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1. Experimental test section KIT-FEBA
Description N Py positon
- " of shoud
57 3 of
e Settle up to investigate the thermal mechanism during a flooding process after a 375 4 8‘ 3%0
loss of coolant accident where the full length of the bundle is uncovered. 275
e Full length bundle (4m), 5X5 PWR pin dimensions electrically heated. = RES
e Axial power profile & flat radial power profile. E 1376 J ]
e 7/6 spacer grids E A | R
e 8 test series with (4-9 experiments each one) % o B
— Different combinations of : Pressure / power / flooding mass flow rate ¥ 2025 g &P —2025 midplane
e Test series Il experiment 229 %
Clodéing 4 Cr 10 201, Fier Materiat i4g01 2675 | 2570
Insulatar (Mg0) — ~Heater Element (Ni Cr 80 20)
SERIES 11 ) @ @ @ @7 L} rehe 1675 | 3660
T : @@ A 4114 f gﬂ%mmagd
w | fesssel” L
6 scosel i
L m—— N =
P. lhle and K. Rust, "FEBA — Flooding Experiments with Blocked Arrays, Evaluation Report‘, KFK Report 3657, 1984.

1. Experimental test section KIT-FEBA
Description / Experimental data

1200
o Initially the domain is filled with vapor. wood 10 T — A —
T 1000 + —P7T[C] ——P8T[C]

e Preheating process develops an axial temp .

profile (not simulated). Vapor at 800°C, = Z 7 g8

(saturation temperature is 145°C). ve0o] § // A Eqo F

£ |€s S/ |E

e Transient starts with the subcooled water % 1& / S 400

injection (50-40°C) = If J 0ata O L

200 200
e Power step at t=0s (200kW max) L
0 0 0 t t t t

e Pin temperature evolution is monitored at 0 100 Y ime 5] 400 500

different locations and axial levels. 'fe;;;‘u’fsp"ﬁﬁ- -l- Experment Efﬂf;ﬁ:f;ﬁ

— Tracking the quenching front is possible.
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2. CTF modeling & simulations - Governing equations
Energy conservation equations (liquid/ vapour)

1 2 3 2
; ‘ ; nk 1.Change of energy with time
a a9 a 9 ay
o (Qpth) == (aphiun)|H o (aeprhiue) Z (cuprhiwr)y,
= s = 2.Advection of energy for liquid field :

nk nk
77 E)P ¥
+LZ=1 (ceprhiwe), = Z::] a |HI"h +|q'_.f.',|+|(a: + ae)§| V. (Qkthk‘/}:) (the lateral transfer terms are

summed all over the gaps cell)

o ’ o ) nk ° ° ! 3.Advection of energy for droplet field, (the lateral
It (awpohy) + T (awpohvry) + kZ__:} (@vpohvwy)y transfer terms are summed all over the gaps cell)
. i et Wy aui—f 4.Energy transfer due to Turbulent exchange
k=1 5.Evaporization/condensation contribution
° 6.Wall heat flux transmission
7.Pressure variation with time
I . ) O e

2. CTF modeling & simulations
Nodalization and settings

e Radial discretization: e BCinlet
— 36 subchannels — Enthalpy
— mass flow rate
e Axial
— 46 axial levels e BC outlet

— Pressure condition

Pin radial distribution
— 6 nodes for the insulator @ Cross section of the nodalization increased at

— 4 nodes for the cladding the outlet due to recirculation issues

e Material properties e |APWS IF97 option was not stable, option 0 in
— MgO (insulator) the code was used: “mix of different sources”
— Inconel

e No entrained phase (droplets)
Unheated wall included
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2. CTF modeling & simulations

Wall heat transfer regimes

e Boiling curve (Nukiyama / Dre & Mueller)

— Implemented in CTF following Bjornard &
Griffith model (BEEST)

— Important points to define the curve:

« Critical Heat Flux point (" cyr Tenr)

— Biasi: based on low/high quality flow correlations.
— Tong: (W3) widely use for DNB in PWR

¢ MSFB min.stable film boiling point (¢" ysrs.Tusrs)

— TMSFB (Leidenfrost/Berenson)->q"'rp

TEMPERRTURE €

xult dsar murninit ——=

enilied miRt

\
anmuleo bns 2gulz 1o smigey
emiger olddud Batelosi

(PDigaT T

600 0.03

DIFF. PRESSURE BAR

200

Cladding
temperature

— 4" 5 (Tusrs) = 4" usrp o o.00b a U’”“r‘:m e
2. CTF FEBA modeling
Wall heat flux terms Pre-CHF Post-CHF Regime
- i q"Transinon = .
HTC =  :3q"cHF + (1-8)q"msFB i HTC =
Hchen 5= (Tw-T y : Hrims 2
.- . — i 8= ((Tw-TmsFB H
e Boiling curve (Nukiyama / Dre & Mueller) é : (ToHF-TrisFs))? é/
— Bjornard & Griffith (BEEST) d .
* Single phase vapor (Tag 2) ::
L
« Dispersed flow film boiling (Tag 9) 5
. o))
« Interpolation (Tag 8) o
* Inverted annular film boiling (Tag7) Single Subcooled Transition Film Bolling  :Single
- - -Phase i & Nucleate : Rgjling -Phase
« Transition boiling (Tag 6) Liquid ; Boiling H : \apour
+ Tag <=5 Pre CHF log (WALL SUPERHEAT)
Credit: Zoran V.Stosic (AREVA Erlangen)
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2. CTF FEBA modeling
Wall heat flux terms

Dispersed droplet deposition
Inverted annular film boiling

1000 10
900 + M L9
800 / mmﬁl -8
700 + L7
©,
= 600 - L6
§ 500 L5
=
= 400 4
Z 500 | L3
——T.Wall P4 CTF original -
200 - ——T.Wall P4 EXP 2
100 - ——Wall HTC regime Pl
0 ‘ ‘ ‘ , , 0
0 50 100 150 200 250 300
Time [s]

e CTF FEBA P4
temperature evolution:

— Abnormal wall temperature
evolution.

— Wall temperature saturates
at the MSFB temperature

— The HTC regime points out
the boiling transition
region as a possible issue.

2. CTF FEBA modeling
Wall heat flux terms

1000
900 +
800
700 +
600 +
500 +
400 +
300 +
200 +
100 +

Wall Temp [C]

——T.Wall P4 CTF original

——T.Wall P4 EXP

150 200 250
Time [s]

0 50 100 300

Pre-CHF Post-CHF Regime
i q"Transition = :
HTC= :3q'chr : HTC = |
Hchen  : HFims :
—_ t &= ((Tw-Tmsrs)/ i
x (TcHF-TMsFB))? :
= :
sl :
=
= H
< :
LU i
L
o : q"msre
3 G ° e e forrsinnin
'\ TMSFB
Single : Subcooled : e - i Single
-Phase } & Nucleate ! g?i;j'gt'onlg ReouColy -Phase
Liquid Boiling : S _|: \Vapour

log (WALL SUPERHEAT)

Credit: Zoran V.Stosic (AREVA Erlangen)
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2. CTF FEBA modeling
Wall heat flux terms

MSFB flux added, (Bjornard & Griffith)
1000

——T.Wall P4 CTF Mod1
——T.Wall P4 CTF original
—T.Wall P4 EXP

900 +
800
700 +
600 +
500 +
400 +
300 +
200 +

Wall Temp [C]

100 +

150 200 250
Time [s]

50 100

300

Pre-CHF |  Post-CHF Regime
! q"Transiton =
i HTC= :aq'cwr ﬂ (1-.3)q"MsFB|§ HTC = :
: Hchen : : Hrims :
: 1 &= ((Tw-Tmsrs )/ : :
: (TcHF-TMsFB))?
= CHF:

asssssmmsssasseas

2

log (HEAT FLUX)

vessresenssans

Single  Subcooled :
-Phase { & Nucleate :
Liquid : Boiling :

log (WALL SUPERHEAT)

Credit: Zoran V.Stosic (AREVA Erlangen)

2. CTF FEBA modeling
Wall heat flux terms

1000

——T.Wall P4 CTF Mod1
——T.Wall P4 EXP
< Wall HTC regime

=3
i=3
(=]

o 4 ®
o o <2
oS o o

500 +
400 +

Wall Temp [C]

300 +
200 A

100 +

150 200 250
Time [s]

50 100

300

= N W R U ® O

(=]

e Possible actions:

T-msfb formulation:
¢ (CTF) Leidenfrost = f(Berenson)

CHF approach:

* Biasi (CHF)

* The CTF W3 by Tong was not used! (Out of range due to
Pressure) bellow 800 psia (60psia=4.1bars)

HTC inverted annular film boiling

Chen/Thom correlations
» Used for subcooled nucleate boiling.

Interfacial terms

* Reduce HTC and IA droplets / reducing heat and mass transfer
term (droplet field shows more stability)

e SAT or Subcooling HTC for vapor and liquid

Difficult to assess what the most important parameter,
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2. CTF FEBA modeling

KIT/INR TRACE results G ERE
- f :L; | [
1300 e . ] as
AT B durchgezogene Linien - FEBA @ e | ey
- - P \d‘..,.‘\ gestrichelte Linien - TRACE (mit AH) = N R ns | as
- - - 'ﬁ;n_‘_ gepunktete Linien - TRACE (ohne AH) ] I
1100 (g i - I
: (| eps
= 900 . |
2 -Trace uses Bjornard and ' || s prs
T . . . : ms g
g Griffith to define the i ] e
£ 700 - .. i B |
2 boiling transition as well. Ll | | g
|| Baus fas
o || 22
500 = P
e fam
300 - ; : : . koo
0 100 200 300 400 500 |
Zeit [s] \‘ [
== == H_FEBA=3856mm = == H_FEBA=3322mm == == H_FEBA=2755mm == == H_FEBA=2222mm "
o= == H_FEBA=1689mm == == H_FEBA=1122mm == == H_FEBA=589mm == == H_FEBA=23mm ’”‘L J | 56t
sssass H_FEBA = 3856mm ssssss H_FEBA = 3322mm ssasse H_FEBA = 2755mm =+=:+» H_FEBA = 2222mm - | s
------ H_FEBA = 1689mm ssssss H_FEBA = 1122mm ssscss H_FEBA =589mm ssssass H_FEBA = 23mm U s | e
e H_FEBA = 3860MM emmmmms H_FEBA = 3315mim smmmms H_FEBA = 2770mm H_FEBA = 2225mm s o | s
s H_FEBA = 1680MN s H_FEBA = 1135mm e H_FEBA = 590mm  emmmmmH_FEBA = 45mm B e h

3. CTF FEBA modeling
TRACE Solution approach e Modifications based on TRACE models:
— Tmsfb formulation:
CHF oL » CTF uses: Leidenfrost = f(Berenson)
c ¢ (CTF) Leidenfrost > (TRACE) Stewart & Groeneveld
: 3 — CHF approach:
£ . « Biasi (CHF) > IACL_IPPE tables by Groeneveld (TRACE)
3 « The CTF W3 by Tong was not used! (numerical issues)
s . ) . .
+ 3 — HTCinverted annular film boiling reduction
3 — Void fraction criteria
CTF — |
@ 099 095 0.4
spv() | dﬁb(-sa;-} ramp (8) i_“““;e;fb (7) «—> th(6) «» Pre-CHF
TRACE 4 ¥ ¥ ! |
o099 0.9 0.6 Twall<Tmsfb  CHF
G- N 2 TS 42 $ZZZOWymmmmmm—
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E CTF FEBA modeling

Solution approach Pre-CHF Post-CHF Regime
- g q" Transition = ; ;
e Code modification according to TRACE HLC = ;8qchr +(1-8)q'msre ; HTC = :
: Chen : HFims :
—_— : 1 &= ((Tw-Tmsrs )/ :
1000 10 > 1 (TCHF-TMsFB))?
900 Lo D :
AN i e -
800 - ‘—:-\\\ F8 e
— 700 £ L7 =
2 00 & \\ L6 ﬁ :
gsoo £ Ly L , Film boiling HTC
B ——T.Wall P4 CTF Mod2 ~ N f g s
= 400 £ ——T.Wall P4 EXP -4 83 ~ A F o g
5 00 Wiall HTC regime L, = N MSFB :
: ~-2 :
200 1 M2 Single : Subcooled ’ ; i :Single
100 £ L1 -Phase } & Nucleate : ’msfb Fim Boing LPhase
o ) ) ) ) ) 0 Liquid Boiling : : Vapour
0 50 100 150 200 250 300
Time [s] log (WALL SUPERHEAT)

The inverted annular film boiling regime is dominant, it
conditions the ramp to dispersed flow film boiling.

Credit: Zoran V.Stosic (AREVA Erlangen)

2. CTF FEBA modeling / Results

800 1100
— 200 1000
——— T.Wall P1 EXP 900 ——— T.Wall P3 EXP
i
600 £\ — — T.Wall P2 EXP 800 — — T.Wall P4 EXP
5500 ‘\ ——— T.Wall P1 CTF o700 T.Wall P3 CTF
§
= | T.Wall P2 CTF =600 —— T.Wall P4 CTF
400 &
] | £ 500
g
300 | E 400
200 | 300
L 200
100 = 100
0 0 , . , ,
0 100 200 300 400 500 0 100 200 300 400 500
Time [s] Time [s]
1100 1100 — = TWal PG EXP
1000 _ — — T\Wall P5 EXP 1000 - = - T.Wall P7 EXP
900 - ~ - 900 ——— T.Wall P8 EXP
——— T.Wall P5.1 EXP  FWall P6 CTF
800 T.Wall P5 CTF 800 /7 o em= a2 T3 — Tr&ﬁ g; E;E
g o N\ — T.Wall P5.1 CTF g o
& 600 N 600 N
& & A
500 N
£ \ E'500 N
F 400 | F 400
300 | 300
| at P8.
200 200
100 100
0 0 . . . .
] 0 100 200 300 400 500 0 100 200 300 400
Time [s] Time [s]

Modifications on the
post-CHF models are
not enough to solve
properly the problem.

Abnormal switch between
single phase vapor HTC
and transition boiling HTC
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3. Summary & Outlook

— “advanced boiling curve”. Experimental data: JAERI BWR/ABWR 4x4 rods

e KIT/FEBA was used to investigate CTF models in flooding conditions.
e Despite changes applied, current configuration cannot fully describe properly the problem.
e Possible working areas:
— Keep checking 1-D code TRACE physics ?? Pr‘?‘CHF PasrCHIF Remime )
: HECHAN |
+  Notonl t-CHF but pre-CHF, heat and interfacial t - I i :
ot only pos ut pre eat and mass Intertacial terms é o | CHF LR S o
— Try to run CTF important features: The 3™ field i L
=
— Use the AECL-IPPE CHF (Groeneveld) é
— Use Dakota for sensitivity studies & |single ;Submled { Fim §s|ng|e
- -Phase : & Nucleate Transition : Boiling :-Phase
A Erl G boiling curve in Cobra e (B il
e Areva Erlangen German ili urve | _—
9 y 9 log (WALL SUPERHEAT)

Credit: Zoran V.Stosic
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Routines

e Boling curve modification
— Surface_type.f90  Boiling_curve
— Mod_heat.fo0 T_MSFB
— Heat_functions.fo0 T_CHF
e Interfacial area / HTC
— Intr.f90
e Printing
— results.fo0
— Results_channels.f90
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3. CTF FEBA modeling
TRACE Solution approach

900

&
TmsF  ooof- c’} .

Tmin (K)

—— Groeneveld-Stewart Model
Ty + Contact Temperature

e Possible actions: Attending to the KIT results:

— Tmsfb formulation:

¢ CTF uses: Leidenfrost = f(Berenson)
* (CTF) Leidenfrost > (TRACE) Stewart & Groeneveld

— CHF approach:
« Biasi (CHF) > IACL_IPPE tables by Groeneveld (TRACE)
« The CTF W3 by Tong was not used! (numerical issues)

— HTC film boiling (noticeably higher in CTF)

! e 2 — Void fraction criteria
CHE ; ; ; ; ; ;
10 ’:_ - _CTF === Biasi Correlation - CTF } I %
o = o 0.99 095 0.4
I Co ,
ol !
_E_ ] spv(Z)E dffb(9) E ramp (8) E iafb (7) «<—» th(6) €» Pre-CHF
£ F N JTRACE 4 2 , ,
T ' o 0.99 0.9 06 Twall<Tmsfb  CHF
e-
D=8 mm
10* -ﬂ'.l DlO ﬂfa D.“l 0,6 ﬂ.’! 1.0

1 2

) nk

3¢ (ap)|+lo- (GJPIU!) + D (uprwn) | =
- K=

nk

k=1

1.Change of mass with time

_Plll(l _

2. CTF modeling & simulations - Governing equations
Mass conservation equations (liquid / vapour)

3 4
nk

S (ur),

U) _ SUI

nk

(n'fpﬂ) + (ﬂvptut) o Z (prlu’ﬂ)p; =I" + Z (A!T”,)
k=1
nk

(aepl) + (aeplue) * Z (“epl u’e)k

1" " g T
=W & +;(Me );.-

nk

2.Advection of mass v - (nkpkﬂ) (the lateral transfer terms are summed all over the gaps cell) Z
k=1
3.Mass change due to evaporation/condensation or entrainment.

4. Mass transfer due to turbulent mixing and void drift, (summed all over the gaps of the cell)
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2. CTF modeling & simulations - Governing equations

Axial momentum equations (Ilqwd/ vapour) 1.Change of momentum with time

— ]

nk
8 2] : . ¥
= (arprun)+ = (qupruw) - Z (C!IPJUI’UJI)k 2.Advection of momentum: V- (akp;_.uka)
- k=1
; e 1 3.Advection term due to transverse momentum
= o E da | o + i _I"Ill(l . )u — Sy +Z (ﬂ']T"’)
(- 1PLG T Tuxea + Tixnn n e ), (all gaps k)
4 5 6 . ! 8 4.Pressure force
(mpl up) + 5 (alphuuul ) + I\Z—l (wpruvwy)y 5.Gravitaty force
nk H H
T aP R L | P e Z (A{g—ur) 6.Shear stresses. (shear between liquid-
= ; ve 3

droplets not modeled)

nk 7.Phase change component + entrainment
(erfue) + (Qeﬂlue“e) i Z (aepiueu’e);\ . ) )
k=1 8.Turbulent mixing of axial momentum, with
aprP 1 ixi i i i
=~ — aepg - T - Z (MT )k turbulent mixing only in the lateral direction.

(simplification of the turbulent diffusion model)

Y Y )
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2. CTF modeling & simulations - Governing equations

Lateral momentum equatlons (liquid/ vapour) 1 change of momentum with time
1

2.Advection of momentum: V- (axmm Vx)

0( . 5] o é) _ '
i agpwg) + . (e prwgwg) + 52 (g prwgg)

(only normal direction to the gap)

ap rnr H/
e | —_ = b l—‘fff 1 e P Sff!, s
L) ( Sk . 3.Pressure force

3 4 ° 4.Shear stresses. (shear between liquid-
3] a o droplets not modeled)
=% (a'vpvu"v) + a_ (Ofvf)vu’vu“'v) = L (O'UPvu'vuv) )
ot 0z O 5.Phase change component + entrainment
a‘P Hnr " IH . .
—ﬂvx — Ty — Tiei' ™ Foxcrva T ' w Orthogonal direction to the gap are neglected

in the momentum eq.

d a 17}
a (eprwe) + Z (veprwetwe) + E (aepl'u-'e'ue) @ ,,,,,, Q*G ........ @
7] B

SO _P o I"”nw 4+ S"w ,(.Qﬁf’lwzvl)
e (‘)" wx,l

ix,ve
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T min calculation (fails when CHF Tong is used)

—_— Tho = 70544 — 4.722 x 10~ (Pogis — P) + 2.3907 (44%)

% 107%(Pegis — P)? — 5.8193 x 1079( Py — P)?

The entical pressure of water 15 3203.6 psi. The homogencous nucleation
temperature is given in units of Fahrenheit. The effect of wall surface thermal
properties are included by using a contact temperature correction.

- 11/2
(keCo)i 1

4.35
Cp)e | (4.33)

Taiabs = Tha + (Tha — Tl][

The sccond method is by using Henry's modification of the Berenson corre-
lation [29].

06

- s o e TGRS H e
Teio poniey = T + 0.42(Tg - I”{[lk:(;"t c-p.ﬂ'”ri Tous) (4.36)

Where,

T = Toas + 0.127—”“:"' [”“’-’ — Pg)

23 12r 1/3
: 9.0 L Ko d
(py + pg)

alpr —pg) L9ler — pg)
(4.37)

min —
Tmin = max T

900 if ay < 0.8
700 if ap >

1158
Tonin bn
‘min heary (4.38)

08

1. Experimental test section KIT-FEBA
Specifications

e Deformed pins were placed in some experiments to simulate the
ballooning effect and postulated blockage of the sub channel.

e For the CTF simulation a blockage free bundle is used as a model

£ QIIpf f sz
Br - ] | 4 ALt b s
s - Micpl.
2z Y ‘90-/. (1] plane
2™ 11
£ L
,l«{ '. Grid Spacer
Blockage Ratio 90% 62% W% 0Ve62% 82% 0%
Test Series 1 L} n w v 1 Vi Vi

20 20
A i 1 ?
it - -‘:::.I e

Water Supply
Steam Supply

Storage Tank

Water Pump

Filter

Heat Exchanger
Throttle Valve
Turbine Meter

Water Level Regulation
valve

L N

Lower Plenum
Test Section
Uppar Planum
5 Water Separator

Powsr Supply
Rod Instrumentstion Exits
6 Water Level Detoctor
Water Collecting Tank
Outlet Valve

Buffer

0 Pressure Regulator
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