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SUMMARY

TRAC PF1/MODI predictions of LOCA refill experiments carried out on a 1/10 scale model
are presented and compared against experimental measurements and video observations.
Sensitivity studies have been carried out to determine the effect of hydraulic diameter and
nodalisation. It 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 calculation of interfacial

momentum 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

A Surface Area (m?)

B Interfacial area per unit length (m)
o Void Fraction

G Specific heat capacity (J/kgK)

D Diameter (m)

E Entrainment Fraction

g Gravitational acceleration (m/s?)
hy, Enthalpy of evaporation (J/kgK)

h Heat transfer coefficient (Watts/m?K)
Ja Jakob number.

k Equilibrium Factor

M Mass Flow (kg/s)

P pressure (N/m?)

AT, Inlet subcooling (saturation temp - inlet water temp) (K)

v Velocity (m/s)

w Circumference (m)

y Fraction of inlet water penetrating to lower plenum.
n Dynamic viscosity (Ns/m?)

r Surface tension (N/m)

p density (kg/m’*)

Ap pi—p; (kg/m’)

AX cell length (m)
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dc

in

LP

sat

droplet
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hydraulic
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inlet
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Thisreportdescribes the second and final phase of aninvestigation to assess the capabilities
of the thermal hydraulic code TRAC PF1/MOD1 to simulate the refill phase of a double
ended cold leg break LOCA. An initial investigation (Ref.1) established the codes poor
predictive performance when applied to steady state refill experiments carried out at
Strathclyde University on a 1/10 scale model of a PWR downcomer. However, an
improvement in the TRAC predictions was obtained when the convective terms in the
momentum equations were reformulated in a more conservative form. The calculations
reported in this document continue from the previous work and attempt to address some
of the questions that arose over TRAC'S sensitivity to nodalisation and the appropriate
hydraulic diameter for the downcomer flow paths. In addition a limited assessment of the
interfacial heat transfer modelling has been carried out against the Strathclyde experi-
mental data.

The experimental facility was previously reported (Ref.1). However, for completeness a
line diagram of the facility is shown in Fig. 1.1 and details of the 1/10 scale vessel are
shown in Fig. 1.2. The TRAC nodalisation of the test facility is shown in Fig. 1.3 and is
used in all TRAC calculations. |

2.1 Background

During the previous study (Ref.1) various questions arose concerning the difficulty of
modelling the particular design of downcomer simulated in the 1/10 scale model. A thermal
shield is incorporated into the downcomer annulus and this divides the downcomer into
two separate flow paths; an inner gap of 6 mm and an outer gap of 13 mm (Fig.1.2). The
flow conditions could only be fully resolved by using at least 2 rings in the numerical
solution grid to represent the downcomer. However, this would introduce a substantial
increase in cpu time and still not remove the uncertainty in the prediction since TRAC
would then have difficulty in predicting the correct division of flows between the channels.
To overcome some of these difficulties the downcomer was modelled with one ring in the
numerical grid and the flow areas of the two channels were combined into a single flow
path. A difficulty then arises when specifying an appropriate hydraulic diameter for the
downcomer which through the TRAC constitutive relations affects the calculation of wall
shear stress, wall to fluid heat transfer and interfacial shear stress and heat transfer.



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 report (Ref.1) 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 original (0.019m).

Therefill 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 diameter of 0.019 m as B2, C2 and D2, respectively. Figs. 2.1 - 2.6
compare the differences in the TRAC results for each of the tests and are discussed
separately below.

2.2 TRAC 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 rate. However the the flow conditions in the
downcomer are still incorrectly predicted as can be deduced from the reduction in the
calculated overall steam condensation rate when compared with the experimental
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 downcomer.

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/Water 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.
(Fig. 2.6).

2.3 Discussion

It is apparent from the above tests that using a more appropriate value of the hydraulic
diameter did not produce any improvements in the predictions of the experimental tests.



However, it did indicate how TRAC can be sensitive to parameters such as the hydraulic
diameter. Also, the results of test B/B2 show that the prediction depends on the interaction
of many effects which all have to be adequately modelled to correctly predict the refill
conditions. In TRAC the hydraulic diameter influences, to varying degrees interfacial
heat transfer, interfacial friction, wall to fluid heat transfer and wall friction (Ref. 2).
Identifying how each of these model dependencies affect the results is an almost impossible
task at the level of analysis that is currently being carried out. This would require a much
moredetailed analysisand a more flexible code to assess TRAC’s difficulties in simulatin g
the phenomena observed during refill conditions. An example of such enhancements
would be the capability to output the individual terms of the momentum equations, con-
densation rates, heat transfer coefficients, etc. as part of the graphics dump. This ability
to control the output of calculated parameters would allow a more detailed analysis to be
carried out.

RR 1

3.1 QOverview

In any TRAC assessment using separate effects tests such as the Strathclyde refill tests,
a difficulty arises in identifying deficiencies with individual physical models used in the
code due to the interdependency of other effects. For Steam/Water tests with substantial
liquid subcooling the TRAC predictions are the result of the effects produced by the
interfacial heat transfer, interfacial friction, wall friction and wall to fluid heat transfer
models. These tests involve too many effects for code deficiencies to be easily identified.

This section attempts to overcome this difficulty by restricting the comparison to total
penetration conditions where the flow regimes are known with some confidence, and the
experimental measurements can be reduced to give interfacial heat transfer coefficients.
The appropriate TRAC interfacial heat transfer models for these conditions can be
extracted from the TRAC code and assessed separately.

3.2 Analysis

The Strathclyde experiments covered a range from complete bypass to complete pen-
etration of the inlet liquid flow. It was apparent from the video recordings that for most
bypass conditions, particularly with any substantial liquid subcooling, highly chaotic flow
regimes existed in the downcomer. However, for total penetration conditions the flow




regime was less disturbed and existed as @ downward flowing liquid film attached to the
downcomer wall with a counter current flowing vapour. Under these conditions it is
possible to approximate the interfacial area within the following limits:

A SAS2 A,
i.e. 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
is 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.

hAne =hiamn Aifim

where hy fim = 0.02p, Cp, V,
1-a
Aa = MAX ( [nD,AX %] sLABAREAR
107
DUK= 1-&

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 that if TRAC was being used to model downcomer conditions in which
the slabarea was notincluded (i.e. SLAB AREA =0.0) in the input deck then the interfacial
film area would be wrongly evaluated and represented by a cylinder of diameter D, and
length AX instead of the considerably larger downcomer wall surface area.

Also V, has been calculated from

V,=mi ( M, 3 0)
=min|———07 9.
! Agp(l-o)



The method used to reduce the experimental measurements of condensation rates to
interfacial heat transfer coefficients has been discussed by Lieu et al (Ref.4) and extended
more recently by Megahed (Ref.5, 6). The following expression relates the heat transfer
coefficient and interfacial area product to the experimental conditions. An outline of the
derivation for this expression can be found in Appendix 1.

hA;= —In(-k)M, Cp,

12 -06
where  k = equilibrium factor = 1 - exp (—0.24(151 j *(?) y“’z) )
I v

LY
t Ap, Y gW(pi—-p.)
h/x

The above expressions were used to calculate the heat transfer coefficient area product
for the range of inlet liquid flowrates covered by the Strathclyde experimental tests i.e. 0
- 8 kg/s. It should be noted that the Strathclyde expression for the equilibrium 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 curves shown in Fig.3.1 which are
compared with the TRAC computed values of hA.

It is quite apparent from 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 transfer coefficient area product (hA) with vapour velocity. It can clearly be seen
that already high values associated with the liquid film coefficient increase rapidly 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). Inaddition Fig. 3.3 shows how the heat transfer rate will decrease as void
fraction is increased mainly due to the decrease in interfacial surface area between the
liquid and the vapour.

NODALISATION STUDY

4.1 Background

Previous TRAC assessments (Ref. 8, 9) had attempted to investigate the effect of
nodalisation changes but no conclusion could be made to support any particular degree
of nodalisation. Cappiello (Ref.8) had conducted a limited study by increasing the number
of circumferential sectors from four to eight and reported that this had no effect on the
results. However, Slovik (Ref.9) had carried out nodalisation sensitivity studies by
concentrating on the effect of the flow area blockages associated with the hot leg pen-
etrations and found TRAC to be very sensitive to how the blockages are modelled but
with no clear 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 minimise on cost but to
maximise on grid variations. The choice of nodalisation was primarily based on an analysis
of the TRAC calculations carried out in the previous Phase I study (Ref.1). In these
calculations it was observed that variables such as the vapour velocity could increase from
values of 15 m/s at the downcomer entrance to over 30 m/s at the cold leg break cell
position [Sect 5, 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
circumferential direction but with a much coarser circumferential grid than the axial
direction. In addition, the liquid in the downcomer tended (ixi 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 to the difficulty
of correctly positioning the cold leg positions relative to the broken cold and hot leg
penetration.



As has been pointed out in the previous study (Ref.1) and in section 2 of this report, the
interfacial heat transfer and shear stress are very sensitive to the magnitude of the vapour
velocities. In fact for large relative velocities the heat transfer is proportional to the square
of the vapour velocity while the shear stress is proportional to the fourth power of the
vapour velocity. In addition these two important parameters are also dependent on the
void fraction in the determination of interfacial areas and flow regimes. The overall effect
is likely to produce a calculation that is very sensitive to the vapour velocities and flow
regimes.

This exercise has two basic objectives:

(1) to determine the effect of refining the numerical grid circumferentially and axially.
This would investigate the effect on numerical approximations, i.e. whether the solution
had converged and to investigate the circumferential positioning of the cold leg injection
points relative to the break;

(2) to investigate the effect of including hot leg penetrations which are modelled as flow
area blockages in TRAC.

4.2 TRAC CODE

The TRAC code used in this exercise was a version of the Winfrith TRAC, B @3, modified
by Tumer (Ref.10) to include a more conservative formulation of the finite difference
equations. However, ambiguity arose over the extent of the modifications to the convection
terms in the TRAC momentum equations for the liquid and vapour phases. Therefore,
the equations are outlined below for clarity.

The original formulation of the TRAC momentum equations for the vapour Z-direction
equation are: |

ouz duz Uy du; 1dp

—é?--l- u,'g;-f-?"ge-i-uz-a—z'-*—‘a—a?: [TERMS]

Tumer modified the equations by reformulating the main convection term (eg 2z :—:-) in

each direction of the vapour and liquid momentum equations. Thus the above equation
became:
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Anattempt was made by Turner toreformulate other convection terms (e g %, > Ef)
r

However, coding difficulties excluded this work from being completed in time to be used
in this study.

4.3 Vessel Nodalisation

The numerical grids chosen for the vessel nodalisation reflected our understanding that
the steepest gradients of the dependent variables, velocity, temperature, void fraction etc.
were concentrated in the upper downcomer region for a total bypass test. Table 4.1 shows
the range of tests carried out. In Tests S1, S2 and S3 the circumferential sectors were
increased from 4 to 8 to 16 respectively for a 13 level grid, while in Tests S2, S5, and S6
the effect of an increase in axial levels was investigated for an 8 sector grid. The effect
of flow area blockages was investigated in a 15 level grid for Tests S7, S8 and S9 while
the consequence of moving cold leg positions was shown in Test S10 for a 4 sector
nodalisation.

Figs. 4.1, 4.2 and 4.3 show the axial levels for Tests S1, S2 and S3. Fig. 4.2 and Table 4.1
also show the position of the blockages used in Tests S7, S8 and S9. Figs. 4.4a,4.4b, 4.4c
and 4.5 show the circumferential positions of the cold legs in each test.

4.4. Steady State Vapour Only Condition

One of the most difficult problems in analysing the source of differences between tests is
the number of and variation in the dependent variables of the problem. To minimise these
difficulties it was thought judicious to study the effect of the vapour velocity during the
initial single phase period (0 - S secs.) of the calculation prior to water injection. This
would highlight the effect of the nodalisation changes and give some indication of the
appropriateness of the chosen numerical grid. However, even though the single phase
vapour velocity distribution will be similar to that during the transient, the existence of
liquid and localised condensation will further introduce transient redistribution of the
vapour velocity and necessitate the need for a finer numerical grid than that appropriate
for the steady state single phase condition.



An examination of the effects of increasing the number of circumferential sectors from 4
to 8 to 16 (Tests S1, S2 and S§3) show that the solution has clearly not converged. Figs.
4.6, 4.7 and 4.8 show the vapour velocity components for the axial and circumferential
directions of each top and right hand face respectively, for each cell. The velocity com-
ponents, in particular geometrical planes, have been taken from the values shown in Figs.
4.6, 4.7 and 4.8 to produce the curves in Figs. 4.9, 4.10 and 4.11.

Fig. 4.9 shows the axial velocity components directly below the break cell (ie levels 4 -
10, Fig. 4.1) for each of the grid changes. It can be seen that an increase in the number
of circumferential sectors produces greater velocities in regions close to the break cell.
Fig. 4.10 shows the axial velocity components up the downcomer in the circumferential
sector furthest from the break. The decrease in the axial component of velocity isindicated
quite clearly in the upper downcomer regions as the grid is refined in the circumferential
direction.

Fig. 4.11 shows the effect of the circumferential grid changes on the circumferential
velocity component and plots the theta velocity components around the downcomer from
the break cell position, at the break cell level. Itcan be seen that higher velocity magnitudes
are predicted close to the break and is similar to the effects on the axial velocity component,
Better predictions of the circumferential velocity component associated with the line of
symmetry in the flow field at 180 degrees are being produced. However, the calculation
using the 13:16:2 grid shows a slightly skewed velocity distribution with the line of flow
symmetry appearing at 126 degrees from the break instead of 180 degrees. The asymmetry
in the flow is believed to be caused by the way the steam was introduced into the vessel.
The steammass flow entered into the core viaa hotleg and since this pipe/vessel connection
used only one core sector, an asymmetry in the flow could be produced as the grid was
refined in the circumferential direction. The asymmetry in the core flow could then easily
propagate into the downcomer.

Similar trends in the velocity distribution can be seen by increasing the axial levels from
13 to 15 for an 8 sector grid and concentrating the increase in the levels to the cold and
hot leg region (see Fig. 4.2 for nodalisation). Fig. 4.12 shows the vapour velocity com-
ponents in the axial and circumferential directions with the spatial effects plotted in Figs.
49,4.10 and 4.11.

Comparing Tests SS and S9 which show the effects of introducing flow area blockage, as
indicated in Fig. 4.2 it can be seen that the main differences were localised to the break
area. Fig.4.13 shows the redistribution of the vapour flow asitleaves the blockage regions.
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Therefore, it can be seen from the above assessment of the single phase vapour flow
distribution that as the numerical grid is refined, particularly in the circumferential
direction and axially local to the break, the vapour velocities reduce in the regions furthest
from the break and increase local to the break.

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

4.5 Trgnsient Steam-Water Flows

The transient cases tend to be more difficult to analyse since the change in the numerical
solution 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 to 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, S2, S4, S5 and S6. Changing froma 13:4:2to 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. 4.14 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 be seen in Fig. 4.15 which shows the calculation for Test S2, a 13:8:2
grid. Changing the axial levels for an 8 sector grid 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 grid, Tests S2, S5 and S6. As the
axial levels were increased from 13 to 18, the time for liquid to penetrate the downcomer
was reduced by just over 4 seconds.
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It should be noted that by changing from the 4 sector grid to the 8 sector grid 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. (i.e. levels at 1.067 m and 0.173 m) for 15:4:2
and 15:8:2 grids. It can be seen that the changes have increased the condensation rates
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 S7, fora 15:4:2 grid and Tests S8 and S9 for 15:8:2 grids,
(Table 4.1). Fig. 4.19 shows the results of the 15:4:2 grid calculation. When 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 S4
while no such trend was repeated when the hot leg blockages were modelled, (Test S7).

However, similar calculations using a 15:8:2 grid showed that significant differences in
the results could occur. By comparing Figs. 4.15, 4.24 and 4.25, which show the break
mass flow rates for Tests S2, S8 and S9 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 S9) provided interesting results when the downcomer
flow pattern was analysed in some detail. By using the graphical animation software
developed at Strathclyde the results were by far the most realistic of all the calculations
yetperformed 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 to the
multi-dimensional flow distribution in the downcomer. As an example, the break flow
cycle shown in Fig. 4.25 over the time period 9 - 12 seconds can be related to 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 as 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 is
shown in Figs. 4.26 to 4.29.
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The question arose as to 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 (Test S.10) with the cold legs repositioned as in Fig.4.5 (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 TRAC Computational Efficiency

The CPU time 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 time for four typical calculations during the sensitivity
study. Itcan be seen that increasing the numerical grid from a 13:4:2 grid to a 15:8:2 grid
has produced an almost nine fold increase in the CPU time to a magnitude of 9000 seconds
for Test S9. This is obviously an undesirable level of performance implying high costs
which impose limits on the number of studies that can be carried out. Fig. 4.32 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 10™ secs. This was identified as the CFL (Courant
Freidricks Lewy) stability limit for the calculations.

DI I

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 downcomer 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 importance of modelling the transient flow regime cannot be overstated
since it determines not only the interfacial area but also the residence time of the liquid
and therefore 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 itis 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 distributions in the downcomer reveals that when
the liquid flows towards the lower plenum it flows as a single liquid water column in a
one-dimensional manner down through downcomer levels. Fig. 4.27 is a good example
of this. Even as the number of sectors increase the liquid continues to flow to the lower
plenumin a single column (a 16 sector calculation of liquid entering via one cold leg was
repeated with no steam flow to emphasise this characteristic and the single column flow
trend was repeated). These results show that TRAC does not predict the 2-dimensional
. 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 circumferential forces
acting on 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 indicates that for small air 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 wall of the
downcomer causing it to flow downwards under gravity and circumferentially due to the
radial component of momentum of the cold leg flow. An example of this can be seen in
Fig. 4.33 and 4.34 which show photographs of the incoming liquid redistributing around
the 1/10 scale model downcomer.

However, the current formulation of the TRAC momentum equations is not capable of
modelling this type of flow redistribution since no momentum convection terms are
associated with aradial vessel/pipe connection (Ref.11). A limited study has been carried
out by Turner (Ref.10) to implement momentum terms to account 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
appropriateness of Turner’s proposed scheme.

It is suggested that this is possibly one reason why TRAC at times approaches the correct
overall result though the flow regime is incorrect. Very high drag coefficients are produced
for the bubbly flow regime (ct < 0.3), as shown in Fig. 4.35 (Ref.2) which could effectively
redirect the flow upwards.
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CONCLUSIONS
1. The use of the Strathclyde Refill experiments to assess TRAC’s ability to stimulate

the refill conditions has limitations due to geometical complications associated
with the 1/10 scale model downcomer thermal shield.

2. 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.

3. 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.

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

5. For bypass conditions it is important to model the geometry of the break positions

relative to the intact cold legs; hot leg penetrations make a significant contribution
to the bypass process. ‘

6. TRAC’s inability to predict the circumferential 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.

7. 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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RECOMMENDATIONS FOR FURTHER STUDY

1. Continue Turners work on the reformulation of the momentum equations to include
the cross derivative terms for vessel/pipe connections.

2. Pursue improvements in TRAC’s computational performance.

3. Improve interfacial modelling of shear stress and heat transfer.
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APPENDIX A.1

Figure A-1 shows a simplified model of a liquid film flowing down a wall adjacent to a coun-
ter-current flow of vapour. It is assumed that a one dimensional model is appropriate for these
conditions and the effect of wall heat transfer to the liquid film is 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, i.e.

C,i(Tsar—T),) -
M, =M, —"'L( ‘*_m) A.ll
n in hl’g l_e

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

Tear=T,
Since ot _ g
by,
a8
then M, =M, -Ja- (1 _ eq”ﬁ..,)
This can be reduced to
Mon b
= = >, 1.
k= Mon (l-e "') A.12

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

A previous analysis of the Strathclyde experimental data (7) had already determined a correlation
for the equilibrium factor as,

12 -0.6
kﬂ—exp(-o.za[faj* [ﬂ] y-‘"-] } A3
: Lpy

Since Bx in equation 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, i.e.

hA,=024-Cp- M, Uaj’* (%)"zy"”]*’-6 A4

It should be noted that equation A.1.4 is restricted by the assumptions made in the derivation
of equation A.1.2. In the integration from the differential equations to equation A.1.1 the
assumption of constant interfacial area was made. This therefore restricts the above equation
to total penetration conditions where y = 1, i.e.



-
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hA=024:Cp, M, Da:j* (%)‘”- 70 A.L5

This expression can then be used to compare the TRAC values for the interfacial heat transfer
coefficients against the experimentally determined values.
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APPENDIX A2

TRAC INTERFACIAL CONDENSATION MODELS FOR THE ANNULAR-MIST
REGIME

The following equations describe the heat transfer correlations associated with the TRAC annular
mist flow regime. The equations are restricted to the methods used to obtain the interfacial heat
transfer coefficient and the interfacial area during condensation.

(h; A) =E(h;A),,, + (A -E)Y(A) A2l

annular mist film

v,
E = entrainment factor = MAX(7.75 x 107 x W% x Ref %, 1 — exp(l (l - D

2 Y OLF
pV .3D 3
W = J h Ap

e

o Py
Re, = plleh
Ky
(ApoWe)"*
Vor = 233 =t
M, p 17
YT A (gW(p.-pv))
V.D
Wed = p ri’d
o

(h,-A,-)ﬁ,m is the contribution of the film heat transfer where

hy = 002 p,CpV,

l1-a
A"-MAX(D"K'AX'I_—EU—K’ SLAB AREA)-Z

107
DUK = 1-— 0<sDUK<«
D,



(hA)

mist

with the restriction that
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is the contribution of droplet heat transfer where

h, = 002 p,C,Vp

V, = 1/2(L) v,
W, +

Hy

p 172
Vp € min {0514 ——| V,
? [ (pnwea) J

VOL
Dy

Awe = 6 (1-@)

We, o

D
‘ p, V2







TEST| EXP.ID FLUID Mkg/s) | M/M,(kg/s) | Myke/s) | AT(K) | Dy(m) TYPE TRAC
) VERSION

B | 01048023 | StcamyWater | 2.516 0.214 1.372 12.6 0.038 Partial Pen. wgngzh
B2 " " " " " " 0.019 " "
C | 15068168 | Air/Water 71.65 0.266 1.984 0.0 0.038 Partial Pen. ngq?sim
c2 " " " " " " 0.019 " "
D | 26038046 | SteamyWater | 4.888 0.403 0.0 37.6 0.038 Partial Pen. ngqfrsith
D2 " " " " " " 0.019 " "

1 Y4



STRATHCLYDE FLUID M,(kg/s) M,(kg/s) M, p(kg/s) AT(K) TRAC TEST TYPE
TEST VERSION
26038046 Steamy/Water 4.888 0.403 0.0 37.6 |Tumer’s: B3 Total
: By-Pass
TEST GRID Z:6:R HOT LEG Blockage Paosition
MODELLING
S1 S 13:4:2 No Blockage
S2 13:8:2 No Blockage
S3 13:16:2 No Blockage
S4 15:4:2 No Blockage
SS 15:8:2 No Blockage
Sé6 18:8:2 No Blockage
S7 15:4:2 FA Blockage, 0 100% Flow Area Blockage at level 12 edge 5/6 and 7/8 Fig 4.4a
S8 15:8:2 FA Blockage, 0 100% Flow Area Blockage at level 12 edge 10/11, 11/12, 13/14, 14/15 Fig 4.2
S9 15:8:2 FA Blockage 0, Z 100% Flow Area Blockage as Test S8 and 51% axial blockage Fig 4.2
S10 13:4:2 Injection Points
Changed
TABLE 4.1 NODALISATION SENSITIVITY TEST SERIES FOR TEST 26038046

7t
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TRERMAL HYDRAULIC CODE TRAC PF1/MOD1
x10~1
12 - TEST B
R Sttt el N IR CT L2 Y
10, .
2 TEST B2
< / 1025 ALOV/S/01
g 8l !
& /
& & |
> i
3 3 3 3 Y 3 EXP -----
Wy
]
£
2
o ¥ v N L4 4 '. & v ¥
0 2 4 ] 8 10 12 14 16 18 'ZO
TIME ¢SECS)

FIG. 2.1 BREAK MASS FLOWRATES FOR TEST B (Dh=0.038 M) AND
: TEST B2 (Dh=0.019 M)

EXPERIMENTAL
x10~1
0.80,
@
F 0.84] "~ """ =" ~vecerceccacaoc= e cweremecsecnee=
x
£ TEST B
§ 0.46] /
g 0.92{ N ———————————
0.1, TEST B2
.00 i ‘
° Ly 3 M 3 12 {s 18
TINE (SECS)

F16. 2.2 STEAM CONDENSATION RATES FOR TEST B (Dh=0.038 M) AND
TEST B2 (DH=0.018 M)
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X103
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THERMAL HYDRAULIC CODE TRAC PF1/M001

WATTS

TOT SLAB HEAT FLUX
hid

-2

4

2 4 € @8 10 12 i+ 16 18 20
TINE ¢SECS)

TEST B
101: QYT 7/0/1
TEST B2
1028 QLT 77041

FIe. 2.3 TOTAL WALL HEAT TRANSFER FOR TEST B (Dh=0.038 M) AND

TEST B2 (Dh=0.019 M)

THERMAL HYDRAULIC CODE TRAC PF1-M0OD1

K6-/8EC

HMASS FLOV RATE
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TINE (SECS)

TEST C
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TEST €2
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FIG. 2.4 BREAK MASS FLOWRATES FOR TEST C (DOh=0.038 M) AND
TEST C2 (Dh+«0.019 M)
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THERNAL HYDRAULIC CODE TRAC PF1,MOD1

10 TEST D
1D13 FLOW/3/0-1
8. ' !
3 ! }‘ TEST D2
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X e1 1
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.
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FI6. 2.5 BREAK MASS FLOWRATES FOR TEST D (Dh=0.038 M3 AND
TEST D2 (Dh=0.018M)
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Fl1e. 2.8 VELOCITY VECTOR PLOT AND L1IQUID FRACTION DISTRIBUTION FOR
TEST O (Dh=0.038 M) AND TEST D2 (Dh=0.018 M) '
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COLD LEG BREAK

F16. 4.4C ECC INJECTION POINTS AND COLD LEG BREAK POSITIONS FOR
SIXTEEN SEGMENT GRID CALCULATIONS
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FIG. 4.5 ECC INJECTION POINTS AND COLD LEG BREAK POSITIONS FOR
TEST Si10
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FIG. 4.7 CELL EDGE AXIAL (V=) AND CIRCUMFERENTIAL (V<) VAPOUR

VELOCITY COMPONENTS FOR TEST S2 (13:8:2 GRID)
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F16. 4.8 CELL EDGE AXIAL (Vxz) AND CIRCUMFERENTIAL (V+) VAPOUR
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FI6. 4.24 BREAK MASS FLOWRATE FOR TEST S8 (151812 GRID WITH CIRCUMFERENTIAL
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FIG. 4.25 BREAK MASS FLOWRATE FOR TEST S9 (151812 GRID WITH CIRCUMFERENTIAL
AND AXIAL HOT LEG BLOCKAGE)



53

FILE : TEST 89

TINE 9.83 secs

level

- 15

 “ > 14

’ g X - 13
’ / R t 12

P A [ : - X 11
t ® [® . 8{- ﬁ; - ~ 10
PRI - g. - ¥ - 9
.  <- j“' - - 8

7

[

S

1

2

1

reg., 15 16 9 10 11 12 13 14
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T=10.84 SECS FOR TEST S8 ( 151812 GRID WITH AXIAL AND
CIRCUMFERENTIAL BLOCKAGE) '
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T=11.24 SECS FOR TEST S9 ( 151832 GRID WITH AXIAL AND
CIRCUMFERENTIAL BLOCKAGE)
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