NTEC Module: Water Reactor
Performance and Safety

Lecture 5: Introduction to two-phase flow
G. F. Hewitt
Imperial College London

Two-phase flow regimes in vertical tubes
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Introduction to nomenclature

New international nomenclature
(i) Capital letters: M, mass

V, volume

Q, quantity of heat
(if) Dotted variables: M mass rate of flow

V. volume rate of flow
(iii) Lower case variables: h, enthalpy } Specific
¢,» Specific heat (per unit mass)
(iv) Lower case dotted variable: ¢, heat flux
(per unit area) m,
mass flux 4




Definitions of quantities

gas Total mass rate of flow= M
o (Gas Mg, Liquid M)
liquid Total mass rate of flow=

(Gas Vg, Liquid V,)
Total cross M
section area = A Mass flux = A m

Fraction of cross section occupied by gas phase (“void fraction”) = g,
Fraction occupied by liquid phase (holdup) = ¢, = (I- &)

“Superficial velocity” : j
; Yy ey Y
A A A
U U
Velocities: Ug =—2,U, =—= Slip ratio: S _Ys
& & u,

Basic equations:
The homogeneous model: Introduction

Homogeneous flow model

« treats fluid as single fluid cf. single phase flow
« assumes equal velocities for two phases
Homogeneous density

M ma
PHEG MAX  MAQL-—X)
PG L

___ A
XpL +(1-X)pg

Void fraction: Slip ratio:

o Vo M S=ug/u, =1
TV X @ pe /oL

Basic equations:
Homogeneous continuity (mass) equation

For channel element (Slide 5)
Rate of creation _ _ _ Mass outflow Mass inflow + Mass storage

of masT/_ ;ate ra]ke /rate

0=|Up, A+5zi(u PuA)|-Up, A+ A5z Pu
0z ot
U = total volume flux

Rearranging gives:

B ap,
L(Up,A)+AL
U ATS

Basic equations:
Homogeneous momentum equation

Rate of creation Momentum Momentum Momentum

of momentum = outflowrate ~ Inflowrate T storage rate

= {mum é‘zg(mUA)} —MUA+=(mASZ)
oz ot
=sum of forces on element
=sum of forces to pressure gradient, gravity and wall shear

- pA—[ pA+5zAgJ— g, Aszsina —7,62P

p = fluid pressure (assumed constant over cross section);
. m
P = channel periphery; U =—
Vel

H
Rearranging gives homogeneous momentum equation:

om 10(m*Alp,)  op P 8
"= —"E_gp,sina-
ot A tord tord A




Basic equations:

Homogeneous energy equation

Rate of creaton _ _ Energy Energy
of energy =0= outflow rate Inflow rate

—

o 2 U’p,
0:{UApHeJr(SZTZ(UApHe)]—[UApHeJr(qP+qVA)§z]+ AJZ? Putl+ 2“
(& O

+ Energy
storage rate

2
e =energy convected per unit mass of fluid =h +U7+ gzsina

h=enthalpy = ,u+L
H
u = internal energy of fluid
G =wall heat flux
4, = volumetric heat generation rate
Rearranging gives homogeneous energy equation:
e e\ 4P . op
—+U = |=—+04,+—
n (Ot azj AT

]

Homogeneous model:
Components of pressure gradient

Homogeneous momentum equation (Slide 8)

on 19(m*Alp,)  ap

—-g sina—i
ot A oz o Pm A

For constant cross section and steady flow

P _nP ped) L +gp,sina
oz A dz| p, H‘

Total  Frictional ~Acceleration Gravitational

\ \
_dp _ _dpe  _dp, _Opy

dz dz dz dz 10

Frictional pressure drop calculation:
Homogeneous model

From slide 9
_9p: _zP P__=D _4
dz A A zD?/4 D

for round tubes
Define f;, from
7,

fr 12w ;pg)pH
Hence
7%: 2fm’ _ PP
dz  Dp, " xp +(-%)ps
fro = fn(Rey, ) from standard curves
_mo 1 x (=) (McAdams etal, 1042) ~ McAdamsetal,

T e e e M TASME®4,
(usually very poor predictions) 193 (1942)

Basic equations:
Separated flow model: Introduction

Two fluids flow in separate regions each
with a given but unequal velocity:
Thus: ug #u,, S#1
Mean fluid density in element:
Pre =P (17‘96 )+ Pcés
Void fraction / slip ratio relationship:
X

Eg=—F———

X+S(1-x)ps / p,
x = quality

(fraction of mass flow flowing as vapour)




Basic equations:
Balance element for Separated flow model

Separated flow model (six

« Two flow regions
 Continuity, momentum and
(energy) balances written
« Equations written for each

phase
« Equations may be summed
to give overall balances.

equation model). Main features:

Conservation equations:
Continuity equation for the liquid phase

Rate of creation of mass = 0 = mass outflow rate — mass in flow rate
+ mass storage rate

{pL(l—gG)uLA+5z§[pL(1—gG)uLA]+me«5z outflow
—PL (1—6‘G)ULA inflow

0
+E[pL (1—€G ) Aé‘Z:I} storage

=0 A =cross sectional area

&g =void fraction

u - liquid phase velocity

n"]e =rate of conversion of
liquid to vapour per
unit length 14

Conservation equations:
Continuity equation for the gas phase

Rate of creation of mass = 0 = mass outflow rate — mass in flow rate
+ mass storage rate

{pGgGuGA+5Z§[pGgGuGA] outflow
Z
—pr:GuGA—meé'z inflow

0
+a[pGgG Mz]} storage

=0 A =cross sectional area

&g =void fraction

u - liquid phase velocity

n"]e =rate of conversion of
liquid to vapour per
unit length 15

Conservation equations:
Continuity equation: Liquid, gas, combined

Simplifying from previous slide gives liquid phase continuity equation:

A A .
g[m (1_56 ) AJ*‘&[A.“L (l_SG)A] =-m,

Similarly for gas phase:

0 0 .
a[pGgGA]+5[pGgGuGA]:me
Adding the equations and noting that:

m=pu, (1-&5 )+ psesls
We have: Pre =EcPs +(1-85) AL
0
Al

0.
Lo Al+ Z{mA] -0 .




Conservation equations:
Momentum equation for liquid phase

Rate of creation Momentum Momentum Momentum

of momentum = outflowrate ~ Inflowrate * storage rate

Sum of forces acting on control volume
(next slide)

ot

=62 {a%[ufm (1-&) A]+%[ULpL (1-&) A]}

. o, . 0
:|:MLUL +5ZE(MLUL):‘—MLUL +—[up (1-&6) Az ]

(since M =u, p (1-&5)A)

Momentum equation for liquid phase:
Forces on element of fluid

p(l—gG)A—{p(l—sG)A+§z§[p(l—gG)A]}

(Net pressure force on ends of element)

5
_{—pézé[(l—sG)AJl
’ (Pressure force on resolved area of sloping liquid surface)

-gp, (1-&5)Adzsina

ravitational force;
© ) To =wall shear stress

—1,Péz+1,P62 Ti = interfacial shear stress
(shear forces)

Momentum equation for liquid phase:
Equating momentum creation with forces

0| . ,P 7P
—(l—ge)é—S—pLg(l—gG)sma—°7+7

0 10
= a[pLuL(1_86)]+X§|:pLAuf(l_£G)j|

Steady state, constant area duct
dp . ,P 7P
—(1-&)—- 1-g.)sinag ——2—+-1
( ) dz L9 ) A A

=2 pwia-20)]

Momentum equation for gas phase:
(Similar derivation to that for liquid)
-£ 6—p—g £ sina—Ti—P‘—
Cap Pcés A
0 10
a(ﬂegeue)‘FZE(PeAgeué)

Steady state, constant area duct:

op ; oh _ 0 2
ey, 9psés Sina AT 5(pegeue)




Mixture momentum equation

Adding the liquid (slide 19) and gas (slide 20) momentum equations we have:
op . 7, P
———gppSina———
oz " A
0
= al:pLuL (1-&6)+ PeUses :.

10
+X§[pLAUE (1_5G)+PGASGU<§J

P =P +(1-85) AL

21

Mixture momentum equation:
Alternative form

Putting:
m=pu (1755)+ PcécUs
u =m(1-x)/p, (1-¢;)

Ug = MX/ psés
Gives mixture momentum equation in form:

1 o 1-x) 2
L gy sing P O 10 fl (X)X
oz A ot Adz p(l-85) pots

For steady state flow in a duct of constant A:

P P Lol (1-x° ¢ :
B | +0ppsina
oz A oz || pL(l-&5) pets

Combined conservation equations
for separated flows
Continuity:
oAl Zima -0 Lo = 2op +(0-20) 2]
Momentum:
7,P

—@—g sina —
a P A

om 10{“ @-x % }

TaAa pL(l_gG) Pcés

Energy:

A%[pLhL (1—8G)+seh6]+§{mA[(1- x)h, +xhe ]}

3 ) 3
ZQPM}VA—ﬁ{m A{ (1=x) - }}+A@

| 2 | pPl-g) PEEE at
23

Correlations for steady state channel flows

(constant cross section)
HOMOGENEOUS MODEL — 7, correlation

_d_ zP +M +gp, sina
dz A dz Pu
_dp__dpe _dp, _dpy
dz dz dz dz
Friction  Acceleration Gravity

l 1 l

dp P Ld| (1-x° ¥ :
= | +gppsina
dz A dz| p, (l— & ) Psés

SEPARATED FLOW MODEL — 7, and & correlation




Frictional pressure gradient

Frictional pressure aradient in a round tube:
dpy TP T,(mD) 41,
Taz oA D

dz A 2,
Pressure drop multipliers; ("P7'#)

dp, 5 dp, (D?;Exzrhz
Tdz _%{E”)G__ ) T -
gty oo

dz GO\ dz Jeo peP 799
dp, 5498 :»izn‘fu _x)?
& @y
dp,

d.

5 sdp mioiﬁil
A 7%5(&1577 piD 10 - 2

Gravitational pressure gradient
Gravitational component of pressure gradient given by:

dp
—2 = #prp = glprll —eg) * pgegl.

Definition of slip ratio:
ug x(1-eg)py
Uy T —x)egPg

Void fraction/slip ratio relationship:

X
X+ S8(1-x)pg/pr
Void fraction in homogeneous flow:

£ =

£, = Yo _ Py =3
G U+U xp v (1-xpg

Typical correlation for void fraction
(Premoli etal , 1971)

s =1+E YE,
1(1 YE, ‘)
where
mD
y=- B _ ( x }ﬂ Re = —
T-p 1-x/pg M
.2
Parameters E; and E, are given by e = ™ D
op;

oo PLY
E; = 1578Re (D }

osf Py
E, = 0.0273WeRe [7}

27

Typical correlation for friction:
Freidel, 1979

2 3.24 FH
o= E+ 5
0085 7 0033
3
E= :1—x32+x2[%} o= WD
- 0"40 Lo Prp0 B
F=x"(1-0"", (-0
091 0.19 7 =| =t
7 ) 1 [F’G oL }
Pg My g




Distribution of errors for Combination:
Premoli et al (1971)/Fre|del (1979)

Pressure drop in singularities:
Typical types of singularity

B N L } e fe
' | | \\\ |
| NG I
— : O . : == M
| A
| |/ Pe —p
: —===F A, i
I H ﬂ Amia I P o
e g e it e e g e i g PApapapapy A A, A
(a) (b) ()
Expect large errors with empirical correlations
29 30
Pressure drop in singularities: Phenomenological approach:
Homogeneous model for singular pressure drops General principles
Sudden enlargement .
. o (1), 90" bend Stages:
L P —— {ILZ}/,H (1) Identify the type of interfacial distribution — i.e. FLOW
2. REGIME
Sudden contraction ky ~0.15 (2) Observe detailed phenomena and make appropriate

mZ 1 2 1 P
p-p,= Ciil +1-= 1y, Homogeneous multiplier

2,0L o
Wy {H x[pL lﬂ
o= i, C, = contraction coefficient e
A
1 .
C., =————————5— (Chisholm)

E=t0E

31

measurements.
(3) Construct physical models of theoretical or semi-
theoretical type to describe the phenomena.

(4) Integrate the local models to achieve a complete system
description.




Phenomenological approach:
Example: Annular flow |

eectes PREDICTION
rops PROBLEMS
egesting ‘ o Liquid film
Liqud titm behaviour

¢ Liquid deposition
and entrainment
Disturbance o Interfacial friction
(waves)

i ini

™ o Effect of heat flux

droplets on local phenomena
33

Phenomenological approach:
Example: Annular flow I1

Phenomenological approach:

Example: Annular flow 111

1. TRIANGULAR RELATIONSHIP
Calculate 7 = (y'Ti)

Calculate u = (u(y)

. 4 §
Calculate my o = Ta Uo w(d—y)p
Establish "triangular relationship"
my p =y p (§7) =ty p (6,dp/dz)

2. INTERFACIAL ROUGHNESS
1 "‘% Effective roughness (¢) or friction
!

factor (f;) of interface function
of 8/d ( "Geometncal similarity")

35

Phenomenological approach:
Example: Annular flow 1V
-"T —TnterTace — correlatlon for
(may include MLF

roughness
5 7; ete)
relatlonshlp

Mpp=6P (D ‘LE q/h

E

Lg)

I:JPUT Heat™trans
M coeff.

LF M+ M

J E;] at s + s

MLE ~—~————— & Conc. of — D=kC — D

droplets C




Phenomenological approach: Phenomenological approach: Annular flow VI

Example: Annular flow V Correlation for deposition rate
i : Correlation
120 Equilibrium flow
j‘od‘_‘D D=E ‘E o ki-o.m
‘L% e® Non—equilibrium flow L % - e MR AT
c oo...)E D+4E L«.—- A if C/pg< 0.3
[=~]
o e .". correlation for both required ol . .
Usua.l fOIITlf k ? = 0.83 (Cipg)-tess
D =kC
k = deposition mass transfer e it Crpg > 0.3
coefficient (m/s) e i e
D=kC
C = Homogeneous concentration| R T m e
of drops in core (kg/m3) i

See Hewitt, Invited Lecture, ASME 1990, Winter Annual Meeting, Dallas®

Phenomenological approach: Annular flow VII . .
Correlation for entrainment rate Phenomen0|oglcal approaCh-

e — Example: Annular flow V

‘|, e = critical film =
flow for onset
of entrainment

yo 375010 20T

atm)

et 1 L 1 L i Lo L L Prediction of Nigmatulin (1978) high pressure film flow data
W0 e w " 0

0o 39 Hewitt & Govan, 1990 40
o oot (2] ( )




