proportional to scale.
It is also important that the relative velocity between the phases be

the sa=e at all scales in order that the =crentu: trans fer scale appropri-

ately. ne relative velocity within the downcerer is deterrined from the
difference between the inflow velocities of water and stea=. However, because

the inflow velocity of the stea= is many tires that of the water, the rela-
tive velocity of flow within the downcerer is primarily deter =ined by the
inflow velocity of the stea=.

IS
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.

. __ _ _ J



Thus, similarity of flow at all scales may require that the inflow ve-

locity of the water be proportional to scale and the inflow velocity of the

steam be the same at all scales. These are the conditions that exist for
the three calculations of Fig. 8, and these results show a greater similar-

ity of flow at different scale than those of Figs. 5-7.

Reduced Lower Plenum Pressure: Effect on riow Similarity. Experimen-

tal studies in scale models of a PWR are not performed at as high lower
plenum pressures as occur in the full-scale apparatus. The peak pressures
attained in the Creare and BCL experiments have been approximately 75 psia.
As a result of the reduced lower plenum pressure, the steam density and
saturation temperatures are also reduced.

We have performed a series of calculations e.t reduced lower plenum
pressure to determine the effect on flow similarity at different scales as
well as to examine possible changes in flow development at the same scale.

In this series of calculations (runs 27-29 of Table I) we used the standard
parameter values of Table II and specified inflow velocities , j and j ,

a
like those of Fig. 8, i.e., j constant with scale and ramped to zero in
10 seconds and j proportional to scale. The lower plenum pressure was
ramped from 75 psia to 15 psia in 10 seconds. Corresponding to this change
in lower plenum pressure the gas density decreased from 1.03 x 10 lb/in'3

-4

at t = 0 to 2.09 x 10- lb/in at t = 10 seconds, and the saturation tem-

perature varied from 425 K to 374 K in the same period. (The corresponding

values for the higher pressure calculations, runs 1-26, were 2.39 x 10

lb/in and 8.28 x 10' lb/in for the steam density, and 460 K and 416 K

for the saturation temperature.) As indicated in Table II, the deep in-

terior wall temperature, Tdw, is equal to the initial saturation tempera-
ture, T 425 K. The temperature of the ECC water, T = s un-,

s ECC

changed from the higher pressure calculations, so that we have less sub-
cooling in these low pressure runs. It will be seen below that this has

considerabic effect upon results.

Figure 9 shows plots of water delivered to the lower plenum and bypass-
ed through the broken Icg for this series of c:1culations. Comparing these
results with those of Fig. 8, we see that them is a greater per cent of

the injected water delivered to the lower plenum at 1/2 and full scales
when the lower plenum pressure is reduced, but that no water is delivered
to the lower plenum (actually there is a slight amount, less than 1% of in-

19
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a

; jected water) under these conditions at 2/15 scale. Correspondingly, there e

is less water bypassed at 1/2 and full scales for the reduced lower plenum
i pressure, while the bypass curve at 2/15 scale is similar in the two fig-

ures except that there is no decline in the bypass curve in Fig. 9 as a re-
,

sult of lower plenum delivery.

The change in the pattern of the 1/2 and full-scale curves from those

) of Fig. 8 can be explained by the fact that there is less comentum exchcrge
| between phases as a result of the reduced ECC water subcooling and decreased
i

i steam density. As indicated in Table I, both of these calculations were of

flow regime 2,-meaning that there was no water bypassed from below the
3

broken leg before the onset of delivery to the lower plenum. This delivery
occurs as a single stream of water from below the inlet legs furthest from
the break. The flow development in these calculations is more similar than
that of the 1/2 and full-scale calculations of Fig. 8. This may account.

for the greater similarity of the delivery curves at 1/2 and full scales in

Fig. 9 compared to those of Fig. 8.
,

The decreased ECC water subcooling and the greater change in T of runs
s

27-29, combined with the increased effect of wall heat transfer at small

scale, were the factors that resulted in essentially zero water penetration ;

at 2/15 scale in Fig. 9. The flow development in this calculation was very
similar to the 2/15 scale calculation of Fig. 8 up to the onset of water
delivery to the lower plenum. At that time the water occupied most of the
upper downcomer region above and below the inlet legs. This water was held
up by momentum transfer from the steam through condensation, interfacial drag

,

and the development of stagnation pressure. As the steam flow ramped down, j

the water began to penetrate lower into the downcomer. This advancing water
front was subjected to heating by heat transferred from the wall. In the

2/15 scale calculation of Fig. 8, this heating was not sufficient to produce
boiling of the water, whereas in the 2/15 scale calculation of Fig. 9 boiling
did occur because of greater heat transfer from the wall, as a result of small

,

T , and because of decreased ECC subcooling. This boiling along the bottom
s

boundary of the water region was sufficient to hold up the remaining water
even after the steam flux from the lower plenum had ramped to zero.

Runs 30 and 31 of Table I were similar to runs 27 and 29 except that
the walls in runs 30 and 31 were superheated to 460 K. This had very little

effect on results. ,
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Water Initially in the Lower Plenum. A full-scale calculation was per-

formed in which the lower plenum ws- initially 1/3 full of water to deter-
mine the effect on flow development in the downcomer and ECC delivery to

the lower plenum. In all other respects this calculation was identical to

i
the full scale calculation of Figs. 5-8. A comparison of the delivery
curves for these two calculations is shown in Fig.10. Except for an ini-

E

nal high level of water bypass as a result of additional steam generation
from the boiling of this water in the lower plenum, the curves are similari

in appearance. The only effect on water delivery to the lower plenum is a
delay of less than one second as a result of the increased momentum transfer
from the steam. This increased momentum transfer results in water bypassed

,

from below the broken leg, so that this calculation was of flow regime 3.
1

Water and Gas Entity Sizes: Sensitivity of Results with Scale. In

most of the calculations of this study the water and gas entity sizes, r'

and r , in the momentum exchange function, Eq. (7), have been set to a con-
2

stant value, 0.06 in. To investigate the sensitivity of results at various

!- scales to variations of this parameter, we have performed two series of ex-
periments. In one series the entity size was made proportional to scale,

,

; . i.e., r =r 0.06 in. at 2/15 scale, r =r 0.225 in, at 1/2 scale
f

g 2 2

and r =r = 0.45 in, at full scale. In the second series of experiments
g 2

the entity size was determined from a critical Weber number formulation,'

i.e.,

i

/(P ("1 ~ "2) ] , (18)2"W *r =r
2

,

' where We = 1.1.
Figure 11 shows the delivery and bypass curves that were obtained when

the calculations of Fig. 8 were rerun with the entity size proportional to
scale. The 2/15 scale results are the same in bn h figures. The effects
of increasing the entity size in the 1/2 sule calculation by a factor of

| 15/4 and in the full scale calculation by a factor of 15/2 are small. In

; the latter problem the delay time for the onset of delivery is reduced by
O.8 seconds and the per cent of injected water that refills the lower plenum'

) is slightly higher. Even less change is seen in the 1/2 scale problem.
These results indicate that the flow dynamics are not extremely sensitive

^

to momentum exchange through interfacial drag.

f 21
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k The corresponding curves for the case in which the entity size is de-
termined from the critical Weber number formt.Iltion are shown in Fig.12.
Again, the correspondence between these curves and the corresponding ones

i in Fig. 8 is good. This is consistent with previous observations. Con-

! sidering that the critical Weber number entity size, Eq. (18), varies both
spatially and temporally as (u - u )-2, as well as with the transient vari-+ +

2
ation of p , the similarity of the .esults of Figs. 8 and 12 indicates that

2

the flow dynamics are not very sensitive to either the form or the magnitude
) of the momentum exchange function K, Eq. (7), as long as the parameters for

the various formulations are within reasonable range.
I A comparison of the full-scale curves of Figs. 8,11, and 12 is shown

in Fig.13. Notice in this figure that the refill curve obtained using the
Weber number formulation does not exhibit a pronounced overshoot as seen in
the refill curves from the constant entity size calculations. This over-

shoot results from the sloshing of delivered water from the lower plenum
into the downcomer. The spatial dependence of K on relative velocity that

| is obtained with the Weber number formulation retards this jetting effect.
; Additional comparisons of results obtained using a Weber number formu-

'lation for entity size and a constant value are given in Table I, runs 1-6.;

| Wall lleat Transfer Distance, y. The effect of using Eq. (12) to cal-

| culate the depth of penetration of a cooling wave into the wall rather than

the formulation given in Ref. 6, Eq. (13), is demonstrated in Figs.14 and
15. With the use of Eq. (12) the heat transfer f rom the wall is reduced,

'

so that the water is cooler and there is greater condensation. 'Ihe effect

j of this change on the bypass and lower plenum refill curves is slight, as
ca'n be seen in Figs.14 and 15.;

|
Numerical Computations: Effects of Scale, Mesh Resolution,and ho

j Dimensionality. Computation times for the K-TIF calculations report-
ed in this report varied from 19 to 196 minutes on the CDC 7600 computer.

I The principal factor affecting the computation time was apparatus scale.
For the same mesh resolution, 2/15 scale calculations required 2-3 hours of
computation time,1/2 scale calculations required 35-55 minutes and full

! scale' calculations required 19-27 minutes. The reason for these differences
I

i is that we require for numerical accuracy and stability that
I

6t < 0.25 6x/u ,

22
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where 6t is the computation time increment, 6x is the mesh spacing and u,,,
is the maximum velocity magnitude in the system at that time. Since 6x is

proportional to apparatus scale and u,,, is approximately the same at all
scales because of the steam inflow boundary condition, 6t is proportional
to scale and the computation time is approximately inversely proportional
to scale.

For this reason a full scale calculation was more efficient to use to

test the effect of mesh resolution on the flow dynamics. The finite differ-

ence spatial resolution in the horizontal and the vertical directions was

doubled in this calculation. A comparison of the bypass and refill curves

obtained in this calculation and in the calculation with standard resolution

is shown in Fig. 16. The high resolution problem was terminated before the
lower plenum was 90% full in order to save computer time, but the results
shown in the figure provide a clear indication of the effect of increasing

the mesh resolution. The time delay for the onset of water delivery to the

lower plenum is almost 1 second shorter in the better resolved problem and
this time difference is maintained during delivery. Also there is less

water bypassed in the calculation with improved resolution. The reason for
! these differences is the increased momentum exchange through condensation

in the problem with coarser resolution resulting in greater water holdup.
The magnitude of J, Eq. (3), is approximately the same at the gas-water in-

f

terface in both cases but, because of the coarseness of the mesh, a greater!

volume of water is condensed when the mesh spacing is 45 in, rather than
22.5 in.

As indicated in Fig. 4 the lower plenum in these calculations is re-
presented as a two-dimensional extension of the downcomer with volume equal
to that of the three-dimensional lower plenum. To test the accuracy of this
model we have compared K-TIF results with those obtained in a corresponding
calculation using the three-dimensional ZIA code. ZIA is a three dimension-
al version of K-TIF being developed by F. H. Harlow and A. A. Amsden, and
these are preliminary results shown with their permission. In ZIA the fluid

dynamics calculation in the downcomer region is virtually identical to that

of K-TIF, but the resolution of the lower plenum is fully three dimensional,

rather than the two-dimensional K-TIF representation in Fig. 4.

Figure 17 shows bypass and refill curves obtained from a standard K-TIF
calculation, a K-TIF calculation that had only one row of cells in the lower
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plenum, and the ZIA calculation. The physical parameters were identical in
all cases; the only differences were in the computational procedures.

The delay time for the onset of water delivery to the lower plenum is
approximately 1.7 seconds greater for the ZIA calculation with a three di-

mensional lower plenum than for the standard K-TIF calculation with a two-
dimensional lower plenum. Also, delivery proceeds more slowly in ZIA, al-

though the per cent of injected water that is delivered to the lower plenum

when the lower plenum is 90% full is in good agreement. More water is by-

passed through the broken leg in the ZIA calculation than in K-TIF.

The agreement with the ZIA results can be improved if the lower plenum
in the K-TIF calculation is restricted to a singic row of computation cells

rather than the full lower plenum shown in Fig. 4. Then the water bypassed

through the broken leg is in better agreement with the ZIA results and the

time for the onset of delivery to the lower plenum is in good agreement

with ZIA. Of course, after the onset of delivery the water delivery curve

is not realistic in this case because of the greatly restricted lower plenum )

volume.

The explanation of the difference between the time for delivery initia-

tion in ZIA and K-TIF lies in the extra degree of freedom for pressure com- <

munication in the lower plenum in the three-dimensional model. The flow

field in the lower plenum attempts to adjust to the low pressure at the bro-

lken leg in the downcomer by increasing the volume rate of steam flow into

the downcomer from below the broken leg and decreasing the steam flow at

other azimuthal positions, flowever, this trend is mitigated by the trend

toward pressure equilibration in the lower plenum. But lower plenum pres-

sure equilibration is more complete when the pressura field can communicate
radially as in ZIA rather than in an annular geometry as in K-TIF. Thus in

K-TIF there is a much greater tendency toward steam flow j etting toward the

broken leg than there is in ZIA. As a result there is less momentum trans-

ferred from the steam to the water in the regions away from the broken leg

in K-TIF so that delivery occurs at an earlier stage of the pressure ramping.

This effect can be reduced by confining the steam inflow region to a single

row of cells in the lower plenum. Then there is a smaller lower plenum vol-

une in which the flow field can adjust to conditions in the downcomer so

that the steam flux into the downcomer is more uniform.
1
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V. EXTENDING SMALL-SCALE EXPERIMENTAL RESULTS TO TIIE FULL-SCALE REAC'lVR

j One of the primary purposes of this study is to determine how to inter-
pret the results of small scale experiments, such as those performed by

j Creare, Inc. ' and Battelle Columbus Laboratories, ~ in terms of a full-

| scale reactor. At the present time only tentative statements can be made in
I this regard, since several factors that effect scaling have not yet been ful-

ly examined.

Scaling studies performed at lower plenum pressures that may be appro-
priate for a full-scale reactor during the bypass and refill s tages of a

LOCA indicate that flow similarity at all scales is best obtained when the

steam inflow velocity is held constant with scale and the water inflow ve-

locity is proportional to scale. Ilowever, even with this form for specify-
ing the inflow velocities there were dissimilarities in the flow development.
In particular, there was greater momentum exchange from the steam to the
water at small scale than at full scale. This discrepancy could probably be
removed by decreasing the steam inflow velocity slightly as the scale de-
creases, e.g.,

j = constant (1 + 6 x scale) (19),

where the coefficient 8 is small compared to 1.

! Figures 18 and 19 show the predicted correspondence between inflow
rates at reduced and full scales in terms of volume rates of flow. The full-

scale flow conditions that were examined most extensively in this study, in

which the steam inflow velocity was ramped from j = 1674 in/sec to zero in
10 see and the water inflow velocity was held fixed at j = 61.5 in/sec, are

indicated on these figures. In terms of volume rates of flow these data
5 3

| correspond to steam flow ramped down from 3.1 x 10 ft / min and a water flow
- 4

rate of 8.6 x 10 gal / min. These flow rates were obtained from a system
! calculation of a LOCA in a Combustion Engineering System 80 reactor. The

corresponding flow rates at 1/15 scale are 350 ft / min and 25 gal / min, and
| at 2/15 scale are 5500 ft / min and 200 gal / min.

The effect of performing small-scale experiments at reduced lower
plenum pressures compared to a full-scale reactor has not been sufficiently

I examined to make a definitive statement regarding this aspect of small-scale
studies. Nor is it yet cicar how to specify the deep interior wall tempera-

L
:
1
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ture or the ECC subcooling relative to the saturation te=perature in view of

the greater sensitivity of results to wall heat transfer at s=all scale.

These =atters will be the subjects of a continuing study as discussed in.the

next section.

.

VI. PLR;S FOR FIRURE WORK

At this stage in the scaling study, it has beco=e clear that additional

work is needed in several areas, including =odel develop =ent and verifica-
tion as well as scaling relationships. The K-TIF :odel develop =ent effort

will be concentrated on i= prove =ents in the phase change =odel, Eq. (3), and
the lower plenun representation. We have observed in this study and pre-
viously that the two-phase flow develop =ent in the downco=er is very sen-
sitive to variations in the para =eters that affect phase change. Therefore,

an effort will be made to incorporate greater physical realis= in Eq. (3)

by investigating the effects of turbulent =ixing, stean-water entity size

distributions, and caterial densities on the = ass exchange rate. Improve- *

=ents in the K-TIF lower plenu representation will be designed to =ake the

stea= flux frc= the lower plenun into the downco=er = ore unifor=, thereby
increasing the co=entu= transfer to the water distant fro the broken leg. j

The K-TIF :odel should be verified by co=parison with small-scale ex-
peri = ental data frc= Battelle Colu= bus Laboratories and Creare, Inc. to de-
termine the effects of changes that have been =ade in the =odel since the

previous co=parative s tudy.
Additional effort is required to better understand scaling relation-

ships so that the objectives of this study can be achieved. Progress has
been ade in deter =ining the effect of inflow boundary conditions on flow

similarity at different scales at lower plenun pressures that may be repre-

sentative of flow in a full scale reactor during the bypass and refill

stages of a LOCA. Yet there are discrepancies even in these results that
we may be able to rc=cve through modifications such as that shown in Eq.
(19). However, the =ajor effort will be concentrated on relating results

obtained at s= aller lower plenu= pressures to those at larger values. These
studies will exa=ine the appropriate pressure ra= ping at different pressure
levels, the effect of reduced gas density on =o=entum transfer and the ef-

fects of reduced saturation te=perature on phase change and wall heat trans-
fers. Indeed, the appropriate scaling relationship between TECC' s ' ""
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T wi'l be the subject of study at all pressure levels in order to account
dw
for variations in wall heat transfer with scale.
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Fig. 5. Runs 9(1),10(1/2), and 11(2/15). Water delivered to the lower plenum
(solid lines) and bypassed through the broken leg (dashed lines) as a
percentage of water injected up to that time when the inflow velocities ,

of water and steam are constant with scale.
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Fig. 6. Runs 9(1),12(1/2), and 13(2/15) . Water delivered to the lower plenum
(solid lines) and bypassed through the broken Icg (dashed lines) as a
percentage of water injected up to that time when the inflow velocities
of water and steam are proportional to scale.
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Fig. 7. Runs 9(1),14(1/2), and 3(2/15) . Water delivered to the lower plenum
(solid lines) and bypassed through the broken leg (dashed lines) as a
percentage of water injected up to that time when the inflow velocitiesi

of water and steam are proportional to the square root of the scale.
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(solid lines) and bypassed through the broken leg (dashed lines) as a
percentage of water injected up to that time when the inflow velocity of
water is proportional to scale, the inflow velocity of steam is constant
with scale and the initial lower plenum pressure is 75 psia. Essential-
ly no water is delivered to the lower plenum at 2/15 scale.
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velocity of the steam is constant with scale. In run 26 the lower
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Fig. 11. Runs 21(1), 22(1/2), and 16(2/15) . Water delivered to the lower plenum
(solid lines) and bypassed through the broken leg (dashed lines) as a
percentage of water injected up to that time when the inflow velocity
of water is proportional to scale, the inflow velocity of stean is con-
stant with scale and the entity size in Eq. (7) is proportional to
scale.
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Fig. 12. Runs 18(1),19(1/2), and 20(2/15) . Water delivered to the lower plenum
(solid lines) and bypassed through the broken leg (dashed lines) as a
percentage of water injected up to that time when the inflow velocity
of water is proportional to scale, the inflow velocity of steam is con-
stant with scale and the entity size in Eq. (7) is obtained from a
critical Weber number formulation.
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Fig. 13. Full scale runs 9(r = .06"),18(Weber number), and 21(r = .45") . Water
delivered to the lower plenum (solid lines) and bypassed through the
broken leg (dashed lines) as a percentage of water injected up to that
time when the inflow velocity of water is proportional to scale, the '

inflow velocity of steam is constant with scale and the entity size in
Eq. (7) is determined in three different ways.

100

g 80 -

' , . . . . - - - + . . . , , ' ' . . . ' . . . '
g

i e 60 - .-
y B
.h R ./ '....''"Kw'U c 40 - /
C 4KW~ *

*

b
'
-u

a> * . -a

}.; 20 - . . *.

,

O i i , , ,

0 2 4 6 8 10 12

t(sec)

Fig. 14. 1/2 scale runs 15(KW, i.e., Eq. (13)) and 24[4KW, i.e., Eq. (12)].
Water delivered to the lower plenum (solid lines) and bypassed through
the broken leg (dashed lines) as a percentage of water injected up to
that timo when the inflow velocity of water is proportional to scale,
the inflow velocity of steam is constant with scale and different rates
of penetration of a cooling wave through the walls. There is essential-
ly no difference in the bypass curves.
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Water delivered to the lower plenum (solid lines) and bypassed through
the broken leg (dashed lines) as a percentage of water injected up to
that time when the inflow velocity of water is proportional to scale,
the inflow velocity of steam is constant with scale and different rates
of penetration of a cooling wave through the walls.
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to the *ower plenum (solid lines) and bypassed through the broken leg
(dashed lines) as a percentage of water ajected up to that time when
the inflow velocity of water is proportional to scale, the inflow ve-
locity of steam is constant with scale and using different computation
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Fig. 17. Full scale runs 23(Fu11 LP), 26(1 row LP), and a ZIA calculation (3D LP).
Water delivered to the lower plenum (solid lines) and bypassed through ,

the broken leg (dashed lines) as a percentage of water injected up to
that time when the inflow velocity of water is proportional to scale,
the inflow velocity of steam is constant with scale and using different

' lower plenum representations. Full LP corresponds to Fig. 4, I row LP
indicates a K-TIF calculation in which the lower plenum is represented ;

by a singic row < computation cells and 3D LP indicates a ZIA calcula-
tion with a fully three-dimensional lower plenum.
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