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Heat and mass transfer phenomena
- Boiling, DFFB, Droplet, Atomization
- Phase change phenomena

=0.05 ms =0.2 ms =1.2ms t=2.6 ms

=9 -0 =0 e

=4.0 ms t=6.3 ms =7.9 ms =10 ms

Icing

0.10 0.112 0.14 0.20 t(s)
1 A

liquid-liquid atomization ablation



@mta Content

Introduction — context of the study
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@mta Introduction: Dispersed Film Flow Boiling

DFFB is the last stage of boiling process to obtain vapour flow:
- Complex two-phase phenomena

- Non equilibrium effects (the heat goes more to the vapour)
- Only ~30 papers dealing with DFFB from 1968 to now!

- ~15 before 3/2011 and ~15 after (fukushima accident)
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Motivations?
n - Need some models (or correlations) to estimate the heat transfer

- [
R

. E§ %; _— - Predict the maximum temperature of the heat exchanger or fuel rod
. + gf " - Predict the cooling in case of LOCA
- Slug Flow _l - - Correlations are often satisfactorily
- :é Nucleate Bolling ~ - But most of them don’t account for complexity of dispersed flow (influence of
- % . - droplets, distribution of the droplet)
— E Single-Phase -
- > d 5 - Most of the correlations only account for wall-vapor convection
Low Flooding Rate High Flooding Rate Some kinds of Dittus-Bolter with modified coefficient to try to account for droplets
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@mta Introduction: Dispersed Film Flow Boiling

key parameters in dispersed flow:

1 7 . 7 /e - Carrier fluid: mass flow rate, velocity, pressure, temperature, density
) lE 7 e : :
g = : ’ - Droplets : mass flow rate, size and velocity, temperature and also numbers
7 7 2 1~ epel e
E | EE § - - Equilibrium or non equilibrium (z T, # u)
‘é ) i3 [3E=} -
g ) ° =a%p - Knowing that: mean parameters of the flow can be estimated
] 4 ] « . o .
E é + - - Superficial velocities
fﬁ ’ ] (] — . . .
. 1 5 | . - Dimensionless numbers: Re, Pr (to estimate HTC)
9w N 1 Sz 22 1
a a Be | -
4 ? ST Y - lati btained d
i ‘- £} k Correlation obtained from data of LN2
/ s'“g Flow | H - ht DBog = 0 023R€0 SPTO 484 vertical upflow From R. P. Forslund, W. M.
] H -— — .
5 Y 7ok p.E5.8, g&a p Rohsenow (1968)
; t’g Nucleate Boiling g = e
; 1 single-Phase |/ -
4 ] ]
/ / g -

From the review of V. Ganesan & Mudawar et al., International J. of heat and mass transfer, 2022

Low Flooding Rate High Flooding Rate

f

In case of LOCA 5
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Dispersed Flow Film
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Low Flooding Rate

Simplified models of the flow to estimate
Heat and mass transfer

- Wall/steam convection
- Wall/steam radiation

- Wall/droplet radiation

O - Wall/droplet direct contact
O~V - steam/droplet transfers
O - Radial droplet distribution
© o . .
- axial droplet distribution
O o - Coalescence or fragmentation
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-> Build some « mechanistic » model to evaluate heat transfer at the wall



Droplet direct contact
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Rebound
—— splashing
g 3 % ..... 3 . ;
3. LN . .-o:’-"". 1
25 ° e .
> dynamics of the droplet : velocity, angle of impact 7+ = Jw—wis 2l | . “
Leid — 'boiling 1§ ¢ e o
. 7:& ‘0 * e e
—> Properties of droplet: Y., o, Cp,, pis Teat o :
->P ti fit C 1 / K =we on--
roperties of its vapour: W, : 4 ‘ ‘ ‘ U
P P Hv: &Pv: Py % 200400 600 800 1000 1200 1400 1600 1800
> heat transfer at the wall? e Lo VE D, oh— _ Ms
o, Pq -0q - Dy

G. Castanet et al., Dynamics and temperature of droplets

wetting impacting onto a heated wall, ITHHMT, 52, 670-79 2009.
Weber number Ohnesorge number Temperature
V2D JWwe . T,-T
We = P d Oh = M _ T = w eb

o Jpol Re Tieia = Tep ’




T

wal

(> T

Leidenfrost

- resident time
- spreading diameter

- Temperature of the droplet
- Temperature of the wall

Energy due to direct contact

Resident time |~

LR R T,
Ay DSF (T = Tsar) —
EDC = ~— dt 0, T,
4 X(oy (1)
0
_ Vapour layer
Spreading thickness
diameter

This model consider only conduction through the vapour cushion
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Model of Guo et al. (2002):

Hypothesis: vapour thickness is constant, radiation is negligible

. e L m |pD3
- The resident time is the Rayleigh time tp = 7.1 %

o | t [t)
- spreading diameter is Ds = 6.97D,4 <_ — <_> )
tg  \lr

ky(Ty —T *
- Considering a vapour mass flow given by Gy = v(Tw sar) h* = hpy + CpV(TV — Tsar)

Syh*

- Then, they solved the laminar NS equation beneath the droplet to get 6, 6y (t) =

Yuy ky (TV - Tsat) trd,

ds(t)

_ 7TkV(Tp - Tsat)tRDozi < 3ZIOLlOVh*ud,n
be 4 uyky (Ty — Tsar)trDg

1

j

Guo Y., Mishima K., Experimental Thermal and Fluid science, 10l 26, pp 861-869, 2002.

32h*pLpyugn

)
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Output of the model of Guo et al. (2002):
D,,=100um D,p=1mm

%1073

¢)]
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SN
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1.5

Energie lost by one drop impact (mJ)
w
Energie lost by one drop impact (mJ)

1 1 Il | 1 | 1 O 1 1 1 | | 1 | |
250 300 350 400 450 500 550 200 250 300 350 400 450 500 550 600

Temperature of the wall Temperature of the wall

These energy are very small-> the temperature drop is small

Guo Y., Mishima K., Experimental Thermal and Fluid science, Vol 26, pp 861-869, 2002. 11
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Model of Breitenbach et al. (2017) 10
- Hypothesis: vapour thickness is not constant, radiation is negligible . ?T(h _—
Vapor layer -
But they consider that only the first stage of drop impact is important for ' y' ﬂ‘f" 9 =0
Heat tranSfer Solid material g1

— liquid
The heat flux is thus modeled by ¢, = kV(TC('SW( )TSAT) V%\)
t !
v

L i hR (t)
D(t)

»l

]
<€

k tT + O (T solid wall
- WhereTcis T, =\/E V\]/{—\‘/SfT e”g v(O)To
t+ t
ew (To—TC) Vmky ew Oy (£) ewky(To — Tsar) \/gef(TSAT — Tpo) p doy
.. w —I'c . - == —
- Asqqis #, a heat balance yields Vkyt + ey 8y (t) VTVt AEAGPT;
T, — T.
- Solving this ODE yields 6, (t) = KeW (To = Tsar) Vit ” e
pf L 4‘,63D ’ Gew(TO — TSAT)
E =] Ry (OR (D)2t = 22220
pc =), h UdS(K + 26)
Vrtkypsh V5(Tsar—Tpo)e
= —_o2+¥ _B_c-G = ffVv_ . p— f
K \/(B Ot E—B G:G 2(To-Tsar) efyy’ Vi (To=Tsar) ew

Breitenbach et al, International Journal of Heat and Mass Transfer 110 (2017) 34-42 12
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Energie lost by one drop impact (mJ)

Output of the model of Breitenbach et al. (2017)

0.02 | [)10::11)(n4rn

0.018

O
i
=
3
3

12

-
o
T

0.016

0.014

Breitenbach Breitenbach

[e¢]

0.012
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0.008

0.006

0.004

Energie lost by one drop impact (mJ)

0.002

O | 1 | | 1 1 | | | | | | |

500 550 600

0
200 250 300 350 400 450 500 550 600 200 250 300 350 400 450

Temperature of the wall Temperature of the wall

These estimation have been performed considering a Ni wall

Breitenbach model takes into account instationnary heat transfer
13



(N .
&emtg Droplet direct contact

ire Energies &
e et Appliquée

High speed camera _ N
Experimental condition :

My experimental bench:

Optical diagnostics Ve Te D ﬁ 7 droplet
, . rople
- IR thermography gy s ® Vs T, D, - Diameter : 80 - 300pum.

- velocity : 2 m/s - 10m/s,

- LIF "9 g 9
LIF c 0 ° " Wall heated b
: @ Wall heate
) ngh speed camera + . Y Ambiant atmosphere
induction < > 1bar
IR thermography _ _ Wall
- Nickel, T~600-800°C,
- Diameter ~25 mm, e = 500 um,
- variable incident angle
N

14
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My experimental bench: Optical diagnostics (IR thermography, LIF, High speed camera)

! R N
IR thermography : hF heat equation

\J

o*T  ©o0°T 10T 1 0°T 10T
> T > T~ = 2
0z or ror r° oa a ot

|
| hR
| holder
| Robs
z R
v Rcav
Simplification of the heat equation What we want to estimate
1 2 6T 4 4
T(r,z,t)=—jT'(r,a,z,t) da _/15 =hp (Tr) (Tr — Teo) + epo(Tr™ — Tss) Hqa (1, t)
272' 0 z=0
1 2 ‘ oT . .
qﬂ(rl Z,t) = Z J.qﬂ(r,(l, Z’t) da avec ﬂ = R; F _/15 = hR (T) (T - Too) + SRO'(T - Too) + Kcondg(r = Rcav)(T - Tho)
0 z=e
aT
o°T 16T &8°T 1aT —a| =0 T = Tinie (1, ) at t=0
+ + = r=R

or2 ror  oz? aat

15
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To solve the previous set of equation: we use two integral transforms =

© R / - Liquid R A
- —_ =~ —_ . Ro =
§,2p) = | gz ne P and Gup) = [ Gorapyie@ndr e
80' vz(z)\; Vaplour % v (r,2)
0 0 o Heated Plate /'Tw AL, r
Laplace Hankel

After some mathemathics....

~

~

B8~ 240+ aa) "2 - B (o + acd) |

6o ] ]
po,n —0(r = Rcav)] = _Zﬁl(p + aa%)Qd,n

a) - 177 / 'l A t _ 17 / rl A — 7 - 7 ~
BR(6) — |fy e MR ZE ()t | Boopn — | [, e OHRZE( )AL | Bpom +[e AR ZAD)]  0(r = Reaws ) = —[e ™R ZA(D)] * Gan (D)

At the end.... nh
2 Jo(anr) _

~ . - -1 ¢~ —
O = XnGan ‘ Gan = (XntXn) X,t0, ‘ qa(r,t) ~ R2 4 J2(anR) Qan

R nh
2 " Jo(anr) qqa(t)At  qq(t)
qa(t) = J Gan | 2nrdr Eig(t) = —
0 R? 5 ]g (anR) " 1 ngouttes finj 16
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D? T T T T T T
+
+ O
B Breitenbach et al. We=6.5 A
0.6 . +T o
Breitenbach et al. We=20.1 i
Breitenbach et al. We=28.7 + OO

— ——— Guo et Mishima We=6.5
— — —— Guo et Mishima We=20.1
———— Guo et Mishima We=28.7

o
n

— o
w RN
I !

Energy lost by one droplet impact [mJ]
o
[N]

350 400 450 500 550 600 650 700
Wall temperature [°C]

Dd (um) = 150.2 (+); 241.6 (0); 249.6 (x), Vn (m/s) = 1.76 (+); 2.44 (0); and 2.88 (x).

Experimental results compare to previous model (Guo et al, 2002) 17
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<

emta Droplet direct contact

_|_
_|_
0.6 We=6.5 4+
——— We=20.8 LT
0.5 We=28.7 +

< 2
LI R

Energy lost by one droplet impact [mJ]
=
(]

. model from Rodolfo lenny Martins et al, 2022

350 400 450 500 550 600 650
Wall temperature [°C]

Other results compare to Breitenbach et al. model

%50

433 8¢ H{»}Eiui'i

|

400

L
450

L
500

»Gradeck et al. (2013) Ry, 75pum We 6.5
= Gradeck et al. (2013) Ry, 90pm We 20.8

»Gradeck et al. (2013) Ry, 124.5um We 28.7

] ] ] I

550 600 650 Tw, (°C)
—— Present work Rqr, 75pm We 6.5
—— Present work Ry, 90 pm We 20.8

—— Present work Ry:, 124.5nm We 28.7
18
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Some models are available in the literature

The dynamic of the droplet (the spreading) must be taken into account as well as properties of the wall
Due to the very small values, the estimation of the E is very challenging (especially for small droplets)
Estimation of overall heat transfer is quite easy

...but estimating all the path of heat transfer demands realistic models

in the context of nuclear safety where the reflood phase must ensure no melting of the core, it is very important
to be able to simulate a lot of case with a good confidency.
- Unfortunately, the most damaged part will received much less flow...

Les conditions accidentelles ont été
reproduites sur la base d’hypothéses
pessimistes conformément a la démarche
conservative pour l'accident de référence
(perte de réfrigérant par grosse bréche
du circuit primaire avec intervention des
systémes de secours). On constate que

B ¢ les gaines (en Zircaloy) ayant subi

un transitoire de température culminant
a 1200 °C environ ont gonflé par fluage
et se sont rompues (les crayons
combustibles sont pressurisés en
fonctionnement normal) ; la grappe
garde une configuration permettant

son refroidissement.

Figure 3.2. Phébus-LOCA - vue en coupe (post-mortem) d’une grappe de combustible d’essai aprés un

transitoire de température typique de 'APRP. © IRSN. 19



DFFB and nuclear safety

Experiment in close LOCA conditions

Measure heat transfer due to DFFB flow

Model heat transfer using « simple modeling » from literature

Estimate each path of heat transfer

This help the modeling of the cooling of a reactor core in the reflood phase

20
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Cause:
= Breach in the primary circuit

Consequence:

= Cooling failure

= Deformation of Zircaloy rods
Security action?

Residual power is
almost 7% of the
nominal power just
after the stop

* Re-flooding of fuel assemblies by safety systems

the rod

Rod temperature

A Rod burst F

Ballooning of

& «g
r

Reflooding the core

Loss of coolant Re-flooding

-~
|

Time

i

Deformation

Elevation -285mm: blockage ratio= 36% Elevation -252mm: blockage ratio= 48%

21
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i
e

iii) Superheated steam

[ypical values during a LOCA

ii) Steam/droplets flow

' .

1. Fragmentation and Parameters Typical values
o coalescence Droplets diameter 50 pm -1300 um
f= 2. Steam/droplets transfer
kS 3. Radiation Droplets axial velocity 4 m/s-16 m/s
2 4. Turbulence
L 5. Droplets impacts Drop!
= roplets volume

pf i 102- 104
Re-Wetting front raction
Steam temperature Up to 800°C

i) Saturated water

Wall temperature 300 °C - 1200 °C

Heat and mass transfer phenomena in a
LOCA
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Experimental bench dedicated to the study of DFFB in close LOCA conditions : what channel?

Blocked sub-channels

D,=11,78 mm Blockage ratio ()
""""""""""""""""""""" retained
= 0%: reference (11,78 mm)
D,=?
° = 61% (7,35 mm)
= 90% (3,72 mm)
"""""""""""""""""""" . Sblocked .
Tp = 1-— =
D,=11,78 mm Sintact
1 D
11,78%2mm

*COLIBRI: COolLIng of Blockage Region Inside a PWR Reactor.

23
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DFFB and nuclear safety

.
- .
™ Downstream [ vy 6
> J‘
o 9 "/' '." *
< e > | Os
a 3 I’
¢ . '
..-u
> O
Upstream )y
i ¥ ﬁa'
11 o2 oy |16 10
g J ::' s 5 '
s 12 ', |
71 ] | =
<l > 83
- | ' Droplet
......................... L) . iSupply System

Diagram of the COLIBRI experimental
installation

| - Steam Supply

& : System

* Vertical Venturi tube in Inconel 625 heated up to 800°C
reproducing intact or a partially blocked sub-channel

Wall Temperature change in the test section measured by
infrared camera (IRT)

Measurement of droplets’ size and velocity by Phase
Doppler Analysis (PDA)

Droplet Temperature measured by Laser Induced
FIuorescencJe (LIF)

(1) section d’essais,
(2) window

(3) Power supply
(4) IR camera

(5) Laser source

(6) LIF device

(7) PDA device

24
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i
e

Available conditions with COLIBRI compares to LOCA ones

Parameter LOCA COLIBRI
Steam temperature(T,) T T, <400°C Teu< T, <200°C
Droplet temperature (T,) To< Tt 20°C<Ty=<70°C

Steam velocity (u,)

1m/s<u,<25m/s

10 m/s <u,<40m/s

Droplet velocity (ug) Ug < U, Ug<20m/s
Clad temperature (T,) T, <1200°C T,< 700°C
Droplet diameter (d,) dy=<1000 pm d,< 300 um

Pressure (p) Up to 3 bars < 0,2 bar
Residual power 0.3 — 3kW/m 0 — 2kW/m

25
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Measurement of wall temperature (T)
*  Black paint (£=0,84)
* Planck law to rely DL>T

aroi
P £ ~ 0,84
(<] \\\ °
@
° 600 [
. [ ] [ ]
- o’ . Thermocouple
° — —Planck
° Q O
=~ ﬁ < 400
(<) o
° . I_
° Caméra IR C
c L — 273
", 200 [ o2+ 1)
~1m ' '
< > 5000 10000 15000
DL

Narrow filter: [3,97 um - 4,01 um] 2 T .,=450°C

Frequency: 60 Hz * Error max £5°C
Integration time: 100 us
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* Discretization of the « central line » [-15° 15°]
*  Obtention of mean DL for each z position
*  Estimation of T,

wall
)
)
(]
@ o o A
° o
° o
° A A
‘a
1
o° ©
° ()]
n
=
o
... ©
.. m
(O]
S
<

DL

27
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Estimation of internal heat flux from IR measurement requires to model heat transfer...

° Hypothesis: 1D problem (T, (1p,2,t) = T,(r, + e,2,t) = T,(z,t)) 2 (Bi<<1)

! T CI)cond
e o Tp(Z, t)
i : °..° Pint(z, t) + Ploss(z, t) + (bcond,z(z: t) + Dioule (1) = m,Cpp, T dt
cbii’ntﬁ. . :.C (DC T (Z,t)
B a Dint(z,t) = —mpCpp ———= — Pross(2,£) - Peond 2(2, 1) — Pjoute(t)
i o ° A
L ®,°
E .. T, Dpss = P + Dy

S
o

k...
©-0.59Ra;"" (T, — Too) @r = Seo(Ty —Teo)

. =S
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@emta DFFB and nuclear safety

Then, once we had estimated all the losses (from correlation

Temperature tube (°C)

internal DFFB flow can be finally get

t @

Time (s)
Injection of steam
Heating of test section + droplet injection

PDA + LIF (upstream and dowstream)

AN A

End of experiment (rewetting).

Stop heating. Simultaneous IRT, PDA and LIF dowstream

Heating power (kW/m)

or relaxation test), heat from the

T (°C
F-.( 350 X 104_ .
5 300 - =  Vapeur + gouttes
6r = . = Vapeur
250 -
100 —
. 200 & .
= 150 ~4r"
g 150 E -
& N u i .I.....II
200 100 E . ...-l.'.:.n "
250 e 2 " ||'I".'.':....
50 L] ‘#‘
300 0 .....Illl
20 40 60 0 et I I I '
ool () 100 200 300 400 500 600
1, (°C)
T,=0% ; _=4.3 kg/h ;T,,,=170°C

Thd=0.75 kg/h ; T,=65°C, P=1.1 bar

29
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DFFB and nuclear safety

0%

61%

90%

t(s)

t(s)

6000

= 0%
L = 61%
.. L] = 90%
" -. ..: ::::...=='==::-I.
. .::IIII mEEEEE

100 200 300 400 500 600

T,(°C)

droplet
Temperature at injection point (°C) 62,5
Mass flow rate (kg/h) 0,75
steam
Steam temperature at injection (°C) 170
Mass flow rate (kg/h) 4,3
30
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y

Influence of the blockage ratio

Inlet conditions

0.1F L . 0%
T - 61%
0.08 r ,l'.".".. ----- = 90%
ey
30060
0.04+ -
B ' T
-I ..‘l."A
i
O .- | I...‘::_I ] mE ..!
0 100 200 300
25 . ,
= 5 0%
r [ = 61%
2 S - 90%
. " .
2 .'"I::'.'.'.'.".-.a-!-f»-v"'""""-’ "":..
TE; 10l li.‘._l '.,l'. >.'l‘..’..lI-.'.‘ .
s 10 -
5 L
0 - .
0 100 ~ 200 300
d,(pm)

Outlet conditions
0.2

= 0s<t<4s

4s<t<8s
8s<t<l2s
12s<t<l6s| |
16 s<t<20s
20s<t<24s
24 s<t<28s
- 28s<t<32s| ]
-32s<t<36s
- 36s<t<40s

0% |

0 100 200 300
dg (nm)
30 f )
i3
i 1N
25+ o 5
- ixx w E ) I
S TECm R R
> 20| EIIEEE T
exles 7 f A
15
d, (um)

deformation d1io, pm i, m/s
0% 110 16
61% 86 14.8
90% 98 13
L o
02 _____ -""OS<t<4S : ™~ OS<t<4S
" e 4s<(<8s 0.15 I,|| 4s<t<8s
B = 8s<t<I2s [, 8s<t<lI2s
015+ w 12s<t<16s| | 125<t<16s
’ L 16 s<t<20s Y _ = 16s<t<20s
PO A 20s<t<24s 0.1 . = 20s<t<24s| |
§ ..... m-245<t<28s 1:;;’ :
= 01+ &V @& | w288 <t<32s| ~— Ca
; 0.1 = | .."
005/ X
0.05} _ : i v
Ty 61% - 90%
R L e
0 . T e G een o Les= I Y i i s i
100 200 300 0 20 40 60 80 100
dg(pm) dg(pm)
45 = 110 | L
sl -tz : E
. =
401 I R 100 f P
= =Ty T = 52
~ EI LY ?E ~ EooE
S35t I EE £ 90} = 3
lﬁ‘ E E ) R 3 k 7 ﬁf *:m ,."I . & E"”‘E"
30t b1 ¥ gor  _ % a7
E i,
25t 70t 7
¥
20 : : 60 . . .
0 50 100 150 10 20 30 40 50
dy () dy(pm)
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— e —1r=0mm —*—r=0mm
r=1mm! 1 35+ r=1mm

r=2mm o r=2mm
r=3mm| - 307 r=3mm
E g

—=—r=4mm
L —>—r=5mm| |

Y

.\
0+ ' : , hdasa 4 5 . . . ,
Mesure de Td upstream 0 50 100 150 200 250 0 50 100 150 200 250
d,(pm) dg(pm)
90 : , . : : 100 :
0%
{ 95 | B 61%)]| A
80t B 90%
I 90 f
S t S
Z 70 J ] < 857 1 droplet
& } ' w0l | Temperature at injection point (°C) 62,5
60 | Mass flow rate (kg/h) 0,75
75| steam
Steam temperature at injection (°C) 170
50~ ' : : ' : 70 : : Mass flow rate (kg/h 4,3
0 1 2 3 4 5 En amont En aval (ko)
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Effect of the residual power
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NECTAR Code

* Mechanistic model for two phase flow in thermal and dynamic non-equilibrium (same
methodology as Guo et al. and Meholic et al. 2015)

* Six mechanisms modeled = Film boiling

WaII. i Cbint = q)c,ws + Cbr,ws + cbimp,wd + cDr,wd
- ° Heated o, Stam T\
° wall e # \ * Wall to steam forced convection (P )
\ * Droplets impacts onto the wall (D, wa)
| * Wall to steam (®,. ,5), wall to droplets (®,. ,4), and
/ steam to droplets (®,. ;4) radiation.
/ * Steam to droplets convection (P, 54)

>
Mey 1 NECTAR (New Experimental Code for Thermal-hydraulic

Analysis in a Representative geometry)

Oliveira, A. V. S., Peia Carrillo, J. D., Labergue, A., Glantz, T., & Gradeck, M. (2019). Mechanistic modeling of
the thermal-hydraulics in polydispersed flow film boiling in LOCA conditions. Nuclear Engineering and Design, 34
357(August 2019). https://doi.org/10.1016/j.nucengdes.2019.110388
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hypothesis
* 1D modeling (Discretization with N meshes)
* Lagrangian approach

*  Fragmentation (Chou & Faith model) but no coalescence of the droplet
* Size Distribution of droplets = Log-normal (+ Discretization by size class)

M outlet
-
> c
B o
- ('BD 0.1
(%]
] >
0.08
5 —
TW(Z, t) M /’/» 0.06
IR g <
T e ve / 0,04
—> : o0 1
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rrE=@-@ g
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I N DR I e

steam + droplet
Tfls, md, TS, le dd, Ug

Expériences
Ajustement | |

100

m.=4,3 kg/h, m,=0,8 kg/h

N¢iasse
CI)r,wd (z) =S Wyw—-dn0sB (Tv;‘; (z) — Ts4at)
n=1
Nclasse
CI)r,sd (z) = AinWs—dn0sp (T‘ff (z) — Ts4at)
n=1
1
Wij = PR R;, thermal
inj resistance
(Ri + Rj + R, ) of media i
Nciasse
v
byq(z) = Ain <d > (Nusd,n)(Ts (z) — Tsqr)
n=1 sn
Nlasse
cI)lwd(Z) = leg,n
n=1
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Analysis of the experiments — comparisons with model (NECTAR code)

Measures (CI, LIF, PDA, flowmeters,
thermocouples)

Experimental Wall temperature (7,,(z,1))
Isti Data processing
Apparatus —> Droplets characteristics upstream of Part I1

(P(d,0), u,(d,0))
COLIBRI Injection parameters (7,(0,¢), m(t), m,)

A

Boundary conditions for Heat dissipation by the internal flow
the simulation (9,(z1))

Droplets characteristics downstream
of Part I1 (dy(L, ), u,(L,1))

Thermal-hydraulics code

NECTAR

Results

Heat flux for each path k -
Comparison between
(Pinl2.8) = 2py(z.0)) L ;
: experimental data
Thermal-hydraulics of each phase and simulation
(dy(z,0), uy(z,1))
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Analysis of the experiments — comparisons with model (NECTAR code)
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But the proportion change with the blockage ratio
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Two Experimental bench: measurement of droplet impact heat flux + estimation of DFFB in
vertical heated tubes

3 coupled optical diagnostics
* |IRT: temperature measurement and heat flux estimation
*  PDA: size and velocity distribution
*  LIF3c: mean temperature of droplet

Provide data in close LOCA conditions

NECTAR Code: helps to understand the path of heat flux
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to be continue

d...

* Improvement of COLIBRI bench
*  Put a by-pass to simulate the vapour deviation to less blockage area
¢ Change the system heating the steam to get a higher T,

* Improvement of NECTAR:

e 1D to 2D to account for the radial distribution...

e Perform simulation with the DRACCAR Code of IRSN
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3 L
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x 10"
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L VVV
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