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Abstract-A new method is presented for the analysis of hydrodynamics and heat transfer of two-phase
annular flows with turbulent liquid films. Based on the experimental observation, the liquid film in two-phase
annular flow is divided into a continuous layer adjacent to the channel surface and into a wavy layer close to the
liquid-gas interface. In the continuous liquid layer region of the film, itis argued that the turbulence structure is
similar to the structure of single phase turbulent pipe flow, and in the wavy layer region of the film, it isassumed
that the eddy diffusion length is proportional to the thickness of this region. Experimental data in upflow and
downflow confirmed the validity ofthe basic assumption of the turbulent structure in the film, and revealed the
value for the wavy layer momentum dilfusivity. This diJfusivity is found to have a lower value than in the single
phase pipe flow at the equivalent distances from the channel wall. The two-layer liquid film structure is
integrated into an analysis for the prediction of hydrodynamics and heat transfer in annular two-phase flows.
Analytic results are compared to the results of other analytical models and to the experimental data in up
flow, downflow and horizontal flow. In all cases considered, very good comparison is achieved in both

hydrodynamics and heat transfer.

Greek symbols
IXc' gas core void fraction, AJ(Ag +Ad);
p, interfacial shear stress parameter, defined

by equation (23);

Subscripts
c, pertains to the core;
d, pertains to liquid droplets in the core;
eff, effective;
g, pertains to the gas phase;
i, liquid film-gas core interface;
1, pertains to the liquid phase;
sat, saturation value;
w, wall.

film thickness; Plbu*!JII;
wave crests thickness; P/}eU*/JII;
continuous liquid layer thickness;
pAu*/PI;
viscous sublayer thickness; Plbyu*/PI;
turbulent diffusivities for momentum and
heat;
viscosity; p/p;
density;
shear stress.

15;15+,
be; 15;,
b.; b.+,

P; v,
P,
r,

I. 11\7RODUCTlON

TWO-PHASE annular flow patterns occur in many
process and power generating systems. The liquid flows
adjacent to the channel wall, and the gas or vapor flows
in the channel core with entrained liquid droplets. At
low gas and liquid velocities the gas-liquid interface is
smooth and stable. At increasing gas velocities the
interface becomes covered with 2- and 3-dim. waves
and large amplitude roll waves [I]. Very high gas
velocities produce breakdown of these waves and the
entrainment of liquid droplets in the gas core. The
topological structure of the waves is very similar in
horizontal and vertical flow orientations [2].

NOl\lENCLATURE

flow cross-sectional area;
buoyancy number, 1-pJPI;
specific heat at constant pressure;
tube internal diameter; PIDu*/ PI;
friction factor;
gravitational constant;
heat transfer coefficient;
enthalpy of evaporation;
thermal conductivity;
two-phase Grashof number,
(gD3PI(PI-Pg)fpW/ 2

;

Nusselt number, M/k l ;

Prandtl number, pCp/k;
effective Prandtl number for the wavy
layer region of the film, Pefrlp.eeff;
turbulent Prandtl number for the
continuous layer region of the liquid film,
emleh;
heat flux;
gas core Reynolds number, uePeD/pg;
film Reynolds number, 4W+;
subcooling number, cptr.at - Tw)/hlg ;

temperature; CPIP1u*(Tw- T)/qw;
axial film velocity; superficial gas velocity,
AeuJA;
shear velocity, (Irw l/pJ1/2;
dimensionless film velocity, u/u* ;
dimensionless film flow-rate,
sr u+ dy" = ReJ4;
distance from the channel wall; P.U*y/JII'

q,
s»;
Rei'
St>
T; T+,
u;u"

A,
Bo,
Cp,
D;D+,
f,
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FIG. I. Representation of continuous layer thickness <'i
"

wavy
layer thickness (<'ie-<'iJ, and film thickness <'i in two-phase

annular flow.

1.1. Previous work
The presence of waves on the interface ofJiquid film

and gas core in two-phase annular flow produces a
different turbulence structure in the film from that in
single phase pipe flow and external boundary layer
flow. Air-water experiments of Chien and Ibele [3],
Veda and Tanaka [4], and Veda and Nose [5] indicate
that the liquid film can be divided into two layers: the
continuous liquid layer of thickness 15" and into a
disturbed wavy layer of thickness (15< - c5J, as isshown in
Fig. I. The continuous layer is a region close to the wall
of the channel which is for most of the time covered by
the liqu id. 15<is the thickness of wave crests, and 15 is the
liqu id film thickness.

In the past the analytic modeling ofturbulence in the
liquid film has been carried out as in single phase flow.
Thus, Dukler [6] for downflow, and Hewitt [7] for
upflow, utilized Deissler's eddy diffusivity for y+ ~ 20,
and Von Karman's eddy diffusivity for y+ > 20 to find
the turbulent velocity distribution in the film. Davis et
al. [8] utilized the above eddy diffusivities to study
hydrodynamics and heat transfer in the horizontal
stratified flow, and Goss et al. [9] modified the Von
Karman constant in the Van Driest model for the eddy
diffusivity to account for the liquid-gas interface shear
stress. Yet another turbulence model by Butterworth
[to] utilizes the universal velocity profile of single
phase flow to describe the heat and momentum trans-
port in the liquid film. .

In contrast to the above turbulence models which
allow for an increase of effective momentum and heat
transport from the wall of the channel towards the edge
of the liqu id film, Blangetti and Schlunder [11] allow
for the decrease of eddy diffusivity near the liquid film
gas core interface .This diffusivity model , first proposed

1.2. Objecti ves ofthe paper
The paper has the following objectives:

(1) To propose a novel turbulence model for the
liquid film. In the continuous layer region of the liquid
film, the turbulence structure isassumed to be similar to
the single phase turbulent flow, and, in the wavy layer
region of the film, the effective momentum and heat
diffusivities are assumed to depend on the thickness of
the wavy layer.

(2) To show how the wavy layer effective diffusivity
can be ascertained from the experimental data.

(3) To incorporate the two-layer film structure into
hydrodynamic and heat transfer models for the two
phase annular flow.

(4) To compare the predictions of the models with
predictions of existing models and with the experi
mental data in upflow, downflow, and horizontal flow.

(5) To illustrate that the present theory predicts the
experiments very well for a wide range of flow
conditions in turbulent film flow.

by Levich [12] , is found reasonable for the description
of gas absorption into the falling turbulent liquid films
[13] in the absence of surface waves.

TheeddydiffusivitymodelsofDeissler, Von Karman
and Van Driest yield hydrodynamic and heat transfer
results that are similar to the results when the universal
velocity profile is utilized [4, 5, 14]. Comparison of
these theoretical models with the experimental data in
turbulent film flow indicates that for identical values of
the film Reynolds numbers and interfacial shear stress
parameters p, the theories give thicker films and
overpredict the heat transfer rate through the liquid
film. The overprediction of the heat transfer rate is
credited to the low value of the eddy diffusivity near the
liquid film-gas core interface which is not accounted for
in these models. When account is taken of the decrease
in the eddy diffusivity near the interface [I 1] by utiliz
ing the model of Levich, the heat transfer rate is
underpredicted. This is of no surprise since the eddy
diffusivity model of Levich does not account for the
presence of waves on the interface of the liquid film.

The above conclusions suggest the inadequacy of
the available eddy diffusivity models for modeling
turbulence in the liquid film of two -phase flows, and
clearly indicate that the turbulence structure of the film
is different from the single phase pipe flow and the
external boundary layer flow. Any improvement in the
theory can, therefore, be achieved only if such a
difference is recognized.

2. ANALYSIS

2.1. Turbulence mode/for the liquid film
A state of the liquid film is illustrated in Fig. I. It

consists ofa continuous liquid layer region of thickness
15" and a wavy layer region of thickness (15< - 15,). For the
turbulent momentum and heat diffusion in the film, it
is assumed that they are caused by the gradients of
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Hydrodynamic and heat transfer analysis of two-phase annular flow 1161

the mean velocity and temperature fields and by the
characteristic length scales of different regions in the
film. This assumption is plausible in view of the forced
convective nature of the flow field.

In the continuous layer region of the liquid film, the
turbulent momentum diffusion is governed by the
conditions near the channel wall. In this region, the
effective momentum diffusivity should have a similar
structure as in single phase pipe flow, i.e.

(I)

In the wavy layer region of the film, the turbulent
diffusion distance (or eddy size)should be proportional
to the thickness of the wavy layer (15c -15,) rather than to
the distance from the channel wall-at least in a first
order approximation. Other relevant parameters
which can affect the effective diffusivity in the wavy
layer region are the wall shear stress, some suitable
measure of deviation of the interfacial shear stress from
the wall shear stress, surface tension which can affect the
damping of eddies near the interface, and the gravita
tional body force. In the present paper, I have invoked
the simplest representation for the wavy layer region
turbulence structure as follows:

turbulent flow,

(8)

1
l/+ = K In y+ +A, for y+ > 15: (9)

where S," = PI15.u*/Pbandu+ = uju" is the dimension
less film velocity. The accurate knowledge of the
viscous sublayer thickness 15: and of the constants A
and K must await future experimental measurement of
the velocity profile in the film. At the present time, the
most reasonable representation of the velocity profile
in equations (8) and (9) is that of the single phase flow
universal profile, i.e.

15t ~ 5; u" = y+, for y+ ~ 15t == Pt(j,U*/JlI' (10)

5 < 15t ~ 30; l/+ = r". for y+ ~ 5,

l/+=-3.05+5lny+, for5<y+~15t, (ll)

for y+ ~ 5,

l/+ = -3.05+5 In Y+, for 5 < y+ ~ 30,

u+ = 5.5+2.5 In y+, for 30< y+ ~ 15t.

(12)

(7)

(13)

where !j is the shear stress at the liquid-gas interface.
Substituting for! from equation (7) into equation (13),
and integrating from y+ = 15,+ to y+ > 15t, yields the
wavy layer turbulent velocity distribution

2.3. Velocity profile in the wavy layer region ofthe film
In the wavy layer region of the liquid film, the

effective momentum diffusivity is expressed by equa
tion (4).The distribution of shear stress in this region
is most simply obtained for thin liquid films by ignor
ing the inertia forces (but not gravity and pressure
gradient forces) in the turbulent momentum equation
for the film, i.e.

where l/+(15,+) is computed from equations (IOHI2).
The dimensionless mass flow-rate lV+ follows from

equations (lOHI2) and (14), i.e.

(4)

(3)

(PeCCkl = JlecrtPb PI' I'wl, 15c -15,). (2)

Dimensional analysis of equations (I) and (2) yields,
respectively,

where y+ = Pil/*y/PI is the nondimensional distance
from the channel wall, and l/* = (I'wl/PI)1/2 is the shear
velocity.

In the continuous layer region of the film, the
functional relationship in equation (3) can be that of
Deissler, Van Driest, Prandtl, and others. Here the
Prandtl relationship is used, i.e.

(PeCr/PI)c = 1 in the viscous sublayer, and (5)

(PeCr/pUc = Ky+ in the turbulent layer. (6)

all
r = PefC ay

where u is the average axial velocity. Since the
continuous layer thickness rapidly decreases with
increasing gas velocity or interfacial shear stress (see
below), it is permissible to set! = !win equation (7)and
integrate by utilizing equations (5) and (6). This
procedure gives the usual relations of single phase

2.2. Velocity profile ill the continuous layer region ofthe
film

The velocity profile in the continuous layer region of
the film follows from the usual relation for thin liquid
films,
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2.4. Evaluation of the wavy layer momentum dijJusivity
Equation (15)allows us to test the validity ofthe wavy

layer turbulence structure as expressed by equation (2),
since from the experimental information of JV+, 0+, ot,
0: and r:jr:w , equation (15)can be solved for (Perr/pJwl'
The available experimental studies in the literature are
very fewindeed which allow the extraction ofthe above
information on the distribution of (Perr/pJwl' These are
the air-water (adiabatic) downflow experiments of
Chien and Ibe1e [3] in a 0.0508 m diameter tube, and
air-water (adiabatic and non-adiabatic) downflow and
upflow experiments of Veda et al. [4,5] in a 0.0288 m
diameter tube.

In the experimental studies of refs. [3-5], the
continuous liquid layer thickness 0t has a remarkably

(19)

Rei is the film Reynolds number, and

1I+(0,+) = ot,

JV+(O'+) = !(o,+)z,

5 < Ot+ ~ 30;

1I+(0,+) = -3.05+5 In ot,

JV+(o,+) = 50t In ot -8.050t +12.51,

ot > 30;

1I+(0,+) = 5.5+2.5 In ot,

JV+(o,+) = 2.50,+ In (it +30t -64.

10-4

at -.433
-N101"

(16)

(17)

(18)

simple expression in the sense that 0tprimarily depends
on the gas core Reynolds number and on the tube dia
meter. Figure 2 illustrates the experimental observa
tions where different tube diameter data of refs. [3-5]
have been scaled by the parameter N I' This para
meter represents the ratio of gravity to viscous forces
and appears more visibly in the analysis below. Al
though slight differences exist in the distribution of 0t in
upflow, downflow, and between different investigators
in downflow, I have chosen to represent all sets of data
in Fig. 2 by an average representation for the
continuous liquid layer thickness as follows:

~ = 140No.433Re-1.35
D+ I c

where N, = (gD3Pl(PI - P&)fpr )I/Z, Re; = uePeD/Jlg, Ueis
the superficial velocity ofgas and Peis the homogeneous
density of the core. This representation is valid for
1.5 x 104 < Re; < 1.5 x 105 in up flow, downflow,
and apparently for different tube diameters. The
experiments of Chien and Ibele [3] showweakerdepen
dence of 0ton the gas Reynolds number than the experi
ments of Veda et al. [4,5], and the latter experiments
in downflow show that below Ree ~ 1.5 x 104,o,levels
off to a constant value. These observations should be
more clearly substantiated in future experiments
and integrated into a more complete model for the
continuous liquid layer thickness distribution.

The experimental data in Fig. 2 clearly illustrate that
the liquid-gas interface friction has the effectof greatly
influencing the thickness of continuous liquid layer 0t,

AIR-WATER DATA

UEoA AND NOSE{/974J, ,II MPa
UPFLOW, N,=15.000 10=.0288mJ
380 'Rei I>7,600

UEoA AND TANAKAII974J,.IIMPa
oOWNFLOW,N,=15,000 IDo.0288mJ
750 (Rei ( 13,500

CHIEN AND IBELE (1964),.I2M
oOWNFLOW, N =36,00010=.0508
800' Rei' 13,400

FIG.2. Continuous liquid layer thickness representation.
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and that i5, can be regarded as a form of the boundary
layer thickness for the liquid film. In this sense, the
representation (19) is similar to the boundary layer
thickness representation in single phase external flows.
Equation, (19) shows that at low values of the liquid-gas
interface shear stress (low Reo)' i5, exceeds the film
thickness i5. In such a case, the liquid film acquires a
falling film turbulence structure in which the velocity
profile is fully determined by the universal velocity
profile. The experimental data [4] for falling liquid
films appear to confirm the general validity of this
profile.

The wavy layer thickness (i5o-i5J was measured by
Veda and Tanaka [4] in downflow, and by Veda and
Nose [5] in upflow. This thickness depends on the gas
as wellas on the liquid film Reynolds numbers. (oo-oJ
increases with the gas velocity and with the film
Reynolds number as the wave structure changes from
smooth- to 3-dim. to roll wave pattern. It becomes a
maximum at the point of breakdown of roll waves and
at the onset of the annular-mist flow. Beyond the
annular-annular-mist flow transition point, the wavy
layer thickness decreases. At low gas velocities the
height of the wave crests is considerably higher in
upflow than in downflow. .

From the above discussion, it is clear that the thick
nessof the wavy layer is a complex function of the topo
logical structure of the flow field, and the wavy layer
effectivemomentum diffusivity representation in equa
tion (4) does not appear to be simple. To by-pass this
difficulty, it is evident from Fig. 1 that it is reason
able to postulate that (oo-i5J = O(i5-i5,), and thus
seek a relation for the wavy layer effective momen
tum diffusivity in the following form:

(jlerrlJ11)wl =f3(i5+ -i5n. (20)

Figure 3 illustrates the relationship (20) where
(jlerr/JlIL.1 was computed from equation (15) and i5,+
from equation (19) by utilizing the experimental data of
Chien and Ibele [3], and Veda et al.[4, 5] for W+, i5+,
tJrw, Reo, N1 and D+. The data in the figure are
reasonably well represented by the following equation:

(jlerrlJlJwl = 1+Ct(o+ -i5tl" (21)

where C t = 1.6 x 10- 3 and II = 1.8. Equation (21) is
valid for a wide range of film and gas Reynolds
numbers, different tube diameters, and for upflow and
downflow flow configurations.

The scatter of data points in Fig. 3 reflects the
uncertainty of the experimental data and the postulate
of the validity of the universal velocity profile in the
continuous layer region of the liquid film as well as the
neglect of the second order effectsin the representation
for the effective diffusivity in equation (20).This data
scatter is not very significant. At low values of(i5+- on,
equation (21) is probably not accurate sin:e, as
previously noted, the experimental data are lacking for
the exact distribution of i5t. In Fig. 2, this region
corresponds to Reo < 1.5 x 104

• The incomplete
representation of 0,+ at low values of Reo should lead to
the overprediction in heat transfer rate through the
liquid film due to the underestimation ofthe wavy layer
thermal resistance. That is, at low Reo the theory
overpredicts ot due to the lack of experimental data on
the distribution of ot. This in turn underpredicts the
wavy layer thickness and overpredicts the turbulence
intensity in the film, and thusoverpredicts the heat
transfer rate.

Equations (15),(19)and (21)allow a solution for the
film thickness distribution as a function of the film
Reynolds number if the expressions for Reo, rJrw and

30,------------------------1

20

(JLeft )
JLI wi

10

o

AIR-WATER DATA
.11 MPa, 20 c- 50 C

CHIEN AND IBELE (1964)
• DOWNFLOW, NI =36,000 (D=.0508m)

800 (Rei" 13,400; 2x104( Ree <; 2xl05

UEDA AND TANAKA (/974)
o DOWNFLOW,NI;15.000 (~=.0288m)5

750<; Rei " 13,500; 2xl0 (Ree" 10

UEDA AND NOSE (1974)
'" UPFLOW, N, ;15,000 (g=.0288m)

380"Re, c 7,600; 2xl0 <;Ree"r05

100
+ +

8 - 8t

FIG. 3. Wavy layer effective diffusivity,

200
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(22)

(28)

(27)
aT

q = -(k.+pPPII:J-,
ay

and from the definition of the non-dimensional film
temperature

2.6. Heat transfer
In order to compare the results ofthe present analysis

with the experimental data of heat transfer, I have
developed asimplemodel in which the axial conduction
and convection in the liquid film are neglected.

From the expression for the heat flux in the liquid film

y+ <:;; b,+ <:;; 5, e.Jv, = 0, (30)

5 < y+ ~ bt ~ 30, E:mlvl = r"/5-1, (31)

30 < y+ ~ bt, I:mlv. = y+ /2.5-1, (32)

the heat flux expression becomes

er: ( 1 1 I:m) et: (Jleff) 1 q 1
ay+ Pr. + Pr

lt
~ = ay+ -;: Preff = qw= .

(29)

The void fraction Ct.c can be expressed in terms of the
liquid entrainment in the core [16] which in turn can be
expressed in terms of the interfacial shearstress and film
thickness [18]. For the present purpose, however, I will
treat Ct.c as an independent variable to simplify the
theory. (It is shown below in the discussion for vertical
up flow that the value of OCc i' 1 is in better accord with
the experiment than a value of Ct. c = 1.)

Equations (15), (19), (21), (24), and (26) allow us to
express W+ = W+(b+, P, IIJJlI' N!, Bo, Ct.J Figure 4
illustrates some typical solutions for (1) air-water
downflow at near atmospheric pressure, (2) no
entrainment ofliquid droplets in the gas core, and (3)for
different values of the interfacial shear parameter Pand
two-phase Grashofnumber N i- Shown also in the same
figure are the solutions utilizing the universal velocity
profile throughout the liquid film and by Dukler [6].
For P> 10 these two solutions areidentical.

Comparing the present analysis results with the
universal velocity profile or Dukler in Fig. 4, the present
analysis gives thinner liquid films, and the slope of the
film thickness-Reynolds number relationship shows a
steeper behavior at high filmmass flow-rates. The effect
of the tenfold increase in N. is not very significant and
tends to give thicker films at high Rer- At low Rei all
solutions in Fig. 4 converge to the laminar values and
no dependence on N I is noticeable.

PrJ = JI.CpJkl is the molecular Prandtl number,
Prlt = «J« is the turbulent Prandtl number,
Prefl = Jlefr!Ptf'efl is the effective PrandtI number, and
I:m and I:h are turbulent momentum and heat diffus
ivities, respectively.

For

(24)
(Nr )2/3

D+ 3

f l ( I - a ) 1
1/2i8/7

2P(I-Bo) Ct.c + -
1

_ c

II. 2/3 -Bo
Re, = -N. b+1/1g

0.079 (1 +300 D+) Bo
l

/
3

(26)

Equation (24) is similar to the formulations of Dukler
[6] and Hewitt [7] if it is assumed that Ct.c = 1,
srur « 1 and Bo ss 1.

The Reynolds number, Re.; can be related to the
interfacial shear stress parameter P, core void fraction
Ct.c' buoyancy number Bo, two-phase Grashof number
N., and to the ratio of liquid and gas viscosities. This
relationship follows from the well-known expression
for the interfacial friction factor in annular flow [18], i.e.

D+ are known. These expressions are not all
independent and their relationship is discussed below.

Using equation (23), and the definitions of Re;
= IIcPcDIJIg and p; = PgOCc +PI(l-ac), the above
equation becomes

2.5. Hydrodynamics
Neglecting (1) the liquid film and gas core inertia

effects, (2) mass transfer through the liquid film-gas
core interface, and (3) assuming that the gas core
contains liquid droplets in a homogeneous flow, it is
possible to eliminate the pressure gradient between the
momentum equation for the two-phase mixture and a
momentum equation for the liquid film to obtain [16]

Ct.c = AJ(A g+Ad) is the core void fraction, A g is the area
of the core which is occupied by the gas, Ad is the area
of the core which is occupied by liquid droplets,
D+ = PIDu*/JII> and N I is the two-phase Grashof
number defined above. The symbol @ in equation (22)
is equal to + for downflow, - for upflow, and is equal
to zero for horizontal flow.If the interfacial shear stress
parameter p(defined first by Dukler [6] and equal to 1:f
in refs. [4, 5, 11] is defined by the relation

I I 1: (D+
3)2/3P== 1:, = --2.. -- Bo l /3 (23)

[g2(PI_Pg)/ltJI
/3 1:w Nr

where Bo = 1-pJPI is the buoyancy number, then
equation (22) is reduced to
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DOWNFLOW

PRESENT ANALYSIS
oc= 1,80=.999, fL1 /fLg=53
N,=15,000
N,=100,000

UNIVERSAL VELOCITY PROFILE
lOR DUKLER FOR ,8"10)

LAMINAR INUSSELT)

Rel=S-IS"13+ 2,8IS*)2

./-."L-~- ,8 =100

FIG.4. Liquid film thickness distribution in downflow.
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s; < y+ ~ 0+,

(PeCC/IlI)wl = 1+ 1.6 x 10-'3(0+-0t)1.8. (33)

Substitu.ting equations (30)--(33) into equation (29),the
temperature distribution in the film was obtained, and
the Nusselt number was computed from the foIlowing:

NlI = qwo = Prto+ (34)
6 (Tw-7)k. T+'

The above heat transfer formulation utilizes mol
ecular and turbulent Prandtl numbers in the con
tinuous region of the liquid film, and an effective
Prandtl number in the wavy layer region of the film.It is
not clear to me that the wavy layer region effective
diffusivity should be divided into molecular and tur
bulent liquid parts, since this diffusivity represents the
states of both liquid and gas phases. Equation (33)
should be viewed as an expression for the two-phase
diffusivity. Using an effective Prandtl number to
represent the transport of heat in this region appears to
be reasonable.

Figure 5 compares the heat transfer results from the
present analysis with the results of the universal velocity
profile fordownflow with T+ in equation(34)evaluated
at 0 +•Atlow Rei. the two analyses giveidentical results,
but at Rei from 103 to 104, the present analysis gives
lower heat transfer coefficients by up to 50%. Above
Rei = 2 x 104 and for very high fl, the validity of the
present results is uncertain due to the lack of experi
mental data to confirm the validity of equation (19).
Higher values of N, tend to give higher heat trans
fer coefficients which is reasonable, since high N. also
implies larger tube diameters and thus a larger area for
the heat transfer.

Comparing the heat transfer results of the present
analysis in upflow with the predictions of the universal
velocity profile and the analysis of Hewitt [7], also
shows lower heat transfer coefficients.The steam-water
upflow experimental data of Collier et al. [19] in an
annulus show that the analysis of Hewitt [7] over
predicts the experimental heat transfer coefficients by
up to 50%, and hence confirm the correct trend of the
present theory.

A possible reason why the analyses ofDukler, Hewitt
and the universal velocity profile overpredict the heat
transfer rate is that they overestimate the turbulence
intensity of the film in the wavy layer region. For
example, at typical values of ot = 15 and y+ = 100,
equation (32)gives JlecclIII = 40,and equation (33)gives
Jlerr/JIJ = 6. The low values of the wavy layer effective
diffusivity for momentum clearly show that the
turbulence of waves is not very effective for momentum
and heat transport as it has been often assumed in the
past.

3. DISCUSSION

In order to assess the range of validity. of the
proposed theoretical model, it is necessary to test the
model against the experimental data in different flow
configurations. This is presented below, whereas the
design curves will be presented elsewhere.

3.1. Vertical downflow
The distribution of liquid film thickness vs the film

Reynolds number is compared in Fig. 6 with the
experimental data ofChien and Ibele [3], and Ueda and
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10,.--------------------------------,

DOWNFLOW

PRESENT ANALYSIS; ac=I, 60=.999, fLJ/fLg=53,
Prl =1, Pru=Prett=.8
N, =15,000
NI =100,000

UNIVERSAL VELOCITY PROFILE (OR DUKLER(1960) FOR (3)10)

{3= 500
~ =----- __ -._- LAMINAR (NUSSELT), Nu<>=1
~ ---____ 0

~_ ~~-~.5'oo -----_
...., .-----.::: - ----~, --~~, ~~ ~-. , =--- '~<oo - - - - _---=-::-:::
<, .................. --- _----- ~t:=--===-------
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FIG. 5. Heat transfer distribution in the liquid film in downllow.

Tanaka [4]. The present analysis reproduces the
experimental data very well, and at high film Reynolds
numbers the data exhibit slightly larger slopes than the
analytic results.

Heat transfer results with Pr.; = 0.8 and Prerf = 0.5
are compared with the experimental data in Fig. 7
where the Nusselt number was computed by utilizing

the film bulk temperature,

T: = (J:+ tr«: dy " )!w+,
in equation (34). Changing Pr.ff to 0.8 gives slightly
lower heattransfer coefiicients,and with Pr l l = Prerf = 1
the theory underpredicts the heat transfer rate in the

60.---------------------------------,

AIR WATER DATA; ./2 MPa

DOWNFLOW

PRESENT ANALYSIS
ac =I, 60=.999, fLl /fLg= 53

N,=J5,OOO
NI =36,000

10

CHIEN a IBELE (1964)
0= .0508m(Nj=36,OOOl

(3 = 10 0
40 l>

100 0

UEDAa TANAKA (l974)
D=.0288m(NI=15,000)

{3=O •
10 •

30 A
80 •

Rei

I'-::: '-- .L-_-'-_'----"-::;--___'_ -'-_~_ _'____'__=_-----'--~

102

FIG. 6. Film thickness in downllow and comparison with the experimental data.
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FIG. 7. Heal tran sfer in upflow and downflow, and comparison with the experimental data.

turbulent film flow regime by 10%. For ReI> 3000,
the agreement between the present analysis and the
experiment is very good, and there is about 10%
difference in prediction utilizing the universal velocity
profile. For ReI < 3000 the experimental data fall
below the theoretical results, and the disagreement is
worse at lower fl.The causes for this disagreement are
the neglect of con vection energy transport in the film
and the underestimate of the wavy layer thermal
resistance. The latter is probably more important and
clearly points to the need for improvement of the
continuous liquid layer thickness representation fI,+ in
equation (19) at low Rec'

3.2. Vertical upfiow
The hydrodynamic results for upflow are compared

with the experimental data for air and water in Fig. 8.
The present analysis reproduces the experiment better
than the analysis of Hewitt [7] and the anal ysis using
the universal velocity profile.The present analysi s fails,
however, to reproduce the experiment close to the locus
of zero value of the wall shear stress . This is of no
surprise, since the fundamental hypothesis in the paper
on the structure of turbulence in the liquid film is
violated in the neighborhood of!w = O. At high values
of the interfacial shear parameter fJ in Fig. 8, the
experimental data show a shift towards the left of the
analytic curves. Within the scope of the present theory it
is possible to explain this shift by the effect of droplet
entrainment in the gas core. A value of O:c = 0.999
(which amounts to 0.1% of the gas core area being
occupied by liquid droplets) is sufficient to bring into
agreement the analysis and the experiment as shown in

Fig. 8. Higher droplet entrainment in upflow than in
down flow was experimentally confirmed by Ueda and
Nose [5] among others.

Heat transfer results and data for the air-water
upflow are illustrated in Fig. 7.Although the agreement
is good between the present analysis and the
experimental data at higher values of the interfacial
shear parameter Pand film Reynolds numbers, this
agreem ent is not as satisfactory at low pand for ReIless
than 2000.The inclusion ofliquid filmconvection effect
into the heat transfer model should improve the
analytic pred iction. The results from the present
analysis agree better with the experimental data than
do the results from the analyses of Hewitt and the uni
versal profile.

3.3. Horizontal flow
The basic turbulence model for the liquid film is

tested in Figs. 9 and 10 against the experim ental data
[8] for a ir and water in horizontal stratified flow. lV+
and NUJ from the theory were computed from
equations (IS), (19), (21), and (34) by utilizing the
experimental values for ()+, !J!w , Rec and bycornputing
D + on the basis of the rectangular channel hydr aulic
diameter. NUJ in Fig. 10 is based on the film bulk
temperature.

At high film Reynolds numbers in Fig. 9, the present
theory overpredicts the experimental film mass flow
rate by 10%.and at lower ReIthe theory is in a very good
accord with the experimental data. These facts
dramatically illustrate the similarity of the liquid film
structure in different flow orientations.

The heat transfer results from the theory shown in
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FIG. 8. Film th ickness in upflow and comparison with the experimental data.

Fig.lOwerecompuled using Pr., = 0.8 andPrdc = 0.5,
and the difference in results is very small if it is chosen
that Pr.cc = 0.8. In the roll waves flow regime, the
predicted Nusselt numbers are on the average slightly
higher than for the 3-dim. flow regime. Although this

difference is small, it nevertheless illustrates the need to
further improve the turbulence structure in the wavy
layer region of the film. In the smooth interface flow
regime or for Rei < 2000, the present analysis
overestimates the heat transfer. This is primarily due to

AIR-WATER DATA

DAVIS ET AL.(1978); . 11 MPa. ~40 C

o ROLL WAVES
r,. 3 D WAVES
v 2 D WAVES
o

wiheory

ANALYSIS ASSUMES:

P,\ =6, Prn= ·8 , Preff= .5
NI=76,OOO 8
EXP. VALUES OF
8"'; T"j/T"w ' Rec

150
W+

exp.

FIG. 9. Comparison between the pred icted and experimental values of liqu id flow-rates in a horizontal
stratified flow.
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FIG. 10. Comparison between the predicted and experimental values of Nusselt numbers in a horizontal
stratified flow.

the underestimation of the wavy layer thermal
resistance.

The horizontal annular flow usually involves large
variations in the average film thickness around the
periphery of the tube as shown by Cheremisinoff and
Davis [20]. In this case, the present analysis should be
applied locally at each peripheral position of the tube,
and the total flow and heat transfer can then be
calculated by integration around the tube.

3.4. Condensingflow in a vertical tube
The low subcooling number experimental data of

Ueda et al. [15J are illustrated in Fig. 11 together with
the prediction utilizing the present analysis and
analysis with the universal velocity profile. The
agreement of film thickness vs film Reynolds number
distribution between the present analysis and the
experiment is excellent. Heat transfer results in Fig. 11
from the present analysis reproduce the experimental
data for ReI> 2000 very welland up to 50% better than
the analysis of the universal velocity profile. For Rei <
2000, the agreement between theory and experiment
is less satisfactory, and at Rei = 1000 the disagree
ment is 50% at low fJ. At high fJ the theory only
slightly overpredicts the experimental heat transfer
coefficients.

His apparent that future efforts to improve the theory
must direct their attention to the transition zone from
ReI = 500 to ReI = 2000 where the present theory
underestimates the wavy layer thermal resistance. At
the present time, a reasonable design procedure might
be to locate the points of minimum on the present
analysis heat transfer curves in Fig. 11 and draw
horizontal lines to the laminar solution curves. The

experimental data appear to follow this path reason
ably well.

4. SUMMARY AND CO"CLUSIO"S

The division ofliquid film in the two-phase annular
flow into continuous and wavy layer regions is a basic
experimental fact. In the paper, the two-Iayer liquid film
structure wasconsidered by assuming the validity ofthe
single phase turbulence structure in the continuous
layer and by modifying the single phase structure of
turbulence in the wavy layer region of the film.
Experimental data confirmed the validity of this basic
assumption and revealed the values for the wavy layer
momentum diffusivity.

The two-layer liquid film model was incorporated
into an analysis for the prediction of hydrodynamics
and heat transfer in annular flow, and extensive
comparison of the theory with the experimental data
was made in upflow, downflow, and horizontal two
phase annular flows. The theoretical model gives
substantial improvement in hydrodynamics and heat
transfer over existing theories and is simpler to use.
Comparison of the analysis with the experimental data
at high Prandtl numbers shows that in the continuous
layer region of the liquid film the turbulent Prandtl
number has a value between 0.8 and I, and in the wavy
layer region of the film the effectivePrandtl number has
a value close to 0.5. The low value of Prerr in the wavy
layer region implies that the heat transport process is
not very effective to, or from, the continuous layer.
Stated differently, the waves transfer their heat energy
over distances whieh are larger than the thickness of the
wavy layer.
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FIG. 11. Comparison of analysis with the cond ensation of stream data.

Further work is required to determine the
continuous liquid layer thickness distribution at low
and very high gas and liquid film velocities, and to
isolate any secondary effects in the distribution of b. in
different flow orientations. For Rei < 2000, the heat
transfer analysis needs to include convective energy
transport in the liquid film in order to assess its
importance.
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ANALYSE HYDRODYNAMIQUE ET THERMIQUE D'UN ECOULHfENT ANNULAIRE
DIPHASIQUE AVEC UN NOUVEAU MODELE DE TURBULENCE DE FILM LIQUIDE

Resume -On presente une nouvelle methode d'analyse des ecoulernerus annulaires diphasiques avec films
Iiquides turbulents. A partir de l'observation experimentale.Ie film Iiquide est divise en une couche continue
adjacenteala surface du canal et en une autre couche agitee proche de l'interfacc liquide-gaz, Dans la region de
la couche continue de film, on suppose que la structure de la turbulence est semblable acelie d'un ecoulement
monophasique dans un tuyau, et dans l'autre couche du film, on suppose que la longueur de la diffusion
turbulente est proportionnelle a l'epaisscur de cette region. Des experiences d'ecoulernent ascendants et
descendants confirment la validite de l'hypothese sur la structure turbulente du film et donnent la valeur de la
diffusivite de la quantite de mouvement dans la couche agitee, Cettedlffusivite a une valeur plus basse que dans
l'ecoulement monophasique dans un tube ades distances equivalentes de la paroi du canal. La structure
bidimensionnelle du film liquide est integree dans I'analyse des ecoulcments annulaires diphasiques. Des
resultats analytiques sont compares a ceux d'autres modeles et a des donnees experirnentales pour des
ecoulements ascendant, descendant et horizontal. Dans tous les cas consideres, une tres bonne comparaison

est realisee aussi bien pour l'hydrodynamique que pour le transfer! therrnique,

BESCHREIBUNG DER HYDRODYNAMIK UND DES WARMETRANSPORTS BEl
ZWEIPHASIGER RINGSTROMUNG MIT HlLFE EINES NEUEN TURBULENTEN

FLOSSIGKEITSFILMMODELLS

Zusammcnfassung- Eine neue Methode zur Beschreibung der Hydrodynamik und des Wiirmetransports bei
zweiphasiger Ringstrornung mit turbulentem Fliissigkeitsfilm wird vorg estellt. Der Fliissigkeitsfilm der
zweiphasigen Ringstriimung wird, auf experimentellen Beobachtungen beruhend, ineine zusarn
menhiingende, an der Kanalwand haftende Schicht und in cine wellige Schicht an der Grenzfliiche
FliissigkeitfGas eingeteilt, Es wird angenomrnen, daf im Bereich der zusammenhiingenden Fhi ssig
keitsschicht des Films die turbulente Struktur gleich der einer turbulenten einphasigen Rohrstrornung ist. 1m
Bereich der welligen Schicht des Films wird angenommen, daf die Scheindiffusionsl iinge proportional zur
Dicke dieser Schicht ist. Messungen bei Aufwarts- und Abwartsstromung erharteten die Stichhaltigkeit der
grundlegenden Annahmen iiber die Turbulenzstruktur im Film und licfcrten den Wert des Irnpulsaustausch
Koeffizienten der welligen Schicht. Es zeigte sich, daB dieser Austausch-Koeffizient bei gleichem Abstand von
der Kanalwand einen kleineren Wert als bei einphasiger Rohrstriimung besitzt, Die Zweischichtenstruktur
des Fliissigkeitsfilms wurde in eine Berechnungsmethode der Striimungsvorgiinge und des Wiirmetransports
bei zweiphasiger Ringstromung eingebracht. Die analytischen Ergebnisse werden mit denen andercr
analytischer Modelle und den Meflergebnissen bei Aufwarts-, Ahwiirts- und horizontaler Striimung
verglichen, In allen untersuchten Fallen konnte eine sehr gute Ubereinstimmung. sowohl bei den

Stromungsvorgfingen als auch im Wiirmetransport festgestellt werden,
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