Two-phase flow with phase
change: Flow Boiling and

condensation

Catherine Colin
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Outline

¢ Industrial applications of two-phase flow with phase
change

¢ Derivation of averaged balance equations for two-
phase flows

¢ Closure laws for wall friction
* Heat Transfer Coefficient in flow boiling

* Convective condensation
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"~ Industrial applications: Nuclear Power Plants

Centrale nucléaire

Réacteur a Eau Pressurisée (REP)

Nuage de vapeur

PWR : water at
155 bars and Circuit primaire
320°C
Air humide
Accidents S

(LOCA, RIA)

Tour de
refroidissement

Prediction of
Boiling crisis

NI

Industrial applications: Steel industry

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

Jet

Pulvérisation

} Surface 0
E = = =

IConvection Ebullition Flux ciitique ~ Ebullition Asseéchement
‘ nucléée en film de la surface
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Industrial applications:

* Cooling electronic devices by two-phase flow loops

Condenser

Circulating pump

for coupling liquid

Condenser Adiabatic Evaporator

Evaporator

Heat pipe

Thermo siphon Loop heat pipe

e —

Industrial applications:

* Cooling electronic devices by two-phase flow loops

RARER AR

Condenser

https://www.youtube.com/watch?v=rG-fneOv1Z8
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—
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Vapor """
Bubble
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HH Evaporator | f 11
Pulsating Heat Pipe
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Industrial applications: space industry

* Propulsion of launchers: fluid management

3rd stage of Ariane V
launcher with
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/Vinci Engine ICSErvolrs.

LH,-Tank

Problematic of two-phase liquid-vapour flows

Separated flow:

Int diat e
Dispersed bubbly c Onfr; girrr:tei o:i ;u g stratified or annular
flows flow flows
o™ e ¥ | ‘ \
Por " % ot \1 =
':;“'3."3\‘;% -~ B 5%
prgot o » =22 Ol £t o 0
S Y 5%
S WL ol v
Toooan
> *ee
Soq 27 T30
s

What is the flow pattern? Stability?
What is the phase distribution?
Which are the transfers between phases?
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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....

=S
ocal instant equations

(Ishii, 1975) *Balance for parameter ¢k in phase k
S)

%+V~(¢kuk)=ﬂk -V (Iy)
D eInterfacial balance

V-I,-2«T; n, + E[q&k(uk —ul.)+1"k]'n,.k =0

k=12

[ un I I;
Mass P 0 0
oy P8 -2 =pl-T7, -ol
Momentum
U? P+ 8., U, 2 +q,
Energy Pt
Chemical Specy 0.C, J =-p.DVC,
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—Averaged phase equations

Definition of averaged values

'\
— (1 Reynolds Relations
Statistical average o) = ll"{N21¢f(’ J)) ij -
Steady flow S - ¢ +i_ ﬁb '
I SRR
96 0P -
0 T ¢ o : -
Time average o(rn) = 1""(}{ W’) mEa Ap=A¢
T — —
Fonction of phase presence X x(x 1) = si xEk

Presence of phase k

Q= Xk

Interfacial area concentration  §, = ¢,

~ Averaged phase equations

Instantaneous value

Phase averaged

Statistical average:

ot

i

(04

i

v, '(F,.)' - 2kIn,,

P 1

%4. V-(akqi+akrk)— Otk7k+ai[¢k(uk_ ui)"'rk]'”ik =0

p=¢+¢'
$k=Xk7¢k

-0 72

T E[(pk(uk_ ui)+rk].nik; 0

k=l,g
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/Averaged phase equations

Mass conservations

i =i

(akpkuk) = _ai[pk(uk_ ”z)] ny = -0y

90, Py v
ot

Momentum balance

& (akpkuk ® uk) 08+ V(akp:k) =V (ak?k)

90, P, o
at

i i
= _ai[pkuk(uk — W) M+ Py T nih] = -y + ol

Total enthalpie balance

4 h

at

il +V'(akpkhrkuk) = V'(akuk‘ck)_ V'(aA;k)+ak(pkr+pkg'uk)+M

ot

% a,‘[mkh,k +(Pk”i Ut ‘Ik) ; ”Ik]

S«

k=lg

1 m? SN
mk(hk+7ﬂ_n’k Ty n,kJ_'_qk.n’_k] =0

2 p; Py

/ vy Aoy

""""A\//eraged phase equations

eInterfacial momentum balance

V. -o+2kon, + E[mkUk + Pty T,y ] =0

k=1.g

/ -~

In the direction normal to the interface

2KO + [l’hl(U]n _Ugn)+ P =P, _(Tlnn _Tgnn)] =0

Without flow and phase change

!

Laplace law: P - p,+2k0=0

Vv, o+[mU,-U,)-7,+7,]=0

Along the interface

with U,=U,,

l

T,-7,,=V,0

1t
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arangoni convection

Gradient de tension de surface di a
un gradient de température

T, Y=t X n=grado———

S il

veraged Phase Equations

*Total enthalpy balance of phase k h, = e + IEU,f L
Py
4 J)
Epkhtk + Ve [pkhtkuk]= pk(gk U+ r)+ V'(Tk : uk)— \'% q,&%

*Interfacial Balance

.2 . .
» mk(h”lm_;_m)wk.nik Y
e 2 o, Py

— ml(hg = hz) =mh,=q, n,+q,n, = (qz = qg) ny
mh, =~q,.n, >0 vaporization

mh, =q,.n, <0 condensation
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" Resolution of equations

3 mass conservation equations 2 mass conservation equations
3x3 momentum balance equations 2x3 momentum balance

3 enthalpy balance equations

1topological equation o, +o, =1 3 enthalpy balance

1topological equation o +a, =1

16 equations
12 Equations

21 unknowns :
14 unknowns

a;, 0,0, My, m, h:

3 o A 3 l’ g

u, ug’pjepg7ll’lg Modelingof 1L,

hy,h, 1 closure law P =D,

+1 transport equation for «;
Need for closure laws P q :

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

ions iﬁ?eEFated over t

A : tube section
A, : section occupied by the gas phase R, =
: section occupied by the liquid phase g, - % =1-R

R, (-): mean void fraction

Ji» Jy (m/s) : superficial velocities  J; = %
o U, U, (m/s) : mean velocities U, =%=% U, =%
o o x () : quality x = ﬂ - [
m
o 0 m (kg/s): mass flow rate
G (kg/m?/s) : mass flux
. Gx it
jm— . A
P P, o 1 o P, Ug
. s
U Gx U,=G(1_x) oL R - X —pg U,
PR, AR,
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Mass conservation in the tube section

op A dz .
- | -p,AU,| M 4dz
l apkAk +l apkAkUk = akalk i akakUk i _M
4ot A 92 ot oz ¢

~ Mass conservation equations

orRp, 0 : : : 1 _—
#@J,;Z(Rkpkuk)?zwk with Mk=-X{a,[pk(Uk-U,)].nik dA

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

U, U, : mean liquid and gas velocities in the tube section

Rg+RI:1
vapor apgRg + apgRgUg Swpras Ml
ot oz &
liquid Ip, (I_Rg) . Ip, (I_Rg)U[ . Ir
o 9z ’
Mixture (9[p, (I-R)+ pgRg] . (9[;0, A-R)U, + pgRgUg] -0
ot 0z
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ion

P<an,n >Adz
=P<Vo,.n > Adz

=P VR, .n_Adz
= PﬂAdz
" dz \
. akt L =p, AU} —p AU+ PkAkL —PA4| d

-p,gA dzsin®—1 S dz+7,S,dz—M,uAdz

PUR, pRU; OER  ,dR, . s
o . dz = 0z = - dz _pkngsme_Tpkjk-i-Tik__Mk”i
" Momentum balance equations
Z
SPg

Model with one pressure p=p,=p Si

wall shear stress Interfacial shear stress

dp,RU dp,R.U:A ;‘s S .
Py g+l P Ye Ry o3 ap+M+L—pRgsin0+MlU.
A BV 8! i

vapor
- ot A Jz 4 A

.1 dp,(1-R)U dp,(1-R)U}A S Sy -

hguid 20 B0 1L BBA- o 0@ B0 55 0 R0 il
ot A 0z 8 oz A A S
dp,(1-R)U, + p,R U, | 1 o, (1-R)UA+ p,RUA]

mixture ot A oz Tmwlinh
op (t,+1)S )

=_£+ pl Apz, P _[pl(l_Rg)+pgRg]gsln9

24/11/2018
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conservation in the

Bpk(ek+(£‘)Akdz apk(e +(; ]U Adz

ot oz

P<un o >Adz=P<

2

Total Enthalpy

k

+ =q,S,dz+q, S, dz+r A dz

—p,gU Adzsin®+t US dz— M H Adz

dk>Ad Pd L Adz
dt dt

. & :
Htk—ek+7+——gzsm9zek+—:Hk

k

opRH oJ0p RHU S dP t.US .
pkak oy pks tk kqukjk+ql\1j4k+rR R7 V1 e e 5 MkH'k
t Z 1 !
Enthalpy balance equations
Parameters
2
Total enthalpy (J/kg) H,=H + %—gzsin@ =H,
Source per unit volume r,(W/kg) Heat flux g (W/m?) negligible
)
vapor apg ag lg %&pgRg;ilgUgA " + ngASpg i qigASi 0 1"4111,-g +R O;P Er AS:4U
t Z ;
liquid
op,(1-R,))H op,01-R)YH U A S =y ;
oi( g) i +l i g) [t} =(1—R,)rl+qpl pl +‘I;1S: -MH, -F(I—R,)@ TszUt,
ot A dz ¢ A A St A
0[pgRgHtg+pl(l—Rg)H,,] [ p,RH,UyA+p(1-R)H,U,A]
mixture ot A Jz
S
iRy h e
Ao . S
Ml(Hig_Hil)+X(qig+qil)=0

24
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Solving the system of 6 equations

[ R, pRU,
—=+ =2 =M 1-
T pY 1 v Gr . G(-x)
Pl PR
opA-R) pA-RIV, _
L ot 0z
[ 60 RU dp.R.UA 58 e .
Pe s H+l Pee”s =-R @+7pg P+ %2~ —p R gsin0+ MU, T = Ta=T,
| o A & A A L
dp,1-RHU, 1 dp, (l—Rg)U/ZA ap T8, T,S, : ;
+ =—(1-R,)—+-+-L_p (1-R,)gsin0- MU,
. T CRs g g 2l b L
(JPHR“,HX 1 apnyHyUﬂA W qpysm.' qigSi % o S
= + - =~ =R, + o + . +MH, MH, +X'(qlg +q,)=0
7 dp,0-R)H dp,(1-R)H,U, A N M
0,( g) 15 1 dp,( g) 1Yy =0 Rins 919 p1 % q,S, _Mh,
o A 0z £ A A

6 main unknowns Rg, Ug, U,p,H, Hg orG, x, Rg‘p, H, Hg

Unknowns to be modelled M, 3TppsTpe o Tig Y6 o e D1 Gt ,Spg /S,Sl. S

~ Equations for the mixture

Remark: the vapour phase is generally at saturation temperature T,,,

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

Enthalpy balance gives access to quality x

1pRHU, +p(A-R)HU,]| g8,
A 174 A
GxH, +G(-x)H, . S 4
dz Lz 1 dz fdz| A D
Equations of mass conservation and enthalpy balance are linked
Simplification : no need for modelling the interfacial terms
dx

2 5 el M
System of 6 Systemof ] 1 Mass conservation equation U
3 ) : 2 Momentum balances
equations equations .
1 Enthalpy balance for the mixture

2

24/11/2018
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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:

19(pA-R)U +pRUJA 4

Gr GE
A oz dz

PR, p/(-R)

Reteis aesecsy

fifhﬁ_(
A

- pi(1=R)+ p,R,)gsinf

+1relation f (U, , U;, Ry)=0
Homogeneous model U= U; = system of 3 équations
Simplification: no modelling of the interfacial area concentration and interfacial

shear stress needed.
27

/ R —
"~ Closure laws

Void fraction

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

Spi
Wall shear stress 7, and interfacial shear stress 7,

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

24/11/2018
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ig (ms) ig (ms)
Air-water flow in vertical tube of 5 cm dia., Air-water flow in horizontal tube of
Taitel et al., (1980) 5.1cm dia., Mandhane, (1974)

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

29

Flow patterns in convective boiling at low heat flux

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

Ie

Dispersed Bubble Annular
Ugs=0.11m/s Uls=1.19m/s Ugs=0 01"\'5 U'*-O 28mis Ugs=0 05"\'5 Uli-o 07mis Ugs=0. 67sz UIs=0.07m/s Ugs=6.18mis UIs=0.07mis Ugs=8. &4mls Lk 0.07m/s
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Flow patterns in convective boiling at low heat flux

Chen & Karayannis, 2006

(mis)
104

dispersed bubble
- chum

.
dispersed bubble o
- mg

chum - annular

Uis

* Transition Zone
s Mst
A O g O Amnular
a Chum

a " Sug
+ Dispersed Bubble
v Confined Bubble
© Bubbly

01

slug-chum

T T T (s}
001 01 1 10 100

Flow patterns in convective boiling

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

24/11/2018
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“Flow patterns in convective boiling at low heat flux

Microgravity x=0.01

Ppp—

®,
s G=400%
’ 3

/

(1 200 kg.s 'S
00, 0-0- 2T gHETe

’
’

/
’
/

o - 6%—% m.“
PR (;— 100 kg.st.m

f----o--o--\q_ob@ M@S.ﬁ -~
‘75_1\&\_81_-_.__‘" %*s\
e e

0.10 r

__:_’____*_0 ﬁ‘ﬁ'ﬂ
G=50kgs'.m?

/

Liquid superficial velocity j, [m/s]

e T S
- -2 -
1 m A A o) o

I . 2
x=01 ‘. ‘ <\S°o N
!

@ Bubbly flow X= () 3 2? \
A Transition and slug flows , )“\ -
@ Annular flow x=06

0.01
0 1
Vapor superficial velocity j, [m/s]

HFE 7000 -6mm diameter tube

10

“Flow patterns in convective boiling

Wojtan et al. (2005) for horizontal flows

800 T T T T T T 8000

~
o
o

7000 &

@
=3
S

6000

5000

4000

3000

Vitesse massique [kg/mzs]
8
<3

2000

-1000

L L L ! ! n T 0

0 0.1 02 03 04 05 06 07 08 09 1
Titre en vapeur [-]

Coefficient de transfert de chaleur [WImZK

Flow pattern map and heat transfer
coefficient for R134a , D=10 mm
g,= 10 KkW/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)

24/11/2018
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~Phase velocities

LU g

T
8 & R s ®

RN

-t N
(=] 0
3 52 o0 £ o1f =
E o i‘*’? ex =
R (N R
£S5 001} e
0,08 L =2
8
0,001 : 2 —;
0,00 1 1 1
0,01 0,1 1 10 100

0,01 0,1 1 10 100
i (ms)
ig (ms) \

Two fluid model: dynamics of the 2 phases controlled by the
interfacial shear stress.

35

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

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

Drift flux models

Zuber and Y bt ol
Findlay (1965) g Uit O(Jg J;) 2

g(p,-p,)o
2
1

Co=1.1 Co=12 =035 (vertical)
C_ =0.5(horizontal)

/4
Dispersed Bubbles U_=1,53 ] Taylor bubbles U,=C, gD

36

24/11/2018
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Gas velocity, Ug [m/s]

~ Mean gas velocity

E. Trejo, IMFT, (2018)

12 Jv e
Ug = = ColUt + jv) + Uos
10

Drift-flux model for bubbly and

slug flow
6
¢ Volig
4 > Vol 06
4 Sol 182> Up = 0.35Jg_D
2 —1g
- -og og> U, =0

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

37

aws tor the v

U, =CoU, + U, =Cy(j, +J,)+U

©

Churn flow: Ishii (1977)

o ( _ ) 0.25
Co=12-02/2 U, =2 (Lﬁp")
P Pr

Annular flows: Zuber et al. (1967) Co=10, Uy=23 M—]Dl <u)
P 2
hx™
Cioncolinio and Thome (2012) R, = TTh-Dz

h=a+0—®<%) a=-2129 a, = —0.2186
'l

by
n= b+ (1-0b) (%) b=0.3487 b, =0.515
()

Awad and Muzychka (2010)
0.5 0.5

9 = T4028X07 | 14 X6/

38

24/11/2018
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C aws for the voi ac

Comparison with experimental data

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

® =30 kg/(m?s) X G=50 kg/(m?s)
® G=150 kg(m2s)
V' G=400 kg/(m?s)

+ G=70kg/(m?s)
A G=200 kg/(m?2s

O G=100 kg/(m3s) <& G=500 kg/(m?
= m-s

O G=300 kg/(m2s)
B G=600 kg/(m2s)

1

3

0.9

0.8

0.7 e
0

(a) D=4.0 mm (b) D=2.0 mm

Gomyo & Asano (2016) FC 72

Void Fraction, a [-]

A G=50 kg/m2/s
@ G100 kg/m2/s 1g
® G=200 kg/m2/s

- - Cioncolini

—Zuber

— - Awad and Muzychka

0 0.2 0.4 0.6 0.8
Vapor quality, x [-]

Trejo, 2018, HFE7000

39

~interfacial shear stress

Dispersed flows

32

2
e S = 3R, R bubble/drop radius given by We. = paflh = U 2R
i A R o
-
=3 =10
- 1 O |Ug—U,|(Ug—U,) bubbles droplets
kn g 2
Annular Flow
%) Si4 I 5
Rg=(l—5) et A=B\/Rj
S A i A wan 6Rg(l R B EHAERETE
AqA. =—=— — — - + 2
= s d = mimiaai

fi= 0,005(1 + 3002)
D

Droplet entrainment rate

40

24/11/2018
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Annular flow with droplet entrainment

2 @
35

Cioncolini and Thome model (2011)

Normal gravity
®G = 400 kg/s/m*
30 L ©G=200 kysim® °
-2,209 — AG =100 kg/s/m?
-0,8395\72:209 5
E=(1+279,6We*™) " £ | wocrsium
o 25 [ *G=S0kgsm o
5
with 10 < We. <10 £ o o
<9 20
£ 8 R
=
. : o
= o
2 = 3
_ PciD 2 ® , @
We,, = 2cl £ ) o
o ‘s o o A
® 3
, E(1-x)+x s | °
with pC = # ( © ma &4
e © \ LAl
E(l1-x) x X a4
e Voo 0 L—— 0%t Ul of e o 949
p p 00 01 02 03 04 05 06 07 08 09 1
1 \

Vapor quality x [-]

4

rfacial area concentr:
shear stress

Slug flows

LB LS

L 7 B =f
i T Rgs S Rgs = RgBS exp(-10 - =

LB + LS LB + LS RgSA % RgBS
Interfacial area S oS a4 L ORy; L
concentration: " A D Ly+Ly dy, Ly+Lg
C -U,|\U¢-U,

Interfacial shear stress: T,= —% D—p’IUK—ZIM

Ryps=0.25
Ry54=0.8

21
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" Closure laws

Void fraction

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

Spi
Wall shear stress 7, and interfacial shear stress 7,

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

aw for the wa

homogeneous models

Dispersed flow with small bubble
)

Hypothesis: U;= U, =Uy drift velocity /U

i, (1-R)U, +p,RU,) . d(p,1-R)U; + p,R,U?) - »

fou =0079Re,,”  si Re, >2000 Hu =Ry +(-R)p,

at 2 gz A
2 TS
Uy, 0r, a1 06, 021G 4RSS, o,
ot 9z a  az|p, dz A
d 7,8 SSilGE S
(ﬁ) = ‘A“—X"Efpmpfhfgprwé with Py =R, +1-R)p,
fr M
16 3 . GD
fom wall friction o ol Re,, <2000 with  Re, =—
factor €u Uy

44
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Authors Definitions
3 1—z\7!
[McAdams et al. (1942)] - <_ + )
mvoopL
[Cicchitti et al. (1960)] prp=z-py +(1—z)-pr
[Dukler et al. (1964)] pe—— (: gy, &)
P oL
[Beattie and Whalley (1982)] prp=0-pv+(1—-0)-(1+25-6) - pr
o 1-z\17!
- [+ () ()]
oL z
Linetal. (1991 G bl =
[Linetal. (1991) ] P = e T G —0)
2
[Fourar and Bories (1995)] P = prp - ( /T + /(1 —2) - I/L)
[Davidson et al. (1943)] ferp = L [1 . (% _ 1)]
Garcia et al. (2003 =— KA
[Garcia et al. ( )] TP pepp gy
2-pLtp —2-(pL—p) -z
[Awad and Muzychka (2008)] No 1 PP =pPL —— (7
2opLtpy +(pL—py) -z
2-py+pL—2-(py —p) - (1—2)
Awad and Muzychka (2008)] No 2 =py -
[Aw Y @06y} p = 2-pyv+pL+ (v —pr) - (1 —2)

flows models like Lockhart and Martinelli model
Frequently used in flow boiling to predict the wall shear stress

3(R,P[U, +R PU ) d 2 2 oP v St
= S +;Z(RlplUI+Rgngg)=_72_(Rlpl+Rgpg)g51n6+%

Modelling of the frictionnal pressure gradient using Martinelli multipliers

Gl
(di) _TpS11_¢2(dl) _¢z(dl) ¢12=(1+}+?) ¢§=(1+CX+X2)
s
x 1/2
(di) =_&f pljzz (di) =_S7p pglgz - (dl) (dl) =J7'l &Q
dz /, pEn dz/, AP 2 dx ),/ \dx]), oot

SR JiDu ) 44

Fu= K( lv H) Fre = K| = Dy = S Liquide Gaz C
3 8 P Turbulent Turbulent 20
K=16. n=1 in laminar flow Laminaire Turbulent 12
: 2 Turbulent Laminai 10
K=0.079, n=1/4 in turbulent flow e | s ~

R (1 puy08 )_0'378 proposed by L&M, but not always relevant

8 46
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and Martinelli model
Comparison with experimental data HFE7000- 6mm
(I) 30 :
L \ A Bubbly/slug flows
X

s 25 | \ @ Annular flow
= . —LM_tt
o
E=) - =LM_lt
E 20 |
5 ¢f=b+47+}7) p:=(1+Cx+X°)
3
Jiavasat
e
: =/ @] -
E wf dx ),/ \dx), 0

5

0

0.01 0.10 1.00 10.00

Martinelli parameter X
47

stresses: two-fluid model

2 momentum balance equations: example for a vertical upflow

liquid apgRgUs? =i62x2 =—R,— . -1 i~ PR8
aZ dz pgRg . aZ A
HeE S
vapor dM % W Y gy -p (1-R,)g
o.R, dz = 4
M

S, 4 dx
U,=U —+=—4/R G—
oDy dz
In saturated boiling x is calculated by the enthalpy balance 2 unknowns P et R,

Elimination of the pressure gradient between the 2 equations

dG22 .l dG(l x)* 54
dngg gdz pl

+ (pl pg)R Rg

48
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1
Modelling of T (Wallis, 1969) : T; = _Efip”‘Ug - U,‘(U)Z - U,)

| and-interfacial shear
stresses: annular flow model without entrainment

liquid ﬁGZ 7Z+7 =
dz pgRgz PR
7,4 7,4
vapor -~ R + R~ (p, - p)RRg
D D
)

Calculation of R, ,dx[2xR, (1-x)2R, -1)
+G"— +
dz\ p,R, PR,

well adapted to o
= fi = 0,005(1 +300 B) =0,005(1+150(1-[R,))
T, = —%fplplU,2 ; fu=CRe/" with Re, = Cat
v
dp dGr JGU-) T4
- - -— + -(p,R, + p,R
- dzp,R, di pR, D (PR, + PR)g .

ith droplet entrain

Ry= liquid hold up in the liquid film

:. 2 liquid R,=liquid hold up in the entrained droplets
o % Ry=void fraction Ry+Ri+Ry=1
o0
Mass conservation equations
vapor y
d—ngRgUg =M,
d d . S.
6 dfp,R,,.U,F=d—G(1—x)(1—E)=—M,+(RD—RA)Z‘
E entrainment rate dz dz .
Rp, deposition flux (kg/m?/s) jzleleUle = sz(l -0E=(R, - RD)Xi

R, entrainment flux (kg/m?/s)

Momentum balance equations

ok MlUi =p:Rog=Fy

bz Gp R lar

PRU; dGx*_ R, TS
A

2 Ga-xa1-EJ . .
aleIFUIF = i [ :| =-R ap + L:’:’I Vs M[Ui % P,R”:g + (RDUeF " RAUFe)%

0z dz PRy =
o 2
ap,RU.  d GlU-nE] ap S
e _ =—R,—-pR,g+(R,U,, —R,U,)"L +F
oz % Ok, oz pR.8&+(RUpL -R, eF)A D

50
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2
apgRSUE + aleleUlze

ap . TS S,
=—(R,+ R,e)g—(pgkg +pR)E+ MU, + S RU,, - RDUBF)X

0z 9z
5 2
BpIR”,-UIZF dG [(1 - - E)] oD S S;
S e il
9z 5 R, P i T P8 A +(RpUp - R, Fe)A
3 pg I-x
Homogeneous mixture of gas and droplets e===e U, =U, =R, =R, ;71‘:
1
R, =1-Rg(1+ngE
Py X
51
Closure laws
* Void fraction
¢ Interfacial perimeter S;, wetted perimeters S, S,

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.

24/11/2018

26



Convective Boiling

Characteristic dimensionless numbers
Convective boiling regimes

Boiling incipience

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

Film Boiling

’/ . . . . S
aracteristic dimensionless numbers

Physical properties: p[’pg’vl’vg’)’l’z'g D CCahy:
Control parameters: D, G, g, T;,-Tj T, Tyq 01 q,,

15 parameters - 4 dimensions (M L t T)= u independant dimensionless

numbers
VD VD V? ce CI(T -T V2 V?
Re,=—— :GD, Pe=—"—, Fr=—L, Ja=—Ptl= pl( - ’e), Ec, = : ou—-,
v, M, a, gD hlv hlv Cpl(Tsa _Tle) hlv
e, =7ngg-D, k- %, (.-T.) or Bo=—"
Y P, v, 7\‘1 Cpl Tp _Tsm Ghl\'

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

Simplification: Ec;<<1,

24/11/2018
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Nukiyama Experiment (1932)

Ul
Wire heated by Joule effect: imposed heat flux ¢ = i
Determination of T, from the measurement of the wire

resistance U/I

ql H

F

AT, =T,T

sat

55
Drew and Miiller experiments (1934)
Wall heated at constant temperature
q 2 ST
| l|3 Ebullition |
I de transition |
L | .
I | | Ebullition
| en film
| ' !
[ |
: |
VE |G
IBYN; .
Colonnes | |
I de vapeur
convection D
naturelle =
B c
A Bulles isolées
ATgy = Tp “Tat
56
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Drew and Miiller e;;eﬁFnE{’Es (1934)

Wall heated at constant temperature

ll:Ebullition |
I de transition |
H
.

Ebullition,
en film,

| G

s
L o T .
Ry |

convection D
naturelle

Bc

A Bulles isolées

ATgye = Tp “Tat

57

* Imposed heat flux

* Degradation of the
heat transfer

* Rapid increase of
the wall
temperature

® « Burn out »

58
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Tsat

Temperatures ) z Vapor Flow pattern Heat Fransfer
quality
Vapor Py Convective heat
temperature N transfer in vapor
vapor l
x=1 ST~
Vapor + Convective heat
liquid droplets  ransfer in vapor + droplets
Dry-out ] Annular flow
with Heat transfer by
entrainment | convection and
evaporation
Annular of the liquid film
flow —
Lof © Churn flow
0 Saturated
Fluid P Nucleate
1 Slu t
[“— temperature :Q- flo%v Boiling
Oq
°0.Do°°
-0 |22 N
x=0 125701 Bubbly
Liquid bulk 0 o flow Subcooled
Temperature e 0'- boiling
> o Mean liquid — Single-phase  Convective heat
temperature 1 AT
T ow transfer in liquid
P

59

mling regime for imposed wall heat flux

q
Subcooled boiling Saturated boiling Overheated
Subcooled boiling
Him, High heat flux
boiling
Saturated
End of
film
nucleate s
boilin; boiling
& o Vapor + Vapeur
: Droplets chauffé
Nucleation at O//~ P SUCAAT
\ the wall and
condensation
in liquid core Yo .
Saturated Dry out Boiling crisis

nucleate
boiling

Liquid Churn and

AV g annular flows \

Low heat flux

x=0

"

x=1

60
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Vitesse massique [kglmzs]

vective boiling regim

° 0%.95 S o
°8DOD )
o )

22690, o o o

o

Stratified

Liquid Bubbles Slug Annular flow Vapor ~ Vapor
flows n
i Boiling droplets
crisis !
800 : . . . , : : 8000 Disparition of
_ nucleate boiling
700 Wojtan et Thome (2005) 7000 “2
N\ £
2
600 6000 =
2
Kandlikar (1989). -~ | g
500 %k 5000
- 2z Constant mass flux G
400 T {4000 §
T ! P et . 2 3
ol N laooo £ Increase quality along the tube x
Slug -~ A E
200~ 2000
“Slug+sw €
100 sw \ 1000 §
- 5 ) Wojtan et al. (2005)

. . . . . N n n
0 0.1 02 03 04 05 06 07 08 09 1
Titre en vapeur [-]

Heat Transfer Coefficient

/ R —

Single-phase liquid flow

q,=nh(T,-T (2) Nu = h]’(D = f(Re,Pr)
0.8 .
Nu= D _ 0 023(@) pr'’3 Circular tube (Dittus-Boelter, 1930)
A , Y
G mass flux
GC, dT,(z) _ 4,5, hy HTC
Bdz A

Constant heat flux Constant wall temperature

S
- (-2)

o) T
2 L AGC,

. GC,A dT,(2) _
2 S dz

P

[T, -T,2)

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

1

62
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2
g7

N

A\
\\.
)
{Illl

77207
(a) Before {b) Weiting (c) Re-entrant (d) Non-wetting (e) Non-wetting
filling cavity cavity Inclusion

surfoce deposit

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

63

Activation of vapor embryos

Non wetting liquid  R>r

Liquid Ty

% @ R ®
| /
{ Spontaneous
{ growth
eI G t
e
o 20(T dip=#
Liquida T (@) =% T T(T)v,-v)
sat 0

Y 3 3 : X 3 20(T)T,_, (P,
Activation of a cavity of radius r for T, : T, - T, (P) > 20(1) T (B)v,

rhy
20(Ty) T, (P)v,
L e

initial " v
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=
3 5 Vi Y
g 7 et 2
{ (b) Wetting (c) Re-entrant {d) Non-wetting (e) Non-wetling .
te? ?ueu:q! 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
80T5at‘¥p] / I /
)‘pVhIV PI”1

Wall temperature has to be high

Tp—Tsat>
enough to activate boiling I odt [

65

ubcooled boiling

Partial Partial
Single-phase subcooled  subcooled | Saqlll.'ated
flow boiling boiling Boiling
oy e ey
ONB = Onset of : e A LIV o
Nucleate Boiling ONB 0 o OODO
CLYONOND: OO %)oo o
OSV = Onset of j e so selbone o ofel Co
o= . e e v e
Significant Void ‘ ;
l t t z
= “eb d 7
|
|

I
I
| I T, Température de paroi
;
I

T Tempérau_lre .
moyenne du liquide
i

\
\
! Conventional origine of
quality

Void fraction

il 66
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“Heat transfer modes in convective boiling

Dryout Dryout
incipience completion
[ v
| — — ]
Single-phase ! \ Bubbly flow Slug flow Annular flow ¢ Mist flow
Liquid '
h'P

HTC function of q
Nucleate Boiling Dominant Heat Transfer

Convective Boiling Dominant Heat Transfer HTC function of x, G

z
o) yodel o
Heat transfer by convection in the bubble wakes:
analogy with single-phase convection
AReb Pr
p U L, pr=i_ wCy
a, Kk
172 Characteristic length
U, = q L, =C,0 20 scale linked to the
p.hy, g(P1 - Pv) bubble detachment
diameter
1/2
gl =p)] JCu(m -Tu@)] — =
q=uwh,
o C,Pr'h,
12 —1- =1-
Cy=2Cp 0/ A, 1=1-m, s=1-n Specific constant dependant of
s=1,7 (or1 for water) the couple solid/fluid 68
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transfer in subcoole

Rohsenow model (1973), validated with experiments of Hino et Ueda (1985)
4,=49, +4, avec g =l 1 (7))

= -

Contribution due to bubble nucleation Contribution due to single phase

( ) V2 C (T -T.) 3 convection
qn = Mlhlg[g pl % pg Pr—S pl( p~ Ysar
o Cyhy,
q Developed subcooled boiling
Superposition models
L
h=(h+n)r dons
p=2 for Kutateladze (1961) 91 (Ze)
p=3 for Steiner et Taborek (1992) T,-Ty

69

m subcooled Boiling: toward

mechanistic models

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

Enthalpy balance equation for the mixture

.5 A Gty + GA=0)(C(T =T, ) + )|
A 9z
dx
% G(hlg + Cpl (T;ar - T;))d_z +
Part of the heat f1
f;rr Ease ih:;l A o Part of the heat flux for
: £ liquid heating

Global model are not able to partition the heat flux between phase-change
and liquid heating
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35



els based on heat flux

Wall heat transfer in convective boiling is often splitted into different
contributions in the advanced mechanistic models (Kurul & Podowski,

ki
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 ( ; )! l<t>

Richenderfer et al. ETFS 2018

Pressure: 1 bar - Subcooling: 10 °C - Mass Flux: 500 kg/mz/s - Heat Flux: 1750 kW/m? 1 1.01 bar — 10 °C - 500 kg/mzS _I_EV
= I8P
008 EiE
4 —+-Qc
=z
[}
Eos
: £
. . § N : :
[ / -k
(o) = i ki
02 , =
T } L/{ Ji I g
B 24BN
120 130 140 150 160 [ Fi 4 6 0 - 500 1000 1500 2000 2500 3000 3500
TEMPERATURE [C] HEAT FLUX [MW/m?) AVERAGE HEAT FLUX [kW/nf]

els based on heat flux

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

-
o
™

Nucleation sites colored with .?
activation temperature, T_, g
T.(C)| €
19 2
ug| £
"7
116 §1°‘ E
15 o L
14| 5
13 Q
12 §
1M1 ©
1mo| &
109
108 g
107 T s
10 1 1

T R |
Wall superheat, AT (K)
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—Models based on heat quxﬁiﬁgftiiftfiaﬁifﬁg:

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

9p=9et qc1 +

-

4 deony = M,(T, - T)(1-KaR:N,)
7. = pghlg ;n’R;Na/ CONV IASYS ! d < >
T

Single-phase m
(¥

Vaporisation of convection
liquid between the
microlayer nucleation sites

Unsteady conduction ‘ ‘

during rewetting of the

wall
7 - KnRjNaq,, = ZWKR?\/?N(;<E 0 ) Ilzar?\]mj:ers to model:
@ e 73
/Models based on liquid microlayer evaporation:
R=C1 tn
R
60 (I‘) % CZ VVi L, . m : Microcouche o< 80
n R
t.=(r/C,)m -
d§ Tp o Tsat 5 D 2 Tp 0 T@at
i, = -k, 2 soit 8- =2k 2= (t-t.) o 2 PP (T~ o)

pvhyy
2,5 [
R=Cl'\/7=PﬁJa (X.lt
T

pour  k,>>k,

Vaporized liquid mass
Ty R 2
P, { 8y 2mrdr + [ RO 6)2nrdr} =p, gnR3 —

General relations : - S
High coupling between the liquid micro-layer

R(t) = f(Pr,kA',g*‘)Ja 'alt evaporation and conduction in the wall
k, o, If Fo=ot /e) <l > T,= cte
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Technische

it Darmstadt

“Measurement method

Light source

|

High speed-
black/white camera

Diffuser

High speed
IR camera

Results: Local temperature and heat flux

Energy balance for each pixel element and two successive temperature images

. . aZT or
G uia =9+ 2 O 5 163 -

vaxs j siiclole

O[0]0]¢
E.HHE

Bulk liquid temperature: 38.4 CSF::-

Heat source: 6700W/ m2
50 55 60 0 1 2 3 4 5 6

Temperatures [°C] Heat flux [W/m?]
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Multi-scale problem:

\>

ward Direct Numerical simu

-

Macroscopic scale
Hydrodynamic and transfer
around the bubble

!

Microscopic scale

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

o

<+ > ¢« <>

7

Microscopique scale- model of
Stephan and Busse (2002)

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

Rio 1 4 o

RFritz
= plel(Tp 7 Tsat)

Ja
pvhlv

0=0.00219 and n=1.43

RF - 0.01040‘ /m

ward Direct Numerical sim

~of Boiling

absorbed  micro-region macro-region  Macroscopique scale— code

DIVA
Hydrodynamic and heat and
mass transfers around the bubble
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Bubble detachment diameteriéféﬁﬁrféqﬁency

Shear flow on a horizontal wall

FA = pl Vgez

FC (O.,B) = FCxex + FCzez

1 2772 1
Fp, = 5 p.CpmR7U E,= EpLCLTERZU2

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

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

Bubble detachment diariﬁié;cfewrfsiaﬁﬁréauency

Shear flow on a horizontal wall

Model of

Detachment parallel to the wall

Capillary force:

F. = —E()rs(cosﬁr —cos@a) - -ZoRsin B(coser - cos@a) = —EORF(G)
2 2 2

1
= EpLCDnRzUZ

1 € =187 Re.
Detachment occurs when:  — Cpp,UR1 > ~ oRF(®) - ®e
2 2 Re, = U2R /v

1

o
ECDplUZRZn > EoRsmﬁ
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le detachmen

2
Numerous correlations based on a critical Bond number: Bo= M

(¢}
Authors Correlation
Firtz® 20 /2 PiCoy (Tp o Tsat)
Dy = 0.01466 (—) Ja =t
gl — py) pvhiy
0 = 35° for mixtures and 45° for water
Ruckenstein!! Dy = [3"2plalzgovs(p’ 7p")°'5]/a4/3 [ 20 ]1/2
a3/ le(o — p,)
Cole!? Dy = 0,04 [ 26 ]1/2
=004]a|l——
N 4 goi—p)l
Cole and Rohsenow 26 1/2
Dg = C]a5/4 [i]
(o1 — pv)
C = 1.5 X 107* for water and 4.65 X 10~*for others
.. 1/3 511/4
Van Stralen and Zij1** _ Ja*af 2m\**
Dy = 2.63 1+ (0
g 3Ja
Kim and Kim20 b 01649 [ o ]1/2] o7
=0. —_ a®
¢ (o1 — py)
21 D 40[ 4 / [} & - /2
: =0 (o) /o]~ [
Fazel and Shafaee d AV (01— pv)
. V 0.25 c AT 0.775 A o 15 0.05
Hamzenkhani et al.? Dy = (L)( Ho Vb ) (‘)’L) il (_) % ;
d 2pg) \ocose ool 2 \gap V,=bubble velocity

Bubble detachment dié}ﬁé'fcéfrgﬁaﬁéq uency

1

¥ aae
waiting time growth time

Frequency of detachment: f

) Inertial growth

Correlations f'd, = cste o
e Diffusive growth

Example: boiling water at atmospheric pressure 24 = 4gb-p)) Cal

3 Cp
Model of Mikic et Rohsenow Vidg = 0.83Jay/T0qg l
1 4 z
Stephan® el 22
ephan fDa b [2 (Dd + p,ng>]

Sakashita and Ono*® 3
g

f=06 {g (o — PV)F [vl [g (o — p.,)pfvf] ‘°-25‘-§
P

0.44 0.8
) ApO.ZSgOJS q Apo.SgO.SDd
34 =0.015
Hamzekhani et al. f - 5025 ApO25g075 5075 505
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ensity of active nuclea

ng~ (Ty-T,)™ with m=4 ou 5

Density of active nucleation site (for T,,) :

ng~q"
(o]
g ,
2 Copper surface with # 240 finish Gaertner & Westwater ng~ q2.1
9} 10
Q‘ C . .
2 “‘%} Mikic et Rohsenow
= %
=1
] m
g )0 ng ~ [Dc,max/Dc]
é ! E_ Dc = 40Tsat/pvhlu(Tw - Tsat) ,m = 6.5
é’ : <0)— ;/alsv
. p— - Benzene
2 &~ Methano! Kocamustahaogullari et Ishii
[T
O —
> o vl n¢ = f(pHRSTHY
A | 10 100
k5 105D, (cm) ng = n.Dj.
n f(p*) = 2.157 x 1077p*(-32)(1 4 0.0049p+)*13
=]

p* = (pr—py)/py. RE=2Rc/Dg

~ Heat Transfer Coefficient in saturated boiling

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

4q
lity calculated fi thalpy balance: x(z)=—"(z-z,
Quality calculated from enthalpy balance (2) DG, (Z ZA>

Different models and correlation for the prediction of the heat transfers

Chen correlation (1966) h=Sh, +Fh,
N A (Ga-0D)"
h, = 0,0231( L0 ) pr”?
D w,

(),79C(),45 0,49 024 075

1 [ 1 % Y
h, =0.00122) 5525 o2 oar (L=} @ )-p) xo 1% [P Fn

won, P, xuNot

1 0,736
F(X,) = 2,35[0,213 + —] if X;'>0,1

,

o

117
142,53 lO’é(DG(l -X) F(Xn)ms) : I
F(X,)=1 if X =<0,

it

84
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eat Transfer Coefficient in satariz;tajigbiling

Other correlations

Flow Boiling of R-12 at T4 =280 °K
G =300 kg/m2s, Wall Superheat = 10 °C
Tube Diameter = 1.0 cm

Kk [c1 C&(25Fr) + C,Bo" FK]

08
= (l;x) /& - LEE Nl
0 2
X 1< Gh,, P gD 104}

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

0.86 3/4 041
h=h, |1+ 3000 -2 +(L) P
Gh,, 1-x o,

Kandlikar (1989)

Gunger et Winterton (1986) .

AN

Schrock et Grossman (1959) -

0.0 0.5

08
G(l—x)D) i3

0,66
h=7,39-10° b, |-2—+0,00015 - et
Ghy, X Y,

i

h = 0,023}”'(
D

1.0

85

experimentalt

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

038 2

with  C, :(1—xj Pe Bo=-1- Frz—?

X P Gh, p; gD
C,<0.65 C,>0.65 Fluide Fx
Région convective Région de 1'ébullition nucléée Ean 100
1 Lldon 0.6683 R-11 130
€2 90 -02 R-12 1,50
C3 6672 1058 R-13B1 131
Cy4 0,7 0,7 R-22 2,20
ol 03 03 R-113 130
R-114 1,24
C, =o for vertical tubes and horizontal tubes R-152a 1,10
when Fr>0,04. Azote 4,70

86
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— Fitting of experimental resultats (k}}ﬁzli/ilhdawar 2013)

hep = (hib + hrzw)u's
0.7 .
hay = (2345 (Bofz) PR (1 - x)-‘“"l] (0.023Re}Prot L)

New correlation P \%% . 054 1 \%% [ p,025 0.8 p,.0.4 ks
he = 5.2 (Bogit)  We™ 435 () (2°%)] (0.023Re}Prit L)
r = —_P — GU—2)Dy o)
where Bo—oi—_,,.%, PR_T”-()’SRB_ Y ",I/Vefo—p—fafk,
— (B} (1==)%0 (o)
Xo = (l"v) ( T ) (m) ’
q" g : effective heat flux average over heated perimeter of channel,
Py : heated perimeter of channel, Pr : wetted perimeter of channel.

87

—Model of evaporation of a quaiaifigqii;annular flow

Cioncolini et Thome (2011)

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

l 5 09
H= 0.077631 [ u*] Pro*? S film thickness
vl

with  10< 6" <800 0.86 <Pr<6.1
Pc = pgRg+
D= — % fp.V? and f=0.172We "

RS
P e s

P X

E|

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

88
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5000

Comparison of different correlations

——Chen G=50 kg/m2/s
——Chen G=100 kg/m2/s

3000

------ Kim & Mudawar G=50 kg/m2/s
4000 | e Kim & Mudawar G=100kg/m2/s I
~ = Cioncolini G=50 kg/m2/s
— - Cioncolini G=100 kg/m2/s F
— - Kandlicar G=100 kg/m2/s -7
— -Kandlikar G=50 kg/m2/s :

2000

1000

Heat Transfer Coefficient, HTC [W/m?/K]

0 0.2 0.4

0.6 0.8 1

Vapor quality, x [-]

89

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
e * [ Liquide
.. 8 [ 1 Vapeur
. 2 P
T Flow direction

Critical heat flux in convective boiling

At high heat flux, boiling crisis
occurs for low qualities x > strong
vapour production at the wall >
inversed annular flow

Flow direction T

90
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Critical Heat Flux (MW/m 2)

Critical heat Flux in cgrf{\f/?éfcftmfibaling

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

production at
14 T T

4F Eaua2g

the wall = inversed annular flow
v . v '

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

G = 1000, 2000, 3000, 1
4000, 5000 kg/m2s

bars

0 .
100 75 50

Subcooling (°C)

25 0 25 50 75 100

-— —» Quality x (%)

Science Academy of Russia

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

refrigerants Ri2, R21, R22, Rus,

K hl (T;‘az‘)_ h[ (Tze)

Gerie = Go | 1 +
1 hlg
g, and K depend of:
2
S
P PO

Bowring, (1972) for water

91

Correlation of Katto e

QCrit = % 1 + h
lg
SaP Gl ¥<0.15
Py PO L=h
C=025 pour 1/D<50 —g if du<de  then do=dn
. qo=9 for 90 <90
€=0.25+0.0009 |- 50 i 50<1/D <150 if 49>9dx  then " o
D 1 9o = do3 for Qo3 = o2
C=0.34 pour 1/D>150 if K>K, then K-k,
i -0.043 A 0.133yx7,-1/3 -1 if K=K, then K- K,
Qo =CGLWe**(D/1) gy, =0.1GLy" " We™"(1+0.0031(1/D))
(l/D)“N
=0.098GLy" P We | ———L___
Gos L 1+0.0031(1/D) 12015
: if Qo < dos then  do=4qy
=0.0384GLy**We™"| ——— . Q=9 Qs < dos
R e 14 0280We " (1/D) if  dhcdny then Siinde for Sdmnlde
027 9o = dos for Qos = os
Qo = 0.234GLy "B We 04 (I/D) if K >K, then K=K,
05 = Y-
1+0.0031(1/D) i K<k, then K=K, for K,<K,
e % K=K, for K,=K,
1.043 50.0124+D/1 1.52We™* 4+ D/1 : s
10 2CWe 0 2 :g P Ewe B K,=1.12 VW B
92

K hl (T;ar)_ h[ (Tle)
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ol Whalley et al. (1974), Govan et al.,(1988).
Ry= liquid hold up in the liquid film
R;= liquid hold up in the entrained droplets
R,= void fraction Rip+Ri+Ry=1
Mass conservation equations
d .
—PRU, =M,
E entrainment rate d d : S
—p R U, =—G(-x)1-E)=-M,+ (R, -R,)—
Rp deposition flux (kg/m?/s) FRed = s
R, entrainment flux (kg/m?/s d d S,

4 e TPRU, = GU-DE =R, - Ry~
Momentum balance equations for the liquid film and for the vapour core with
entrained droplet.

Enthalpy bal t =
ntha alance equation e
Ry 1 dz  DGh,
%3
nnular Tiow >
:. . liquid Balance between entrainement and redosition of the
)
°e droplets Rp=R,
VapOulL Momentum balances equations
' Si
T, =L
A =
ap,RU:  9p,R.U> 9 - T, S: S,
A m£luFWHﬁﬁivwﬁﬁm&m+Mu+%r+mﬂ%—&mﬂi
2 2
ap, R, UL d G[1-0(1-E)] S 1,8, S
E =R L _ MU -pR, g+ +(RU, -RU, )
a9z > R, Py Vi P8 A RpUr -RUp,) A
: P, 1-x
Homogeneoux mixture gas + droplets ~—e——s U,=U,=R, =R, ——F
p, x

R,F=1—R(]+pgl_xE)
: P, X

94
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e o
. . l a
:o.: liquid . (] P l-xp
b P, x
vapour Momentum balance equations
(1) d|Gx +(1 E R 1+pg1—x ap R(1+1_XE) +M E
— - =- == pl—— T U, + R
dZ pgRg (x ( X) ) < P, X 0z pg o X e = D ‘\/78
Bl Bf  w | v
. SR =Ry 3z; P18 D A

Enthalpy balance equation

3) & _ % §fT isimposed =M =h(T, -T,
o, " - 5 cor q=h(T,~T,)

Iterative resolution
Calculation of x using (3)

Elimination of p between (1) and (2) and calculation of R,
Calculation of 8= g[l —Afl= R,F]

95

Dryou —
4
Annular flow model with droplet entrainment - - b
dz DGh,,

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

aT aT d oT oT
ey “&”g}g(%”‘)@ =0 . (7*1+7~|)g=q
3 ¥ 3 3 T;) % T;az
Laminar liquid film q,= AIT
aT  q ool gy ey
Turbulent film (g, +4a,)——=—"= - 0 -
l d plp "q/pCp {1.,.& “{14.&&
aq v, Pr,
Resolution by using a given turbulent eddy profile Pr,=1
Dukler (1959) Other expressions
y'<5 wv,=0
v
—£=0,01y"|1- -0,01y" +
v, y[ Bt X )] S5<y*<30 Yy
E )
ith Sijr .
WI y ¥ <20 y*>30 L=y N
W22y 96
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//” AR
Critical Heat Flux: Departure from Nucleated
Boiling (DNB type)

No predictive model. Different scenarii proposed.

0
O
Q0
0
ﬁ (2 (b) ©
In weakly subcooled boiling
Local phenomenum:
f;)lrmatlorll of dry Sll)Ot below }' : ¢ Balance between evaporation
the bubble by tota accitiindion o and recondensation of large

evaporation of the liquid bubbles - Tong et
microlayer: Theofanous et  Hewitt (1972)
al., (2002) (R=0.8)

vapour bubbles: Lee et
Mudamar (1988) et Celata et al.
(1999)

Film Boiling

Vapour film at the wall-> high increase in the wall temperature

0
0.03f
0.02
0.04f
0.04
_ -
T 005f .4 ©
= k C
N
0.06 =
0.06}
0.08 &
0.07f -
0.1 0.08

0 5 1015 -‘5 (I) 5;_
xgr(n?o-ﬂ w10
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//77 —
Film Boiling
Inversed annular flow
~ -> Heat transfer by conduction across the vapour film
T -T
T P sat
q, = A 5

- Enthalpy Balance
dx 44
G(hlu = Cpl (Tsm = T/))E = Fp
- Momentum balance equation

d G*x* = oP TigS[ TpS[l

== Rpooa i +MU —p,R g
g I~ g e
dz p.R, dz A
2 AR 2 %
iw:—R]£+ﬁ—MlU_—p (1-R)g
dz  pR dzvid il £

Post CHF regirﬁés

Transition boiling: Tong et Young (1974)

¥ (T _T 140,00297, -T,,,)
- MMM AN DIS g
Ga=(;+qnexp _0’0394dx/dz( LTS )

Film boiling around cylinder: Bromley (1960)

1/4 1%
hm2n| |

250,(0, = PR,
8(p:—ps)

h=0,62
‘U,g(Y; = TLaI))\'H

Vapour flow with entrained droplets: Dougall et Rohsenow (1963)
08

h,D
Nu, = ]: =0,023

8

GD

x+&(l—x)
Py

04
Pr., Homogeneous model

8 8
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Conclusion
Strong evolution of the flow patterns in flow boiling

Boiling incipience: numerous models (effect of wall
wettability, cavity size..)

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

CHF with dryout (reasonnable predictions), CHF DNB type

(open problem)

//7,,77777 . P
Condensation of pure vapour

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

Filmwise condensation

Local heat transfer coefficient: h(z)= - g

i

Global heat transfer coefficient: h(z) = < f h(z)dz
<%

Predominant thermal resistance through the liquid film.
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ifmwise condensati

Non inertial model of Rohsenow: laminar flow

T, Momentum balance equation along z axis
. P :
(pLgsme —d—) + ud—bzt =0
N dz dy
dZ VA
Equality of pressure gradients yand
In liquid and vapour phases . AP .
p,gsin0-—|(8-y)+T,-w—|=0
dpP ; (dP ) o dz ady
—=p,gsin0+|—| =p, gsind
dz dz/,
-p, )gsin6® 2 :
Pressure gradient in the vapour phase u(y) = W(By - y?) S

Mass flow rate per unit of width b

M
b

3 —p')gsin0 §° §?
=pbfudy=pL(pL p)esinds" p,7, 6
0 u 3 w2

103

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

@L—pﬂgﬂne( ¥\, Ty T -T
u(y) = oy —— [+ = e
W n T y+T,

2 ) 2
d
& 18 s
u=- judy— _P, g— +L T,=2— s=low =T
) u 320 d gatigi
MT,-T,) 1am 1 dm 1dm
SE S L L c 7o Bl
q 6 b d ( (mt m)) b d ( (W" P)) b d Lv
avt_avtds WML, -T,) pL(pL—pi)gsine(S Pt g0
dz dd dz dh;, w wo|dz

- pL(pL—pi)gSine 8 p,T, &
M) hle s eees e b
=) M) [ . S -

104
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A R
L™ + !

46*3L4 _4C ( sat Y:V)i

- L
Prh;,  L,| '

At _aitds _, P[P -p1)gsin®®” pxp lay BMT,-T,)
dz dd dz u u dz 6hzv
o SR
=>  p,(p, -p,)gsindhy, -+ p T, — = MyT,, -T, )2
64 - T, i63 > 4}\’“’( sat ) ) MZ 4)\‘(Tsut._11p) z
(p.-p.)esin® 3" p,(p, - p‘,)gsm O, " p(p.-p;)gsin® iy,
1/3 w5 A 1/3
Lyreference length oo > 8 =9 pL(pL —pv)gsme L0
: gsin6 w? L,

= 0 6*31* =z

L f
\ T: \Z* 105
Mean heat transfer coefficient: 1e
ean heat transfer coefficien h(z) = fh(z)dz - f dz = fL = dz
z ] 2
(46*% +487t *)dé* =d7 ifﬂ(é‘z +6*r=‘;)d6* = 4}\*(6 + 6—15?)
z % Ly Lz\3 2
hL ¥t
) Nu=—TL=4 :
— (3z* Y27 T’)
Reynolds number Re, = PiED, D, = 47176 =45
w
Re, = 20u(p.=PJgsinB5 AT g0 A5, 4rp”
3 u 2w 3
Nusselt model: 7,=0
3 4/3
8“=7z" Re,(2) =%5*3 Nu = 436* = 3‘;* —) Nu=(§) Re;"? =1,47Re;"”?
b4
106
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1/3
: 3 T e v
Non inertial model of Rohsenow 3+ =871, = avec L, =|—!
3 gsin0
N
.5 Jpipi-p))esin®
ais Yoy >
L W
.t oa T,
z Ve - T R
L, why, (P1 S Pv)gsm oL,

7 = 0,2.5,5,10, 20, 50 , :
For a given value of

z, ‘C: is calculated.
Then z"is
calculated and &

0 X

[~ e Uansition points

4 %
Re,=(;§3+2521;) 04 EEEETT BN SRR RETIT| coml 1 gl Graphe=Nu, Rey
- 10 102 10° 104 10°
Rer
Figure Variation of the mean film condensation heat transfer coefficient with Reynolds numbt

and 7} 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.)
107

_pure vapour
inertia effects (Sparrow et Gregg, 1959)

Cold wall u v
—+—=0
dz dy
2
], T e

dz  dy dy P

Inertia-> Boundary layer resolution

C W 1/4
w(zﬂ])=4aLClz3/4f(n) avec 1r1=C1yz’”4 et C, =[7g ”Z(pL)\ PV)}
v

L™*L

h(T])=]:w_T u=a_w V=_a_'lp
T,-T, ay 0z

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

aty=§,T=T,, and % _

ay
108
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f pure vapour with inerti

1 2 £10)=0 h(0) =1
1+ '+ —[3"-25"]=0 .
/ Pr[ 2] o £©0)=0 hn,)=0
3f'h'+h"=0 f'm,)=0

Energy balance at the interface

9y /s

Implicite equation for the calculation of 8 versus z

L
h'(ns) hy,

Convective heat transfer coefficient h and Nu

i

0

M 5
dx = 7hLV = pruhLv dy
0

with n, =Cdz"*

- ¢ 4 (aT) = A HOCK" =1, (068+Ja)
Tsm_Tp Tm/_Tp ay y=0
1/4
N = |8PL=P )2y, (1+0.68Ja)
: 4v, (T, -T,)

109

Condensation in a vertical tube in downward flow

D 2D,
ap RU, =iG X - ap
9z dz p,R, %9z

TS -
+T+ MU, + pgRgg

op I JGx © S -
Seeea + +P.8=0,8

2
R, =(1-—) L2 b

Iterative resolution:

For a given value z, x is known

Guess value for §,

modeling of 7; = calculation of p; 1,00, 7

Verification of §* %5*%? S

110
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With Ti = 0
Laminar Flow Re<30 Nu=147 Re;”3

Laminar wavy flow 30<Re,<1800

Inertial regime (Sparrow et Gregg, 1959)

4MT,, -T,)
Wavy turbulent liquid film
Correlation of Kirkbridge Nu =0,0077Re"
Colburn (1933) Pr<o.o5 Nu=0,056Re" Pr'’?

Grober (1961) 1<Pr<s Nu=0.0131Re!?

1/4
-p 7 € I
Nu=(o,6sja+l)w(mmm) .

Re

Nu=——>5—-r
1,08Re!?-5,2

h

Lv

111

ension of Colburn correaltion wit

2 1/3
N (_ﬂ-) {Elzi] = 0,2,30,100, 300, 1000, 4000
u 10 = Pe9 He

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.)

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

Nu=0,065Pr'"? [t
- T,
i pL(gVL)2/3

12
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\/
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,.= 4185J/kg/ K, = 0.619 W/m/K, hy, = 2257 kJ/kg.

Compare the expressions of the Nusselt numbers in both cases.

13

\—/
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