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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 void fraction and wall friction

* Heat Transfer Coefficient in flow boiling
* Convective condensation




Industrial applications: Nuclear Power Plants

Centrale nucléaire
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Industrial applications: Solar Energy Farms
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Industrial applications: Steel i

* Cooling down of the rolled
steel plates by water jet

impingement.
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Industrial applications:

* Cooling electronic devices by two-phase flow loops

Condenser

Heat Out
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Industrial applications:

* Cooling electronic devices by two-phase flow loops

RREAR A

Condenser
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Pulsating Heat Pipe

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
reservoirs.

ESC-B/Vinci Engine
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Problematic of two-phase liquid-vapour flows

Separated flow:

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

9
4 s — ///
General Methodology
* Multiscale analysis and modelling:
: L?Cal instant equatlo_ns 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....
10
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Local instant equations
(Ishii, 1975) *Balance for parameter (Pkin phase k

S)

‘%w-(@uk)mk i
D eInterfacial balance

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

k=12

& 11 Ti .
Mass s . -
= 1 1 o
Momentum
] |
Energy
Cher}ncal SpecY o 1
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"‘Averaged phase equations

Definition of averaged values

'\
= 1 Reynolds Relations
Statistical average e = llm(N2]¢i(r J)) ij -
Steady flow N 5 -~ ¢ +i_ ib '
I SREETET
ap P S
W s o9 of : -
Time average ¢(r.1) = h""(;{‘lﬂf) prass Ap=A¢
T — o —
Fonction of phase presence X, wirg 1w el
vlrg=0 & x&i
Presence of phase k o = X

Interfacial area concentration  §, = ¢,
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veraged phase equations
Instantaneous value p=0¢+¢
Phase averaged o, = X9 X1 =0 o ‘Zi 50,
k T
Statistical average: $ =, + aqug +a,f

07 - - - i
§%+V(%%%+%IJ_%IH+%[A%—uJﬁn]mk=0
t

\ (F) - 2KI"l.n,.kl

i i

.

i
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Averaged phase equations

Mass conservations

l%%tpk+v_(akﬁ) = _ai[pk(uk_ ”z)] ny = =0y Em:k’ =

Momentum balance

@*'V'(akpkuk ®uk)_akpkg+V(akp:k)_v.(ak?k) av[

at

i i
= _ai[pkuk(uk —u,) my 4 Py -, nih] =-amay, +al,

Total enthalpie balance

da, Z o % o, p,
%‘FV.(akpkhtkuk): V'(akuk‘ck)_ V.(aqu)+ak(pkr+pkg'uk)+#pk

i ai[mkhrk +(Pk”i Ut ‘Ik) ’ ”Ik]

S

k=1.g

l’.’lk hk+1m7,2:_nik.rk.nik Tq, =0
2 p, Py
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Averaged phase equations

Mass conservations

[?a;%tp"+V'(akpkuk)=_aiW =—a’,m:kl Emf/( _

Momentum balance

at

= _ai[pkuk(uk e u,)‘ Ry + Pty =Ty nih] =-qmily

i +aol,
Total energy balance

u2 AN
aakpk<ek+'2&) uz LI [Ee—
TW- APk (ek aE 7) Uk |= Ak Pr Tkt Ak P G- Uk

WA o : 2
+ V.(ak X uk)- V.(ak q_k)- a; (mk (ek + uz—k) — Njg. T U+ Q- n,—k)

M+V-(akpkuk®uk)—akpkg+V(akp:k)—v-(akrj) O{l:ﬁi — .] a[E(I —
J ey {13 B R L

15

/,/ ”:%\;;'—n,,
veraged phase equations

*Interfacial momentum balance

V, 0+2kon, + E[mkUk + Pty =T, 1y ] =0

In the direction normal to the interface Along the interface

Without flow and phase change with Uy=Up
Laplace law: p-p,+2k0=0 T, -7, =V,0

2K0 + [n'll(U,n =)t p-p -0, fg,m)] =0 Vo +[mU,-U,)-7,+7,]=0

16
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Marangoni convection

T, T .=t 2 )n=grado———

Surface tension gradient due to a
temperature gradient

Averaged phase equations

® Mass conservations

i =i

akpkuk) = _ai[pk(uk_ uz)] My = =0Ty

9% P, +V'(
at

Momentum balance

@ AV (akpkuk ® uk) P8t V(akp:k) =V (ak;k)

ot

= _ai[pkuk(uk = "i) Ryt Py — Ty "ik] =-amuy + ol
¢ Total energy balance

TR,
aakpk(ek"'liz&)

u2 Y S
V. (“kﬂk (ek + 7") uk)= Ay Pr Tkt Ak P G- Uk

WA o : 2
+ V.(G{k X uk)— V.(ak ﬂ)- a; (mk (ek + %) — Njg. T U+ Q- n,-k)
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veraged Phase Equations

*Total energy balance of phase k

2 MY
MV a e +u—’Zc ugl=a T+ @ u
3t \AkPr\k T ) Uk |= Ak Pi T+ Ak P G- Uk

= . 2
+ V(g Zi ug)- Vo(ak Qi) a; (mk (ek . %) = Mg Tje- Upek G nik)

2
*Total enthalpy balance R = e + ”7"+% = —pel + 7
] ek —_— o L
% + V. (arpchexthi)= ay pi T+ Qi prc Ttk
day PR = - : :
+ B 4 V(g T i) V(e Gio)- @ (Migcher — Mk T Wi Qe M)’

at

2
. % mk
Interfacial enthalpy balance a (mkhk 5t 0 a0 nik> =0
k=Lv

2pk
19
/ﬂ/ % ':%\;;,%” /)//
veraged Phase Equations
Interfacial enthalpy Balance
.
Z mghy + 2— — N Tp- U+ qi- Ny ) =0
= e
Pression de recul et puissance des forces
de frottement interfaciales négligeables
- ml(hg = hz) = mlhgl =q,n,+q,'n,; = (ql = qg) n;
mh, =~q,.n, >0 vaporization
mh, =q,n, <0 condensation
20
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Resolution of equations
3 mass conservation equations 2 mass conservation equations
3x3 momentum balance equations 2X3 mpmentum balance
3 enthalpy balance equations
1topological equation o, +o, =1 3 enthalpy balance

1topological equation o, +o, =1

16 equations
12 Equations

21 unknowns : fz’ gg ’02@
_ 14 unknowns i s 178,
0y, Oty Qs i, 1L h:,,h:g
lTl’ ng’ FI’ Fg’j” ig Modeling of :l’:g
h:,, h:g 1 closure law i P:g

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

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

21

Eguations integré’fcﬁm“th'e tube section

&=k=lf%m
A

A

% : A
A, : section occupied by the gas phase R, = 7‘
: section occupied by the liquid phase g, - % S1ER

> | >

A : tube section

4

Ry (-): mean void fraction

ji, jg (m/s) : superficial velocities  J; = %
o Ui, Uy (m/s) : mean velocities U, = % = IJTS U, = %
O o x (=) : quality x = Hy o [
o O m (kg/s): mass flow rate
G (kg/m?/s) : mass flux
G e
jg=i j1=G(1 x) prUI
P Py 1 p, U,
N R = g ¢
Lanen o
o Gx o G(1-x) CoUR - X| —pii
p R, PR

22
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Averaged equations\thhevolumeoccﬁm
phase k

8. , 9 (o +0 T2 )- A T+ oy~ )+ Tl 7 = 0

dardy s o = i
f ;—td)k av + f ak(qbkuk + l“k)nde = f (lknde + f ai(gbk(uk—u,-) s Fk). n,-k) as
Ve vy Vi vy
< P> = ka brdV A tube cross section
aakA<ﬁ> dagA<¢prug +ﬁ> =
= i i1 fs,,k ak(rk)nk.nzqs

= A <M >+ fsik a;(dr (=) + ). ny) .n,dS

Assumption <ab>=<a><b> but not always true depending on the phase repartition

23

Mass conservation in the tube sectio
/7

Ax

phase

dz

op A dz :

l apkAk +l apkAkUk o akalk i akakUk i _M
A a4 dz ot oz t

24
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/_/7 7 O o T
ass conservation equations

oRp, 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

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

Rg+R,=1
vapor apgRg + apgRgUg S Ml
Jt dz L

liquid 8p,(l—Rg)+ dp,1-R)U, o

ot dz :
Mixture (9['0’ =K pgRs] - (9['01 (1-R)U, + pgRgUg] -0

ot oz
25

—Momentum balance in the tube section

) —

Ax P<on,.n >Adz
ek =P <Vo,.n > Adz
G
o = PVR n_Adz
-
dz
op,.U A dz
Eoviikok W 21 _ 2 5

at % pkAkUk z pkAkUk z+dz = I)kAkL PkAk z+dz

-p,gA dzsin®—1 S dz+7,S,dz—M,u Adz

LR pRU: JIPR &% - S,
et e s e p e oD e P T
o1 e o - 4

S :
My

ik

26
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Momentum balance equations

Pg

Model with one pressure p=p,=p Si

wall shear stress Interfacial shear stress

: y
O"pgRgUg +lapgRgUgA Sep t9p+ TpgSpg

vapor = ~ =~ R . +igT&—pgRggsin0+ MU,
liquid % (1;th)Ul - %apl a —&Ijg)UfA = _(I_Rg)giz%, "”TSP’J, Tﬂ%_p, (1-R,)gsin@- MU,
. dp,(1-R)U, + p,RU,] 0 o (1-R)YUA+ p,RU;A]
mixture ot A oz T il
- _%+ @ +ZPK)S,, ~[p.1=R )+ p,R Jgsin®
27

7 : i AT //
Energy conservation in the tube section

ap, (ek + i‘)Akdz ap, (ek + (Q]UkAkdz
+

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

—p,gU Adzsin®+1t US dz— M H Adz

do dR
P<uno >Adz=P<—*%> Adz=P—* Adz
1 i 1 1 i dt i dl

2

b P P
Total Enthalpy H,=e¢ + 7"+—k—gzsin9 ~e +—t=H

pk pk
opRH oJ0p RHU S S US 3
[ * 4 P41, kquk_pk+qfk_lk+rkRk_de_P+le ,zk_MkH[k
ot oz A dt A

28

10/11/2024

14



— e e ////
Enthalpy balance equations
Parameters
2
Total enthalpy (J/kg) H,=H, + % -gzsinf =~ H,
Source per unit volume r,(W/kg) Heat flux g (W/m?) negligible
t
vapor Ip,RH,, +l&pgRgHthgA SR DS > 9Si + MH. + R ap 517 S,U;
at A 2 e A A S A
liquid
op,1-R)H dp,(1-R)H U, A S
p,1-R,) rl+l o, (1-R)H,U, =(1—R,)rl+qpl pz+q,zS, - MH, -l-(l—R,)a—p— T,SU;
ot A dz - A A Sor A
4&&H@umuwgﬁj+i4@&HmﬂA+@a R)H,U, Al
mixture ot A oz
S
«l Ry iR, me, P
i . S,
M,(H, _Hil)+X(qig +g,)=0
29
29

éolving the system of 6 equations

[ ip,R, R,
Vid ot ¢ SO SO0 SN B ¥ -
] P ’ e = oy
PR, PR
(=R dp (=R, _ .
2 ot dz
[ 9o RU, 13pRUA g o .
e 2. 5 -p,R gsinf+ MU, C =l
{1 & A & i oy At
dp,(1-R)U, 1 dp,(1-R)U;A ap TuS, TS, 2 .
+ =—(1-R —+—” E+ =L _p,(1-R,)gsin6- MU,
E A N g B LR =
(ypﬂ R&’ HX 1 (7p1~ Rls HL UA A qpy SD}.' qlg Sl @ S
ot . A 0z = A A +MH MH, +Xl(q1g +4;)=0
7 do,(1-R)H dp,(1-R)H,U, A N v
0,( g) 5 1 dp,( g) 1Yy = Rin: 99 p1 i q,S, _Mh,
o A 7 £ A A

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

Unknowns to be modelled M rpl,'rpg,rlg,Ul g i ,qll,S - /8,S, -

30
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Equations for the mixture

Remark: the vapour phase is generally at saturation temperature Ty

Enthalpy balance gives access to quality x

1 [ p,RHU, +p,(1-R)H,U, | 35
A 9z A

GxH,  +G(-x)H, . S 4
[, I R - S S
oz B2 erdz dz A D

Equations of mass conservation and enthalpy balance are linked

Simplification : no need for modelling the interfacial terms

System of 6 System of 4
equatlons ‘ 2 Momentum balances

ti
Ui 1 Enthalpy balance for the mixture

dx
dz

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

1 Mass conservation equation G—=M,

31

31

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(p-R)UI +pRUA 4

Gx* , Gu-»*
A 0z dz

PR, P (=R,

ap T8

-2+ f—(ﬁz (1-R)+ p,R,)gsin0

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

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

32

32
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Closure laws

Void fraction

Interfacial perimeter S;, wetted perimeters Sy, 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.

33

= e e LV, s

Flow patterns in adiabatic two-phase flows

83%

5

P
8% %
o8
odoo
8ee

iL (m/s)
iy (m/s)

0,01 >
g (ms) le (oe)

Air-water flow in vertical tube of 5 cm dia.,

Taitel et al., (1980) 5.1cm dia., Mandhane, (1974)

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

C A
1 ug%
S
859 ouo
B 825 01 e —
0,1 f IRe —
gz;? -
= —_—
B
il - oot} —
= = ]
1
0,001 . : . o - : -
0,1

0,01 0,1 1 10 100

Air-water flow in horizontal tube of

34
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Flow patterns in convective boiling at low heat flux

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

¢ il
3 3 )’
)
-0 A o U
: A
®
3 y '
T = %
R » 4 \ &
. &
~

Dupovsed Bubuo ibbly Chur r
Ugs=0.11m/s Uls=1.1Sm/s Ugs=0 01"\'9 Uls=0.28m/s Ugs=0. oﬁmls Uls-o 07mis Ugs=0.67m/s Uls=0.07m/s Ugs=68.18mis Uls=0.07m/s Ugs=8.84mis Us=0.07m/s

35

Flow patterns in convective boiling at low heat flux

Chen & Karayannis, 2006

(mis)
10+

dispersed bubble
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" Sug
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T ] T (s}
001 01 1 10 100
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Flow patterns in convective boiling

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

37

merns in convective boiling at low heat flux

=400 kgs'.m? y=0.1

hat S8

()‘A x=0.01

MR & -nm

2
G= 200kgslm 7

/ G= mokgsl:nz

A-MAM*W‘

=]
-
=

Mishima [1984]

Liquid superficial velocity j; . [m/s]

* (Sl-An)
Rouhani [1970]

A Bubbly L = (Bb-S1), @, = 0.65
: °
# Slug/Churn I Upward flow
001 ® Annular | x=06  (BRASIL)

10

Vapor superficial velocity jy ., [m/s]

HFE 7000 -6mm diameter tube

38
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Wojtan et al. (2005) for horizontal flows

T

~Flow patterns in convective boiling

Coefficient de transfert de chaleur [W/mZK]

0 L L n T

800 8000
700 7000
. 600 {6000
NVI
E
2 500 -5000
o
3
£ 400 4000
@
g T e N
@ 3001 N 13000
E Slug -~
> 2000 .~ 2000
“Slug+sw
100} {1000
S

I | " N
0 0.1 02 03 04 05 06 07 08 09
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)

39

Phase velocities

)
8 8%
©o%
gt
w0
1 85%
oo
)
- /[
0
22
Q < 250
E o i‘*‘? =3
A 1=
= S
B>
0,00 o2
S8
0,00 | 1 1
0,01 0,1 1 10 100

ig (ms) \

interfacial shear stress.

e ) e

iy (m/s)
o

T R
830 & Romgpas &

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

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

40

40

10/11/2024

20



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

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

Drift flux models

Zuber and -
Bnd 6ot ; =CU, + U, =Cy(j, + Ji )+ U,

M] Taylor bubbles U,=C, gD

1

Dispersed Bubbles v_=1,53

Co=1.1 Co=12 C_=035vertical)

C_ =0.5(horizontal)

4

~ Closure faws for the void-fraction——— /

41

0.25

U, = +1.18

g0 (p F;pv>
Rouhani & Axelsson t

(1970) Com ( 1F02(1- x).(gDp? /G*)*?  for @ < 0.25

1+0.2(1—-x) for a > 0.25

o

0.25
Churn flow: Ishii (1977) Co=12-02 /%7 Uw =32 (ag (o1 — Pv))
(4

Annular flows: Zuber et al. (1967) Co=10, Uy=23 Hugi <Pl - Pv)
' - va Pi
R, - _ ha"
14+ (h—1)z"

h=a+(1—a) (&) a=-2129 a; = —0.2186
o

Cioncolinio and Thome (2012)

b
n=b+(1-b) (ﬂ) b=0.3487 b, =0.515
Pl

0.5 0.5

Awad and Muzychka (2010) 9 = 11 028X07 T 13 X160/

42

42
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—

~_Meanvapourvelocity:

Measured vapour velocity u, [ms’]

35

25

2.0

1.5

1.0

0.5

Upward flow
G =50 - 200 kg/m?2s

3.0 intermittent Flow (SI/Ch)

/' — -Rouhani et al. [1970]

0.0 . . .

0.0 1.0 2.0 3.0

12.0

—_
=
=

=
o

*
e

Measured vapour velocity u, [ms’]
1 (=)
=) >

0.0

drift Flux models™

Upward flow
G =50- 200 kg/m?s
| Annular Flow (An)

= =Zuber et al. [1967]

0.0 5.0 10.0

Mixture velocity j [ms]

43
losure laws for the void-fraetion————
-
Comparison with experimental data
== =Homogeous model ( Psar:150 kPa) = = =Cioncolini's model ( Psar:150 kPa]
== =Awad's model (Psar150 kPa)
® G-30 kg/(m?2s) X G=50 kg/(mZs) + G=70 kg(m?2s)
O G=100 kg/(m?3s) © G=150 kg/(m?s) A G=200 kg/(m3s
O G=300 kg/(m?3s) V G=400 kg/(m3s) &> G=500 kg/(m2s
B G=600 kg/(m?2s)
I R it o
L o con® S — X
" x
0.9}~ Ox i
— - ) -
1o
1 1
ol 1 o 1 o 1 41
0 02 04 06 08 1
x[-]
(a) D=4.0 mm (b) D=2.0 mm
Gomyo & Asano (2016) FC 72
44
44
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~ interfacial shear stress

Dispersed flows

2
o S > 3R, R bubble/drop radius given by We. = Rells - Ud 28
i A R o
e
=3 =10
1 Cope [U-U | (Ug— U ) bubbles droplets
< o 3

S L EmEwwey TaEEEE
e g)\ mienbi—t—

32

S Droplet entrainment rate
f= 0,005(1 + 3005)

45

45

= 2 ?Q\:Twm”” . i ——
Annular flow with droplet entrainment

| —

Cioncolini and Thome model (2011)
6 @
35
Normal gravity

®G = 400 kg/s/m*
30 L ©G=200 kysm® °
-2,209 — AG =100 kg/s/m?
—0,839572:209 5
E=(1+279,6We™) " £ | worsium
o 25 [ *G=S0kgsm o
S
with 10< Wec <10 .§ o ©
<9 20
Es o .
= o
) = <
A pC.]VD E] ¢} @
We,, = 2cl £ ) o
(0 S o o A
e o
) E(1-x)+x st o 4
with P = = ° oy 2
¢ E(l-x) X ,© y Sa%
e 0 i Pt A0, of “Gace o G040
p p 00 01 02 03 04 05 06 07 08 09 1
1 v

Vapor quality x [-]

46
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///// ___Interfacial area concentration-and interfacial
shear stress
Slug flows

L JERE )

o R AR KRR AR R AR A

LB Ls
L L R = R RgBS= 025
i =+ Rgs = Rgs = RgBS 23y _IOR - IzBS Rgsa=0.8
Ly+Lg Ly + L esn ~ Dgpe
Interfacial area -4 L OR,; L
concentration: e Ly+Ly dy, Ly+Lg
Cop, Ue-U, (Ue-U
Interfacial shear stress: T,= —%D—p’ll]—zllu
3
c5=9£( Ls )
Lg+Lg

47

47

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.

48
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homogeneous models

’ Dispersed flow with small bubble
Hypothesis: Uj= U;=Uy —> drift velocity /U

a@ﬂ—&wﬂpjyg+4@wmQW+m&@) P, 55
A

1- R)+ sin6
P P 02 (p[( ) P, g)g

2 S
Bl ") 0T BT
ot 0z ot aZ P dz -

dp T8 S 1 G Sl
(d*Z) = ;p=—f5fpm?=—X2fPMpM; with Py =R,p, +(1-R)p,
fr M

16 ’ . GD
Sfom wall friction fa=—— i Re, <2000 with  Re, =—

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

49

| Closure faw for the waltshear stress:- /

49

\
| homogeneous models

Authors Definitions

z 1—z\7"
[McAdams et al. (1942)] prp=(— +

BV HL
[Cicchitti et al. (1960)] prp=x-py +(1—z)-pp.

[Dukler et al. (1964)] pe—— (: gy, &)
4% PL

[Beattie and Whalley (1982)] prp=0-pv+(1—-0)-(1+25-6) - pr

—1
o[+ (%) (7))
pL z
ML - pv
nv + - (pL— py)

[Linetal. (1991) ] HrP =

[Fourar and Bories (1995)]

m:m-(\/mh/mf

HTP = ML * [1+1- (&7 1)]
n

HLpv
z-pLt+(1—-2)py

[Davidson et al. (1943)]
[Garcia et al. (2003)] prp =

2-pLtp —2-(pL—p) -z

Awad and Muzychka (2008)] No 1 = pL-
(Aw yehka (2008)] M S ay + (L — ) -2

2-py+pL—2-(py —p) - (1—2)

Awad and Muzychka (2008)] No 2 =py -
[Aw y (2008)] P = I v =) (=)

Closure law for thewall shear W "

50
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Closure'faw for the watlshea rstress:seer
flows models like Lockhart and Martinelli model

Frequently used in flow boiling to predict the wall shear stress

ARPU,+RpU,) o - P S
= e +;Z(RlplU1+Rgngg)=_7Z_(Rlpl+Rgpg)g51n9+%

Modelling of the frictionnal pressure gradient using Martinelli multipliers

(@l
(dp) TS _¢2(dp) _¢2(dp) ¢f=(1+}+?) ¢§=(1+CX+X2)
dz), A "\az), "\dz),
v 1/2 %
(di) _ Sy ol (di) S Sy Py . (di) /(dl) i o fa
Az F A ) drijo A ) dx ),/ \dx]), Je NP e
iD,\" D 4A
fp/ % K(%) fpg =K AV ] Dy =Si Liquide Gaz C
! g 4 Turbulent Turbulent 20
K=16’ n=1 in laminar flow Laminaire Turbulent 12
¥ Turbul Laminai 10
K=0.079, n=1/4 in turbulent flow L:;l::;‘::: i 5

R = (1 + X038 )_0'378 proposed by L&M, but not always relevant

8 51

51

Closure'faw for the watlshea rrrst—re&sf:—rLeek’h{

and Martinelli model

Comparison with experimental data HFE7000- 6mm

q) 30 :
L \ A Bubbly/slug flows
B o % @ Annular flow
2 v
2 ‘) —LM_tt
= - -LM_It
g - el - =(1+Cx+X°
5 ¢ = +—+? ¢g=(+ + )
17}
S
& P
: w2) (@)] -2 ol
= 7 de ),/ \dx], Je NP Toe
5
0
0.01 0.10 1.00 10.00

Martinelli parameter X

52
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/Qosu—re faw for 't’rre-waJrLand,,,i,nterfacialéfhear/
stresses: two-fluid model

2 momentum balance equations: example for a vertical upflow

9 RU2 2x? TS, ;
liquid PRYU, _dGx . 9B P .
dz dz p,R, Edz A
S aS :
vapor d G’ (1 x) = gfﬁ T,5; e (1-R)g
dz p,R, dz A A .

U,=U, s M,=G@
A pai 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

d G’x* i6d-x 4 7,4
R — SR R D RR
‘dzp R 'de pR D Ct ot p (P, = PR g

53,

53

Closure-faw for the wattand-interfa ,cial,,shea/
stresses: annular flow model without entrainment

liquid &, o R,x i ;‘) =
2 \pR; PR
7,4 T
vapor It R R (oo p R Re
D D
)

Calculation of Ry +G2@ 2xR, s (1-x)2R, -1)
dz\ p,R, PR,

i

Modelling of T (Wallis, 1969) : T, = —%f,pg‘Ug - U,‘(Ug - U,)

well adapted to o
- fi= 0,005(1 +300 B) =0,005(1+150(1-[R,))
T, = - U2 5 fy=CRe® with Re = 50
2 Yy
dp d G’x> 4 G(1-x 1,4
) =—— -— +——-(p,R, + p,R
= dzp,R, di pR, D (PR, + PR)g

54

54

10/11/2024

27



~ Annular —flomMILdeP,',?P@[‘P@iW /

””” 7 Rir= liquid hold up in the liquid film

:. % liquid Rie= liquid hold up in the entrained droplets
o % Ry=void fraction Rip+Rie+Rg=1
o0
Mass conservation equations
vapor =
jngRgUg =M,
d d . S,
6 jp,R,,.U,ﬁ.=d—G(1—x)(1—E)=—M,+(RD—RA)Z‘
E entrainment rate dz dz .
Rp deposition flux (kg/m?/s) d*P:RmUzE 2 CTG(I -0E=(R, - RD)Xi
Z /4

R4 entrainment flux (kg/m?/s)
Momentum balance equations

PRU; dGx* 2P 5
0z dz p,R, %oz

% MlUi -p,R.8-F)

2 2
alean[zF d G [(l_x)(l_E)] ap T.,S» 2 S. Tp
-Z =R, 22 5% _jru _pR.g+RU,, -RU, ) +4E
0z o7 o.R, P % Ui =pRpg + (RU,- - R, Fe)A D
2 2
9p,R, Ulz- 46 [(I_X)E] ap S.
<= =-R,—-pR,g+ (R U, -R,U )L +Fp
9z = oR, ap pR.&+(RUp -R, eF)A

55

55

Annular flowWdepleteMraiM

e o . . e . Py .
e liquid At equilibrium Rp=R, deposition rate = entrainment rate
)
oo
vapor 4

Momentum balance equations

S
o o e

30 RU? o > Tapez une équation ici. 3 .
X g 9% A %
bt % Puotele - _(Rg + R’f)al_(pgRg +pR)g+ MU, + %"’ (RUp, _RDUeF)X’

0z 9z Z
2 2
ap,R, UL d G[1-0(1-E)] ap 7,5, S,
= =R, L _ MU -pR g+ 4 RU,, ~RU,)E |, 4%
3z 0 R, Fas WYi— P8 % (RyU,- - R, Fe)A +4-D
4 P, 1-x
Homogeneous mixture of gas and droplets === U, =U, = R, =R, ;71‘:
1
1
R, =1—Rg(1+png
P X
56

56
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Closure laws

Void fraction

Interfacial perimeter S;, wetted perimeters Sy, 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.

57

—

Convective Boiling

Characteristic dimensionless numbers
Convective boiling regimes

Boiling incipience

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

Film Boiling

58
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\aracteristic dimensionless numbers

* Physical properties: Plspg,V,,Vg,/ﬁt,,lg O G Gl
¢ Control parameters: D, G, g, T, Ti0r X, T, 01 q,

® 16 parameters - 4 dimensions (M L t T)= 12 independant dimensionless numbers

_ G1-x)D W26 _ PgiiD _ Gy
» Rel——l FT‘l—g—D Weg—T PT‘—T
Cp1(Tsae—T1) j?
° a ey A Y D ol LA
] sub hlv I Cpl(Tsat_Tl) X=

1/2 A
_d et
i e, £,
By g A Gy el
o A Gy

(dP) (dP)
dx i dx 2
Cpl(’lw_']sat)

ap
[ ] —— oy
Ja e or Bo Chr,

* Consequence: g, or T,-T, can be expressed versus the dimensionless numbers
¢ Simplification: Ec<<1,

59

. /

Nukiyama Experlment1193/i)

ui
Wire heated by Joule effect: imposed heat flux ¢ = e

Determination of T}, from the measurement of the wire

resistance U/I

ql H

F

AT, =T, T

sat

60
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q

convection D
naturelle

B
A

Drew and Miiller experiments (1934)

Wall heated at constant temperature

| Ebullition |

| F s
de transition |
| ' :
| | Ebullition
| | : en film
|
| |
I |
Ve : G
BN .
Colonnes | |
de vapeur

g

Bulles isolées

ATgy = Tp “Tsat

61

61

Q00

naturelle

B
A

— Drew an

|
convection
D

..

d Miller exbériments (1934)

Wall heated at constant temperature

| Ebullition |

I de transition |
e A
|

Ebullition,
en film,

- — = — —¢m

I
I
s Als

L ] .

| Colonnes | |
de vapeur

c

Bulles isolées

i
k=0l

ATgy = Tp “Toat

62

62
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* Imposed heat flux

* Degradation of the
heat transfer

* Rapid increase of
the wall
temperature

® « Burn out »

63

63

Temperatures

% Vapor

quality
Vapor
temperature

Fluid
[“— temperature

x=0

Liquid bulk
Temperature

N Mean liquid

Tat

A —
temperature
TP

Flow pattern

Heat transfer

Convective heat

transfer in vapor
vapor l
| A
Vapor + Convective heat
liquid droplets  transfer in vapor + droplets
Annular flow
with Heat transfer by
entrainment | convection and
evaporation
Annular of the liquid film
flow
Churn flow
Saturated
Slug ¢ I\éugll_eate
flow oiling
Bubbly
flow Subcooled
boiling
Single-phase  Convective heat
flow transfer in liquid

64

64
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Eonvective boiling regime for imposed wall heat flux

/

Nucleation at
\ the wall and

condensation
in liquid core
Saturated
nucleate
boiling
Liquid

q
Subcooled boiling Saturated boiling Overheated
Subcooled boiling
Film High heat flux
boiling
Saturated

End of .

nucleate film

boilin; O/lf boiling

g % Vapor + Vapeur
& % Droplets surchauffée

1
Dry out Boiling crisis

Low heat flux

X=l

65

65

__Convective boiling regime inhorizontal tube

° 0%:95 © S o
880D )
o I 5 o

22690, o o oo

Liquid Bubbles Slug Annular flow Stratified Vapor ~ Vapor
flows .
i Boiling droplets
crisis !

400 L

Vitesse massique [kglmzs]
g
o

n
=3
S

sw

o
=3

>

N,
{3000

Disparition of
nucleate boiling

700 Wojtan et Thome (2005) 7000
\
600 6000
Kandlikar(1989)/’/ H |
500 oK 5000
<N } Constant mass flux G

4000

Increase quality along the tube x

2000

Coefficient de transfert de chaleur [W/m?K]

1000

Wojtan et al. (2005)

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

o
o
o
N
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— o .

Heat Transfer Coefficient

Single-phase liquid flow

h,D
q,=h (T, -T (2) Nu=—== f(Re,Pr)
k,
0.8
Nu = hD _ 0,023(GD) pr/? Circular tube (Dittus-Boelter, 1930)
1 Y,
G mass flux
. h HTC
e A
Constant heat flux Constant wall temperature
4,5
e L e GC,A dT(2)
AGC,, - = [T, -T,2)]
4, -
T,(2)-T(z)= =
67
67
Boiling incipience
(a) ?:I::; {b) :::iv'i;\q (c) 5:'-:;"(001 (d) ::c:u—;;::‘tinq (e) m;::tdt:;m
Entrapment of vapor (gas) embryos in cavities of the wall
68
68
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: Activation of vapor embryos

Non wetting liquid  R>r

Liquid Ty By (a) R -
| /
{ Spontaneous
{ growth
N t, t
-
2r 0 dp h,
o e
iqui > R ———— dT T, (P,) v,-V
Liquid at T>Tg,(Py) P_(T)-P, « (P) v, —-v))
T - : S 20(T,) T, (P))v
Activation of a cavity of radius r for Ty : T, — T, (F) > %
Iv
TU s Tsa((P()) > ZO(TU)Tsat(PU )Vv
Rinilialhlv
69
s 7:7”\»-,,, - —
= ,/ ope 7- . £
Boiling Incipience
o = EE:
7 A7
“ _// 72722 / 4 ) Nm_ i
(o) ?.el::; (b) :lne:ll;;\q () ?:;:;uam {d) m;;;:;nnq {e) wm::;:;ﬁ'
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 T —T. 8oTsardp / /
¥ WA P e Sat'> TR TN PI‘/
enough to activate boiling Apvhy,
70
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__—Woalltheatfluxin subcooled M
> bcooled

Partial Partial

Single-phase subcooled  subcooled S];xt%?ated
flow boiling boiling oiling
EF ey
ONB = Onset of O v e DO O DR OR SOV O
Nucleate Boiling ONB oSV o OODO
o a0 O 00008 Dco)ongc?goooo
OSV = Onset of T
S . R
Significant Void ‘ : ‘
t t } z
= “eb ol %
! ! ‘
I I !
| | T, Températurelde paroi
| |

sat

T Température
moyenne du‘ liquide

Void fraction .

71

71

gE— \_E_“_u_/

Heat transfer modes in convective boiling

Dryout Dryout
x=0 incipience  completion
: } } | :
T * et 0Re 0 O O —————=_ —— —,
‘ i3 'i"=°°§,'28?_},°[)"\_>[ \'|°’ )L \(/ 0 ¥7% ey .._.' RO S L
srefo S 8D 0Rs (SO ___AN AN i T it
[ : : : |
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
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7:”&\:,,,,,;, =

/'/7 e
Heat transfer coefficient in flow Boiling

3500

Z=0.09m
G =200kg.m?s?t
NB

2500

1500 F

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

500

@q"=1.0 Wem?_Campaign_1
Aq"=1.0 Wem?_Campaign_2
#q"=1.0 W/em* Campaign_3
@©q"=1.5 W/em* Campaign_1
Aq"=1.5W/em* Campaign 2
#q"=1.5 W/em*_Campaign_3
@q" =2.0 W/em*_Campaign_1
Aq"=2.0 Wem?_Campaign_2
*q"=2.0 Wem?_Campaign_3
0q"=2.5 Wem? Campaign_1
Aq"=2.5W/em?_Campaign_2
#q"=2.5 W/em* Campaign_3
@q" =3.0 W/em* Campaign_1
4q"=3.0 Wem?_Campaign_2
¢q"=3.0 Wem?_Campaign_3

0.0 0.1 0.2 0.3

04 0.5 0.6 0.7

Vapor quality x [-]

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

73

—

Rohsenow-model

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

ARe; Pr"
W4 / = v Gy
Tp - Tsal “’1 (11 k1
12 Characteristic length
L= q L,=C. scale linked to the
phy, g(Pl - Pv) bubble detachment
diameter
1/2
gl =p.)] [Cu(m-Tu@)] =
q=wh,
o C,Pr'h,

Cy=22C0/ A, r=1-m, s=1-n

s=1,7 (or1 for water)

Specific constant dependant of
the couple solid/fluid

74

74
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¢¢///////

Rohsenow model (1973), validated with experiments of Hino et Ueda (1985)

ftransfer in Samﬁb'i'lih’g’ =

q,=9, +4, avec ¢, =h (T, -T (2)

. -

Contribution due to bubble nucleation Contribution due to single phase

. ) V2 C (T -T) 3 convection
qn =Mlhlg[g pl _pg Pr—S pl( PR sal
o Cyh,
q Developed subcooled boiling

Superposition models
o

h=(h+n)r qons

qn(Zcb)

p=2 for Kutateladze (1961)
p=3 for Steiner et Taborek (1992)

75

ey, //,///// 

eat transfer in subcooled Boiling: toward
mechanistic models

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

Enthalpy balance equation for the mixture

qup i aI:Gth,sat + G(l = x)(cpl(T; > szal) + hl,sal )]
A oz
dx
3 G(hlg + Cpl (T;ar - T;))d_z o
Fartof the heat flux Part of the heat flux for
for phase change e :
liquid heating

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

76
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| Models based on heat flux partiti

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

Richenderfer et al. ETFS 2018

Pressure: 1 bar - Subcooling: 10 °C - Mass Flux: 500 kg/mz/s - Heat Flux: 1750 kW/m? 1.01 bar — 10 °C - 500 kg/mzS _I_EV
= I8P
008 EiE
4 —+-Qc
=z
[}
Eos
' £
. . § N : :
[ / -k
(o) = i 1 ki
02 , =
T } L/{ Ji I g
H T e W 24BN
120 130 140 150 160 [ 2 4 6 0 - 500 1000 1500 2000 2500 3000 3500
TEMPERATURE [C] HEAT FLUX [MW/m?) AVERAGE HEAT FLUX [kW/nf]

77

| Models based on heat flux partiti

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

-t
o
™

Nucleation sites colored with .?
activation temperature, T_, g
€
K]
L
x§10‘ F
s S
g L
o
Tio

1

78
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odels based on heat flux partltloﬁmng

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

qp=qe+ dci +

.

4 deony = M(T, - T)(1-KaR:N,)
7. = pghlg ;ER;NQ/ CONV IASYS I d < >
T

Single-phase m
(¥

Vaporisation of convection
liquid between the
microlayer nucleation sites

Unsteady conduction ‘ ‘

during rewetting of the
wall

Ger = KARN, g, = 24m0,C, A KRIA[f N, (T, - T; ) Ilzar?\[mjrters to model:
d> 1Nay

79

79

__ Bubblegrowthrate™ = / =

/VModels based on liquid microlayer evaporation:

R:C1 1
R
60 (I‘) % CZ Vvltc - m - Microcouche O < 60
0 N
t=(/C)® o
dd 1 7 T-T
hieaiy p sat it 62—62=2k P sat t—t
p, by, o L =01 0 ! oh, ( °) - p1CPI(Tp — Tear)

pvhlv
255 [
R=C1J=FJ3 (X.lt
T

pour  k, >>k,

Vaporized liquid mass

0, { 70, 2mdr + [ f(ao —6)2nrdr} - p%nw —

General relations _ _ i
s el High coupling between the liquid micro-layer

R(t) = f(Pr,_k_L,gL)Ja ,alt evaporation and conduction in the wall
kP 5 If Fo=aptc /ef) <]l > T, = cte

80
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Twhe Universitat Darmstadt ——

‘Measurement method

Light source

- wm B .

High speed-
black/white camera Diffuser

High speed
IR camera

81

/""/J
Results: Local temperature and heat flux

Energy balance for each pixel element and two successive temperature images

. . aZT or
G fia =9+ 2 O D4 06y —

!.‘.‘.KE:Q
O[0[0I0[0]
«]ololo]o

Heat source: 6700W/m?

Bulk liquid temperature: 38.4 CSF::-

Temperatures [°C] Heat flux [W/m?]

82
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oward Direct N msimmatron”bm

Multi-scale problem:
\ M

Microscopic scale

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

! o

Macroscopic scale
Hydrodynamic and transfer
around the bubble

83

oward Direct N mrsimutation’”bm

absorbed  micro-region macro-region Macroscopique scale— code
-« P>« P«
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, IIHMT, 2017

Reep _ 1 +ofd"
RFritz
. plcpl(Tp e Tsat)
ol
0=0.00219 and n=1.43

RF - 0.01040‘ /m

84
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,,,,, — Bubble detachment diameters and frequency

Shear flow on a horizontal wall u -
A
FA = pl Vgez V
o
FC (aﬂﬁ) o FCxex + FCzez y FC

1 2772 1
Ep, = B p.CpmR7U E,= EpLCLTERZU2

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

FutFc1F; >0 lift-off from the wall

85

,,,,, —— Bubble detachment diameters and frequency

Shear flow on a horizontal wall

Model of

Detachment parallel to the wall

Capillary force:

18 —Eors(cosﬁr —cos@a) - -Z6Rsin B(coser - cos@a) = —EORF(G)
2 2 2

1
F, = EPLCDTCRZUz

1 7 €, =18 7R’
Detachment occurs when: —Cpp,U’R’n > —oRF(0) D B
2 2 Re, = U2R /v

1

G
ECDplUZRZn > EoRsmﬁ

86
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2,

: o -p,)d
Numerous correlations based on a critical Bond number: Bo= &p-p.)dy
o
Authors Correlation
. 2 1/2 CorkTy =T,
Firtz? Dy = 0.01466 (—0 ) Ja= £rCoulTp = Tsar)
g(p — py) pvhy
0 = 35° for mixtures and 45° for water
Ruckenstein!! Dy = [3"2plalzgovs(p’ 7p")°'5]/a4/3 [ 20 ]1/2
03/2 ls(o, — p,)
Cole™? 26 1/2
D4 = 0.04 [7]
4 i e

Cole and Rohsenow!? 26 1/2
Dg = CJa%* [—g° ]
(o1 — pv)

C = 1.5 X 107* for water and 4.65 X 10~*for others

ubble detachment diameters—— /

.. 1/3 511/4
Van Stralen and Zijl'* _ Ja?a? 21\
Dy = 2.63 14 (2"
g 3Ja
Kim and Kim20 6 1, o
Dg = 0.1649 [7 Ja*
¢ (o1 — py)
pa = a0 (5 focose] [
21 = ——)/ocos
Fazel and Shafaee d AV a1 —po)
. V 0.25 c AT 0.775 A o 15 0.05
Hamzenkhani et al.22 D. = (L)( Wy Vp ) (PtL ) gpiAp (_) > :
d Apg) \acos6 pohy, W2 \gap Vi=bubble velocity

87

,,,,, —— Bubble detachment diameters and frequency

1
Frequency of detachment: f=—o
tw + tg
waiting time growth time
) Inertial growth
Correlations f'd, = cste -
L Diffusive growth
Example: boiling water at atmospheric pressure  fd, = %% Cal
Pi
Model of Mikic et Rohsenow Vid4 = 0.83]Ja/7q
1 4 z
g g \|2
Stephan®? Dy =— [_ (D + _>]
/Da w2\ mgDg
[9Co = p)) 5 (ol - po)opvi] " E
Sakashita and Ono® f=06 S v . 3'7 —
l P1 g
) Apo.zsgms q 0.44 Ap°'5g°'5Dd 0.88
Hamzekhani et al.3* . f= 0~015< 025 (Apo.zsgoysaoys) 05
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__Pensity of active nucleation sites

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

ng~ (T~ Tee)™ With m=4 ou 5
m

ng~(q
E
: Copper surface with # 240 finish Gaertner & Westwater ng~ qz‘l
5] 10
= E N
2 "E Mikic et Rohsenow
= ps
=] m
E % s % [Demax/De]
é ! E_ Dc = 40Tsat/pvhlu(Tw - Tsat) ,m = 6.5
N « -
2 &~ Methano! Kocamustafaogullari et Ishii
[
o
Z ol ...,.Ilo —— n¢ = f(pHRSTHY
£ 105 De (cm) ng = nDj.
" f(p*) = 2.157 x 1077p*(-32)(1 4 0.0049p+)*13
=}
p* = (p1— py)/pPv. RE =2R./Dqg
89
¥ 7 ;wﬂ'\,” e /
/ 7

“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,

\ -~ 038
/ - 0,0232(G(1)‘)D) P

Y,

0,79c(),45 0,49 oni it

1 ! 1 % Ay
h, =0’00122W(Tp _’I:'at) (Pm,(T,,)—Pz) xol2x [P fu
Wy Py x \p [

1 0,736
w F(X,)=2,35/0,213+ — if X,'>0,1
Se 1+253-10’6(7DG(1_X)F(X )"25) L,
u, - Eix)el if X'=0l

90

90

10/11/2024

45



Other correlations

x o Ghy,

vertical and horizontal tubes)

—

Hé;t Transfer Coefficient in saturiéit;dﬁboiling

10°

hat [C1 C&(25Fr) + C,Bo" FK] W
038 N
e G
co=(—l x) o

=
P gD 104}
(different fluids : water, N2, refrigerants, for

H

\

[4

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

Kandlikar (1989)

Gunger et Winterton (1986)

0.86 3/4 041 ’
h = h, |1+ 3000j 4 +(L) b Schrock et Grossman (1959)
Gh, 1-x 0, )
0.0 0.5 x 1.0
1 0,66 }L Gl D 0.8
h=17,39-10" b, |—L—+0,00015) — o naoonif D) Lo
Ghlg er D Ml

91

91

Fittingof experimental resuitats-(Kandlikar, 1989)

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

when Fr>0,04.

038 2

with €, = (1—xj : - -

X b Gh, p; gD
C,<0.65 Cy>0.65 Fluide Fx
Région convective Région de I'ébullition nucléée Ean 100
Ci 1,1360 0,6683 R-11 130
e S -02 R-12 150
] 6672 1058 R-13B1 1731
Cq 0,7 0,7 R-22 2,20
Cs 03 03 R-113 130
R-114 1,24
C; =o for vertical tubes and horizontal tubes R-152a 1,10
Azote 4,70

92

92
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**** - Fit/:c/i'ng of experimental resultats' (Klm & li\r)rlrudawar 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.

3

93

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.

l 09
H = 0.07763’ [5u* ] P o film thickness
vl

with 10< 6" <800 0.86<Pr<6.1
pt=1,= % foV. and £=0172We

By l-x
P, X

U,=U,=R, =R, E

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

Pc = PgRg+piRIe S

94
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5000

4000

3000

2000

1000

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

E—— /

“Comparison of different correlations

—Chen G=50 kg/m2/s i
—Chen G=100 kg/m2/s I3
AAAAAA Kim & Mudawar G=50 kg/m2/s 1
«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 - :

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

95

95

3000

5
5

S
8

H
v‘..

n
S
S

5000

Upward flow (a)

Upward flow (b)
G =100 kg/m’.s

G =400 kg/m’.s

&
S
=3
S
L

w
S
S
S

*

@ ¢=1.0 W/m*

A ¢=2.0 W/m?*

@ ¢=3.0 W/m?
——Kim et al. [2013a]
= =Cioncolini et al. [2011]

0.0

01 02 03 04 05

Vapor quality x [-]

1000

0

Heat transfer coefficient # [W/m
I
8
°
> %
\ >
\
\p
\
° \
>
(]
Heat transfer coefficient 7 [W/m?]
2
5
°
o N
N\
<

© ¢=1.5W/m*

€ ¢=3.0 Wm?
—Kim et al. [2013a]
— =Cioncolini et al. [2011]

0.0 0.1 0.2 0.3 0.4

Vapor quality x |[-]

//Cﬁm parison 'offlirffepepizcorrelations/

Kim and Mudawar correlation takes into account the effect of the heat flux
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— Critical heat flux in convective boilin

At low heat flux: progressive increase : - -
progressive of quality > annular flow At high heat flux, boiling crisis
with evaporation of the liquid film, occurs for low qualities x > strong
decrease of the film thickness > vapour production at the wall >
dryout of the liquid film inversed annular flow

- [ Liquide
]

Vapeur

T eod o Flow direction T

97

97

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
4production at the wall - inversed annular flow

1 T Katto et Ohno (1984)
~ =l G = 2000, 3000, 4000, water, ammoniac, benzen,
« 5000 kg/m2s 1 2
s;\s alcohols, hydrogen, nitrogen,
s o refrigerants Ri2, R21, R22, Rus,
z sf G = 1000, 2000, 3000, -
5 4000, 5000 kg/m2s
rEu s b 1 h](T.;at)_ hl(Tze)
= qcrit= % + K h
S 4}  Waterat 29 bars lg
2} ¢o and K depend of:
2
o . . ) . \ . ; Gl
10 75 s0 25 0o 25 s 75 100 Y =2 wea I/ID G h,
Subcooling (°C) —e— —» Quality x (%) O po
Science Academy of Russia Bowring, (1972) for water -
98
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//"'chrirfrreIatiiz)m”éth’ﬁ o(1

(L)~ (T,)

Qr:rit = % 1 +
hyg
B y<0.15
Py pPo o
€=025 pour  1/D<50 L=hy, if 4u<de  then 9= du
1 X 99=d02 for 902 <90
c- 0A25+0A0009[(B)-50] i S0<I/D<Iso if 2 thenp @ e . @&
C=034  pour  1/D>150 if K>K, then K=K
. K =K, th i
Qo =CGLWe**®(D/1) gy, =0.1GLy* " We"*(1+0.0031(1/D))"! if S en
0 OggGL 0. I31W —-0.433] (l/D)UZ7
9oz = Y- v C: m Y>0.15
1 if <4 then %=dn
W 0.6yx7 20173 = Qs 2
. (1+0A280We‘°'m(l/D)) if 9u>ds then °”% for du=ds
- Q=du for s = dos
D) if K,>K, then K=K,
qos =0.234GLy"""We S e
1+0.0031(1/D) #  Kek then K=K for K<K
1043 500124+ D/1 1L52We ™ 4 D/1 = kel for ek
e e e )
4CWe70043 2 6 YUIJZWeflll Yﬂéwefb.lﬁ
99
99
//,,Dryau’e ofthewall ™~ g
e .o Whalley et al. (1974), Govan et al.,(1988).
liquid S : e
:'.: 4 Ri= liquid hold up in the liquid film
oo Rie= liquid hold up in the entrained droplets
vapor Rg=void fraction Rir+Rie+Rg=1
Mass conservation equations
o - .
TPRU, =M,
E entrainment rate d d . N
1 L oRU, =2GU-x)1-E)=-M, +(R,-R,)>
Rp deposition flux (kg/m?/s) B il
R4 entrainment flux (kg/m?/s d d S,
(kg/m?/s) LR U, =S GU-DE=(R, -R,)=L
dz dz A
Momentum balance equations for the liquid film and for the vapour core with
entrained droplet.
Enthalpy bal i L
ntha alance equation ===
! - dz  DGh,
100
100
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— Annular flow with-entrain mem/

e o . .
o ° liquid Balance between entrainement and redosition of the
)
e droplets Rp=Ra
Yabol Momentum balances equations
1 Si
T, =
A A
ap R U ap,RU; dp : TS S;
g£g+ B;z={&+&kg4m&+g&m+mu+{f+m¢%—&mgx
o 2
aleerzzp d G [(1 -0)(1- E)] ap - TS, S. -
== SR oMU RSN R SR
3z e R, P Vi~ Pir8 A RpU,r - R, F)A +4-D
. P, 1-x
Homogeneoux mixture gas + droplets e——s U,=U,=R, =R ——F
p, X
T
R, =1—Rg(1 A,
P X

101

e o
S i
:..: liquid R - —Rg(l LPel-x E)
oo P X
vapour Momentum balance equations
2 1
o x(x+(1—x)E)=—R 1+p—g1_—xE a—p—pR(1+1_—XE)g+M,U,.+T"4
dz|p,R, o pvix Azl x
2
(2) 4 GL1-001-E)] ) o4
7—=_R[F7p _leIFg_i\/E +42
dz PR 0z D D

Enthalpy balance equation

(3) 3% __49 T, is imposed ¢ = )»(1,75‘”

£-T )
dz _ DGhy, 5 or q=H(T,~T.,)

Iterative resolution

Calculation of x using (3)

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

Calculation of 8= g[l -y1-R; ] %

Annula 'r'ﬁovwwi{h;entrainment/

102
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e Dryout of thewall———"
d 4
Annular flow model with droplet entrainment o
dz DGh,
Calculation of the heat flux: thin film, negligible convective terms
aT aT d aT oT
p.Cp ua—+vg}=5(kl+7x‘)@ =0 ()\1+k‘)g=q
T; % T;az
Laminar liquid film q,= AI‘T
% JaT q T -T 9 dy g dy
Turbulent film (4, +a,)—=—" ) P =
(l )3)’ p.Cp IQ/pICP o 01+L&
a, v, Pr,
Resolution by using a given turbulent eddy profile Pr =1
Dukler (1959) Other expressions
yi<S v =0
VI oy + AN 2o ) ¥
;Z—Oply[l exp(-0,01y")] -
v, 5
i el
with L e Mok
v, 2 103
103

ﬁ (a)
Local phenomenum:
formation of dry spot below
the bubble by total
evaporation of the liquid

Critical Heat Flux: Departure from Nucleated
Boiling (DNB type)

No predictive model. Different scenarii proposed.

0
00
0

(®)

©

In weakly subcooled boiling

|

accumulation of
bubbles - Tong et

Balance between evaporation
and recondensation of large
vapour bubbles: Lee et

microlayer: Theofanous et~ Hewitt (1972) Mudamar (1988) et Celata et al
al., (2002) (Rs~0.8) ) :
104
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Film Boiling

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

0.03f
0.02

0.04F
0.04

z(m)

0.05

T(°C)

0.06
0.061"

0.08
0.07

0.1 0.08t. . .1
0 5 1015 505

Xmpe o ' t(s)

105

— B—

Film Boiling

Inversed annular flow

~ - Heat transfer by conduction across the vapour film
T,-T,

sat

q, = A
- Enthalpy Balance

dx 4
G(h“' i Cp/ (Tsm % T/))d_)zC % %

- Momentum balance equation

d G*x* % oP TigS[ " TpS[l

=—R —+
dz p,R, ¥ 0z

o M[Ui % pgRgg

2 ENNG S A
- L b )
dz  pR dz 4 ! g

106
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Post CHF regifﬁés

Transition boiling: Tong et Young (1974)

qg;=qf+Qn€.Xp 55,6

1+40,00297, -T,,,)
- 0
_0’0394dx/dz( ) }

Film boiling around cylinder: Bromley (1960)

1/4

250,(0, = PR,

h=0,62
‘U,g(Y; e T;at))\'H

1/2
xz(—)
8(p; —ps)

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

08

GD

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

8

x+&(l—x)

1

04
Pr., Homogeneous model

8 8

107

107

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,
mechanistic models, which require local closure laws.

CHF with dryout (reasonnable predictions), CHF DNB type
(open problem)

108
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e T 777%\%:::7,,,,,,,”7 T
Condensation of pure vapour

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

109

109

~ Condensation of pure vapour

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

Filmwise condensation

Local heat transfer coefficient: h(z) =

e

P sat P

Global heat transfer coefficient: % (z) = éfh(z)dz
0

Predominant thermal resistance through the liquid film.

10

110
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ifmwise condensati nofpurevapo/

Non inertial model of Rohsenow: laminar flow

T, Momentum balance equation along z axis
> P ¢
(pLgsme —d—) + ud—bzt =0
N dz dy
dz z
Equality of pressure gradients yandd
In liquid and vapour phases . AP .
p,gsin0-—|(8-y)+T,-w—|=0
dP . (dP) . dz ay
— =p,gsin0+|—| =p, gsind
dz dz ),
-0 )esin® 2 ‘
Pressure gradient in the vapour phase u(y) = (pr\,)gsm(ay - y7) i

Mass flow rate per unit of width b

pu(PL=pl)ssin 5 p v 5°
u 3 P2

M )
7=poudy=
b 0

111

111

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

(PL—pt)gSine YTy T _T
u(y)=7(6y—7 +T T .mya ”y+T,,
I
5 3 uTdy

a:ijmwzfaji o 50 L

60 u 3 2u ud B8
_”(Tw‘Tﬂ)_lﬂ(h ca -T))—iﬂ(h sca -T))—iﬂh*
q 5 AEm e w b ag \ T gte a0 REaal

v _amds BMT,-T,)  Ipu(p.=p.)ssinG ., p, |dd

dz dd dz dh;, w u |dz

12

112
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avt_avtds_,|P(p.=p:)esin®® pxp las BMT,-T,)
u dz oh

-

dz dd dz u

*

Lv

8! 207
w— pL(pL Py ) Smahu TPLT; hLvi = 7‘“( Sl )Z

an T i63 W 4}41( sat ) w 4>M(T _T)

sat 4

(p.-p;)gsin® 3 pL(pL—p‘,)gsmehL,Z ou(0,-p.)gsin® Wk,

. U3 AR in® e
Lyreference length L - 8 =9 M -0
gsin@ u L
4C T . e
LA;6M+ *Ti . 46*3[:}_Mi L‘} —) e 53‘5 =z
(b —p; )gsinOL Prh, L
\4 T \4 5

13

113

/uwumber characteristicof the heat'transfer_ //

Mean heat transfer coefficient:

@)=~ fh(z)dz— f dz_—fidz*

Ld
Y v 592
(46*% +487t *)dé* =d7 ifﬂ(é‘z +6*r=‘;)d6* = 4}\* 2 + 6—ﬂ
Pl L\ o
hL 0T 8
Nu=—2L=4 :
> u x (3{ + 2 ‘t,)
Reynolds number Re, = PiED, D, = 47176 =43
w
Re, = 4 PLPL=P)ESIN0 AT, 5 Ay | 45
3 u 2w 3
Nusselt model: 7.=0

i

#3 4/3
8 =7 ReL(z)=%5*3 Nu=46* = =) Nu=(4) Re;'"? =1,47Re;"”

114

114
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1/3
; 2 A v?
Non inertial model of Rohsenow 3" +=8"t, =2 avec L, =|—!
3 gsin0
]
.5 Jpipi-p))esing
OuE aa gl
L, W,
- e a T,
z S - BoE G VR
L, why, (P1 o Dv)gsm oL,
10 =
= 3 E -
i 1[4} = Pry=10 .
ke lpi g % = 0,2.5,5,10, 20,50

For a given value of
z, T iscalculated.
Thei] z is
calculated and 6"

0 X

[~ e Uansilion points

Re,=(f6*’+26* rl) 0‘11 Ll ol

tool v vl Graphe=Nu, Rey

0 102 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.)

15

iimwise condensation of pu re/vaﬁo‘/

115

inertia effects (Sparrow et Gregg, 1959)

Cold wall du Jv
—+—=0
dz  dy
ou ou ’u -
u—+v—=vL—2+ug
dz 9y dy P
Vapour 5
oT  oT oT
U—+v-—=d,—
0z dy ady

— Liquid

Inertia-> Boundary layer resolution

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

4v,h,
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=38, T=T,x and % _g
ay
16

-itmwise condensation-of pure’ vapouuw‘»t—h/

116
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Filmwise condensation of pure vapour with ine}rj;ﬁeﬁ‘ﬁ;

1 2 £10)=0 h(0) =1
1+ '+ —[3"-25"]=0 .
. Pr[ £'=2f7] e £©0)=0 hn,)=0
3f'h'+h"=0 f'm,)=0

Energy balance at the interface

9y /)y

Implicite equation for the calculation of & versus z

_370) _,_ CulTw=T,)

m 5
¢€Z= 7hLV % pruhLV dy
0

!

0

with n, =Cdz"*

h'(ns) hy,
Convective heat transfer coefficient h and Nu
¢ & R e A (0.68+Ja7) .
Tmr 7 Tp Tmr o Tp ay y=0

1/4

8P, —py)z’hy, (1+0.68Ja)
4v,_7»,_(T -T )

sat p

Nu, =
17

117

Condensation in a vertical tube in downward flow

7% 2!
ap RU, =iG X - ap
0z dz p,R, %9z

TS
+T+ MU, + pgRgg

op 1 4G 1S ’
e + +P.8=0,8

2
R, =(1-@) .

Iterative resolution:

For a given value z, x is known

Guess value for ¢,

modeling of 7; | calculation of p;,T,-*, 5.7

Verification of §* %5*%? Sy

18
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~_—Some correlations for-the Nuisselt A—

With T, = 0
Laminar Flow Re<30 Nu = 1,47Re;”3

Re

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

Inertial regime (Sparrow et Gregg, 1959)

1/4
Nu=(0,68Ja+1)"*| 8PP —PI1LT )
4T, - T,) h

Lv
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=00131Re"?

19

119

ension of Colburn correlation with 7, #0

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

-
2 13

N (i) [ﬁlzi] = 0,2, 30, 100, 300, 1000, 4000

4, peg) | 1

Nu=0,065Pr'"? [t

13
o 112
(Lpr9 Vi ﬁ
1(gv1)
1.0
Nusselt laminar prediction
0.1
102 10° 104 10°
Re
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.)
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T e L EN S —

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.- 41857 ke /K. k.~ 0619 WImIK h ~ 257kl ike

Compare the expressions of the Nusselt numbers in both cases.

121
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