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Summary

TRAC PFl/ MOD 1 predictions of LOCA refill experiments carried out on a 1/10 scale m(xlel

PWR vessel are ytesented. The predictions show that TRAC underpredicts bypass for the test

cases considered. Comparison results are presented and discussed. Simple sensitivity analysis

of the interfacial drag models used is presented in an effort to explain the poor performance of

the code.
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Nomenclature -

A- Area (m2) '--

a Void fraction

C, Drag coefficient -

1

C, Interfacialdrag coefficient (kg/rre)

D Diameter (m)

E Entrainment fraction
.

!g- Gravitation acceleration (m/s')

- j Superficial velocity (m/s)-
,

j' Dimensiorless superficial velocity

- L Length (m)

M -- Mass flowrate (kg/s)

- Viscosity (Ns/m')
,

Re Reynold.; number

- p Density (kg/m))
1

- S - Circumference (m)

o Surface tension (N/m)

V Velocity' (m/s)

- We. Weber number -
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1.0 INTRODUCTION
i

t

A continuous effort is being made to ensure that existing LWR safety codes, such as TRAC and

RELAP are capable of predicting the behaviour of reactor safety related experiments and

ultimately the behaviour of full scale nuclear plants. The performance of the codes used has

given cause for concem in a number of areas e.g. their sensitivity to user experience, the

numerical approximations made to solve the panial differential equations describing the system
!

and the physical models used to describe the phenomenon occurring during accident conditions,

such as a LOCA.
.

. In a LOCA the main safety criteria is to maintain safe temperature levels in the fuel rods of the

reactor core. His is achieved by scramming the reactor and endeavouring to replace the liquid

mass lost through the break by introducing emergency core cooling water into the system and

particularly into the reactor vessel. During a large break LOCA in a Pressurised Water Reactor ;

(PWR),(double ended cold leg break) a panicular critical phase of the transient may be reached

when the emergency core cooling water is prevented from entering the vessel due to an opposing

Gow of steam originating from the core and intact loops. This phase of the transient, known as

the Refill Phase, includes highly complex interactions of steam and water involving multi-di.

mensional, non-equilibrium counter-current two phase Dows and attempts to predict such

cenditions employs thermal hydraulic codes, such as TRAC, to the limits of their capabilities.
_

The purpose of the work reported here is to focus attention on the capabilities of TRAC
PFl/ MODI (Ref.1) to simulate the conditions existing in the vessel downcomer during the refill

phase. Previous assessments of TRAC against s:parate effects downcomer experiments had

already produced confusing results regarding TRAC's sensitivity to different nodalisations (Ref.

2). Also Coddington (Ref. 3) had identined the non conservative formulation of TRAC's
,

momentum equations as a possible source of problems. The physical models had also been

identified as de0cient. by Cappiello (Ref. 4) who suggested that the interfacial film drag
'

correlation for- the annular mist regime underestimated the interfacial drag coefGeient for the

L .downcomer Dows. His work has raised substantial doubt conceming TRAC's ability to model

the refill phenomenon correctN,nd therefore the accuracy of the large plant calculations that had

recently been carried out in the UK.

.

4 . w..
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Tumer (Ref, 5) is- currently investigating the formulation _ problems associated .with the

mathematical modelling and has produced alternative fonnulations to overcome the non

conservation of momentum produced by the numerical solution techniques. In conjunction with

Tumer's work the present exercise attempts to assess TRAC's capabilities against downcomer

separate effects experiments carried out at Strathclyde University on a 1/10 scale model of a

PWR vessel geometry (Ref. 6). The experiments established steady state refill conditions for
~

various ECC and steam Dowrates, liquid subcoolings and pressure effects in addition to the

above tests video films were made of the processes taking place within the downcomer. One of

the main limitations of previous assessments of TRAC against downcomer separate effects is

that comparisons were made against measurements of lower plenum liquid levels or mass nows

into the lower plenum or _out of the break without detemiining any of the details or conditions
,

that exist in the downcomer. This then presents difficulties in assessing TRAC's now regime

map or corresponding models and correlations. With this in mind the present work sets out to

compare a number of the Strathclyde experiments with TRAC predictions and to establish

through the use of the video film recordings if TRAC is predicting similar How features to that of

the experiment. The version of TRAC PFl/ MODI used in the exercise was the Winfrith

modified code 805 and run on the Harwell CRAY 2 supercomputer.
,

i

2.0 EXPERIMENTAL WORK !

2,1 Test Facility

The test facihty was primarily designed to study the refill stage of a double ended cold leg break

loss of coolant accident in a PWR; in particular cold leg injection of the emergency core cooling
water.

,
.

The facility was designed for operation with steam / water and air / water as the working Guids and
i

incorporated a closed loop recirculation system. Line diagrams of the now loop are shown in
,

Figs. 2.1 and 2.2. The ;cactor vessel test section was a 1/10 scale model of a Westinghouse
, Pressurised Water Reactor, with particular emphasis on the downcomer annulus. Two test

sections were available, one with a transparent (polycarbonate) exterior, restricting operations to

low pressure (up to 1.7 bar) and -allowing visual observation; the other in . stainless steel'

permitting higher pressure operation (up to 5.0 bar). A range of inlet water sub-coolings (inlet,

steam saturation temperature minus inlet water temperatures) was available ranging from 80 K
down to almost zero.

- . .-- - - - - . - -- - -- . - - - - . - . - - -
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The reactor vessel simulati_on-included the provision of four hot legs (connected through the

annulus to the core) and four cold legs (connected to the annulus only). Two of the hot legs were

used to supply steam / air to the core; three of the cold legs were used as emergency coolant

injection points, whilst the fourth represented the broken leg. Details and dimensions of the test

section are shown in Fig. 2.3. The hot and cold leg connections were each 70 mm in diameter

arranged circumferentially as shown in Fig. 2 A This arrangement of hot and cold legs is typical

of most PWR designs However, the model downcomer incorporates a thermal shichi facility

which effectively separates the downcomer flow into two annular regions. This particular design
-

of downcomer was associated with some Westinghouse and Combustion Engineenng designs

but is not included in the Sizewell PWR design.

The lower plenum had an outlet at the bottom (unlike the reactor system) so that the penetrating

flow of the injected water could be measured in a calibrated tank. Adjustment of a valve in the

lower plenum outlet pipe allowed a fixed level of water in the lower plenum to be maintained,

therefore preventing the steam or air from leaving the vessel from the lower plenum.

2.2 Test Procedure

The mam measurements taken during the tests included inlet steam / air flowrate, injected water

flowrate, water penetrating to the lower plenum and various temperatures, pressures and pressure

differences, as indicated in Fig. 2.2. .

In the PWR refill' studies, where the prime objective was to study the bypass phenomena, two

particular types of test were involved, viz ' water first' and ' steam first' tests in a water first test

a particular water flowrate was set and then the steam flowrate increased to a specified value.

This procedure was then repeated for increasing steam flowrates till complete bypass occurred.

In a ' steam first' test, for a particular steam flowrate the water flowrate was increased in steps

until bypass ceased. The range of conditions tested dunng the study are indicated in Table 2.1.

. . . .
.

_ __
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SteanvWater Tests

Mw 4680 - 26420 kg/hr A
Ms 0 - 1700 kg/hr

j*, 0.015 - 0.083

j *, 0 - 0.194,

a Tsub 5 - 65 K-

Air / Water

Mw 5200 - 28360 kg/hr

Ma 0 - 1300 kg/hr -

j*, 0.0159 - 0 0566

j* 0 - 0.0805.

Table 11 Range of Test Conditions

2,3 Video Observations

Separate from the above tests, visual observations were made and recorded by a video camera

system for a range of conditions varying from total penetration to complete bypass for both

steam / water and air / water situations. In the steam / water observations only the vessel outer

casing was transparent, the rest of the section being stainless steel; thus only recordings of the

events occurring in the annulus viewed below the broken leg were taken. In the air water tests,

however the entire test section was transparent allowing observations to be made not only of the

downcomer annular space but also of the cooling water inlet and its associated annular area and

also of the broken leg outlet from the annular space.

The video films were not taken simultaneously with t!.e actual experimental tests but were

recorded prior to the experimental tests. For the steam / water situation twenty different
conditions were filmed and for the air water case, eight conditions, all of which matched the

experimental tests. The videa recordings only observed the test section from particular
directions,i.e, for the steam / water tests, only the conditions under the broken leg were recorded

while for the air / water tests the regions under the broken leg and 90 degrees to the broken leg

were recorded.

. _ _ - _ - _ _ _ - _ _ _ ___ _ - - - _
-
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It should also be noted that the air / water visualisations were of a better visual quality than the

steam / water since the air / water test section was constructed totally from transparent polycarbon-

ate sections which gave good illumination of the downcomer However, the steam / water tests

mcorporated a steel core liner which made illummation of the downcomer secuons more

difficult. Consequently, the quality of the steam / water videos are pecer making interpretanon
more dif6 cult.

\

3,0 TRAC NODALISATION SCIIEME

3,1 Vessel Nodalisation

The nodalisation devised to simulate the 1/10 scale model refill experiments is shown en Figs.

3.1 and 3.2. The number of cells and their distnbution are similar to the nodalisanon schemes
used in the TRAC large plant calculations that have recently been carried out in the UK (Ref.

7,8). Since the suitability of this nodalisanon has not been proven for retill conditions it was

thought reasonable to use this scheme as a starting point in any TRAC assessment. In addition it

was decided to model the vessel geometry as accurately as possible with the inclusion of hot leg

penetrations even though past work (Ref. 2) had produced. conflicting results and raised many

questions on the modelling of hot leg penetrations. Many of the quesnons. that could
undoubtably be raised by this singular choice of nodalisation wou!d be investigated at a later date

after a better understanding of TRAC's capabilities had been gained from this first phase et
computations.

The vessel nodalisation, shown on Fig. 3.2 includes 13 anal levels,4 sectors and I radial ring to

represent the downcomer, making eight regions in total. This is slightly ditferent from the sesse!

nodalisation in the large plant schemes which consisted of an 11 x 4 x 3 grid. The core is

modelled as in Fig. 3.2 and simply acts as a Gow path for the steam or air. The lower plenum
'

region has an additional level that was used to resolve various difficulties that were encountered

during the initial debugging of the model. These problems were associated with the flow of

steam from the core to the downcomer which had a tendency to reverse and Gow back into the

core when cooling water was injected into the downcomer. These problems were resolved by the

inclusion of an extra level and by opening up the radial flow area in level 2. This tiow area

would not normally exist in practice due to the curvature of the lower plenum. However, this

situation identifies one of the limitations of modelling sphencal shapes using a course mesh

cylindrical geometry. This departure from the true geomercy is thought to have little effect on
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modelling this experimental facility. It was also discovered that the downcomer was slightly

longer when compared to a 1/10 linear scaling on the Sizewell PWR downcomer. Therefore an .

additional level was included in the downcomer region.

RefetTing to Fig. 3,1 the ECC injection flowrates were modelled using 3 FILL components, ,

(1,2,3), injecting into 3 single cell PIPE components (11,12,13) corresponding to the 3 intact

loop cold leg nozzles. The steam or cir was injected into the core region using FILL component

4 and PIPE component 14, representing a hot leg nozzle. A BREAK component (5) was used to

specify the experimental break pressure in the nozzle of the broken cold leg which was modelled

us.ng a PIPE component (15).

The liquid that penetrates the downcomer region exits the vessel through a drain pipe attached to

tne lower plenum. This was modelled by attaching a PIPE component (16) to the vessel and

using the TRAC separator model (FRIC < -1.0E20, Ref.1) to ensure that steam did not leave the

lower plenum with the liquid. A BREAK component (6) was connected to the pipe to specify an
1

atmospheric boundary conditian.

3.2 lleat Structure Modelling

The heat transfer from the downcomer walls can have a significant effect on the course of the'

refill process by increasing the ECC fluid temperature and limiting the effect of direct contact

condensation. It was therefore important to try ano model the heat transfer through the steelliner

from the core steam to the downcomer fluid even though no experimental measurements were
4

; - obtained for this heat transfer.
__ _

It is not possible to directly model the heat transfer between vessel hydrodynamic cells separated

by solid structures using TRAC PFl/ MODI therefore the one dimensional conduction slab

model was adapted in an attempt to include downcomer wall heat transfer effects. The slab

model used in the present study, is shown in Fig. 3.3 which shows a typical slab which could

transfer heat 1to a downcomer hydrodynamic cell.- The first node models the _ core steam

temperature which remains at an appr6ximately constant value throughout the test However to

_ maintain a constant temperature boundary condition at the first node an artificial material with a
j :

very high thermal capacity was input for this aode. The thernul conductivity associated with

this material corresponded to a value determined using the Dittus-Boelter convective heat

transfer correlation.
l

.. - - - . - _ - . - .- - .. - . - - . _ . . - .,
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3.3 Graphical Presentation

1

- The huge amount of data that TRAC produces from simulations can be cumbersome to handle-

'and therefore difficult to analyse without the aid of graphics post processing tools. Therefore,

several computer programs were written to analyse the fluid flow conditions prcdicted in the

, vessel downcomer. One program could produce the velocity or phasic mass flow vector

distdbution in the developed downcomer. In addition to the vector plots the representation of the

liquid fraction was included for each cell. Fig. 3.4 indicates the developed downcomer solution

grid with the corresponding cold leg junction points and bot leg blockage areas while Fig. 5.6 is

- a typical plot using the software. The hot and cold leg junction information was not included to
_

improve clarity. It should be noted that the vector representing the liquid phase is always

positioned on the left of centre in each cell while the vapour phase dght of centre; Also the

vectors are constructed using the same convention as used by -TRAC i.e. each vector-is

constructed from the components of the positive cell face. For this exercise, positive cell faces in

the axial direction are the higher cell faces and positive cell faces in the circumferential direction

are the anti clockwise face (right hand face),

- The above software can produce a snapshot of the downcomer flows at any time in the

calculation. To animate the process and therefore produce a motion picture of the transient

further computer processing is required. The method used to do this at present is not very

efficient but informative results can be obtained and displayed on a micro-computer if the effort

- is warranted.

4.0 CALCULATION PROCEDURE

Four tests (with corresponding video recordings) were chosen from the Strathclyde test data bank

and covered the whole range of available conditions varying from total penetration to total

bypass at moderately high subcooling and were thought to give the best possible assessment

- from the available data bank of video recorded tests. Table 4.1 shows the test conditions which

were simulated with TRAC. The tests were renumbered A B C and D for case of reference.

TEST A was a steam / water total penetranon test, TEST B and TEST C were partial penetration

tests with stearn/ water and air / water respectively and TEST D was a high subcooling

steam / water bypass test.
-

4

,. - - - # - .. . , .m- - -# rr - - .-
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In addition to the alx)ve tests twc further repeat calculations were carried out using a modified

version of TRAC. These calculations were performed to take advantage of work being .

conducted by Tumer (Ref, 5) who had attempted to overcome previously identified difGeulties

-(Ref. 3) concerning the non conservation formulation of the TRAC momentum _ equations. These
'

further calculations repeated tests B and D and are identi0ed as Tests 81 and DI.

Each TRAC calculation of an experimental test was performed in steam first mode. Steam was

injected into the vessel core at the test Dowrate and temperature until steady conditions existed

(usually 5 secs). At this time the ECC water flowrate was ramped frota zero to the test flowTate

in each cold leg over 1 second and the calculation run for another 15 seconds.

5.0 RESULTS OF TRAC SIMULATIONS

5.1 Standard TRAC Calculations

Test A

Test A was a high subcooling total penetration test in which a high degree of thermal equilibrium

I was reached,i.e. the maximum amount of steam was condensed for the available liquid now and

subcooling. The TRAC prediction of this test is shown in Figs. 5.1 and 5.2 and indicates that

TRAC calculated the _ correct situation with all the injected liquid Dowing to the lower plenum.

However TRAC slightly under predicted the amount of steam condensed in the vessel which was

calculated to be almost 57% of the inlet steam Dow while 66% of the steam Dow was measured
,

,

to be condensed in the experimental tests. Fig. 5.3 indicates the vector and liquid fraction

distribution during the cakulation. Counter-current flow is observed in all cells in the
downcomer with liquid flowing into the lower plenum from regions 6. 7 and 8. The video

! recordings of this situation show calm conditions in the downcomer with indications that the

liquid is distributed all around the downcomer by the time it reaches the lower plenum. Overall-

TRAC predictions agree well with the expenmental results.

-- Test B -

Test B was a panial penetration test with approximately 45G of the inlet water flow bypassing

the lower plenum and the other 55% reaching the lower plenum. The TRAC comparison with

L
|

| 1
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Lthe experimental results can be seen in Figs. 5.4 and 5.5 and show a far greater amount of liquid

- predicted to penetrate the downcomer than in the test and subsequently a lower amount of liquid

bypassing the'downcomer. . Steady conditions were reached fairly rapidly during the calculation.

Figs. 5,6 and 5.7 are vector plots of the phase velocities and mass Dows and also include the

liquid fraction distributions in each cell at 19 sees into the calculation. Rese two figures show

clearly the source of the lower plenum and bypass liquid Downtes. The majority of the hquid

bypassing the downcomer originates from the cold leg attached at region 6, though a small
amount does now from region S. This is not surprising since there is no hot leg bkekage

between region 5 and 6 which will reduce the circumferential flowrate between regions, at this

level. De liquid flowrate . injected into region 7 (farthest from the break) flows axially
downwards, however the remaining unbypassed liquid injected into region 6 Gows downwards'=

redistributing into region 5 to mix with circumferential flow from region 8 to now uniformly into-

the lower plenum.

'

The steam Gows counter-current to the liquid Gow in the majority of the downcomer cells and

| requires to circulate the hot legs to reach the cell attached to the broken leg as seen in Fig. 5.6. ,

During the tests almost 30% of the steam Gow was condensed in the vessel which closely

corresponds to the maximum obtainable for thermal equilibrium conditions, however this was

- under predicted by TRAC since approximately 20% of the steam was condensed in the vessel.

- The video film, which only shows the situation in region 5 indicates partial penetration but with

intermittent liquid sweep - out of the lower plenum. The liquid penetrating the downcomer

seems to come from regions opposite the break some of which will be dragged back into the

downcomer. Liquid is believed to exist in region 5 and is thought to originate from circumferen-

tial now from regions 6 and 7 however, there are no indications that this liquid reaches the lower

plenum and is believed to flow co-currently with the steam out of the break. Thus there is poor

agreement between TRAC predictions and the experimental measurements and the observed

Gow patterns in the downcomer.

Test C

.

Test C was an air / water partial penetration test where 75% of the inlet liquid Dowrate is bypassed

across the downcomer and out of the break. Figs. 5.8 and 5.9 compare the experimental break-

,

-f n-~-- ,-- , -+ _., , ---.an.. --- - - - - -~ -v--- - e-- - ------ ,,- , . < - - - - ww--e
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; and lower plenum mass Dowrates with that calculated by TRAC. The results are in very poor
,

agreement with the experimental values with the majority of the inlet liquid Dow being
~

calculated by TRAC to penetrate the lower plenum, i.e. a total penetration situation.

i

The velocity vector and liquid fraction distribution are shown on. Fig. 5.10 which shows
,

counter-current now in most of the downcomer cells. The liquid flowrate entering regions 6 and

8 is distributed circumferentially to produce a uniform Dowrate into the lower plenum. It was
;

interesting to note that very high liquid velocities were predicted (approumately 3 - 5 m/s) and

were comparable with the vapour velocities.

The video film in this case is clearer than in the steam water tests with the advantage that the

film was' taken et two positions, 90 degrees to each other covering regions 5 and 8. The -

indications here are that partial penetration takes place particularly in regions 6,7 and 8 where

counter-current flow is observed, in region 5 however it would appear that the water is carried

upwards into the downcomer by the air but moves circumferentially and joins a dist &d region
~

with liquid Bowing downwards in the adjacent regions leaving a clear passage fe the air to
'

ascend. In the upper region' of the downcomer, at the cold leg positions both the liquid and the
air move circumferentially around the downcomer.

,

| From the second observation position covering region 8 it is noted that #

(1) most of the penetration to the lower plenum comes from the cold leg injection points

diametrically opposite the break, while the majority leaving the break originates from the

cold leg nearest the break.

' he least r .sistance to the passage of air is in region 5, where no falling liquid is evident.- '(2)- t

|-

(3) in region 8 there is a transition region, between complete penetration and total bypass in
.

which the Dow is highly chaotic and appears unstable,- similar to churn flow in pipes.
|

|

| (4)L . in the downcomer at the break level the now appears almost completely circumferential

for both' phases and moving towards the break, Dowing above and below the hot leg
blockages,

p
!

;

- - - - . - . . _ . . . - . ~ . , . -,
- - . , . . . . , . . , - , ,
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As is apparent these conditions are not predicted by TRAC at any point in the downcomer.

t

Test D

-Test D was the most rigorous assessment of TRAC performed during this phase of tests,

consisting of a total bypass condition at a relatively high subcooling of 37 K.

The cold leg break and lower plenum mass nowrates both measured and calculated are shown on

Fig. _5.11 and Fig. 5.12. TRAC predicted that the majority of the liquid Bowing ir.to the
downcomer was held up and byp.issed the downcomer in a Ductuating manner during the first 7

seconds of cooling water injection. The velocity, liquid fraction and phasic mass flow vector

distribution at 19.6 seconds are shown on Figs. 5.13 and 5.14 respectively. These Ogures show

that by this time the majority of the 3 quid penetrating the downcomer did so via region 7, the'-

region fanhest from the break with no liquid existing in the other downcorner regioe The

sequence of events over the first 5 seconds of the transient calculation showed that all of the

injected water was held'up in the upper downcomer which led to the high bypass rates shown in
~

Fig. 5.11. The injected liquid in regions 6 and 8 travelled upwards and around the upper -;

- downcomer levels (12 and 13) towards region 7. The liquid then Gowed downwards into the
-

lower plenum.

TRAC calculated that approximately 55% of the steam now condensed in the downcomer which
*

compared well with the measured value of nearly 57% of the steam flow condensed in the vessel.

The video film however, indicates that very little water reaches and remains in the lower plenum.

Intermittently some liquid may _ penetrate the downcomer from the opposite side of the ,

downcomer to the break but will be pulled back into the downcomer region which becomes a

- very chaotic mrbulent mixture of steam and water.

2

'5.2 Modified TRAC Calculations

. Two of the above calculations were repeated with a modi 0ed version of the TRAC code in which

the momentum equations were set in conservative form, (Ref. 5). These were Test B1 and Test

D1 in Table 4.1. Fig. 5.15 indicates a comparison between the break mass flows for calculations
~

B and B1 and show very little improvement in the overall prediction. However, noticeable
differences between the calculations are seen when comparing the overall distribution of liquid

' fractions and velocities, Fig. 5.16. This figure indicates an increase in the liquid fractions in

.

- - - - - -
r-, , -- 7 -._. , , - --,, , _,, ., ,w . - .e -- . . . _ , ._- . - ,
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,

most cells and a greater concentration in region 5 when compared with Fig. 5.10. The most

~ dramatic difference was found to occur w hen recalculating the total bypass test (Test D1). It was d

now found that TRAC correctly predicted total bypass as is shown in Fig. 5.17 which shows an

unsteady break mass Dow. The liquid fraction and phase velocity distributions, Fig. 5.18 and

phasic vector _ mass Dows, Fig. 5.19 indicate liquid hold up in the upper sections of the

downcomer. It is also interesting to note tha: some liquid would intermittently penetrate the

downcomer but be swept back up and out the break as was observed using a computer generated
movie of the transient sequence.

6.0 DISCUSSION

6.1 Downcomer Flow Patterns
;

Some general points can be made from the video films regarding counter-current flow in the

downcomer even though the video recordings were somewhat limited. The asymmetric nature of

the break and injection imints leads to an asymmetric two dimensional flow pattern which can be
,

described by discussing conditions ranging from partial to total penetration. At partial penetra-

tion all of the liquid emering from the two cold legs farthest away from the break, Dows down

into the downcomer below the hot legs and is distributed circumferentially around the-

downcomer to meet a churn turbulent region, Fig. 6.1. In this region the liquid tends to be;

directed upwards and out of the break. However, liquid does tend to flow into the lower pienum ~

.

from the region below the injection points. The liquid entering from the cold leg nearest the

break partially Gows circumferentially towards the break or drops.down into the downcomer.

However this liquid Gow enters into the turbulcat mixing region where it may then be entrained

and flow towards the break. The extent and effect of the mixing region is dependent on the
t

amount of steam or air flowing in this section and ulerefore can be reasoned to extend around the

downcomer during gre;ter typass conditions.

One point to note is that there-is sufficient circumferential distribution of conditions in the

downcomer to warrant e greater number of segments in the TRAC nodalisation scheme than used
' ~

>

- ir the present aimahtion. However an increase in the number of cells may not necessarily
improve the predictions if the TRAC interfacial models are inappropriate for the conditions that

exist in the downcomer. Also the various forms of averaging : hat occur in the 3-dimensional

closure Et'odels may have a significant effect on the calculation procedure. For example, the void
,

, . . _ ,__. _ _
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fraction in each cell not only determines the Dow regime but is used to detennine interfacial drag

. coefficients. However the actual void fraction used in the equations is an averaged value based !

on neighbouring cell void fractions and weighted by using the celllengths i.e.

a = (L 1 * al + L 2 * n2)/(L 1 + L 2)

'

-This implies that the interfacial models are coupled to the cell dimensions and thcrefore the

degree of nodalisation used in the calculation. This could contnbute to the aensinvity of the

calculation to the hot leg blockage modelling as reported by Slovik (Ref. 2).

6.2 Summary of Results ;

The comparison of results obtained using the standard TRAC with those from the experiments

~ how that the code consistently under-predicts the amount of bypass. This, in addition to thes

.: uncer prediction of the amount of steam being condensed suggest that deficiencies in the

interfacial drag modelling exist. This conclusion has also been reached by Cappiello (Ref. 4)
;

whose studies suggest that the Wallis intcrfacial friction factor used in TRAC to model the
' - annular film interfacial friction factor should be multiplied by 5 to impiove the overall prediction -

of b> Tass.

-It is apparem, from.the additional calculations (section 5.2) that using the modified code, with a ,

conservative formulation of the TRAC momentum equations, can produce results which are

substantially differen: from those obtained using the original non-conservative formulation.

Since the modified TRAC produces better predictions and is a more correct formulation, the

conservative formulation of the momentum equations should be used. together with suitable

experimental data to determine the validity of the interfacial closure relations..

; Both the interfacial heat transfer and friction models require further mvesuganon. However

since TRAC did not adequately predict the appropriate flow conditions in the downcomer it is |

unlikely that a proper assessment of the interfacial heat transfer models can be made at this point,

though it is interesting that the predicted condensation rates were of a similar order to the

measured rates when the flow regimes were not. It should also be noted that the steam

temperature used as a boundary condition for the downcomer wall heat tranfser ivas found to be

several degrees too high which resulted in an overestimate of the heat transfer to the downcomer
,.

fluid and is a contnbuting factor for the low steam condensation rates.

. _ _ _ _ _ _ _ - . _ . _ , . __ _..__ _ _ _ _ _ _ _ _ - _ . - - . - _
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-In the following section an exercise has been carried out to investigate the range of applicability ;

|of the correlations used to model the TRAC annular mist Dow regime since it is believed that the

interfacial drag is dominant in determining the Dow regimes.

.

7.0 TRAC ANNULAR 511ST INTERFACIAL DRAG MODELLING
,

7.1 Interfacial Drag Coefficients

In TRAC the annular mist Gow regime covers the void fraction range from L,75 to 1.0, This

reg me is particularly important during the refili period since the void fractions in the
downcomer are believed to fall within this range. However, it could be argued that void

fractions less than 0.75 might occur during total bypass. TRAC would then calculate the

interfacial drag coefficient: from the slug / churn regime models but this will not be investigated

in this report. The correlations that are used to calculate the interfacial drag coefficients are

outlined in Fig. 7.1 (from Ref. 9) and show that the interfacial drag coefficient is calculated from

the weighted summation of an annular film drag coefficient, based on a correlation by Wallis,

(Ref.10) and a droplet drag coefficient (Ref. 9). The entrainment fraction E, calculated using the -

maximum of two correlations determined by Kataoka and Ishi or L!!es, is used as the weighting

parameter to c'etermine the total drag coefficient for the annular mist regime. The droplet

diameter of the liquid existing in the mist flow is calculated using a constant Weber number of

4.0.

A small computer progra n was written at Strathclyde to carry out sensitivity calculations on the

annular mist models. The program has been created using the information obtainable from tle

'_ TRAC Models and Correlations document,!Ref. 9) and conforms to the Fortran coding in the

TRAC subroutine TF3DE which contains the interfacial relationships for the 3 dimensional now

equations. The object of the exercise was to determine how each of the terms in Equation (1)

L (Fig. 7.1) related to each other for the typical conditions that existed during the previously

discussed calculations. Therefore the geometry used during the sensitivity calculations related to'

the 1/10 scale model and Guid properties were for saturated conditions at 1 bar. Also the vapour

velocities calculated by TRAC (Section 6.0) determined the range of the sensitivity studies and

-covered velocities from 0 to 30 m/s.

Fig,7.2 shows the variation of the film, mist and combined drag coefficients with void fraction

for various velocities. The results show that for these conditions the mist drag coefficient is

- . - - - - - . - - - -, - - - ,,, ..-
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- many magnitudes larger than the annular film drag coefficient across the whole void fraction-

,

'
- range,

The consequence of this is that the entrainment fraction plays an imponant role in detennining if

the annular film coefficient has any significance in the total drag coefficient. Fig. 7.3 shows the '

variation of the entrainment fmetion with velocity for an arbitrary void fraction of 0.85. This

indicates that up to 10 m/s the entrainment is negligible and the interfacial drag coefficient is

dominated by the annular film drag coefficient and from 10 m/s onwards the increasing
entrainment causes the total drag to be quickly dominated by the droplet drag.

t

The above arguments when applied to the present steam / water calculations on the 1/10 scale-

model showed that only the predictions for TEST A produced velocities lower than 10 m/s in the

downcomer annulus, Therefore any deficiencies in the modelling could be attributed to the

- Wallis correlation, This is in contrast to the TEST B and D predictions, where velocities were

greater than 10 m/s and-which were therefore dominated by the interfacial drag coefficient for

the droplet, Cappiello (Ref, 4) has already suggested and used in TRAC an alternative
correlation by~ Bharathan (Ref,11) which is more appropriate to counter-current now than the

Wallis correlation (applicable only to co-current now in tubes) and foimd it to produce bettet

resultsc This -was attributed to the fact that this correlation produces interfacial film drag

coefficients. which are approximately 5 times higher than those predicted by the Wallis !

=. correlation for the 1/5 scale Creare conditions. A similar exercise carried out using the geometry

of the full scale plant is now discussed.

One'of the main contnbutions to the uncertainty in two phase flow calculations is the validity of ;
,

.
the physical models for different scaled geometries.' With this in mind, the previous sensitivity

calculations were repeated for conditions which are thought to exist during the refill phase in aa

full scale downcomer. It should be noted that the magnitude of the steam velocity in the full

- scale facility dudng the injection period would be approximately 1 to 3 times larger than in the

1/10 scale modelif j* for steam flow could be used as a scaling criterion (see appendix 1).
7

,

Fig. 7.4 shows the calculation for a pressure of 5 bar and Fig. 7.5 for a pressure of 20 bar. Both --

'of these figures show that substantial entrainment occurs at very low velocities and therefore the

total drag is completely dominated by the significantly high droplet drag (both curves lie on top .I

of each other). This implies that the liquid would be totally dispersed in the vapour flow which

is unlikely to be the case since total and partial penetration refill conditions are likely to exist for

. these low vapour velocity conditions and the liquid therefore exists as a falling film type flow,

.

t' Pf . - - + _mm- . . ,-c ,,:- 1:. , , _ . _ . -
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1 However this may be one reason why TRAC has been found to correctly predict bypass since

very high drag coefficients exist in mist Dows and would be sufficient to force the liquid to flow

upwards.

There is one important point worth noting conceming the relatively high droplet drag |
coef6cients in Fig. 7.3 For counter-current now conditions TRAC is likely to overpredict the

droplet drag. The reason for this can be seen in Equation (4) Fig. 7.1 where the mist coefficient

is dependent on the reciprocal of the droplet diameter. The constant Weber number criterion

used to determine the droplet diameter may substantially underpredict the droplet diameter since

the relative velocity is based on counter-current nows and not on the entrained droplet velocity

which is likely to be close to the vapour velocity.

Therefore from the above discussion it is clear that a more detailed examination of the annular

mist interfacia' friction models is required. This would include estrblishing more appropriate

annular film, droplet drag and entrainment models for counter-current flow conditions, t

8.0 CONCLUSIONS

1. - The Strathclyde videos have shown that the re611 process is highly complex involving

various flow regimes distributed around the downcomer, (e.g. Fig. 6.1). The spatial

dLt-ibution of flow regimes is such that the current quadrant type vessel nodalisation is

believed to be insufficient to capture the 2-dimensional effects of the process.

'2. TRAC has been found to under-predict the amount of bypass 'as measured in the

Strathclyde 1/10 scale PWR model refill experiments studied.

L . 3. An analysis of the current interfacial drag modelling inTRAC has shown that the film and

|. droplet drag coefficients and the entrainment correlations are unlikely to be appropriate for -
.

the conditions that exist in the vessel downcomer at any scale.
i,

.

4. The use of the conservative form of the momentum equations in the code can, for the cases

studied. produce better results than the standard code and therefore any future calculations:

!

should be carried out using the momentum equations set in the conservative form.

.

m = 5 - - . . ,- -- v ,m, n -,-, e 1 ~ ' ' ' '
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9.0 FURTHER COMMENTS

Phase 11 of the present contract will cover nodalisation sensitivity studies. It is hoped that

varying the solution grid dimensions will identify TRAC's sensitivity to the nodalisation and

explain the results obtained by Slovik (Ref. 2). This work will also attempt to explain the effect

of nodalisation on the property averaging procedures used in the code (section 6.1).

Alternative correlations, more applicable to the counter-current flow conditions existing in the

downcomer must be sought. It has already been shown (Ref. 4) that the existing interfacial film -

drag correlation under-estimates this effect. Other interfacial effects e.g. entrainment, heat

transfer etc. should be similarly investigated.

Early in this study it was realised that the quality of the available video recordings of the
downcomer flow conditions were inadequate to properly understand the physical processes

occurring during the tests. A rebuild of the test rig has therefore been undertaken to make more

detailed studies of the flow regimes existing during the counter-current flow conditions of the

refill process.
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