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SUMMARY

TRAC PFIMOD] predictions of LOCA refill experiments carried out on a 1/10 scale model
are presented and comparad against experimental measurements and video observatons.
Sensitivity studiec have been cammed out 1o determine the effect of hydraulic diameter and
rodalisation. [t has been shown that a 4 segment mesh is insufficient to represent the
geometry and phenomena in the downcomer during the refill process. It is suggested that
improper modelling of the vessel/pipe connections causes the incorrect prediction of the
distribution of injected liquid. Therefore, the liquid fraction at and below the injection
positions is over-predicted with the consequences of the incorrect calculaton of interfacial

momentumn and energy transfer terms,

A simplified analysis of total penetration conditions reveals that the liquid heat transfer
coefficient during condensation is substantially greater than suggested by the reduction of

the experimental measurements.
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NOMENCLATURE

he

Ja

Ap

AX

Sufuce Area (m®)

Interfacial arma per unit length (m)
Void Fraction

Specific heat capacity (J/kgK)
Diameter (m)

Entrainment Fraction
Gravitationa) acccleration (mys®)
Enthalpy of evaporation (J/kgK)
Heat transfer coefficient (Watts/m'K)
Jakob number.

Equilibrium Factor

Mass Flow (kg/s)

pressure (N/m’)

.nlet subcooling (saturation temp - inlet water temp) (K)

Velocity (my/s)

Circumference (m)

Fraction of inlet water penetrating to lower plenum,
Dynamic viscosity (Ns/m®)

Surface tension (N/m)

density (kg/m”)

P=Py (kg/m’)

cell length (m)
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Two sets of calculations were performed to Quantify the effect of this parameter on the
solution. The first, which was discussed in detail in the previous repont (Ref.l) was
performed with a hydraulic diameter of twice the combined gap size (0.038m), This
effectively ignored the presence of the thermal shield. To determine the effect of this
modelling assumption a series of calculations were repeated with the thermal shield surface
area taken into account. This produced a hydraulic diameter of half the onginal (0. 019m).

The refill experiments used for this sensitivity test are identified in Table 2 1. The original
tests with a hydraulic diameter of 0.038 m are identified as B, C and D, the repeated tests
with a hydraulic diamecer of 0.019 m as B2, C2 and D2, respectively. Figs. 2.1 - 26
compare the differences in the TRAC resalts for each of the tests and are discussed
separately below.

2.2 IRAC Calculations
Steam/Water Partial Penetration Tests B/B2

It can be seen from Fig. 2.1 that reducing the hydraulic diameter has produced a much
improved prediction of the bypass flow raic. However the the flow conditions in the
downcomer are still incorrectly pradicted as can be deduced from the reduction in the
calculated overall steam condensation rate when compared with the expenmental
measurement. (Fig.2.2). In addition, the wall heat transfer has decreased, as shown in Fig.
2.3 which is likely to be associated with the reduction in liquid in the downcoraer.

Air/Water Partial Penetration Tests C/C2

Fig. 2.4 shows that changing the hydraulic diameter had very little effect on the results of
this test, the prediction remaining a very poor simulation of the actual test.

Steam/Waier Total Bypass Tests D'D2

Fig. 2.5 shows that from 12 seconds onwards the overall result changed from a partial
bypass situation to a total penetration condition. Also the path chosen by TRAC for liquid
to flow to the lower plenum switched from sector 7 to sector 8 for no apparent reason.

{rig 2.8

2.3 Discussion

It is apparent from the above tests that using a more appropnate value of the hydraulic
diameter did not produce any improvemnents in the predictions of the experiinental tests.
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regime was less disturbed and existed as a downward flowing liquid film antached to the
downcomer wall with a vounter current flowing vapour. Under these conditions it is
possible to approximate the interfacial area within the following limits:

A SAS2 A,

1.¢, the film will either exist on one wall or both walls, therefore doubling the interfacial
area for the liquid film.

Therefore, since the flow regime interfacial area can be quantified for these conditions it
15 possible to compare the TRAC condensation models for the total penetration flow
regime. The particular TRAC models being compared here are described in (Ref.2) and
only relate to the film condensation models. This comparison does not include the models
associated with droplet heat transfer nor the special models implemented to account for
the jet flow regimes at the cold leg/vessel injection points (Ref.3). The TRAC models
being assessed are described below and will be compared in the following form.

WA =i ua A
where hy e = 002p, Cp, V,

Ama = MAX [ [xD,aX 3% szABAREAR

1-DUKS?

MNK= |~-2-

To carry out the assessment, the interfacial area has been identified as double the inside

downcomer wall area (i.e. 2 x SLAB Area) and the entrainment set to zero. However it

should be noted tha* if TRAC was being used to model downcomer conditions in which

the siabarea was notincluded (i.e. SLAB AREA =0.0) in the input dect. then the inteitacial

film area would be wrongly evaluated and represented by a cylinder of diameter D, and
l length AX instead of the considerably lerger downcomer wall surface area.

Also V, has been calculated from

M \

| = min | =, 3,
| V, mm(Atpl“‘_m. OJ



The method used to reduc: the experimental measurements of condensation rates 1o
interfacial heat transfer coefiicients has been discussed by Lieu et al (Ref 4) and extended
more recently by Megahed (Ref 5, 6). The following expression relates the heat wansfer
coefficient and interfacial area product to the experimental conditions. An outhine of the
derivation for 'nis expression can be found in Appendix |

hA= -In(l=k)M,Cp,

- ; . ” ( ( {m |12 Yo e)
where k= equilibrium factor = | - exp | -0‘24‘ Jaj'i\; } y i
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The above expressions were used to caloulate the heat transfer coefficient area product
for the range of inlet liquid flowrat s covered by the Strathclyde experimental tests i.e. 0
- 8 kg/s. It should be noted that the Strathclyde expression for the equilibnum factor was
found to be dependent on the degree of inlet subcooling while the TRAC models are not,
Therefore to indicate the range of possible values for the experimental hA, subcoolings
of 20 K and 60 K have been used to produce the two curvzs shown in Fig.2.1 which are
compared with the TRAC computed values of hA.

[t is quite apparem .>om Fig.3.1 that the TRAC condensation heat transfer rates can be an
order of magnitude higher than the experimentally derived values.

3.3 Condensation Models Characteristic

An exercise was carried out to examine the general characteristics of the condensation
models incorporated in the TRAC code. The correlations used were those corresponding
to the annular mist condensation models and are described in Appendix A2, Fig. 3.2 shows
the variation of the individual film and mist components of equation A.2.1 and the total
heat tansfer coefficient area product (hA) with vapour velocity. It can clearly be seen
that already high values associated with the liquid film coefficient increase rapadly for an
increase in the vapour velocity. This increase is due to the increased entrainment over
this velocity range and is similar to the increase in interfacial drag discussed in the previous



report (Ref.1). In addition Fig. 3.3 shows how the heat transfer rate will decrease as void
fraction is increased mainly due to the decrease in interfu al surface area between ihe
liquid and the vapour.

NODALISATION STUDY

4.1 Background

Previous TRAC assessments (Ref. 8, 9) had attempied 1o investigate the effect of
nodalisation changes but no conclusion could be made (o support any particular degree
of nodalisation. Cappieilo (Ref #) had conducted a limited study by increasing the nuiaber
of circumferential sectors from four io eight and reported that this had no effect on the
results. However, Slovik (Ref9) had carried out nodalisation sensitivity studies by
concentraiing on the effect of the flow area blockages associated with the hot leg pen-
etrations and found TRAC to be very sensitive to how ths blockages are modelled but
with no ¢lzar trend emerging on how the blockages affect the overall results,

The current exercise investigates the effect of nodalisation on the TRAC calculations using
a limited number of numerical grid changes. Only the total bypass test, (test D of the
previous tests, Ref 1) was used to investigate grid changes so to ruinimise on cost but to
muximise on grid variations. The choice of nodalisation was primarily based on an analy..s
oi the TRAC calculations carried out in the previous Phase | study (Ref.1). In these
calculations it was observed that variables such as the vapour velocity could increase from
values of 15 mys at the downcomer entrance to over 30 mvs at the cold leg break cell
position [Sect §, Level 11]. However, the vapour velocity in the cold leg break pipe was
usually in the region of 60-70 m/s which suggested that much greater velocities were
present in the downcomer than the calculated 30 m/s. Steep gradients also existed in the
circurnferential direction but with a much coarser circumferential grid than the axial
direction. In addition, the liquid in the downcomer tended (in total bypass conditions) to
be concentrated at the top of the downcomer where the existing grid was very coarse. It
should also be noted that it is impossible to fully resolve the cold and hot leg vessel
geometry in the downcomer of a 4 loop PWR with a 4 sector model, due tc the difficulty
of correctly positioning the cold leg positions relative to the broken cold and hot ley
penetration.
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Therefore, it can be seen from the above assessment of the single phase vapour flow
distribution that as the numerical gnd is refined, particularly in the circumferential
direction and axially local 1o the break, the vapour velocities reduce in the regions furthest
from the break and increase local 10 the break.

However, refining the numerical grid in the circumferental direction improves the ability
to model the correct position of the cold leg, vessel corncenors. The consequences of
this are that the ECC injection flow enters unto regions of lower vapour velocities, in
particular circumferential velocity components, when compared to ‘he four sector course
gnd. The ability to bypass the liquid would then be expected to diminish,

4.5 Iransient Steam-Water Flows

The transient cases tend to be more difficult to analyse since the change in the numerical
solunion grid affects each of the dependent variables. The combined effect may result in
a widely different solution depending on the sensitivity of the calculation to the dependent
variables.

Figs. 4.14 10 4.18 show the break mass flow rates for the cases chosen to investigate an
increase in the number of cells in the solution grid but with the exclusion of any hot leg
blockage modelling; Tests S1, 52, S4, S5 and $6. Changing froma 13:4:210 15:4:2 grid
did not change the overall result, i.e. total bypass was predicted in both cases as can be
seen from Figs. <. 14 and 4.18. Though the liquid is being held up in the upper downcomer
for both cases, (Fig. 4.20,4.21) it is more uniformly distributed as would be expected with
the greater number of axial levels in this area.

Changing from a four sector to an eight sector grid resulted in a reduction in the break
mass flow. as can he szen in Fig. 4.15 which shows the calculation for Test §2, a 13:8:2
grid. Changing the axial levels for an 8 sector gnd produced similar break flowrates, as
is shown in Figs. 4.15,4.16 and 4.17.

However, an interesting result is indicated in Fig. 4.22 which shows the lower plenum
filling characteristics for calculations using an 8 sector gnid, Tests S2, S5 and §6. As the
axial levels were increased from 13 to 18, the ume for liquid to penetrate the downcomer
was reduced by just over 4 seconds.

e At
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It should be noted that by changing from the 4 sector grid to the & sector gnid the cold leg
connections are repositioned further from the break, Different flow conditions in the
downcomer can therefore be produced. An example of this can be seen in Fig 4 23 which
shows the steam condensation rates in the downcomer averaged between the injection
points and the bottom of the downcomer, (1.¢. levels at 1.067 m and 0.173 m) for 15:4:2
and 15:8:2 grids. Itcan be seen that the changes have increased the condensation rate.
for the 15:8:2 grid and is therefore a contributing factor to the over prediction of the lower
plenum flows for this total bypass test.

‘The affect of introducing flow area blockages to model the hot leg penetrations was
investigated by performing Test $7, for a 15:4:2 grid and Tests S8 and S9 for 15.8:2 gnids,
(Table 4.1). Fig. 4.19 shows the results of the 15:4:2 grid calculation. Wher compared
to Fig. 4.18, which shows the results of a similar calculation but without hot leg blockages,
it can be seen that total liquid bypass was correctly predicted in both cases. Figs. 4.18
and 4.19 also indicate that steady flow conditions were produced after 16 secs for Test 54
while no such rend was repeated when the hot lug blockages were modelled, (Test 7).

However, similar calculations using a 15:8:2 gnd showed that significant differences in
the results could ovcur, By comparing Figs, 4.15, 4.24 and 4.25, which show the break
mass flow rates for Tests S2, SK and $9 respectively, it can be seen that liquid bypass is
sustained for much longer periods as the degree of flow area blockage is increased for the
15:8:2 grid.

The above blockage tests (S8 and §9) provided interesting results when the downcomer
flow pattern was analysed in some detail. By using the graphical animation sottware
developed at Strathclyde the results were by far the most realistic of all the calculanons
yet performed when compared with the experimental observations of the downcomer flows
using the flow visualisation video recordings obtained during the original tests,

It can be seen how the TRAC predictions of oscillatory flow can be related 1o the
multi-dimensional flow distribution in the downcomer. As an example, the break flow
cycle shown in Fig. 4.25 over the ume period 9 - 12 seconds can be related w0 a build up
of liquid in downcomer region furthest from the break which collapses and flows towards
the lower plenum. The liquid is then swept circumferentially and upwards, towards and
out of the break. This appears as a two second cycle in which the break mass flow rate
reduces s the majority of the liquid flows towards the lower plenum and increases as the
liquid is swept back up the downcomer and out of the break. This sequence of events 1§
shown in Figs. 42610 4.29.



The question arose as 10 the reasons why the 4 sector grid predicted total liquid bypass
and whether the position of the cold legs were important. Therefore a calculation was
performed (i o5t §.10) with the cald legs repositioned as in Fig.4.§ (which is more geo-
metrically correct for a 4 sector nodalisation than shown in Fig.4.4a) Fig. 4.30 shows the
break mass flow for Tests S1 and S10 and it can be seen that TRAC overpredicts the
amount of liquid penetrating the downcomer, again indicating the importance of correctly
modelling the position of the cold leg connection.

4.6 IRAC Computational Efficiency

The CPU nme of each calculation can be used as an overall gauge of the computational
efficiency with which TRAC predicts the particular phenomenon under study. Fig. 4.31
shows the CPU time versus real ume for four typical calculations duning the sensitivity
study. Itcan be seen that increasing the numerical gnid froma 13:4:2 gridtoa 15:8:2 gnd
has produced an almost nine fold increase in the CPU ume to a magnitude of 9000 seconds
for Test §9. This is ubviously an undesirable level of performance implying high costs
which impose limits on the number of studies that can be carnied out. Fig. 432 shows the
time steps used during the calculations and it can be seen that for most of the calculations
the time step varied between 1.5 to 3 x 107 secs. This was identified as the CFL (Courant
Freidricks Lewy) stability limit for the calculations.

From the previous three sections it is apparent that a number of physical models have to
be simultaneously correct to adequately model the refill problem. Here the flow regime
in the downcormer is determined by the main forces acting on the phases and the geometry
of the downcomer. Since the momentum and energy transfer rates are closely related to
the vapour velocities it is necessary to adequately resolve the velocity distribution in the
downcomer. The ituportance of modelling the transient flow regime cannot be overstated
since it determines not only the interfacial area but also the residence ume of the liquid
and therefre the liquid/steam contact time. This is then likely to have a bearing on the
rate of liquid penetrating the downcomer. To simulate these conditions it 1s apparent from
this study that the geometry of the downcomer has to be adequately represented. That is,
the break has to be properly positioned relative to the other cold legs and the hot leg
blockages modelled in some detail.
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However, an examination of the flow distnbutions in the downcomer reveals that when
the liquid flows towards the lower plenum it flows as a single liquid water columr. in a
one-dimensional manner down through downcomer leveis. Fig. 4 27 is a good example
of this. Even as the number of sectors increase the liquid continues to flow to the lower
plenum in a single column (a 16 sector calculation of liquid entering via one cold leg was
repeated with no steam flow to emphasise this characteniszic and the single column Pow
trend was repeated). These results show that TRAC does not predict the 2-dimensioial
redistribution of the liquid as it flows downwards and therefore over predicts the liquid
fraction in the injection region.

An examination of the TRAC momentum equation reveals that the circumferental forces
acting ou the liquid, to produce circumferential redistribution, are the shear forces produced
by the circumferential vapour flows. However, the circumferential vapour flows are lower
in the downcomer region furthest from the break and are likely to be insufficient to
redistribute the liquid flow.

An examination of the Strathclyde air-water video :ndicates that for small ar flows the
water entering into the downcomer flows both circumferentially and downwards to meet
the liquid flow distribution from the opposite cold leg. The redistribution of the liquid is
associated with the deflection of the radially flowing liquid by the inside wali of the
downcomer causing it to flow ¢ ywnwards under gravity and circumferentially due to the
radial component of momentum of the cold leg flow. An example of thi can be seen in
Fig. 4.33 and 4.34 which show photographs of the incoming liquid redisiributing around
the 1/10 scale model downcomer,

However, the current formulation of the TRAC momentum equations is not capable of
modelling t~is type of flow redistnbution since no momentum convecuon terms are
associated with a radial vessel/pipe connection (Ref.11). A '/mited study has been carned
out by Tumer (Ref.10) to implement momentum terms to & . ount for this effect but with
limited success. Unfortunately the study was only carried out with a 4 sector grid and
there is therefore insufficient information on which to base any conclusion as to the
appropnateness of Tumer's proposed scheme.

It is suggested that this is possibly one reason why TRAC at times approaches the correct
overal! result though the flow regime is incorrect. Very high drag coefficients are produced
for the bubbly flow regime (& < 00.3), as shown in Fig.4.35 (Ref.2) which could effectively
redirect the flow upwards.
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CONCLUSIONS

The use of the Strathclyde Refill experiments to assess TRAC' s ability to stimulate
the refill conditions has limitations due to geomencal complications associated
with the 1/10 scale model downcomer thermal shield.

A parametric study using two different downcomer hydraulic diameters to account
for the thermal shield did not produce better results overall but did show that the
TRAC predictions provide for complex interaction between wall heat transfer and
interfacial shear and heat transfer.

A simplified analysis of the Strathclyde total penetration tests has shown that the
TRAC liquid side heat transfer coefficient for the condensation process is an order
of magnitude too great when compared with the experimentally derived values.

A nodalisation study has shown the effects of increasing the numerical solution
gnd. A 4 sector nodalisation does not provide a converged solution for the
dependent variables.

For bynass conditions it is important to model the geometry of the break posi 1ons
relative to the Latact cold legs; hot leg penetrations make a significant contribu ion
to the bypass process.

TRAC's inability to predict the circumferenual redistribution of liquid injected into
the downcomer due to the lack of appropriate terms in the momentum equations
is a major deficiency in TRAC modelling.

TRAC's excessive computer run times is an important limitation in the progress
to a possible solution of the downcomer flows during the refill phase.
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APPENDRIN AL

Figure A<l shows a simplified model of 4 liquid film flowing down & wall adjacent 1o a coun-
ter-current Now of vapour, [tis assuned that a one dimensional model is appropriate for these
conditions and the effect of wall heat transfer to the liquid film 1s neglected. By applying the
conservation laws for mass and energy across the differential section in conjuction with an
energy balance across the liquid-vapour interface can lead to the expression for the amount of
steam condensed at a position X along the wall, ie.

CalToar = Ty [ ol
o ———— e e 4*

: All
hl. 1=¢

M‘u« . M‘-

This analysis has been carried out by Lieu (4) and extended to include wall heat iransfer by
Megahed (5),

o
Since 5—%—-3 = J,
.

then M =M, Ja [‘ -t "'«.)
This can be reduced to

M. = 3

A a4 !

k = &1'.1. - (,-e ') A1l -

where k is referred 10 as an equilibrium factor and represents the degree of thermal equilibrium
us a fraction of the steam condensed to what would be required to reach thermal equilibrium.

A previous analysis of th= Strathc lyde expenimental datu (7) had already determined a correlation
for the equilibrium factor as,

7 B
k=1 "CK{-O‘Z{).jO [P‘.] y""J ] Alld
1 Py )

Since Bx in eauation A. 1.2 represents the interfacial area A, and if introduced into A.1.2 then
equation A. 1.2 and A.1.3 can be equated to provide a relationship for the heat transfer coefficient
h or in our case the heat transfer coefficient interfacial area product, 1.e.

| o o
hA, =024 Cp M, [Jaj* (S;)"'y'“]"‘ A.l4

It should be noted that equation A, 1.4 is restricted bz the assurmptions made in the derivation
of equation A 1.2. In the integration from the differential equations to equation A.l1.l the

assun:imon 0. constant interfacial area was made. This therefore restricts the above equation
10 total pe

netration conditions where y = 1, 1.e.




WA =024 Cp M, e (Bt e ALS

R This expression can then be used 1o compare the TRAC values for the interfacial heat transfer
iy coefficients against the experimentally determined values. '




APPENDIN A2
) JAL_CONDENSATION MODELS FOR THE ANNULARMIST

A

The following equations describe the heat transfer correlations associated with the TRAC annular
mist flow rc‘gnme The equations are restnicied to the methods used 10 obtain the interfacial heat
{

transfer coefficient and the interfacial area during condensation
(h'A,)m‘”_fE(h;A,)M*' (1=E)(h A i Al
. - 12 038 (1] ¥
E = entrainment factor = MAX(7.78 = 107 « W, ™ « Re/ ™, 1 '“P{ | LR oo 5
& oL

J { s
w, w Dby 10 J

. a Py
i\ D
Re, = P By
My
A we 14
Vop = 203 ._?.G_____,,_‘)_-
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" T A LgWiei-p)
pviDd

We, -

(hA),, Isthe contribution of the film heat transfer where

h, = 002 pCpV,

|-a
A =MAXDn Ax 1SDUK" SLABAREA]Q
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STRATHCLYDE FLUID Mags) | Mg ATIK TRAC YEST TYPE
TEST VERSION
26035046 Stcam/Water 4 58K 0.903 176 |Temers 3¢3 Total
Hy Pass
TEST | GRID Z:6:R HOT LEG Stechage Pusition
MODELLING
s 1 13-4 2 No Blockage
s2 3.8 2 No Biockage
53 13:16:2 No Bilockage
S4 15:4:2 No Blockage
ss 15 82 No Blockage
$6 1582 No Biockage
57 15:4:2 FA Blockage, ® | 100% Flow Asca Blockage at level 12 edge 56 and 7/ Fig 4 4
S8 1582 FA Bioiage @ | 100% Flow Asca Blockage at level 12 edge IVIL, 1112, LVI4, 14715 Fag 42
s9 15-8:2 FA Blockage 6, Z | 100% Flow Asca Blockage as Test S8 and 51% amsal blockage Fig 42
| s 3.4 2 tngection Point.
Changed
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FIG. A.]1 SCHEMATIC OF CONOENSATION MODEL
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NUCLEAR REGULATORY COMMISSION
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