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Abstract—Employing a simple model for the wave effects on momentum, heat and mass transfer, a theory is

proposed for the calculation of heat transfer coefficient and flow characteristics of two-phase two-component

annular flow. Theoretical results agree reasonably well with the experimental data obtained for a wavy-
laminar thin liquid film heated at low heat flux.

(Received 12 May 1982)

NOMENCLATURE

mass transfer number;

non-dimensional mass transfer contribution

to heat transfer;

skin-friction coefficient ;

specific heat at constant pressure;
average number rate of waves;
friction factor;

mass flow rate per unit area;
gravitational acceleration;

latent heat of vaporization;

bulk mean enthalpy;

diffusion mass flux;

average wave height;

molecular weight ;

local vapour condensation rate;
evaporation rate per unit surface area;

total pressure or partial pressure when

suffixed ;

Prandtl number;

heat flux;

tube radius;

radial coordinate ;
Schmidt number ;
Stanton number;
temperature;

axial velocity ;

velocity scale of wave-induced motion;
specific volume;

axial coordinate;
universal radial distance.

Greek symbols

.

v

heat transfer coefficient;
non-dimensional parameter defined by
equation (20);

von Karman constant;

viscosity;

density ;

shear stress;

mass fraction of vapour.

Subscripts and superscripts

a’
£,

air or non-condensable gas;
gas phase;
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interface;

liquid phase;
reference condition;
turbulent;;

vapour phase;
wall;

at location x;

at location x = 0;
wave.
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1. INTRODUCTION

THE PRESENT study is concerned with heat transfer in a
two-phase two-component annular flow in a vertical
circular tube. In his recent review on the two-phase
two-component heat transfer [ 1], Michiyoshi pointed
out that the effects of a wavy interface structure on heat
transfer have not been clarified sufficiently. This article
proposes a theory for the calculation of heat transfer
and flow characteristics based on a simple model for the
wave effects. The numerical results obtained will be
compared with the experimental data obtained
previously [2]. The comparison covers the heat transfer
coefficient, the axial pressure gradient and the average
liquid film thickness.

Two-phase annular flow is characterized by a phase
interface separating the thin liquid film from the gas
flow in the core region. This phase sometimes carries
dispersed liquid droplets. The interface is often wavy in
nature. The waves appearing on the liquid surface exert
influence on the momentum, heat and mass transfer.
These wave effects are important in two-component
annular flow and in other types of two-phase flow
separated by a continuous interface. For this reason the
following discussion of previous works on this subject
will sometimes go beyond the specific problem
concerned in this paper.

For heat transfer in a two-phase two-component
annular flow, several experiments have been conducted
[3-7]. Apart from differences in tube position
(horizontal or vertical), a common feature of these
studies is that attention was paid to the case of thick
liquid film or the case when the liquid film Reynolds
number is higher than its critical value. Information
about the heat transfer for thin liquid films is scarce.
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Additionally, a study of a thin liquid film offers a better
chance to obtain basic knowledge of wave effects:
because turbulence is not expected to exist in the liquid
film, wave effects are not blurred by the effect of intrinsic
liquid-phase turbulence. For example in ref. [2],
conspicuous heat transfer augmentation has been
found to be caused by the onset of disturbance waves at
low liquid film Reynolds numbers. One of the purposes
of this paper is to explain this augmentation
theoretically.

Among previous theoretical approaches, Pletcher
and McManus [8] have presented a means for the
prediction of two-phase two-component annular flow
heat transfer. Their work is similar in some sense to
studies [9-12] for other types of two-phase heat
transfer. These works are again concerned with
turbulent liguid films. The wave effect has been taken
into account in these works only indirectly. Interface
shear stress or pressure drop under the wave effect has
been deduced separately, for example with an empirical
formula expressed in terms of the Lockhart—Martinelli
parameter. The present study presents a theory for the
prediction both of heat transfer coefficient and flow
characteristics. For this purpose a model must be
introduced to cxpress the wave effect directly.

In theoretical approaches to the liquid film flow and
related heat transfer, the wave effect is usually not
distinguished from the intrinsic turbulence. However,
in their paper on the film-wise condensation in a
vertical tube, Blangetti and Schliinder {12] tried to
separate the wave effect from the turbulence effect. A
similar attempt is made in the present study. The thin
liquid film discussed in this paper may correspond to
the wavy-laminar liquid film in their terminology. To
the present authors’ knowledge, the modelling of wave
effects in this sense has not been discussed thoroughly.
Brumfield er al. [ 13] introduced a model for wave effects
and had fair success in correlating gas absorption data
in falling liquid films. Since the gas phase resistance s
not important in this particular problem their model
does not provide any information about the wave effect
on gas phase transport phenomena. Gas phase
resistance is crucial in the present problem. Levy and
Healzer [14] reported recently a theory for annular
flow assuming a transition layer between the base and
the top of waves but the wave effect was not treated
directly. In the present study, a simple model, similar in
form to a turbulence model called the Prandtl-
Kolmogoroff hypothesis, is tested. This does not
require the liquid film flow to be turbulent. The length
and velocity scales of turbulence in the original model
are replaced by their wave counterparts in the present
study. Since the liquid film is essentially in a laminar
state no attention is paid to the suppression of
turbulence owing tointerfacial waves or surface tension
mentioned in the ref. (12, 15]. Needless to say, the gas
phase flow is of higher velocity, so that it is turbulent.
This higher velocity is required to generate the
disturbance waves on the interface at quite a low liquid
film Reynolds number.
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2. ASSUMPTIONS, FORMULATION AND CALCULATION
PROCEDURE

2.1. Main assumptions

Two phase flow heat transfer is complicated by the
effects of many factors. In attempting to speculate
under which particular conditions a theory being
developed might be valid, it may be worthwhile to first
mention the main assumptions to be used.

First of all, the wall heat flux is assumed to be low
enough so that evaporation does not significantly affect
the gas phase flow pattern. Otherwise, the gas phase
turbulence would be affected by the transpiration effect
[16,17] and by the flow acceleration due to the rapid
increase of gas phase velocity [18]. This assumption.
however, does not contradict the importance of the
mass transfer effect on heat transfer [8, 197]. This will be
casily understood if two parameters B and B, defined
below, are compared with each other.

MUy, m, 8
B=-" " S (h
Tw pgmugm f
Hm U C; H
B, = v Pembem i p Ty
Yw Pmlm 25t C nm( Iw - rm)

Since the Kutatelatze number C, (T, — 1,)/H can be
small, B, is likely to be much larger than B. Thus, mass
transfer can play an important role in the overall heat
transfer even if it does not affect the flow pattern
significantly. The mass transfer problem of liquid
vapour is complicated by the occurrence of vapour
condensation in the core region. Here it is assumed that
the liquid vapour is in saturated condition everywhere
at the local gas phase temperature. This assumption
will later be found to be effective in removing the
difficulty associated with vapour condensation.

As mentioned before, the gas phase velocity is
required to be high but the disturbance waves are
presumed not to produce a significant amount of
dropletentrainment. Therefore, the effect of droplets on
overallmomentum, heat and mass transfer are ignored.
Any droplets suspended in the gas phase flow are only
assumed to be effective in preventing the occurrence of
liquid vapour supersaturation.

In the following sections, a theory suitable for fully
developed flow conditions is described that can be
extended to a form useful for either thermally or
hydrodynamically developing flow conditions. In
the experiments presented in ref. [2], the heat transfer
coefficient defined below was found to distribute almost
uniformly along the tube axis except in the inlet region,
ie.

L o (3)

where T, is the fluid temperature at the tube axis. This
implies the attainment of a state close to the fully
developed condition. The prediction of such a state
accords with the low wall heat flux assumed earlier, as
will be found later.
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2.2. Basic equations
The governing equations of the present problem may
be written as follows:

in the liquid film (r, < r < R)

dP 1
0= - dx + - ‘(rTl)"‘Plg @
x rdr
0T, 1d
P1Cp1ula]' =-7 d—r(rq') )
in the gas phase core region (0 <r <)
dP 1d
0= ——+—— 6
) ©
6T d
PeCostly - = — - - (ra))+ Hm, Y]
do, 1d
i A J 8
P ox rdr ar = ®)

where the enthalpy change due to pressure variation
and the diffusion-thermo effect have been neglected.
The latter may be consistent with another assumption
about the Prandtl and the Schmidt numbers to be
introduced later. The momentum, heat and mass fluxes
appearing in the above equations are expressed in the
following forms:

. 4y
7 = (i + i) @’
&)
_ chpl ﬂlcpl E
h= < Pr, * Br, } o’
. du,
Tg = (Aug+ u'g+ HJ ?7
(10)

_ HeCrg | BsCp | Cpg\ 0Ty
%= <Prg + Pr, + Pr‘ o’

g dw,
Jo= —
v < %, Se, * Sq) or

- (ﬁ;— + L + —/i) oo,
Pr, Pr, Prj or
where f;, and fi, account for the wave effects in the liquid
film and in the gas flow, respectively. The expressions
for them will be described in the next section. The
second expression of equation (11} has been obtained
by assuming equality between the Schmidt number and
its corresponding Prandt! number. This assumption is
approximately valid in the gaseous flow.

(11)

2.3. A model for the wave effects

Asawave proceeds on the interface, a fluid particle in
the liquid film experiences inward and outward radial
motion alternately. This means that a portion of liquid
relatively hotter and of lower momentum may move
inward and be cooled and accelerated. The portion of
liquid thus cooled and accelerated is then fed back

toward the tube wall. This radial motion is expected to
enhance the heat and momentum transfer in the liquid
film. Although this wave-induced motion is not
actually turbulent the mechanism of heat and
momentum transfer enhancement mentioned above is
analogous to that caused by turbulent eddy motion.
Thus, a model for the wave viscosity £, in parallel with
the Prandtl-Kolmogoroff hypothesis [20] is proposed
here. That is,

A= Cpu'A (12)

where u’ and A are the velocity and length scales of the
wave-induced motion, respectively, and C is an
adjustable constant. In the present study, A is replaced
by the stroke of the wave-induced motion, i.e. the
average wave height L. The velocityscaleis given by the
ratio (Lii/b), where i is the wave speed and b the mean
base breadth of waves. This is the velocity necessary for
a fluid particle to complete half of the average radial
motion during the period between the arrival of a wave
front and the departure of the wave. The liquid film
experiences the above wave effect only in a fraction of
time expressed by theratio (b/p), where pis the averaged
pitch of waves. In the remaining time fraction (1 —b/p),
the effective viscosity is just equal to u, the liquid
viscosity. Then the average effective viscosity is given as
follows :

. b I?i b
== ul+Cp1-[; +{1~=u
P P

= m+Cp’F (13)

where F is the average number rate of waves passing a
cross sectional plane. A schematic illustration of the
present model is shown in Fig. 1. The radial wave-
induced motion must vanish at the wall and should be
suppressed close to the wall. Therefore, g, is put equal to
zero in the wall region corresponding to the viscous
sublayer in a single phase turbulent flow,

(plrw)l/z (R - r)

0<y = ”
1

<S (14)

The radial wave-induced motion also occurs in the
gasphase flow. [tis assumed to be effective onlyin that it
intermittently breaks up the viscous sublayer in the gas
phase flow which should exist near the interface unless
waves appear. This idea corresponds to an assumption
that the viscous sublayer is replaced by a thin layer
where the following virtual viscosity, similar to
equation (13), is effective:

. b I2ii b
”x+/“g=; '“g+CpgT + 1—; Mg

=ty + CpI2F. (15)

In this layer, the turbulent viscosity has been put equal
to zero and the wave viscosity, fi,, is assumed to be
ineffective outside this layer. Thus, the layer is assumed
to extend to a position where the wave effective
viscosity, equation (15), and the turbulent effective
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Gas phase turbulent flow region

Interface

liguid phase wave
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Schematic view of interfacial waves

F1G. 1. Schematic illustration of the present wave effect model {lengths not to scale).

viscosity, (i, + i), coincide with each other. For the
evaluation of (u, + ), the distribution of y, is given in
the usual way for single phase turbulent flow asfollows:

(pgrgi)l/z (ri - ")

o<y = <5 w=0,
Hy
. Ve
5<y, <30, ﬂt:.ug<‘5—'_ >,
du
V& 230, p = pitlr—n)? | 2L

2.4. Treatment of mass transfer effect

Instead of introducing a model for the direct
evaluation of m, appearing in equations (7) and (8),
another method will be used in this study. This is a
method for the elimination of terms including m,, and it
simplifies the matching condition for the energy
equation at the interface. To start with, the Clapeyron—
Clausius equation is introduced for saturated liquid
vapour,

P, H
a7, K

(16)

where the specific volume of liquid has been neglected
in comparison with the much larger value of V,. When
the partial pressure of liquid vapour P, is much less
than total pressure P, it may be related approximately
linearly to the mass fraction of liquid vapour w,,

M,P, _M.P,
T M(P—P)+M,P, T M,P

(17

w,

where the thermally ideal gas law has been assumed.
Under the low heat flux assumption, 7, is not expected

to vary greatly in either the r direction or along the x
axis. The following approximation may then be used for
w,:

v+

dw, T
w, = wvm+<d7;)m( e T (18)
where w,,, and (dw,/dT),, are evaluated at a local
reference temperature T, to be defined later.
Substituting of equations (16)«{18) into equation (8)
and using the second expression of equation (11) gives

oT, 1o, [uC

0X roor

AgCpy H‘C‘,g‘ éT,
4B S —H 19
Pr, Pr, ) ar e (19

where § is a non-dimensional parameter expressing the
degree of the mass transfer contribution to heat
transfer,

H*M
f :

e (20}

Now the conservation equation for «, has been
transformed into the differential equation of T,. From
equations (7), (10) and (19), the following simple
equation can be derived :

éT, 1¢
pscpgug(l +ﬂ)z; =

r or
x HsC Jrﬂ".c”g +#‘C"g I .2n
Pr, Pr, Pr, J Or
Thisequation no longer has any terms including m.and

is much easier to solve. The governing equations for
combined heat and mass transfer have now been

l:r(l + B
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reduced to a single equation (21) which is in the same
form as the energy equation for single-phase flow. This
implies that the thermally fully developed state, if
actually possible, can be expected to be attained at the
low heat flux which has been assumed in the above
derivation.

2.5. Boundary and matching conditions, and calculation

procedure
The boundary conditions adopted at the wall are
=0 and g,=gq, (22)
and the matching conditions at the interface are,
Uy = Uy T; = T;i
and
T = Tgis
e )
Pr, Pr, or /)i

The gas phase temperature gradient at the interface is
now clearly seen to be reduced in magnitude by the
effect of mass transfer by a factor 1/(1+f). The
remaining boundary conditions on the tube axis are
replaced by the overall pressure—force balance and the
energy balance expressed by the following equations:

dP 2z, (" 2
g R >

-+ M (24)
ar. [ (®
gy = Ex_[J‘ 27p,Cpuyr dr

dx R

+(1+h) Jn 210 C poldg? dr:I (25)
0

where the axial gradient of a reference temperature T,
has been equated with 0T,/0x and 8T,/dx, in accordance
with the fully developed state assumption, as follows:

dT, 0T, 0T,

—= 26
dx ax 26)

The reference temperature, T, is equated with the
equilibrium temperature, introduced by Pletcher and
McManus, and defined as

anxqw = Glx(hlx - hl()) + Ga(hax - haO)
+ AGv(hvx - th) + GVO(hvx - th)

where h,, h,, and h,, are the enthalpy at the
temperature T, to be defined at a position x for liquid,
air or non-condensable gas and liquid vapour,
respectively, and

27

G.M
AG,=-Z-X(P,,— .
v MBP( vx PVO)

(28)

The above equations are coupled with an overall mass
continuity equation for each phase,
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R
G = J 2npuyr dr, (29)

ri

G, = j 2mp u,r dr. 30

[¢]
These are used in iterative processes to check the
validity of assumed values of r; and 7, as described
below.

The practical computation starts with the calcu-
lation of the liquid phase velocity profile by integrating
equation (4) with initially guessed values of r; and 1,
and the pressure gradient dP/dx evaluated from
equation (24). If the velocity profile obtained satisfies
the mass balance equation (29), the calculation
proceeds with the integration of equation (6) with 1
obtained from equation (23). If not, the value of r, is
renewed and the above process is repeated. Equation
(30)is used to check the validity of the gas phase velocity
profile obtained by the integration of equation (6). If the
gas phase velocity profileis not satisfactory, the value of
1, is changed and the above whole process is repeated.
Theiterative process is stopped when the two equations
(29) and (30) are satisfied within an accuracy of 0.1%,. At
this stage of the calculation, the integration of equation
(21) is started to compute the temperature profile. For
heat and mass transfer, Pr and Pr, are all equated with
unity in the present calculation. At the end, the heat
transfer coefficient, the pressure gradient and the mean
liquid film thickness are determined. The numerical
computation was made with a FACOM M-200
computer at the Data Processing Centre of Kyoto
University.

3. RESULTS AND DISCUSSION

3.1. Outline of the experiments

All the experimental data to be compared with the
present theory are taken from the ref. [2] except for the
pressure gradient, which was obtained in the same
experiments but was not included in that report. To
show the compatibility between the present theory and
the experiments, a brief description of the experimental
apparatus used in the study is given here. The test tube is
a vertically mounted circular tube of 1850 mm length
and 26.3 mm I.D. The air flow coming into the test tube
through a contraction nozzle suspends water droplets
sprayed with air atomizers located in the contraction
nozzle. The main portion of the sprayed water diffuses
outward and is deposited on the wall of the contraction
nozzle. Thus, an annular liquid film is already formed at
the entrance of the test tube, but continuing deposition
of the remaining droplets gradually makes the liquid
film thicker. However, the thickening rate is low
enough in the downstream half of the tube because the
portion of liquid fiowing in the form of droplets is much
smaller than the liquid flow rate in the film. The liquid
film is thin enough to remain laminar but disturbance
waves can appear on its surface depending on the air
flow rate. Droplet entrainment from the crests of
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disturbance waves has been checked to be low enough.
The air flow has been confirmed to attain a
hydrodynamically fully developed state after the point
1200 mm downstream from the tube inlet [ 21]. In this
region, the heat transfer coefficient has been found to
distribute almost uniformly. The pressure drop has also
been measured in this region. Heat transfer
experiments were conducted at two different levels of
wall heat flux. The wall heat flux at higher level is almost
twice the lower wall heat flux. The difference in wall heat
flux means the difference in the mass transfer effect on
heat transfer and these data serve as a means of
checking the validity of the present method using
equation (21).

3.2. Wave parameters

In the present calculation, the measured values are
used temporarily for the two wave parameters L and F
appearing in equations (13) and (15). Tt is desirable in
future to devise general empirical formulae or a
theoretical means available for their evaluation. The
values used for L and F are listed in Table 1 together
with other information, for all the flow rate conditions
at which the following comparisons were made. These
values were obtained by processing the replayed trace
of liquid film thickness 8, measured with a conductance
probe and discussed in ref. [2]. The value of F is the
average of the time interval between two successive
disturbance waves. The disturbance wave was detected
with a threshold for the time derivative of the trace of d.
such that (1/4)(dd/dt) > 0.15. This detection method is
based upon a finding that the waves with large
amplitude found in the trace seems to be characterized
by a rapid increase in height. It is similar to the method
used by Sekoguchi et al. [22]. Lis the averaged value of
the amplitude of the detected waves. The amplitude of
each wave is defined as the difference between the first
maximum height of the wave after its detection and the
value of § at the instant of detection.

Apart from the main aim of the present calculation to
evaluate the effect of disturbance waves, the effect of
ripple waves was also examined in a preliminary study.
For that purpose. two wave parameters L_and F, were

Table 1. Wave parameters

Liquid film

K. Suzukl, Y. HAGiwarRa and T. SaTO

measured for ripple waves. The values of L, and ¥, were
obtained by conditional processing for the non-
disturbance-wave portion to the original trace of 8. In
contrast to disturbance waves, which appear intermit-
tently, ripple waves appear continuously at the
interface, so that & = p. Therefore, it may be pertinent
to adapt equations (13) and (15) for this particular
purpose as follows:

=y CoPF 4+ Cp L7,

Mg+, = g+ CngzF +Cp LIF,

The effect of the last terms of these equations was found
to be negligible even compared with the fluid viscosities
1y and g, This is based on that fact that L, < L.
Therefore the discussion below is concentrated on the
cffect of disturbance waves. Different values have been
tested for C. The value finally adopted is 1.34 for the
values of L and F listed in Table 1.

3.3. Discussion of results

Figure 2 shows a comparison of the heat transfer
coefficient. The symbols with flag specify data obtained
at higher wall heat flux. Some of the plotted points are
for the condition when disturbance waves appear on
the interface, others are for the condition with ripple
waves only. The former corresponds to the group
specified as D.W. and the latter group specified as
Ripple. The present theory is found to agree very well
with the experimental results for all low rate conditions
and at different levels of wall heat flux. While the
calculated value of B is around 10~ for all the data
plotted, the value of By, is larger than 0.50 so that the
mass transfer effect is crucial in all conditions
compared. In the ripple wave condition, the effective
viscosity, equation (13), and the virtual viscosity.
equation (15), become equal to g, and g, respectively.
Thus, the good agreement obtained in that condition
proves the validity of the present method using
equation (21)for mass transfer effect. [n the disturbance
wave condition, the wave viscosity plays an important
role so that the agreement obtained in this condition

L F

G Gas phase G,
(gs™") Reynoldsnumber (gs'') Reynolds number (mm) (Hz) waves
1.5 3.0 x 10* 3.33 1.4 x 10° 0.075 7.5 % 10 Ripple
6.67 2.8 x 107 0.082 6.7 x 10 Ripple
10.0 42 x 107 0.60 44 D.W.
11.7 50 x 107 0.89 43 D.W.
5.5 4.0 x 10* 3.33 1.4 x 10? 0.073 7.9 x 10 Ripple
6.67 2.8 x 102 0.080 6.9 x 10 Ripple
10.0 42 x 107 0.55 5.6 D.W.
1.7 5.0 x 10* 0.81 54 D.W.
211 5.5 x 10* 333 14 x 107 0.070 82 x 10 Ripple
6.67 2.8 x 10? 0.078 69 x 10 Ripple
10.0 42 x 10? 0.43 7.0 D.W.
11.7 D.W.
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Fi1G. 2. Comparison of heat transfer coefficient.

gives support to the wave eflect model adopted in this
study, at least for the evaluation of the heat transfer
coefficient. This is more clearly demonstrated if Fig. 2 is
compared with Fig. 6 (see Appendix).

An example of the calculated radial temperature
profile is shown in Fig. 3. The figure shows that the
largest heat transfer resistance lies in the gas phase
region close to the interface. However, it should be
noted that the temperature drop in this region is
reduced in magnitude because of the mass transfer
effect. If there is no mass transfer, the temperature drop
in this region must be much larger. The significance of
the mass transfer effect can be guessed from the value of
f defined by equation (20). ¥,,, in equation (20) is a
sensitive function of the temperature T,,. The reference
temperature is affected by the level of the wall heat flux
and theinlet condition. The existing empirical formulae
for the two-phase two-component heat transfer do not
include terms accounting for the inlet temperature.
Thus, we should be cautious about the usage of such
formulae.

Figure 4 compares the calculated axial pressure
gradient with the experimental counterparts. Fairly
good agreement is again found between the present
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F1G. 4. Comparison of axial pressure gradient.

theory and the experimental data. But it may be worth
noting for future works an incomplete feature of the
present results. In the figure, comparisons are made for
four different liquid flow rates at each air flow rate G,.
The variation of dP/dx accompanying the change in
liguid flow rate is prdicted to be smaller than the
experimental result. This may be related to the thicker
liquid film predicted at large liquid flow rates.

Figure 5shows a comparison for the mean liquid film
thickness. The agreement of this comparison is not bad
on the whole, but a discrepancy is found between the
present theory and the experiment at larger liquid flow
rates or in the condition when disturbance waves
appear. The liquid film is then predicted to be thicker
than is actually found in the experiments. A thicker
liquid film corresponds to a lower liquid velocity, as is
easily estimated from the overall mass flow rate
restriction. This means a lower wall shear stress and,
therefore, a smaller variation of dP/dx with the change
in the liquid flow rate. This is the cause of the
discrepancy found in Fig. 4. As already found in Fig. 3,
the liquid film causes minor heat transfer resistance.
Thus, much better agreement has been obtained in the
heat transfer coefficient.
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F1G. 5. Comparison of mean film thickness.
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4. CONCLUSIONS

A theoretical method has been proposed for the
evaluation of heat transfer and flow characteristics of
two-phase two-component annular flow with a thin
liquid film heated at low heat flux. The present method,
introduced to account for the mass transfer effect, has
been proved to be valid. Based on this method, a
warning has been given on the usage of the existing heat
transfer empirical formulae. A simple model for the
wave effect employed in this study can work very well in
the prediction of heat transfer. In this first attempt to
account for the wave effect directly, experimental data
were substituted for the two wave parameters
appearing in the proposed model. Future study is
desirable ondevising a means for the evaluation of these
two parameters, either theoretically or experimentally.
If such means are possible, the present theory may serve
as a possible way to connect the heat transfer studies
and flow dynamics studies made so far. The predicted
values of the axial pressure gradient and the mean
liquid film thickness have been found to agree rather
well with their experimental counterparts. Therefore
the present theory may be useful for the prediction of
flow characteristics as well. A minor discrepancy found
for the axial pressure gradient is related with thicker
predicted value of liquid film thickness at large liquid
flow rate.
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APPENDIX

Preliminary calculations were made putting both s, and 4,
equal to zero. The heat transfer results of such calculations are
compared with the experimental data in Fig. 6. In contrast
with the good agreement found in Fig. 2, this figure shows that
the calculation disregarding the wave eflect gives clearly lower
values for the disturbance wave conditions (symbols specified
by D.W.}. This may demonstrate that the present wave effect
model plays an important role for disturbance waves.
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FIG. 6. Comparison of heat transfer coefficient (without
considering wave effect).



Two-phase two-component annular flow

UNE THEORIE DES CARACTERISTQUES D’)ECOULEMENT ET DE TRANSFERT
THERMIQUE DE DECOULEMENT ANNULAIRE DIPHASIQUE ET A DEUX
COMPOSANTS

Résumé— A partir d’'un modéle simple d’effet d’onde sur le transfert de quantité de mouvement, de chaleuret de

masse, une théorie est proposée pour le calcul de transfert et des caractéristiques de I'écoulement annulaire

diphasique et binaire. Des résultats théoriques s’accordent assez bien avec des données expérimentales
obtenues pour un film liquide mince, laminaire, 4 surface onduleuse et chauffé a flux thermique faible.

EINE THEORIE FUR WARMEUBERGANG UND STROMUNGSFORMEN IN EINER
ZWEIPHASEN-ZWEIKOMPONENTENSTROMUNG IM RINGSPALT

Zusammenfassung — Mittels eines einfachen Modells fiir den Einflu3 von Wellen aufden Impuls-, Warme- und
Stoffiibergang wird eine Theorie fir die Berechnung der Wirmeiibergangskoeffizienten und der
Stromungsformen fiir eine Zweiphasen-Zweikomponentenstrdmung in Ringspalt vorgeschlagen. Die
Ergebnisse der Berechnung stimmen gut mit den experimentelien Daten eines welligen laminaren diinnen
Fliissigkeitsfilms iiberein, der bei geringer Warmestromdichte beheizt wurde.

TEOPUSA TEIUJIONIEPEHOCA U JUHAMUYECKUX XAPAKTEPUCTHUK ABYX®A3HOIO
ABYXKOMITOHEHTHOI'O KOJIBLIEBOT'O ITOTOKA

Annotaumus — Ha ocHose HpOCTOﬁ MOZE/H BIIHAHUSA BOJIHOBOIO TEYCHHMS HA MNEPEHOC HMIIYJIbCa,

TEMJIa W MacCbhl MNMPCUTOXKEHA TCOPHA pacueTa KO3¢¢HHHCHT8 TEIUIONEPCHOCA H OHHAMHYECKHX

XapakTCpHUCTHK nByx(baanoro IBYXKOMIIOHEHTHOIO KOJIbLHEBOI'O NMOTOKA. TCOpCTH‘{CCKPIC pe3ybTaThl

AOBOJIBHO XOPOINO COTJACYIOTCA € 3KCNCPHMCHTA/IBHBIMH NAHHBIMH, NMOJTYYCHHBLIMH 714 BOJIHOBOTO
JAAMHUHAPHOTO TCHCHHA MNJICHKH XHIAKOCTH NP MaJiIOM Harpese.
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