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Three-fluid formulation and a numerical method  
for solving the stationary problem of thermal hydraulics 

of a two-phase annular dispersed flow 
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The article presents a one-dimensional three-fluid model for solving the stationary 
flow problem on a two-phase steam-water annular dispersed stream in a vertical heated 
channel, based on nine balance equations with an equal phase pressure assumed. The 
validation of the marching algorithm of the described stationary problem has been 
carried out by comparison with the published experimental data relating to a two-phase 
flow in a circular pipe under adiabatic conditions for pressures of 3 – 9 MPa, total 
flow rates of 500 – 3000 kg /(m^2∙s) and internal diameters of 10 and 20 mm. The 
total pressure differences in the channel were calculated. Good qualitative agreement 
with experimental data was obtained. Small quantitative disagreements were found. 
They were shown to be reduced by the refinement of the closing relations. 

Key words: two-phase steam-water flow, three-fluid model, numerical solution

Citation: E.E. Avdeev, A.A. Pletnev, S.V. Bulovich, Three-fluid formulation and a numerical method for 
solving the stationary problem of thermal hydraulics of a two-phase annular dispersed flow, St. Petersburg 
Polytechnical State University Journal. Physics and Mathematics. 11 (3) (2018) 95–103. DOI: 10.18721/
JPM.11311

Introduction

The most common approach for describ-
ing multiphase flows in a thermal hydraulic 
approximation is based on the model of in-
terpenetrating continua. The existing simula-
tion codes for thermal hydraulics (KORSAR, 
TRAC, RELAP) are based on the so-called 
two-fluid approximation describing the case for 
multiphase flow represented by two “fluids”: 
vapor and fluid. The corresponding system 
consists of six differential equations of mass, 
momentum and energy balance (for each of the 
fluids). The system is closed by the phase bal-
ance equation, the thermodynamic equation of 
state (for each of the fluids) and empirical or 
semi-empirical relations (for each of the flu-
ids). These relations, called closing, describe 
mass, heat and momentum transfer between 
the individual phases and between the phases 
and the channel wall. 

The structure of the two-phase medium 
and, accordingly, the closing relations in such 
a model are determined by the chosen flow re-
gime map.

The two-fluid approximation was the first 
one used in simulation codes developed for 
thermal hydraulics. It is still found in many 

codes and is often discussed in literature. The 
two-fluid approach is fairly up-to-date, provid-
ing adequate descriptions for all flow regimes 
where it is more correct to divide two-phase 
flow into any two components. This includes, 
for example, bubble, slug, dispersed and strati-
fied flows. The two-fluid approach yields ac-
ceptable results for all of these flow regimes; 
the descriptions differ only in the definitions of 
“fluids” in each case and, accordingly, in the 
closing relations. 

On the other hand, the medium in the an-
nular dispersed flow regime is divided into three 
fluids: vapor, droplets, and liquid film; accord-
ingly, each of the fluids should have its own 
velocity and temperature, which is impossible 
in the two-fluid approximation. There are ap-
proximate methods for describing the specifics 
of the annular dispersed-regime for these cases, 
staying within the framework of the two-fluid 
model. For example, in the KORSAR simula-
tion code, the emerging droplets are taken into 
account by an additional term in the balance 
equations but still do not have their own veloc-
ity and temperature. 

The issue of inaccurate description of the 
annular dispersed regime is solved by replacing 
the two-fluid approach with the three-fluid one 
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of equations. Therefore, if a stationary flow 
regime is possible for a given problem, then 
the solution obtained by the marching method 
of integration is a reference for evolutionary 
problems, allowing to quantitatively estimate 
the distortions introduced into the solutions 
by the techniques applied for regularizing the 
problem.

Mathematical model

The developed stationary one-dimensional 
three-fluid model describes annular dispersed 
flow with masses of vapor, droplets and liquid 
film moving in two-phase vapor-liquid flow. 
The model takes into account phase transition, 
exchange processes with the channel wall, 
entrainment and deposition of droplets on 
the film surface. Accordingly, we are going to 
solve a system of equations consisting of nine 
differential equations of mass, momentum and 
energy balance for each of the three liquids. 

The differential equations solved are written 
in the following form.

1) Mass balance equations.
For vapor: 

( ) ,v v v dv id fv ifA u m m
x
∂

α ρ = Π + Π
∂

where x, m, is the axial coordinate; A, m2, is 
the cross-sectional area of the channel; vα  is 
the volume fraction of vapor; ,vρ  kg/m3, is 
its density; uv, m/s, is its velocity; mdv, mfv,  
kg/(m2s), are the mass sources of vapor gen-
eration from the droplets and the film, respec-
tively (positive for condensation and negative 
for evaporation); Πid, Πif, m, are the perim-
eters of the surface of heat transfer with vapor 
for the droplets and the film respectively; the 
subscripts v, d, f refer to vapor, droplets, and 
liquid film, respectively. Below we are going 
to use another subscript w, referring to the 
channel wall.

For droplets: 

( ) ( ),d d d dv id if d eA u m S S
x
∂

α ρ = − Π − Π −
∂

where ,d dα ρ  are the volume fraction and den-
sity of the droplets, respectively; ud, m/s, is their 
velocity; Se, Sd, kg/(m2∙s), are, respectively, the 
entrainment and deposition rates for droplets 
on the surface of the liquid film.

(1)

(2)

where each of the fluids (i.e., vapor, droplets, 
and liquid film) is described by its own equa-
tions for the balance of mass, momentum, and 
energy. The three-fluid model is well-known: it 
has been considered in some Russian and for-
eign studies [1 – 7]. While using the approach 
with three fluids instead of two is nothing new 
from an algorithmic standpoint, it allows to 
construct a more complete physical model that 
is non-equilibrial with respect to the velocities 
and temperatures of the given fluids. 

The three-fluid model is more accurate in 
describing the annular dispersed flow regime, 
which means that more accurate values can be 
obtained for the characteristics of heat transfer, 
friction loss, volume fractions of fluids, and, 
ultimately, the position of the dryout point can 
be determined more reliably. Using this model 
means that the problem of closing relations has 
to be considered again. Most of the correla-
tions tested were formulated for the two-fluid 
approximation. However, formulation of the 
three-fluid model makes it possible to partially 
use the experience in accumulated solving two-
phase problems. For example, closing relations 
describing the exchange processes between va-
por and droplets in dispersed flow or exchange 
with the channel wall in single-phase flow can 
be used for describing exchange processes at 
the corresponding interfaces and in the three-
fluid approximation. In this case, the exchange 
processes directly between the droplets and the 
film are characteristic for the three-fluid model 
distinguishing it from the two-fluid one, allow-
ing to abandon the equilibrium model of gen-
eration and deposition move on to non-equi-
librium models by processing the experimental 
data. 

Our study presents a marching algorithm 
for the numerical solution of the stationary 
problem of annular dispersed flow in a one-di-
mensional approximation using the three-fluid 
approach. Systems considered in a two- and 
three-fluid approximation in a non-stationary 
formulation for the case of equilibrium pres-
sure (mathematical models with total pressure 
in fluids) are known to lose their evolution-
ary properties with certain values of operating 
parameters [8]. The correctness of the Cauchy 
problem can be restored by different measures 
but all of them “perturb” the original system 
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For liquid film:

( ) ( ),f f f fv id if d eA u m S S
x
∂

α ρ = − Π + Π −
∂

where fα  and fρ  are, respectively, the volume 
fraction and the density of the liquid film; uf, 
m/s, is its flow velocity. 

 2) Momentum balance equations.
For vapor:

2( ) ( )

 ( ) ,

v v v v dv id di v

fv if fi v if vf id vd v v x

P
A u A m u u

x x
m u u A g

∂ ∂
α ρ + α = Π − +

∂ ∂
+ Π − − Π τ − Π τ + α ρ

where P, Pa, is the pressure; udi, ufi, m/s, are the 
interfacial velocities (for the vapor – droplets 
and vapor – film interfaces, respectively). We 
used the interfacial velocity udi between the 
droplets and the vapor, assumed to be equal to 
the droplet velocity ud. A dependence from the 
CARHARE code [9] was used for the velocity 
of the interface between the liquid film and the 
vapor:

;fv
fi f v

v f v f

u u u
αα

= +
α + α α + α

, ,vf vdτ τ  kg/(s2m) are the shear stresses (vapor – 
liquid film and vapor – droplets, respectively); 
gx, m/s2, is the projection of the gravity vector 
on the x axis; the overbar indicates the aver-
aged value of a quantity.

For droplets:

2( ) ( )

 ( ).

d d d d dv id di v

id vd d d x if d d e f

P
A u A m u u

x x
A g S u S u

∂ ∂
α ρ + α = − Π − +

∂ ∂
+ Π τ + α ρ − Π −

For liquid film:

2( )

( )

 ( ),

f f f f

fv if fi v wf wf if vf

f f x if d d e f

P
A u A

x x
m u u

A g S u S u

∂ ∂
α ρ + α =

∂ ∂
= − Π − − Π τ + Π τ +

+ α ρ + Π −

where Πwf, m, is the perimeter of the surface of 
heat transfer between the channel wall and the 
film; ,wfτ  kg/(s2∙m), is the shear stress between 
the liquid film and the channel wall.

3) Energy balance equations.
For vapor:

( )
2

2

( ) (HTC) ( )

(HTC)
2

,
2

v v v v vd id sat v

di
v dv id vf if sat v

fi
v fv if

A u H T T
x

u
h m T T

u
h m

∂
α ρ = Π − +

∂
 

+ + Π + Π − + 
 

 
+ + Π  
 

( )
2

2

( ) (HTC) ( )

(HTC)
2

,
2

v v v v vd id sat v

di
v dv id vf if sat v

fi
v fv if

A u H T T
x

u
h m T T

u
h m

∂
α ρ = Π − +

∂
 

+ + Π + Π − + 
 

 
+ + Π  
 

where Hv, J/kg, is the total specific enthalpy 
of vapor, Hv = hv + 0.5u2 (hv is the specific 
enthalpy); (HTC)vd, (HTC)vf, W/(m2∙K), are, 
respectively, the coefficients of heat transfer 
from the vapor to the interface with the droplets 
and from the vapor to the interface with the 
liquid film; Tsat, Tv, K, are the saturation and 
vapor temperatures, respectively.

For droplets:

2

( ) (HTC) ( )

( ),
2

d d d d dv id sat d

di
d dv id if d d e f

A u H T T
x

u
h m S H S H

∂
α ρ = Π − −

∂
 

− + Π − Π − 
 

where Hd, Hf, J/kg, are, respectively, the 
total specific enthalpies of the droplets and 
the liquid film, Hd,f = hd,f + 0.5u2 (hd,f is the 
specific enthalpy); (HTC)dv, W/(m2∙K), is the 
coefficient of heat transfer from the droplets 
to the interface with the vapor; Td,  K, is the 
temperature of the droplets.

For liquid film:

2

( ) (HTC) ( )

( )
2

 ,

f f f f fv if sat f

fi
f fv if if d d e f

wf fw wfi fw

A u H T T
x

u
h m S H S H

q q

∂
α ρ = Π − −

∂
 

− + Π + Π − +  
 

+ Π − Π

where (HTC)fv, W/(m2∙K), is the coefficient of 
heat transfer from the liquid film to the interface 
with the vapor; Tf, K, is the temperature of the 
liquid film; qwf, W/m2, is the heat flux from 
the channel wall to the liquid film; qwfi, W/
m2, is the component of the heat flux from 
the channel wall that actually contributes to 
generating vapor.

The system is also complemented by a phase 
balance equation

1kα =∑
and by thermodynamic equations of state taking 
the form

(3)

(10)

(4)

(9)

(6)

(8)

(5)

(7)

(7)
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coefficient of heat transfer from the vapor. It 
follows then that the coefficients of heat trans-
fer from the vapor to the interface with the 
droplets and from the droplets to the interface 
with the vapor are equal and take the form of a 
correlation describing gas flow around spheri-
cal particles [10]:

0,5 0,33

(HTC) (HTC)

(2 0,6Re Pr ),

vd dv

v
d v

dD

= =

λ
= +

where the Reynolds number for droplets follows 
the expression

Re v v d d
d

v

u u Dρ −
=

µ

(Dd, m, is the mean droplet diameter; ,vµ  Pa∙s, 
is the coefficient of dynamic viscosity of va-
por); ,vλ  W/(m·K), is the thermal conductivity 
of vapor.

The coefficients of heat transfer from the 
vapor to the interface with the liquid film and 
from the liquid film to the interface with the 
vapor are calculated from the correlation for 
single-phase convection [11] applied to the 
droplet-laden vapor core: 

0,8 0,4

(HTC) (HTC)

(0, 023Re Pr ),
( 2 )

vf fv

v
v vD

= =

λ
=

− δ

where D, m, is the internal diameter of the 
channel; ,δ  m, is the mean film thickness; Prv 
is the Prandtl number for vapor; Re v is the 
Reynolds number for vapor,

( 2 )
Re .

v v f

v
v

u u Dρ − − δ
=

µ

The expressions for the mass sources de-
scribing hydrodynamic entrainment and de-
position on the surface of the liquid film  
(Se and Sd) are borrowed from [2], where tur-
bulent diffusion is assumed to be the dominant 
mechanism for deposition of droplets on the 
film surface:

0,5

3 0,2 2/39 10 Re Sc ,d v v v
v

C
S = u C

−

− − − 
⋅  ρ 

where C, kg/m3, is the droplet concentration,

(11)

(12)

(13)

(14)

(15)

(17)

(16)

( , ),k k P Tρ = ρ

( , ),k ke e P T=

where ek, J/kg, is the specific internal energy of 
the kth phase. 

Closing relations

The system of equations (1) – (10) is closed 
by a set of relations describing the processes 
of mass, momentum and energy transfer both 
between the individual phases and between the 
phases and the channel wall.

Mass sources describing the phase transi-
tion (mdv and mfv) are derived by considering 
the heat balance at the interface. Since the in-
terface cannot accumulate heat, we obtain:

[(HTC) ( )

 (HTC) ( )] / ( ).
dv dv sat d

vd sat v v d

m T T

T T h h

= − − +

+ − −

Direct heat transfer with the channel wall 
only occurs for the liquid film in annular dis-
persed flow. Accordingly, a term ,wf fwq Π  de-
scribing the heat flux transferred to the liquid 
film from the channel wall is added to the right-
hand side of the film's energy balance equa-
tion. A term describing the component of the 
heat flux from the channel wall that actually 
contributes to generating vapor: ,wf fwq Π  where 

; 0 1,wfi wfq q= ψ ψ = −  is also added to the en-
ergy balance equation.

Given this term, a similar mass source for 
the phase transition between the liquid film and 
the vapor has the form

[(HTC) ( )

 (HTC) ( ) ] / ( ).
fv fv sat f

vf sat v wfi v f

m T T

T T q h h

= − − +

+ − + −

The terms of the form (HTC)kv(Tsat – Tk) 
are the heat flux from the liquid phase to the 
interface with the vapor, and (HTC)vk(Tsat – 
Tv) the heat flux from the vapor to the inter-
face with the liquid phase for both mass sources 
(13), (14).

The phase transition model used allows for 
heat transfer coefficients of different magni-
tudes on both sides of the interface, but the 
following assumption is used for the sake of 
simplicity. Heat transfer coefficients on both 
sides of the interface are assumed to be the 
same and equal to a limiting factor that is the 
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;d d d

v d d v d

v v d

G
C

G u G
u

α ρ
= =

α + α+
ρ ρ

 Scv is the Schmidt number for vapor (taken 
to equal unity for simplicity); 

here Re .v v v
v

v

u Dρ α
=

µ

It is assumed that shearing off of roll wave 
crests is the main mechanism of hydrodynamic 
entrainment of droplets into the droplet-laden 
vapor core for a liquid with a low viscosity (like 
water):

0,4

2

5

5

1,07

,
,Re 10 ;

[2,136lg(Re ) 9,68],Re 10

v f fv f
e

v

s v

s v v

u
S =

k >

k <

µ τ ρ 
× ρσ  

× 
−

where 3 2 6 3 9 40,57 21,73 10 38,3 10 55,68 10 .sk = + +δ ⋅ δ − ⋅ δ ⋅ δ 3 2 6 3 9 40,57 21,73 10 38,3 10 55,68 10 .sk = + +δ ⋅ δ − ⋅ δ ⋅ δ  
The shear stresses in the momentum bal-

ance equations ( wfτ  between the channel wall 
and the liquid film; vfτ  between the vapor and 
the liquid film; vdτ  between the vapor and the 
droplets) are written in the following form:

;
2
f

wf wf f fCf u u
ρ

τ =

( ) ;
2
v

vf vf v f v fCf u u u u
ρ

τ = − −

( ) ,
2
v

vd vd v d v dCf u u u u
ρ

τ = − −

where 
kkCf  are the respective coefficients of 

friction (drag force).
The coefficient of friction between the va-

por and the liquid film is calculated from the 
modified Wallis correlation [12]:

0,25

0, 079
1 300 ,

Revf
v

Cf
D
δ = + 

 

where 

( 2 )
Re .v v

v
v

u Dρ − δ
=

µ

The aerodynamic drag of the droplets is 
calculated from the dependence [13]:

24 4 1
0, 4 ,

Re 4Re
vd

d d

Cf
 

= + +  
 

where

Re max 0,1; .v v d d
d

v

u u D ρ −
=   µ 

The coefficient of friction between the liq-
uid film and the channel wall is expressed as 
follows [14]:

0,25

16 0, 079
max ; ,

Re Refw
Dhf Dhf

Cf
 

=   
 

where 

Re .f f f
Dhf

f

u Dρ α
=

µ

The geometric characteristics used should 
also be formulated for writing the closing rela-
tionships; these include: 

perimeters of interface interactions; 
perimeter of the interaction between the 

liquid film and the channel wall; 
mean thickness of the liquid film;
mean droplet diameter.
The perimeter of the interface between the 

vapor and the droplets follows the expression

6
,d

id
dD
α

Π =

The perimeter of the interface between the 
vapor and the liquid film:

( 2 ),if DΠ = π − δ

where 0,5 (1 1 )fDδ = − − α
 
(mean thickness 

of the liquid film).
The perimeter of the interface between the 

liquid film and the channel wall:

.wf DΠ = π

The droplet diameter is calculated by the 
technique described in [14]:

5
1 2max(8, 4 10 ;min[ ; ]),d d dD D D−= ⋅

1/3 2/3

3
1 7,96 10 Re ,d v

d v
v v v d

D
j

−    ρ µσ
= ⋅    ρ ρ µ   

where jv is the normalized velocity,

;v v v
v v v

v

u A
j u

A
ρ α

= = α
ρ

(19)

(20)

(22)

(24)

(25)

(18)

(21)

(23)

(26)

(28)

(27)

(29)

,
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sum of the known quantity Wp
n+1,s from the pre-

vious iteration and their increments ΔWp
n+1,s+1 

at the sought-for iteration, which transforms 
the given system to the form:

1, 1, 1
, , , 1,

, ; , ;
n s n s n

k p k p k p n s
k p

W W W
S p m e

x

+ + +
++ ∆ −

= =
∆

1, 1, 1
, , ,

1, 1, 1
1,

, ;

n s n s n
k i k i k i

n s n s n
n s
k i

W W W

x

P P P
A S

x

+ + +

+ + +
+

+ ∆ −
+

∆
 + ∆ −

+ α = ∆ 
1, 1, 1( ) 1.n s n s

k k
k

+ + +α + ∆α =∑
Leaving the increments on the left-hand 

side of the equation, we move the remaining 
terms to the right-hand side, thus reducing the 
solution of the system to finding the increments 
of the sought-for functions. In the same way, 
we represent the sought-for flux vector in terms 
of the vector of primitive variables: 

( , , , ) .T
k k kf T u P= α

As a result, the system is reduced to a ma-
trix notation of the form

1. 1, 1 1, ,n s n s n sM f+ + + +∆ = B

which is solved by the Gauss method. The 
vector Bn+1,s is the right-hand side vector; Mn+1,s 
is the matrix of transformation of the flux vector 
to the vector of primitive variables.

The coefficients of the matrix Mn+1,s can be 
obtained by vector differentiation of the flux 
vector with respect to the vector of primitive 
variables:

1,
1, 1 1, 1

1, 1, 1.

n s
n s n s

n s n s

W f

M f

+
+ + + +

+ + +

∂ ∆ = ∆ = ∂ 
= ∆

W
f

The matrix Mn+1,s has a repeating block 
structure with a block size of 3 × 3 (see Ta-
ble).

The given algorithm is applicable for solving 
problems with codirectional liquid velocities. 

Model testing

The three-fluid model described in our 
study was used to calculate two-phase flow of 
water in an adiabatic circular tube; we took 
as a basis the experimental data obtained by 

(30)

(31)

(32)

(33)

(34)

(35)

(39)

(36)

(37)

(38)

the Reynolds number  

Re .v v
v

v

j Dρ
=

µ

2
2 0,254 0,13 16 (0,13 ) ,d v vD L We We = − + +

 
2

2 0,254 0,13 16 (0,13 ) ,d v vD L We We = − + +
 

where L is the characteristic size (taken as the 
internal diameter D of the channel);

2

.v v
v

j L
We

ρ
=

σ

Numerical method

Moving on to the finite-difference for-
mulation of the system, let us introduce the 
pseudovector notation of the following form:

,
2

,

,

;
k m k k k

k i k k k

k e k k k k

W A u

W W A u

W A u H

  α ρ 
   = = α ρ   

   α ρ  



,

,

,

,
k m

k i

k e

S

Q S

S

 
 

=  
 
 

where W is the flux vector; Q is the right-
hand side vector; the subscript k indicates the 
corresponding fluid (vapor, droplet, liquid 
film).

Using two-point approximation, let us write 
the finite-difference formulation of the system 
of equations:

1
, , 1

, ; , ;
n n

k p k p n
k p

W W
S p m e

x

+
+−

= =
∆

1 1
, , 1

, ;
n n n n

k i k i n
k i

W W P P
A S

x x

+ +
+−  −

+ α = ∆ ∆ 

 

1( ) 1,n
k

k

+α =∑
where the subscript p indicates the corresponding 
balance equation (m for mass, i for momentum, 
e for energy).

At the same time, the balance equations for 
momentum and energy are written identically in 
pseudovector notation, so we combined them. 
Since the flux vector is not linear, in order to 
achieve convergence of the process, at the next 
step we divide the sought-for quantities by the 
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Würz in [15], considering two-phase water-
vapor flow in adiabatic round tubes with inter-
nal diameters of 10 and 20 mm, with pressures 
ranging from 3 to 9 MPa and total flow rates of  
500 – 3000 kg/(m2⋅s).

We used the given model to calculate a to-
tal of 90 experimental points. Fig. 1 shows a 
comparison of the calculated dependences of 
the total pressure drop dp/dx on the relative 
flow rate Gvrel of vapor with the measured val-
ues. Gvrel is the ratio of the absolute flow rate 

of vapor the sum of flow rates of all three “liq-
uids”.

It can be seen from the given results that 
the calculated dependences practically coincide 
with the experimental ones from a qualitative 
standpoint: they have the same slopes, even for 
dependences with an alternating-sign derivative. 
Quantitative analysis of the data reveals slight 
discrepancies, which can be clearly observed by 
plotting the calculated total pressure drops ver-
sus the experimentally measured ones (Fig. 2). 

Tab l e

Coefficients of the transformation matrix Mn+1,s

Balance 
equation k∆α kT∆ ku∆ … P∆

mass A uρ A u
T
∂ρ

α
∂

Aαρ … A u
P
∂ρ

α
∂

momentum 2A uρ 2A u
T
∂ρ

α
∂ 2A uαρ … 2A u A

P
∂ρ

α + α
∂

energy A uHρ
A uE

T
e

A u
T

∂ρ
α +

∂
∂

+ αρ
∂

2( )A H uαρ + … 1
e

A u E
P P
∂ρ ∂ α + ρ + ∂ ∂ 

...
...

...
...

...
phases 1 0 0 … 0

Fig������������������������������������������������������������������������������������������������������. 1. Experimental (symbols) and calculated (lines) dependences of the total pressure drop in the chan-
nel versus the relative vapor flow rate for internal channel diameters D = 10 mm (a) and 20 mm (b), with 

different total flow rates, kg/(m2∙s): 500 (1), 750 (2), 1000 (3), 2000 (4), 3000 (5). 
Pressure P = 7 Mpa

b)а)
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three-fluid model. Optimizing the closing rela-
tions was not among the goals of this study. 
However, we can confirm that taking into ac-
count additional factors, such as tube rough-
ness (which complicates the expression for the 
coefficient of friction between the film and the 
channel wall), makes it possible to bring the 
calculated results to closer agreement with the 
experimentally measured values. Fig. 3. shows 
the results obtained by adjusting the calculated 
results in this manner. For simplicity, the tube 
roughness is taken into account in the coef-
ficient of friction as a variation of the mul-
tiplier, and the calculations were carried out 
only for one series of experiments (pressure of 
3 MPa, total flow rate of 1000 kg/(m2∙s), inter-
nal channel diameter of 10 mm). The data in 
Fig. 3 clearly demonstrate that the calculated 
total pressure drops can be better fitted to the 
experimentally measured values by increasing 
the roughness coefficient.

Conclusion

We have developed a numerical procedure 
for solving the stationary problem of two-
phase water-vapor flow in a one-dimensional 
approximation with an annular dispersed- 
flow regime using a three-fluid formulation. 
The integrated system of equations includes 
the heat transfer between the phases and 
the channel wall, the friction between the 
phases and the channel wall, entrainment and 
deposition on the surface of the liquid film, 
as well as interaction of the gravity field for 
channels with constant and variable cross-
sections. 

We have carried out initial testing of the 
developed computational model by comparing 
the simulation results with the experimental 
data reported by Würz [15]. The comparison 
confirmed that the three-fluid model considered 
in our study provides an adequate description of 
the given series of experiments with vapor-fluid 
flow and qualitatively speaking, the obtained 
dependences fully agree with the experimental 
ones. There are quantitative discrepancies but 
they do not exceed 20%. However, we have 
established that these discrepancies can be 
reduced by adjusting the closing relations.

Fig. 2. Relationship between the calculated total 
pressure drop in the channel and the measured 
values for all experimental data used from [15]

Fig. 3. Dependences similar to those shown  
in Fig. 1, which were obtained for different 

roughness coefficients: 1.00 (1), 1.20 (2), 1.50 (3), 
1.85 (4); P = 3 MPa, D = 10 mm

A possible explanation for these discrepancies 
is that the chosen formulation of the closing 
relations was not optimal. It is these relations 
that describe the physics of the processes and, 
therefore, determine the calculated result in the 
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