Two-phase flow with phase
change: Flow Boiling and

condensation

Catherine Colin

/X/

Outline

¢ Industrial applications of two-phase flow with phase
change

¢ Derivation of averaged balance equations for two-
phase flows

¢ Closure laws for void fraction and wall friction
* Heat Transfer Coefficient in flow boiling
¢ Convective condensation
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Industrial applications: Nuclear Power Plants

Centrale nucléaire
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Industrial applications: Solar Energy Farms
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PHD Thesis DINSENMEYER, CEA 2006
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Industrial applications: Steel industry

* Cooling down of the rolled
steel plates by water jet
impingement.

Jet

Pulvérisation

P’ ” Surface o
\ \
IConvection Ebullition Flux ciitique * Ebullition Assechement

‘ nucléée en film de la surface

Industrial applications:

* Cooling electronic devices by two-phase flow loops

Heat Out Heat In

Condenser Adiabatic Evaporator

Heat pipe

Condenser

Evaporator

Thermo siphon

Circulating pump

for coupling liquid

Loop heat pipe
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Industrial applications:

* Cooling electronic devices by two-phase flow loops

HELE sy p g
1 H

Condenser

https://www.youtube.com/watch?v=rG-fneOv1Z8

|
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Pulsating Heat Pipe

Industrial applications: space industry

* Propulsion of launchers: fluid management

3rd stage of Ariane V
| launcher with

LH,-Tank cryogenic reservoirs

' with LOx and LH2
Wall heated by solar
radiations

=No thermal
convection in
microgravity

= Boiling incipience at
the wall of the

ESC-B/Vinei Engine TCSEIVOITS,
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Problematic of two-phase liquid-vapour flows

Separated flow:

: Intermediate .
Dispersed bubbly configuration: Slug stratified or annular
flows f flows
ow
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What is the flow pattern? Stability?
What is the phase distribution?
Which are the transfers between phases?

/ —
General Methodology

Multiscale analysis and modelling:

Local instant equations . :
Lost of information:

Time averaged equations Need for closure laws

Time and space averaged equations

Local analysis (bubble motion, stability of a liquid film) ->
phenomenogical models, closure laws for averaged
equations, calculation of the mean values of velocity,
pressure, enthalpy....

E——— //
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P ocal instant equations

(Ishii, 1975) S) *Balance for parameter (Z)kin phase k

%+V'(¢kuk)=ﬂk—V'(I"k)

ot
b eInterfacial balance
VI -2kI; n, + 2[¢k(uk _”z)"'rk]'”ik =0

k=12

¢ 1, L I
Mass Py 0 0
U, 1424 -X =pl-7, -ol
Momentum
U? P+ 08U, U2 +q,
Energy Pl & 2
Chemical Specy 0.C, Ji =-pDVC,
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/// .
Averaged phase equations

Definition of averaged values

'\
= 1 Reynolds Relations
Statistical average gt -1 NEIQ-(V J)) )LL -
Steady flow N_,I;o — ¢ +i_ ? '
I mT 0-67
dp _ 99 e
- [ oy -
Time average ¢(r,t)=hm(?_rf¢dz) = A =Ag
T — o0 -~
Fonction of phase presence X, X (x 1) = si x€k
nx)=0 s xek
Presence of phase k o = X

Interfacial area concentration  §, = q,
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Averaged phase equations

ot

Instantaneous value p=0¢+¢
= = 6 Y
Phase averaged ¢, = %9, X9 =0 ¢’ = O’f o, =a,
k 1
Statistical average: b=, + agz + aizi
Jo, 0, . = :
—£&+V(%gw+%IJ—%lh+q[AW—uJ+Q]mk=O

a.

i

V,-(T)) - 2xTn,

+¢ E[‘pk(uk_ ui)+rk].nik; =0

k=l,g

13
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'Averaged phase equations

Mass conservations

o, p, — T =i —

7+V'(akpkuk) - _af[pk(uk_ ul)] Ry = -0y iy, =0

Momentum balance

= e

i —_
= _al[pkuk(uk i “1)' Ry + Dyl — Ty nlk] =-amuy + ol

Total enthalpie balance

HE Y o e
(Mkapikh’k"'v'(akpkhrkuk) = V'(“k"ﬂk)‘ V'(aqu)"'ak(Pkr“'Pkg-uk)"’%
it it

% ai[mkh/k +(Pk"i -7 +q,) ”lk]

Sa

k=lg

0

) . .
r'nk(hk +%}Z§ _ny ‘;k "[k)+qk ‘n'kj|
A k
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Averaged phase equations
sInterfacial momentum balance

V. o+2kon, + E[rhkUk + Py Ty nik] =0
k=1,g

/ -

In the direction normal to the interface Along the interface

2k0 + [ml(Um =Uoep - —Tg,m)] =0 V,.o+[mW,-U)-1,+7,]=0

Without flow and phase change with Uu=Up,.
Laplace law: pi— P, +2k0=0 T,-1,=V,0

15

T

Marangoni convection

Surface tension gradient due to a
temperature gradient

=T =t(2 -2;)n={grado—

16
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*Total enthalpy balance of phase k h, = e, +15Uk2 s Lk
d ’
gpkhtk +V'[pkhtk”k]= pk(gk'”k*'r)*'v‘(":k : uk)_ Vogit—

*Interfacial Balance

2

k=l.g

mk(hk + E?
k

- ml(hg = hl) = mlhgl =q, n,+q,°"n;= (qz > qg) ny
mh, =q,.n, >0 vaporization

mh, =~q,.n, <0 condensation

Averaged Phase Equations

1m? n,-T,-n
ik k ik +qk'n,'k

P

=0

17

e

Resolution of equations

3 mass conservation equations
3x3 momentum balance equations

3 enthalpy balance
1 topological equation

16 equations

21 unknowns :

Need for closure laws

2 mass conservation equations
2x3 momentum balance
equations

o+a, =1 3 enthalpy balance

1topological equation o +a, =1

12 Equations

14 unknowns

Modeling of

1 closure law P =r,
+1 transport equation for ¢;

(Kocamustafaogullari & Ishii M., 1983, Morel et al., 1999)

18
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Aol
A : tube section N K Z{ e
A . A,
A, :section occupied by the gas phase R, = 7

: section occupied by the liquid phase g, - AX SpR

Ry (-): mean void fraction

|__Equations integraW

8

Ji, jg (m/s) : superficial velocities  J; = % .
o Ui, Ug (m/s) : mean velocities U, = % = Ijeig U= %
© o x (-) : quality x = ﬁ : 1
m
o O m (kg/s): mass flow rate
G (kg/m?/s) : mass flux
Jp= =2 Wl
pR Py 3 1 o pg Ug
- anen L
Ug= Gx U,=M o0 R l_x(]_p;Ug
P R, PR, 4
19
\ 77777 ?//
I\/Iass conservation in the tube section
s
Ax
prase
dz
op,Adz -
= | -p,AU,|  —-M Adz
l apkAk +l apkAkUk o aka/k e akakUk i _M
4 & 4 o ot oz -
20
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Mass conservation equations

JR 0 : : : 1 e
4ﬁ&+5%&mug=-Mk with 1m=-2{a{ma4-uﬂqmdA

M, : mass flow rate per unit volume from the phase k through the interface

Ui, Uy : mean liquid and gas velocities in the tube section

R9+RI=1
vapor &pgRg + &pgRgUg =_M ) M[
ot oz &

thId dpl (I_Rg) - apl (I_Rg)Ul =—M

o 9z ’
i a[p, (1- Rg) + pgRg] . 19[p, (1- Rg)U, + pgRgUg] .

ot 0z
21

,/ ‘

= o
__Momentum balance in the tube section

0 Ax L P<an, .n >Adz
=P < Vo, .n > Adz

asek
e =P VR, .n_Adz

op,U, A4 dz
ot

—p g4 dzsinb—-1 S dz+7T S dz—M uAdz

=p,A4U;

o pkAkUkz

+ PkAk L 9 PkAk

z+dz z+dz

ol R dpREE  GRR  dR . S8
ik k- Tk kL pT k5 oR sinO—T 2 +T E—_Mu
at aZ aZ i dZ pAg k pk A ik Kvood

22

11



Momentum balance equations

Model with one pressure p=p,=p Si

wall shear stress

ap,RU ap,RU;A 35 s .
vapor P g+l Ces s | p &p+M+L—pRgsin6+M,Ui
ot A 0z Sz A A S

Pl 20 | el b ;A R )f?P TpSp , TuS;
ot A oz A A

Interfacial shear stress

dp,(1-R)U, + p,RU,] ! dp,(1-RYUA+ p,RUA]
mixture ot A dz (5
dp (T, +7,)S

S s N AR e i i
= &z+ A [pl(l Rg)+pgRg]gsm0

\/ ‘

-p,(1-R,)gsin6- M,U,

23

/ .

| Energy conservation in the tube section

2 2
p, [e +U7jA dz apk[ek+%]UkAkdz

+
o0z

=q,S,d2+q,S,dz+r Adz

—p,gU Adzsin®+t US dz— M H Adz

do,
P<uno, >Adz=P<—=*

U2 P 5
Total Enthalpy H, =e, +7+——gzsm9 e+—+t=H
k k
opRH, JpRHU S S, et s
oy K_ kT Tk k _pk+ +}”R R ik~ i ik -MH
or > g g a4 :

24
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Enthalpy balance equations
Parameters
2
Total enthalpy (J/kg) H,=H + U gzsinf =H,
Source per unit volume r,(W/kg) Heat flux ¢ (W/m?) negligible
t
vapor apgRgHtg ~ l apgRgHthgA i ¥ quSpg iy qigSi % MlHi + ooy T; Sz U;
o 9z A A -
liquid
dp,(1-R,)H dp,(1-R,)H, U, A S A
pl( g) 11+l pl( g) =1 =(1—R)r1+qpl Pl+qIISx _MlHil_l_(l_R) fg—TIS'U,
at oz - A A -
dp,RH, +p(1-R)H,] 1 J[p,RH,U,A+p(1-R)H,U,A]
mixture ot dz
S
=(1-R)n, +R,r, + -
A o . S,
Ml(Hig % H,'z) + X(qig + qil) =0
25
25
= *\7 —— /»/

Solving the system of 6 equations

apgRg + apS’REUS’

Unknowns to be model

=M Gx G(1-x
B ot az . U, = et | = ( )
PR, PR,
o A-R) p =RV, _ .
| at 9z
Fo Ry 1 BRE Ty A . o
pgﬁ;’ g i Pty e =-R, ‘;’Z’ "”A"g +—‘j’4’ - p,R,gsinf+ MU, T =—Ty =T,
dp,(1-R U dp,(1-R)UA TS,
i ( = DU, +; o, ( ﬁ;) I =—(1—Rg)a£+ plApI +T.1S -p,(1-R,)gsinO - MU,
—ﬂpERKHg 1 ﬁpARRHEUEA qPKSI’K q'AS' A S
e T MH, MH,, + (g, +4,) =0
q dp,0-R)H dp,(1-R)H,U, A S S
o,( g) I 1 9p,( g) 1Yy =(1_R’)r,+qpl o, 45, - M,h,
o A Jz 2 A A

6 main unknowns R,, U,, U, p,H,, H,or G, x, R,p,H, H,

led M .7 1. U ,qu,qpl,qll,Sg/S,Si

pg’rig’ 26

26
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Equations for the mixture

Remark: the vapour phase is generally at saturation temperature Tgy¢

For the 2 phases in thermodynamical equilibrium H, (T,

= Hg(Tm,) are known

Enthalpy balance gives access to quality x

1 a[psz:HgUg +p (1-R)H,U, ] % 4,5,
A oz A
o[GxH, , +G(1-0)H, | .m0
62 g.sat 1,sat dZ Ig dZ A D

Equations of mass conservation and enthalpy balance are linked

Simplification : no need for modelling the interfacial terms

: : S
System of 6 System of 4 1 I;/I/[ass COI:SET Vlé)ltion equation - M
equations : equations O e e

1 Enthalpy balance for the mixture

27

27

Equations for the mixture

If the velocities of the 2 phases are linked
2 equations of momentum balance are replaced by:

1 equation for the momentum balance of the mixture:

lﬂma—&ﬂﬁ+%&UQA_gidf+£ﬁ;§i
A 0z dz|p,R, p,(1-R))
g 1,8 3
=_(7127+ ;F _(p](l_Rg)+pgRg)gsm0

+1relation f (Uy , Us, Rg)=0
Homogeneous model U,= U; =» system of 3 equations

Simplification: no modelling of the interfacial area concentration and interfacial
shear stress needed.

28

28
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/
Closure laws

Void fraction

Interfacial perimeter S;, wetted perimeters S, Sy

depend of the flow topology

Wall shear stress 7, and interfacial shear stress 7,

Wall heat flux g, and interfacial heat flux g;, specific
modelling in boiling and condensation.

29

P —

s

s—

Flow patterns in adiabatic two-phase flows

8 0%
00!

]
000000
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iL (m/s)

i (m/s)

0,1
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001}
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0,001
0,001 \ ; . 4 :
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Air-water flow in vertical tube of 5 cm dia.,

Taitel et al., (1980)

Air-water flow in horizontal tube of
5.1cm dia., Mandhane, (1974)

Two-phase flow with phase change: same flow patterns + 1 configuration vapor +

liquid droplet.

30
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Flow patterns in convective boiling at low heat flux

Chen & Karayannis, 2006--> refrigerant Ri134a in 4.26mm dia. tube

e
> 3 ) E 5
t ] G -
y
% ! 2 \-4
‘ e e
.. 4
& 4
R | o X
LS. R
T !
veal '
~ 3

Dispersed Bubble Bubbly Slug Churn Annular Mist
Ugs=0.11m/s Uls=1.18m/s Ugs=0.01m/s Uls=0.28m/s Ugs=0.05m/s UIs=0.07m/s Ugs=0.67m/s UIs=0.07m/s Ugs=6.18m/s Uls=0.07m/s Ugs=8.84m/s Us=0.07m/s

31

Flow patterns in convective boiling at low heat flux

Chen & Karayannis, 2006
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104
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Flow patterns in convective boiling

Flow of boiling HFE7000 in a vertical tube of 6 mm diameter

Flow patterns in convective boiling at low heat flux

Microgravity x=0.01

'(; 200 k s i
..A-. - -4

/
’(;—lgokg% .m? .
/-----0--0--\'—.,,
(;‘75kg§ 81 .
-e-4

. 3"" = "“" 'A-ﬁ 2
=50 kg.s'.m? P
x=0.1
@ Bubbly flow
ATransition and slug flows
© Annular flow

Liquid superficial velocity j, [m/s]

|
Vapor superficial velocity j, [m/s]

HFE 7000 -6mm diameter tube

34
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Flow patterns in convective boiling

Wojtan et al. (2005) for horizontal flows

800

8000

~
=3
S

Wojtan

-3
o
S

Vitesse massique [kglmzs]

Kanalikar(wu),x’

et Thome (2005)

+7000
6000

{5000

\,
*3000

4000

[
[=3
[=]
8
Coefficient de transfert de chaleur [WImZK]

A
sw
0 L s L L L L L L L
[} 01 02 03 04 05 086 07 08 08
Titre en vapeur [-]

Flow pattern map and heat transfer
coefficient for R134a , D=10 mm
q,= 10 kW/m?, T;,, = 10°C et G=300
kg/m?s .

I : Intermittent, A : Annular flow,
SW : Stratified wavy, S : stratified,
Slug flow, D : dry out, M : mist flow

Two-phase flow with phase change: same flow patterns + 1 configuration
additionnal configuration vapor + liquid droplet (Mist Flow)

35

Phase velocities

O |22

oof|

ii (mis)
=
sl
[

i (m/s)

0,00 11

0,01 0,1 1
ig (m/s)

10 100

\

U U0g

001 —————
0,001 i i  —
0,01 0,1 1 10 100
ig (mis)

Two fluid model: dynamics of the 2 phases controlled by the

interfacial she

ar stress.

36
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Co=1.1

/C|0%Hl‘€' faws for tW

Homogenous model : Hypothesis: U;= U;=Uy Ry =

m==)  Dispersed flow with small bubble drift velocity /U,

Drift flux models
Zuber and s e
Findlay (1965) 8 0~ m ® O(Jg J ) i
Dispersed Bubbles U_=1,53 w] Taylor bubbles oo o
P;

Co=12 C_=035(vertical)
C_=0.5(horizontal)

37

37

Mean gas velocity

[y
N

[
o

0o

¢ Vol 1g

< Vol 0G

A Sol

Gas velocity, Ug [m/s]
(2]

—1g

--0g

0 2 4 6 8 10
Mixture velocity, j [m/s]

E. Trejo, IMFT, (2018)
Jv -
U= - CoUr +Ju) + Uss

Drift-flux model for bubbly and
slug flow

12> Uy, = 0.35,/gD

og> Up,=0

38

38
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| Closuretaws for the void-fraetion
U,=CU, +U,=Cy(j, +j)+U.

Churn flow: Ishii (1977)

Po ag(p—pu)\"®

Co=12-02,/%, Up=V2 <72)

P Py

Annular flows: Zuber et al. (1967) Co=10, U,=23 M—JDI (u>
Po Pl
ha"
Cioncolinio and Thome (2012) Ry = m
h= a+(1—a) (%)al a=—-2129 a; = —0.2186
!
by
n=b+(1—-b) (%) b=0.3487 b, = 0.515

()

Awad and Muzychka (2010)
R 0.5 0.5
g = P o T 716/
1+ 0.28X071 7 T4 X16/19
39

39

/gOéH”FEF'iéWS for the void-fraction

Comparison with experimental data

== =Homogeous model ( Psar:150 kPa) = = =Cioncolini's model ( Psar:150 kPa;
= = =Awad's model (Pyar:150 kPa)

® (=30 kg/(m2s) X G=50 kg/(m?2s) + G=70kg(m?s)

O G=100 kg/(m?2s) © G=150 kg(m?3s) A G=200 kg/(m2s ————————
O G=300 kg/(mZs) ¥ G=400 kg/(m?s) & G=500kg/(m%s] .l 000 _----"T% — ==
B G=600 kg/(m?2s) - .

1

0.9 _5. A G=50 kg/m2/s
E; @ G100 kg/m2/s 1g
£ © G=200 kg/m2/s
0.8 g ~ - Cioncolini
:E ——Zuber
o
e s -r e Ishii
0'70 — - Awad and Muzychka
a) D= 4. -2 0 02 04 06 08 1
(a) D= 4.0 mm (b) D=2.0 mm Vapor quality, x [
Gomyo & Asano (2016) FC 72 Trejo, 2018, HFE7000
40
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Clos lawfo
interfacial shear stress

Dispersed flows

2
o S _ 3R, R bubble/drop radius given by Wee = pehy ) 2R
L o
/ \
=3 =10
1 Cope U -0, | (Ug— U, ) bubbles droplets
Ay
] 2
Annular Flow
2%\’ Sed I 5
Rg=(1——) et A_B‘/Rj
|
R, . 5

s 6
= AR
el R0 B

fi= 0,005(1 + 3002)
D

(I_Rg)E\ .. e o o o

Droplet entrainment rate

32

4

41

/A

nnular flow with droplét entrainment

Cioncolini and Thome model (2011)

@ »
Normal gravity

@G = 400 kg/s/m?
30 | ©G=200kgs/m o
2209 — AG= 100 kg/s/m?
—0,8395 Y S g
E— (1 + 279, 6WCC ) e BG =75 kefs/m?
o 25 | #G=50ke/sh =
5
with 10 < We,. <10 5 . 5
2 2 |
£ . o
=
Es o .
-2 = o RS
_Pci,D 2 ® ¢
We, =—"— ‘w10 P
C = )
o E o o A
e °
, E(d-x)+x s | o A
with Pc = El— ( ° gy Py
— o A 24
( X)+i o L poftumett.ob Gace o eeo

p p 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1 A4 Vapor quality x [-]
42

42
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| Interfacial area concentr

shear stress

Slug flows
Lg Ls
!l L K-k Ryps=0.25
- +R = K.=h. e 10 Rgsa=0.8
L 3] ] s A =

Interfacial area
concentration:

(Xl-=‘S—i=i LB +6Rgs Ls
A DL, +L, d,, Ly+L

: C -U, |\Us-U
Interfacial shear stress: Ty= —% D—plw

2

3
CD=9£( Ls )
L+ L

43

43

Closure laws
» Void fraction

* Interfacial perimeter S;, wetted perimeters Sy, S
depend of the flow topology

e Wall shear stress 7, and interfacial shear stress 7,

* Wall heat flux g, and interfacial heat flux g;, specific
modelling in boiling and condensation.

44
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| Closurefaw for the wallshearstress:
homogeneous models

, Dispersed flow with small bubble
Hypothesis: U= Ug =Unm —) drift velocity /U

i, 1-R)U, + p,RU,) . P 1-R)U; +pRU;)  3p LS
A

-~ - - -(p,1=R)+ p,R, )gsin6

-p, 8sin0

ap, U ) > aG G’ dp t,§
Pyt [ ] e e
ot 9z ot az P, dz A

d T8 S 1 G? S 1
(?i) o FAP =—Xp5fpmp7=—jp5pr pMU:/I with Py =Rgpg+(l'Rg)pz
fr M

0 .k oW wih g 27

Re,, Uy

Sfomwall friction four =
factor

fou =0079Re,  si Re, >2000 Hu =Ro +1-Rom

45

45

Closure law for thewwall shear stre

| homogeneous models

Authors Definitions
z  1-z\7!
[McAdams et al. (1942)] - <_ N )
Hv HL
[Cicchitti et al. (1960)] prp=x-py + (1 —z) pr
[Dukler et al. (1964)] HTP = pTP - (r —+(1-2z)- “L)
14 PL
[Beattie and Whalley (1982)] prp=0-pv+(1-0)-(1+25-0) - pr
-1
o[+ (%) (%)
oL z
. _ ML BV
[Linetal. (1991) ] prp = Py e
2
[Fourar and Bories (1995)] P = prp- (\/m+ Ji-o)n ,,,‘)
[Davidson et al. (1943)] prp = pp, - [1 +x- (% — 1)]
[Garcia et al. (2003)] prp = HL PV

z-pLt+(1=2)-pv

2-p+pv =2 (pL—p) -z

[Awad and Muzychka (2008)] No 1 TP = L - =5 P pp—— p

2-py+pL—2- (py —pr) - (1 —x)
2-pv+pL+ (pv —pL) - (1-z)

[Awad and Muzychka (2008)] No 2 pp = 1y -

46
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flows models like Lockhart and Martinelli model

Frequently used in flow boiling to predict the wall shear stress

IR,pU, +R,pU,)
at

P : ST,
ﬂ——(R,p, + Rgpg)gs1n6+ L

d
+ (}—Z(R,IO,U,2 + Rgngz) ==

Modelling of the frictionnal pressure gradient using Martinelli multipliers

/;Ioswelaw for thm

C 1
B
dz), A Ny iy
1/2
() Sep i (&) LSy 0 e-[®) )] fote
dz ), A" 2 2 /g 2 dx ), dxg Je pgfﬁg
b, \" DT 4A
Fo =K( Iv H) £ K gv ] Dy, =Si Liquide Gaz C
. 8 2 Turbulent Turbulent 20
K=16,n=11in laminar flow Laminaire Turbulent 12
. Turbul Laminai 10
K=0.079, n=1/4 in turbulent flow L:rrn;;‘;; P 5

= (1 + XO08 )_0'378 proposed by L&M, but not always relevant

47

47

/oswe faw for the wall-shear-stress: art
and Martinelli model

Comparison with experimental data HFE7000- 6mm

o 30 ]
L \ A Bubbly/slug flows
@
I L ’ @ Annular flow
& b v
—d-' . —LM_tt
F=) = =LM_It
sva20er
g e - 2
9 ¢l_l+X+X2 ¢g—(1+CX+X)
Beoar
=4 1/2
: S CapCa] e
B 0ot dx/,/ \dx/, Je \Pe fre
s |
0
0.01 0.10 1.00 10.00
Martinelli parameter X
48

48
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stresses: two-fluid model

2 momentum balance equations: example for a vertical upflow

e o RUZ i) TS ;
liquid (A g:ti =—R a—P+L+1‘41U,-“PRg
dz dz pgRg f oz 4 gg
) S, T,§ :
- ... - - =
dz pR dz 4 4 , :
)

S, 4 . dx
Ui‘sUl X=51Rg Ml:G?Z
In saturated boiling x is calculated by the enthalpy balance 2 unknowns P et Ry

Elimination of the pressure gradient between the 2 equations

d G°x* d G*1-x)? 1.4 T 4
~= p - .- P R (5 pIRR
P U

49

| Closuretaw forW

49

Wl'aw fortheW

 stresses: annular flow model without entrainment

2
liquid R, o Rx* AR
dz PgRj PR
7,4 T 4
vapor —%\/E+Rg”7—(p, -PIRRg

Calculation of Ry 2 dx [ 2xR, - (1-x)2R, - l))

dz\ pR, PR,

1
Modelling of T (Wallis, 1969) : T; = —Ef,.pg‘Ug - U,‘(Ug - U,)

well adapted to o
Bt e fi= 0,005(1 +300 5) =0,005(1+150(1 - 4/R,))
I - = U,D
Lo D Y U12 ; fu=CRe with  Re, =——
1
b dG% 6 v i
) S -— + -(p,R, + p,R
s = PR, = b D (o,R, + pR))g

50

50
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“Annularfl ith droplet entrain =
/

e Rir=liquid hold up in the liquid film
Rie= liquid hold up in the entrained droplets
Ry=void fraction Rip+Rie+Ry=1

liquid

Mass conservation equations
4 p
dz ¢

vapor
RU, =M,

d d - S,
5 d—p,R,FU,F=d—G(1—x)(1—E)=—Ml+(RD—RA)Z’
E entrainment rate dz dz -
Rp deposition flux (kg/m?/s) —p,RU, =—G(-x)E=(R, -R,)~.
R4 entrainment flux (kg/m?/s) dz dz A
Momentum balance equations
dpRUE dGx o TS

=-R =+ 24y MU.-p R g-F
9z dz p,R, YR Vi =P l,8 =1

2
PR U _4 Gla-»na-£) iy ap - TuS;

-MU;-pR 8+ RU, - RAUFe)X‘

0z dz PR z i
2 2
pRI: 4G -] ap S,
e - =—R,~-pR,g+R,U, -RU, )=t +Fp
9z o R, e 5z piR.g+ R Uy —-R, LF)A
51
51
nnular flomﬁdrﬁpieten%rM
[ B J . . .. . e .
0 ° liquid At equilibrium Rp=R4 deposition rate = entrainment rate
>
oo
vapor Momentum balance equations
' Si
]
o "A -
6p,R,U2 ap REUZE op - TS, M
&£g+ g;‘=4&+&EE*W&*“&“+M“+f?*“*@‘&uﬁx
2 2
ol o BN w 7,9, S,
el =R, L _MU, -p,Rpg+~2L +(R,U,, —R,U, )L
9z VB ok, Fn WYi =P8 A RpUr =R Up,) A
% pg I-x
Homogeneous mixture of gas and droplets === U, =U, =R, =R,———E

P X

R, =1—R,(l+pgl_xE)
- Py X

52

52

30/11/2021

26



Closure laws
Void fraction

Interfacial perimeter S;, wetted perimeters S, Sy
depend of the flow topology

Wall shear stress 7, and interfacial shear stress 7,

Wall heat flux g, and interfacial heat flux g;, specific
modelling in boiling and condensation.

53

Convective Boiling

Characteristic dimensionless numbers
Convective boiling regimes

Boiling incipience

Wall heat flux in convective boiling
Boiling crisis: DNB and dry-out

Film Boiling

54
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aracteristic dimensionless numbers

Physical properties: Plapg,V,,Vg,l,,lg O

Control parameters: D, G, g, Ty Tio Tp-Tsar O q,
15 parameters - 4 dimensions (M L t T)= 11 independant dimensionless

b pr hlvr

numbers
VD VD \'& 0 C (T V2 V2
Re =—— :@’ Pe=——, Fr=—L, Ja = I Pl( s 'f), Ec, = ! ou—-,
v, W, a, gD hl hw Cpl (Tm T Tle) hl\'
2
o . e
S o p v e T-T Gh

1 1 pl » sat Iv

Consequence: g, or T,-T,, can be expressed versus the dimensionless
numbers

Simplification: Ec<<1,

‘**‘—-—‘=:h_\\‘4)H€,¢f/////%//w

55

. \7777/////
= Nukiyama Experiment (1932)

Ul
Wire heated by Joule effect: imposed heat flux ¢=——+

ndl

Determination of T, from the measurement of the wire
resistance U/I

ql H

ATy =Tp-Tey

56

56
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Wall heated at constant temperature

q 0.
| Ebullition

|
|
|
|
|
E

L2 ]

| Colonnes |
de vapeur

convection D
naturelle

Bc

A Bulles isolées

Drew and Miiller experiments (1934)

F de transition |
H
|

|  Ebullition
| en film

|

| G

ATy = Tp “Tat

57

57

Wall heated at constant temperature

e L1

| Ebullition

| Colonnes |

l,: de transition

Ebullition,
en film

|
, Xy /u
|
|
|

G

; |
convection
naturelle
B
A

| de vapeur

g

Bulles isolées

ATgye = Tp “Tsat

Drew and Miiller experiments (1934)

58

58
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Imposed heat flux
Degradation of the
heat transfer

Rapid increase of
the wall
temperature

® « Burn out »

59

59

Temperatures | Z

Vapor
temperature

Vapor
quality

0

/

Fluid

[“— temperature

x=0

Liquid

P

Taat

Temperature
N Mean liquid

\ temperature
T .

bulk

Flow pattern Heat transfer

Convective heat

transfer in vapor
vapor
Vapor + Convective heat
liquid droplets  ¢ransfer in vapor + droplets
Annular flow
with Heat transfer by
entrainment | convection and
evaporation
Annular of the liquid film
flow
Churn flow
Saturated
Stug ¢ | Nucleate
flow oiling
Bubbly i
flow Subcooled
boiling

Single-phase  Convective heat
flow transfer in liquid

60

60
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| Convective boiling regime for imposed wall heat flux

Nucleation at
\ the wall and
condensation

in liquid core

Liquid

) q
Subcooled boiling Saturated boiling Overheated
Subcooled boiling
Film High heat flux
boiling
Saturated
End of
film
nucleate e
boilin boiling
tling Vapor + Vapeur

Droplets surchauffée

Saturated Dry out Boiling crisis
nucleate

boiling

Low heat flux

N annular flows \

X=l

61

61

___Convective boiling regimein-horizontal tube

0o _O O o

° °°oo°8 SODE: >o o
o a [}

0

o _O~o 2o O 0- o
-
Liquid Bubbles Slug Annular flow Stratified Vapor ~ Vapor
flows ] i
i Boiling droplets
crisis L
800 8000 Disparition of
- nucleate boiling
700 Woijtan et Thome (2005)_ 7000 N:
\ £
)
— 600 6000 =
> 5
7 P E
500 Kandlikar (1989) -~ 5000 &
T s Constant mass flux G
2 400} 4000 §
RN o lity along the tub
T N, s
Ss0 N Jsn0 £ Increase quality along the tube x
> Slug -~ b
> 2000 7 2000 8
“ slug+sw £
100+ 1000 §
- — ) Wojtan et al. (2005)

. . !
04 05 06 07
Titre en vapeur [-]

=)
o
o
[N)
o
©

62
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Heat Transfer Coefficient

Single-phase liquid flow

h D
q,=h (T, -T (2) Nu= 7/’( = f(Re,Pr)
0.8 .
Nu = D 0 023(GD pr'/? Circular tube (Dittus-Boelter, 1930)
A : W,
G mass flux
¢, 4L _ %5 I HTC
bz A
Constant wall temperature

Constant heat flux

GC ,A dT (2)
q, = Tpldliz = hz[T,, . T,(Z)]

pl
P

4,
T,(2)-T(2) = B

1

63

63

Boiling incipience

.

4 3 VY

W22
Bef {b) Wetting (c) Re-entrant (d) Non-wetting (e} Non-wetting
(o) n'n:; cavity cavity Inclusion surfoce depasit

Entrapment of vapor (gas) embryos in cavities of the wall

64

30/11/2021

64

32



/ - —

Activation of vapor embryos

Non wetting liquid  R>r

Liquid Ton b (a)
®
Spontaneous
growth
~ t
B m—
o 20(T) dp h,
o ——— e
Liquid at T>T,(P, R= —co—o dT T (T)(v, -V
q sat( 0) Psa[ (T)— PO Sa[( o)( v 1)
G : : - 20(T,)T,, (P,
Activation of a cavity of radius r for Ty : T, - T, (P,) > w
rhy,
20(Ty) T (P v,
TO v Tsat(PO) = %

initial ™ 1v

65

G

- Y
g 25077007 / 7 2

Bef (b) Wetting (c) Re-entrant {d) Non-wetting (e) Non-wetling
) 451:; cavity cavity Inclusion surfoce deposit

Entrapment of vapor (gas) embryos in cavities of the wall

Forst and Dzakowic criterion (1967)

Correction due to
fluid properties
1/2
Wall temperature has to be high . 8oTsatqp - I ‘/
enough to activate boiling Pl Apvhy, Pry

66

66
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Partial Partial
Single-phase subcooled  subcooled | Sat'flrated
flow boiling boiling Boiling
r t v e |
ONB = Onset of 5°0 0 T B T T BT
Nucleate Boiling ONB . OODO
-
DS Ot it o0 o0 0o o000 0 0°%00 00
o _ P B Y
Significant Void ‘ ‘
t z
ze -

o
3
-+ —-—=—2+
- — — N1 —

L _:_ _________ =

sat

T Température
moyenne du‘ liquide

Conventional origine of

\ / quality

|

|

| |

| |
. . I |
Void fraction ‘
|

67
67
Heat transfer modes in convective boiling
Dryout Dryout
x=0 incipience  completion
| : ]
0 a9 5 0 RN O ) N .. e
N o+ btaogeD OV [ R ~ 3 ( i o i
: r°"°.5o".‘.§<§~9,0‘a'37,,°[ o\ /vt_v/ VR S N PO
— : : : ]
Single-phase | Bubbly flow Slug flow Annular flow " Mist flow
Liquid . :
hy
HTC function of q
Nucleate Boiling Dominant Heat Transfer
hy, .
Convective Boiling Dominant Heat Transfer HTC function of x, G
z
68
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\/“

Heat transfer coefficient in flow Boiling

3500

Z=0.09m A
G =200 kg.m?s! ¢

©q"=1.0 W/em? Campaign_1

2500 4q"=1.0 W/em*_Campaign_2
#q"=1.0 W/em* Campaign_3
@®q" = 1.5 W/em* Campaign_1

Aq"=1.5 W/em*>_Campaign_2
¢q"=1.5 W/em* Campaign 3
©q"=2.0 W/em*_Campaign_1
4q"=2.0 W/em?_Campaign_2
#q"=2.0 W/em* Campaign_3
©q" =2.5 W/em* Campaign_1
Aq"=2.5 W/em* Campaign_2
*q"=2.5 W/em*>_Campaign_3
@q" =3.0 W/em*_Campaign_|
Aq"=3.0 Wem?_Campaign_2
) ) ) ) ¢q"=3.0 Wem?_Campaign_3
0.0 0.1 02 03 0.4 0.5 0.6 0.7
Vapor quality x [-]

1500

Heat transfer coefficient 2 [W/m?/K]

500

Experiments of Paul Ayegba (IMFT, 2020) - tube of 6mm diameter with HFE7000

69

» — Rohsenow-model” /

Heat transfer by convection in the bubble wakes:
analogy with single-phase convection

ARe, Pr"
g / pv v nC

h = bl
T, - T, a Kk
12 Characteristic length
U= q L,=C,0 20 scale linked to the
p.hy, g(Pl - Pv) bubble detachment
diameter
1/2
gp-p.)] C(T-T@)] =3
q=wh,
o Csf Pr hlv
12 —1.m o=1_

Ci=212Co 0/ A, r=1-m, s=1-n Specific constant dependant of
s=1,7 (or1 for water) the couple solid/fluid 70

70
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| Heat transfer in subcooled boiling

Rohsenow model (1973), validated with experiments of Hino et Ueda (1985)
q,=4, +4, avec g =h(I -1 (2)

. -

Contribution due to bubble nucleation Contribution due to single phase

( ) V2 C (T -T) 3 convection
qn i M/hlg 8 pl pg Pr—S pl\"p sat
o Cyh,
q Developed subcooled boiling
Superposition models
L
h=(h+h)r qons
n
VA ,,,,,, ,,,,,,,,,,,, ; ,_1,.3,":
p=2 for Kutateladze (1961) 9 (Zen)
p=3 for Steiner et Taborek (1992) Tp-Ti
7
71
= S ———

eat transfer in subcooled Bfoiling: toward
mechanistic models

In subcooled boiling, vapor is at saturation temperature and liquid is subcooled.

Enthalpy balance equation for the mixture

45 A Gty + GA=0)(C (T =T, ) + i, )|
A C?Z
dx
=G(h, +C (T, - Tl))d—Z +
Part of the heat fl
f:: Ease ih:r? = = Part of the heat flux for
: ° liquid heating

Global model are not able to partition the heat flux between phase-change
and liquid heating

72
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els based on heat flux pa

Wall heat transfer in convective boiling is often splitted into different
contributions in the advanced mechanistic models (Kurul & Podowski,
1990; Basu et al., 2005, Yeoh et al., 2008):

evaporation of the liquid micro-layer below the bubble

unsteady conduction in the liquid after bubble

departure (quenching)

forced convection between the nucleation sites ( i )! Z<I>

Richenderfer et al. ETFS 2018

Pressure: 1 bar - Subcooling: 10 °C - Mass Flux: 500 kg/mzls - Heat Flux: 1750 KW/m? 1 \,l 1.01 bar —10°C - 500 kg/mzs {*EV
s 1 —i-sp
@08 —+-Fe |4
4 Q¢!
=z
(<]
E 08
g Lo s
%04 ¥ TR

(o) w E V.1
dozf 7 LT
* ’ Jf/f 1 -2
Il - B = R A
120 130 140 150 160 0 P 4 6 0 500 1000 1500 2000 2500 3000 3500
TEMPERATURE [C] HEAT FLUX MW/m?) AVERAGE HEAT FLUX [kWirf]

73

| Models based on heat flux partiti

Numerical studies:
- on DNS of isolated bubble vaporization
* Kunkelmann & Stephan, Int. J. Fluid Refrig. (2010),
* Son, Dhir, Ramanujapuy, J. Heat Transfer (1999)
* Sato & Niceno J. Comput. (2015)
e Huber et al. JHMT (2017)
- with multiple bubble nucleation (Sato & Niceno, 2016)

-
o
™

Nucleation sites colored with ,,Q
activation temperature, T_, §,
€
0
k3]
o
o [
i
S
£
10°

0 20 30
Wall superheat, AT (K)

74
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P Models based on heat flux partitionning:

Contribution of different heat transfer modes: Judd et Wang (1976), Del Valle
et Kenning (1985), Dhir (1991)

gp=qet qci +

/ / =h (T -T)(1-KaR>:N
e e
ingle-phase
—% . e

Vaporisation of convection
liquid between the
microlayer nucleation sites

Unsteady conduction ‘ ‘

during rewetting of the
wall

Ger = KARIN g, = 23 mp,C, A KRIA[f N, (T, - T, ) ;:r?vm;ters to model:

75

75

Models based on liquid microlayer evaporation:

R=C1 tn
= R
60 (I') = CZ Vit 5 m J Microcouche d< 80
t=(r/C;)/m =
dd T -T : T =T
hoo— e p t 88 =2k B[ ¢
pl Iv dt 1 6 SOt ) 1 pl hlv ( C) ]a - plel(Tp T Tsat)
h
Vaporized liquid mass >
r - 2 .
0, {f05602nrdr + fr , - 6)2nrdr} =p, —3~nR3 E— Pr
. pour k >>k

General relations

R(t) = f(Pr,lli—‘,gl)JaW/oclt
o

p Op If Fo=ocptc/e§ <1l > T,= cte

High coupling between the liquid micro-layer
evaporation and conduction in the wall

76
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'Technische1JniversﬂﬁtI2gg1ggggEﬁ;:}_"\¥‘4444—/#<;;7¢,,//f’4;/

Measurement method

- L

High speed-
black/white camera

Light source

Diffuser

High speed
IR camera

77

P ﬂ,ﬁ;/»wy////%//

Results: Local temperature and heat flux

Energy balance for each pixel element and two successive temperature images
g oT

- : e
ox 0y

qﬂuid =4, +/Ihf (

Heat source: 6700W/m?

Bulk liquid temperature: 38.4°C30

Temperatures [°C] Heat flux [W/m?]

78
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| Toward Direct Numerical simulation of Boiling

Multi-scale problem:
\ M

Microscopic scale

Evaporation of liquid microlayer -
coupled with the resolution of the
heat transfer by conduction in the

! i

Macroscopic scale
Hydrodynamic and transfer
around the bubble

79

| Toward Direct Numerical simulation of Boiling

absorbed  micro-region macro-region  Macroscopique scale— code
DIVA

Hydrodynamic and heat and
mass transfers around the bubble

Microscopique scale- model of
Stephan and Busse (2002)

Evaporation at the contact line
Huber et al, IJHMT, 2017

Ren _ 1 +ofd"

RFrl'lz
o plel(Tp 7 Tsat)

Ja
pvhlv

0=0.00219 and n=1.43

80
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/ﬁble detachment diameters and frequency

Shear flow on a horizontal wall

FA =P Vgez

FC ((X"B) = FCxex 27 FCzez

| 2172 1
E, = EPLCDTER U F, = EpLCLnRZU2

During the bubble growth F; is weak.
Detachment occurs when

Fy,+Fc,+F >0 lift-off from the wall

81

" Bubble detachment diameters and frequency

Shear flow on a horizontal wall

Model of

Detachment parallel to the wall

Capillary force:

X

F., = —Ecrrs(cosﬂr —cosea) = —EORsine(coser - cosea) = —EGRF(O)
2 2 2

1
E - EpLCDnRZU2

C, =18.7Re;®

Detachment occurs when: lCDpleRzn >~ GRF(©)
2 2 Re, = U2R /v

%CDpIUZRZn > goRsinG

82
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> — Bubble detachment diameters

5 W = d2
Numerous correlations based on a critical Bond number: Bo= MA
(¢}
Authors Correlation
Firtz? Da=0 01469( 20 )1/2 M
a = 0. =
g(p — py) prhy
0 = 35° for mixtures and 45° for water
2 05
Ruckenstein'! Dy = [3e*at e’ (o1 — pu)® ] a4 ]
a3/ lg(m p.,)
Cole!?
D4 =0.04]a [—]
4 T gt =0
Cole and Rohsenow!? o
Dg=CJa [—]
4= =)
C = 1.5 X 10™* for water and 4.65 x 10 *for others
1/3 1/4
Van Stralen and Zij1** D. =263 <]a2“zz) / [1 (2“ )0‘5]
4 = 2. + (e
g 3Ja
Kim and Kim20 Y, oz
Dg=0. 1649 a®
4 pv) J
21 D, —40[ ( ) ocose] [ ]
Fazel and Shafaee d v / a(pr — Pv)
57005
Hamzenkhani et al.” Dq = (L)( MoV ) (p 'CP’AT) *[eeite (L)l
Apg/ \acost Pohyy uf \gdp

Vi=bubble velocity

83

Bubble detachment diameters and frequency

Model of Mikic et Rohsenow

1rg
Stephan®? D4 = —[— (D
P fDa 712

1
Frequency of detachment: f=
tw+ tg
waiting time growth time
n=2 Inertial growth
Correlations fd, = cste
n=1/2

Diffusive growth

Example: boiling water at atmospheric pressure 24 - 48Pi-p,) col

Vidgq = 0.83Jay/a

. 40 )]
d P18Dgq

- Cp,

N[ =

Sakashita and Ono® f=

g

0oloi- p»F [ L pv)pfvz*]‘““l‘?
. l P !

a3 |

Hamzekhani et al.3*

Ap0255075 0.44 Ap®5g05D
f=0015 p £ ( q ) p g " Dq
70 Ap925g0755075 505

)0.88

84
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| Pensity of actiW

Density of active nucleation site (for Ty,) : n (Lo Leg wilhmed oy o

ng~q™
E
Q f ith #240 finish 2.1
: ol Copper surface with #240 finis Gaertner & Westwater ng~q
o o
2 & Mikic et Rohsenow
& \>
g % m
'% ko ng ~ [Dc,max/Dc]
2
Q I = — —
é F Dc - 40Tsat/pvhlu(Tw - Tsat) ,m = 6.5
o o - wat
E I ©- B:ni:ne 5 “
g & - Metharol Kocamustafaogullari et Ishii
[
o

+(-44

2 ol TN T n? = f(pHRSHY
= ] 10 100 . ,
= =
8 10°De (cm) ns = nsDg.

f(p*) = 2.157 x 1077p* 3D (1 4 0.0049p+)*13
p* = (p1—pv)/py. R =2Rc/Dy

Ny

85

" Heat Transfer Coefficient in saturated boiling

Strong evolution of the flow pattens along the tube: bubbly flow, slug flow and
annular flow.

4
Quality calculated from enthalpy balance: x(z) = - (Z - ZS)
DGh,,

Different models and correlation for the prediction of the heat transfers

Chen correlation (1966) h=Sh, + Fh,

0 = 038
/ - 0’023}»,(6;(136)1)) Py
D W,
024 075
(Tp_zlal) (psal(Tp)_pl) X=l_7x &Q
x o[

0,736
F(X,)= 2,35[0,213 + 7} i X:>0,1

3

0,79 ~0.45 _0.49
kl Cpl p 1
0,5,,0297.024 0,24
o Au[ hlg g

h, = 0,00122[

-

'<0,1

Y,

117
1+2,53~10’6(7DG(1_X)F(X")L25) ]
Fx,)=1 if X

86

86
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/ﬁeﬁnsfer Coefficient in saturated boiling

Other correlations

10° T
H Flow Boiling of R-12 at T4 =280 °K
G = 300 kg/m 25, Wall Superheat = 10 °C

c, A

h= hl [Cl COCZ (25Fr) %7 CSBOC FK] W Tube Diameter = 1.0 cm

o \N

A G’ .

C, = (IJ) Py Boo o dvip . Kandlikar (1989)
X 0y Ghlg p 8D 104}

(different fluids : water, N2, refrigerants, for
vertical and horizontal tubes) Ly

0,86 374 041
h=h, |1+ 3000 -2 +(L) P
Gh, e )

[4

Gunger et Winterton (1986)

AN

Schrock et Grossman (1959) -

0.0 0.5 x 1.0

08
G(1- X)D) R

1 0,66
9 10,00015—
Gh X, uw,

lg

h=1739-10"h, etk =0,023’2)’(

87

87

| Fittingof experimental resultats(Kandlikar, 1989)

H=H,[C,C*(25Fr)" +C,Bo" Fy |

038 2

with  C, :(l_xj Pe B 7 Fr:?_

% b Gh, p; gD
Cy<0.65 Cy>0.65 Fluide Fx
Région convective Région de 1'ébullition nucléée Fan 100
(o] 1,1360 0,6683 S 1.30
€2 e 02 R-12 1,50
2 667.2 1058 R-13B1 131
C4 0,7 0,7 R-22 2,20
Cs 03 03 R-113 1,30
R-114 1,24
C, =o for vertical tubes and horizontal tubes R-152a 1,10
when Fr>0,04. Azote 4,70

88
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/

itting of experimental resultats (Kim & Mudawar 2013)

hp = (hib + hib)us
Pu 07 038 —0.51 0.8 p..0.4 ks
by = (2345 (Bokt) " PR (1-2)°% | (0.023Re}* Pr 4L )

i 0.08 0.94 ]
New correlation he = |5.2 (Bo?—’;) 1,1/6;(?.54 +35 (%”) (Z_;o.’zs)] (0_023}26?,3137,?.4;_{!)

7 s = i =_F = GA—2)Dy V = G20
where Bo —q—Gh!g, Pp= 45—, Re a o Wepo =508,

w0 109 [\ 05
o= (52) (2 (5) "
q" g : effective heat flux average over heated perimeter of channel,
Py : heated perimeter of channel, Pr : wetted perimeter of channel.

89

89

odel of evaporation of a liquid film in annular flow

Cioncolini et Thome (2011)

Hypotheses : Turbulent liquid film and heat transfer by evaporation
through the liquid film. No nucleation at the wall.

/1 6 09
H=007762L ( ”] Pro &S film thickness
vl

with 10< 6" <800 086<Pr<6.1

pui=1,= % fp.V?: and f=0.172We "
Pe 1-x

Ule = Ug = Rle =Rg
Py X

E

p., V. =], density et velocity of the vapour core

Pc = pgRg+piRe

90
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Comparison of different correlations
&

= 5000 ——Chen G=50 kg/m2/s |
g —Chen G=100 kg/m2/s I
- Kim & Mudawar G=50 kg/m2/s 1
— 4000 | - Kim & Mudawar G=100kg/m2/s I
‘,-_’ - ~ Cioncolini G=50 kg/m2/s 1,
b= o — —Cioncolini G=100 kg/m2/s s
g — Kandlicar G=100 kg/m2/s _-7
o 3000 — -Kandlikar G=50 kg/m2/s - :

&

7]

<)

’:‘ 2000

£

e

£ 1000

®

Y]

z

0
0 0.2 0.4 0.6 0.8 1
Vapor quality, x [-]
91
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| Critical heat flux in convective bdiling

At low heat flux: progressive increase

progressive of quality > annular flow At high heat flux, b'o'iling crisis
with evaporation of the liquid film, occurs for low q}lahtles X = strong
decrease of the film thickness > vdpoul production at the wall >
dryout of the liquid film inversed annular flow

‘" e [] Liquide

=2 [ ] Vapeur

. " -

g

T Flow direction Flow direction

92
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Critical Heat Flux (MW/m2)
o«

[ Critical heat Flux in convective boiling

At low heat flux: progressive increase progressive of quality = annular flow with
evaporation of the liquid film, decrease of the film thickness = dryout of the

liquid film

At high heat flux, boiling crisis occurs for low qualities x = strong vapour

1

production at the wall = inversed annular flow
4 T T T T

-
n
T

-
o
T

G = 2000, 3000, 4000,
5000 kg/m2s

G = 1000, 2000, 3000,
4000, 5000 kg/m3s

Katto et Ohno (1984)
water, ammoniac, benzen,
alcohols, hydrogen, nitrogen,

refrigerants Ri2, R21, R22, Ruz,

K hl (T:vat)_ hl (Tze)

] qcrit= % 1 + I’l
4F  Water at 29 bars s
2t 1 ¢o and K depend of:
A A A A A s &
Yoo 75 0z oo 2 s 7m0 Y = We=ﬂ /D G h,
P po

Subcooling (°C) <-— —= Quality x (%)

Science Academy of Russia

Bowring, (1972) for water -

93

“Correlation of Katto et Ohno 84)

qcrit o q0 1 + h
lg
2.
Tab e Ol ¥<0.15
P, PO I
C=025 pour  1/D<50 =g if 90<d  then 90=9u
B=do f 4 <q
€=025+0.0009 - | - 50 i 50<1/D<150 if 40 >de:  then W Or  Zovwet
D 1 Q=9d0s for Yos=dm
C=034 pour  1/D>150 if K,>K, then K=K,
. K =K then K=K
Gy =CGLWe ™ (D/1)  qq, =0.1GLy" P We™*(1+0.0031(1/D))* if i :
027
1/D)
W 00986L 0. IJ}WefﬂAE (
o 4 1+0.0031(1/D) 7>0.15
if Qo1 < os then 9o = 9o

Qs = 0.0384GL~{°6W34"”(

1

1+ 0.280We’"2”(l/D))

4=q dw<da
if  9u>ds then 0 for  fe®He

- Q0 =dn  for  Yos = dos
Qs = 0.234GLy" S We 0 (I/D) if K> K, then K=K,
A

1+0.0031(1/D) ¢ kex themn 55 ffm K, <K,

2 K=K K=K

1.043 50.0124+D/1 | L52We " 4+ D/1 s 10T WS

K, = 4CWe 08 2 =g BB Ks=1. VS We 1B
94
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Dryout-ofthe wall™ "
ppr_Ucyouto

= . Whalley et al. (1974), Govan et al.,(1988).
ool liqud Rilgudbold o hgdbin
eeo Rie= liquid hold up in the entrained droplets
vapor Ry=void fraction Rip+Rie+Rg=1
Mass conservation equations
) d .
?ZpgRgUg =M,
E entrainment rate d d . N
—p R U, =—G(-x)1-E)=-M,+ (R, -R,)—
Rp deposition flux (kg/m?/s) . s
1 2
R4 entrainment flux (kg/m?/s) ileleUle > iG(l— OE=(R, —RD)i
dz dz A
Momentum balance equations for the liquid film and for the vapour core with
entrained droplet.
Enthalpy bal i -
ntha alance equation =
e : dz DGh,
9
95
— Annular W
:o . liquid Balance between entrainement and redosition of the
>
s droplets Rp=Ra
Yapolr Momentum balances equations
' Si
o 2
i
6p,R,U2 i) REUZE 0, - TS, M
Al plaé e (R, + R,e)i—(pgRg + PR+ MU+ 4 (R, = RyU )~
2 2
dpRUL  d GlA-001-E)] P . TS5 ¥
S =R, L_MU-pR, g+~ +(RU, -RU, )2
9z VB ok, Fn i T P8 A +(RyUyp - Ry Fa)A
. pg 1-x
Homogeneoux mixture gas + droplets —es U,=U,=R, =R,—~—F
p, x
Rm=1—R4l+pgl_xE)
P X
96
96
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. AnnulaW

v 1-
liquid R =1—Rg(1+ L E)
P X
vapour Momentum balance equations
W AiGr,. g 5 ol Bla R(I+I_—XE) v am
. e . s e =R
2
(2) d G’[d-x)1-E)] 3 v 4
S e erl _leIFg_i‘\/Rig
dz PR 0z, D

Enthalpy balance equation

() % __4q
dz DGhlv

if T, is imposed 4= M or ¢= h(Tp - Tm,)

Iterative resolution
Calculation of x using (3)

Elimination of p between (1) and (2) and calculation of Ry

G D
Calculation of &= E[l -y1-Ry ] 97

97

DWoTt\o‘f“H’r@waH)r/

& _ 4,
dz DGh,

Calculation of the heat flux: thin film, negligible convective terms

Annular flow model with droplet entrainment

JaT JoT J aT aT
p.Cp ug*”@}g(%*’&)g =0 ) (}»,+)\l)a—=q
T, - Tmz
Laminar liquid film q,=X4-" 5 ‘
% JaT q T,-T o dy g dy
Turbulent film (a4, +a,)—=—"~ i >
(@ )ay o = "a/pCp {H& {H&&
q, v, Pr,
Resolution by using a given turbulent eddy profile Pr¢=1
Dukler (1959) Other expressions

y'<5 wv,=0
Y 20,01y 1 -exp(-0.01y")]
1\

. Vi
5<y'<30 —“‘L==—-1
; - Vi

with y =2 <29 g
v . v, 25 -

98
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'/tr/hkal Heat Flux: Departure from Nucleated
Boiling (DNB type)

No predictive model. Different scenarii proposed.

0
O
Q0
0
ﬁ (@ (b) (©)
In weakly subcooled boiling
Local phenomenum:
formarion of dry spot below \‘ : Balance between evaporation
the bubble by total 2 umiATon of and recondensation of large
evaporation of the liquid bubbles - Tong et vapour bubbles: Lee et
microlayer: Theofanous et~ Hewitt (1972) Mudamar (1988) et Celata et al.
al., (2002) (R.~0.8) )
99
= /
v \-\k;\” —— m—
Film Boiling
Vapour film at the wall-> high increase in the wall temperature
0
00sf
0.02
0.04f
0.04
E 0.05 ?
" 0.0 .
0.06
0.08
0.07}
b ooskis ]
0 51015 505
X gr(n‘?o-ﬂ v10°
100
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oo o L = ——

Film Boiling

Inversed annular flow

- - Heat transfer by conduction across the vapour film
7;7 % ];at
0

- Enthalpy Balance

qp=)\'l

& _44,
dz:iiiD

- Momentum balance equation

sat

G(h,+C,(T,-T))

e £y Ty
d0x Q£+i;+ll+MﬂﬁpRg
EoE O G e

d G*(1-x) dE TS
—¥:—R—+#—MIU’—pZ(1—Rg)g

dz PR “dz
101
= Post CHF regimes
Transition boiling: Tong et Young (1974)
1+0,00297,-T,,,)
x?? T, _Tsm =
qﬂ=qf+qnexp —0,0394m(p55—,6) :I
Film boiling around cylinder: Bromley (1960)
2 1/4 12
= o
h =0,62| Lo (Pr = PP, N 2;:(—)
1, (T, -T, )My 8(P1—Ps)
Vapour flow with entrained droplets: Dougall et Rohsenow (1963)
h,D -
GD
Nu, = Z =0,023|| — | x + &(l - x)) Pr;'T4 Homogeneous model
P W
8 8

102
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Conclusion

wettability, cavity size..)

closure laws.

(open problem)

Strong evolution of the flow patterns in flow boiling

Boiling incipience: numerous models (effect of wall

HTC in convective Boiling: numerous correlations,
promosing mechanistic models, which require local

CHF with dryout (reasonnable predictions), CHF DNB type

103

Dropwise condensation
High heat flux

A "—’\%ﬁ*ﬁ
Condensation of pure vapour

Filmwise condensation
frequently observed with
wetting liquids

104

104
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| Condensation of pure vapour

Filmwise condensation
Dropwise condensation frequently observed with
High heat flux wetting liquids

Filmwise condensation

Local heat transfer coefficient: o=t = 1
Lo Lo

i 4 sat

Global heat transfer coefficient: h(z) = . f h(z)dz
Z 0

Predominant thermal resistance through the liquid film.

105

105

__—Fitmwise condensation-of pur%v—aﬁo%

Non inertial model of Rohsenow: laminar flow

Momentum balance equation along z axis

dP d*u
sinf—-—|[+u—-=0
[pussin- 27+ 2t
Equality of pressure gradients yandd

In liquid and vapour phases
; dpP ou
p.gsinB-—|d-y)+T,-W—|=0
dpP ; (dP) T dz ay
—=p,gsin0+|—| =p,gsin6
dz dz /),
Pressure gradient in the vapour phase u(y) =

(. —pi)gsine(ay _£)+E

Mass flow rate per unit of width b

y ° -p,)gsind §° 2
M=p,fudy=p"(p" pJesind s p,d
b i w 3 w2

106
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w balance at tW

Heat flux: condensation of vapour+ cooling at the mean film temperature Tr,

P, —p,)gsin® 2\ o
u(y)‘7< ) (6y—y7)+i T=7Tm’ % y+T
5
d
5 15 e
ﬁ:_J.Udyzpl- b, g_+L Tm= 07 =7Ts¢n+7T
5J w 3o ud 8 S
MT,-T,) 1dm 1am 1 am
s N o h c r 7
’ 5 T (h + €, (T = T,0) = ( - P)) b dz
am _amds M7, -T,) p,‘(p,_—p’i)(s'sineéz+ puT, 5| 40
dz b dz dh;, u wo|dz

107

107

at_avt as _,[0u(p,=;)esin0 pcp |av oML, -T))
dz  dod dz u u dz 6hzv
. S0 0
== p,(p. - . )gsindhy, -+ o7y, = = M(T,, - T, )2
64 + ‘E[ - i63 = 47\'”’( sat — L ) —z= MZ* - 47\(’[;“’*_ T;’) z
(p.-p:)gsin®3 " p,(p,—p,)gsin®hy, " p,(p, -p;)gsin®  uh,
he P (p p*) sin6| S
Lsreference length 7o 3 =9 5 =—
gsin@ w L,
Liam + *T,- 4 6*3[;; o 4c ( mz*_ Tp)i LA/ [ 6*4 Sy 6*11* 2 Z
(pL - pv)gsinGLf 3 Prh,, L,
- -
i V4 108

108
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meer characteristic of the heat transfer

hL,
Nu=—="
A

S N T
h(@)=— | h)dz=—| —dz=— | —=dz
z‘{ 2{6 b4 ‘OfL,f)

éfﬂ(é*z + 5*-cf)d6* 4 (6—*3+ 6;2'5*)

Mean heat transfer coefficient:

(487 + 4077} )dd" = dz’

Tk L/- 7 L/.z* 3 DV
hL 0o
) Nue-—L-4—1—7
e 28 (35*2;“)
Reynolds number Re, = 8,20, D, = %bé =49
w
Re, = sl g‘,)gsmﬁff a0 41"? 2= ié” +47,87
3 u 2u 3
Nusselt model: 7,=0
o A 18 e -
3=z Re, (z)=—=8" Niu=—r=— m=ph Nu=(—) Re;'? =1,47Re;"?
@)= 370 3 - -

109

109

itmwise cmdenﬁsa%i@naofpure%pow/

1/3
; : Ao e v;
Non inertial model of Rohsenow " +=8%t;=7" avec L =|——
3 gsin6
ALY
.8 |ppi-p;)gsin®
o e
L, W
2 4T, -T.,) ,
z i g T N
L, Wy, (P, —P‘v)gsmBLf

% = 0,2.5,5,10, 20,50 2
For a given value of

zZ, ’C: is calculated.
Then z is
calculated and &

140:\
w5 5 ) E
Nu=—f=4(6— 6—,1(.) B

[~ e Uansilion poinls

4 . x_x ~
Re,=(§63+2621,) o b—r ol ol vl 4 s Graphe=Nu, Re
10 102 10° 104 10°
Re.
Figure Variation of the mean film condensation heat transfer coefficient with Reynolds numbc

and 1} as predicted by the analytical model of Rohsenow et al. [9.56]. (Adapted from [9.56] wit

permission, copyright © 1956, American Society of Mechanical Engineers.)
10
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/Eﬂmwise conW

inertia effects (Sparrow et Gregg, 1959)

Cold wall %_'_ ﬂ %
dz dy

2
o
dz  dy dy P
dF 9T T
_a[‘i2

dy

0

Vapour

— Liquid

Inertia-> Boundary layer resolution

1/4
C g
w(z,n) o 4aLC123/4f(n) avec M= Clyz_w et C= [M}

4v, N\,
e =2 o
Tsm _Tp ay aZ

Boundary conditions: at y=0, u=v=0, T=T,

aty=§, T=Tx and 9 _,
ay

m

111

Filmwise condensation of pure vapour with
/ T e

1 2 £10)=0 h(0) =1
1+ l|l+7 3 "_2 1 =0 :
f Pr[ F-2f ] with £(0)=0 h(n )=0
3 h'+h"=0 f'm)=0

Energy balance at the interface

()
ay i

Implicite equation for the calculation of & versus z

_3f0) 4, Culla-T,)

h' (né) hLV

Convective heat transfer coefficient h and Nu

z

{

0

- b

o 5
de=—h,, = prMhLV dy
0

-1/4

with 1, =C,0z

- (ar) = A HOCK" =1, (068+Ja) "
Tsat_Tp Tl‘at_Tp ay 520
1/4
Nu = 8(p, =Py hyy (1+0.68Ja)

27

4VL}"L(TW % Tp)

12
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//‘/Condensation in a vertical tube in downward flow

2 20
apgRgUg=ti =-R a—p+tig—&+MU.+pRg
aZ degRg gaz A Tt 8o &
‘lp__iisz2+TiﬁS"+p -
% R &pR RA £ NE
20 49

2
R =(1—f) == SonD )

£ D D

Iterative resolution:

For a given value z, x is known

Guess value for ¢,

modeling of 7, | calculation of p; o

Verification of §* ;. %a*%j =7

13

113

|_—

With T, = 0
Laminar Flow Re<3o Nu=147Re;'"?

Re.

Laminar wavy flow 30<Re;<1800 N gt
1,08Re!?-5,2

Inertial regime (Sparrow et Gregg, 1959)
1/4
= v c.(T,-T
Nu=(0,68Ja+ 1)”4 P By B Ja= S = 1,)
4T, - T,) I,

Wavy turbulent liquid film
Correlation of Kirkbridge Nu =0,0077Re*
Colburn (1933) Pr<o.05 Nu=0,056Re"* Pr'"?

Grober (1961) 1<Pr<s5 Nu=0.0131Re"?

/50 me correlati*on&feribsNusseltnumM/

14
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# \\//
___Extension of Colburn correlation with 7, #0

Dukler model - extension of Rohsenow model with a eddy viscosity model

= i 3
N e B _Lz__ = 0,2, 30,100, 300, 1000, 4000
u ey Pe9) | M .

Nu=0,065Pr'* [t

* T,
T

p.(gv.)”

Nusselt laminar prediction

Figure Variation of the local film condensation heat transfer coefficient with Reynolds number
and 7, as predicted by the analytical model of Dukler [9.42]. (Adapted from [9.42) with permission,
copyright © 1960, American Institute of Chemical Engineers.)

115

15

Application : calcul of the heat transfer coefficient in

condensation on a flat plate without vapour flow, with
and without inertia effects.

Calculate the numerical value of the HTC at the end of a plate of 10 cm
long at a temperature of 80°C, with condensation of water vapour at
100°C. Given values:

p,= 958 kg/m’, p,= 0597 kg/m’,v, = 29107 m’ /s,

C,.= 4185 J/kg/K, A = 0679 W/mIK, h,= 2257 ki/kg.

Compare the expressions of the Nusselt numbers in both cases.

16
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