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A simple model to evaluate direct contact
heat transfer and flow characteristics in
annular two-phase flow

Marco Fossa

Dipartimento di Termoenergetica e Condizionamento Ambientale (DITEC), Universita Degli Studi di Genova,
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Calculations are performed to study the behavior of air—water mixtures in vertical flows employ-
ing a simple model for the description of mass, momentum, and energy transfer in annular gas—
liquid flows. The model is applied to various flow conditions including thermal nonequilibrium

and variable cross section ducts.

Theoretical results agree reasonably well with experimental data regarding well-known iso-
thermal flows. A contribution is provided to the understanding of the two-phase mixtures inter-
actions for gas-liquid internal heat transfer in two-phase, annular, nonisothermal flows.
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Introduction

Two-phase flows are encountered in a wide range of industrial
applications, such as chemical plants, nuclear reactors, oil wells
and pipelines, and evaporators and condensers (Kreith and Bohem
1988; Bergles et al. 1981). The configuration or flow pattern taken
up by mixing gas and liquid streams depends upon the flow rates of
the two phases, on the physical properties, and on pipe geometry.
Annular flow is one of the most important flow patterns, because it
occurs frequently in industrial equipment. This flow regime is
characterized by the presence of a liquid film along the pipe wall
and a gas core, containing dispersed droplets, flowing in the central
part of the duct. Despite its apparent simplicity with respect to
other flow regimes, the annular configuration is very complicated
in detail, which is reflected in great uncertainties in the prediction
of the performances of annular two-phase systems.

The interface of the film is covered by a complex system of
waves, whose behavior is a governing feature. Such waves have
different shapes and propagation velocities that depend upon such
global flow parameters as mass flow rates and geometry. The
system of waves increases the pressure gradient in the system and
gives rise to entrained droplets. The droplets are continuously
entrained and redeposited on the film; this process of mass
interchange between the gas core and the film is a crucial aspect of
annular flow. In adiabatic flows, droplet concentration, phase
velocities, and film shape vary along the pipe until steady values,
several hundred diameters downstream of the mixing section, are
reached. Thus, in two-phase flows, the flow development occurs
over much longer distances than in single-phase flow. These
distances are often comparable with the common sizes of industrial
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equipment whose performances, consequently, are strongly
influenced by “entrance effects.”

Over the past 30 years, considerable work has been carried out
in the direction of the phenomenological and theoretical character-
ization of the two-phase regimes and, in particular, of annular flow
regime (Binder and Hanratty 1991; Ishii and Mishima 1989).

Nevertheless, research in this field is still intense and many
studies and several conferences are devoted to this subject. In fact,
many important questions await answers: one is related to
developing flows structure and interactions, because only a few
works investigated these problems extensively. Another crucial
question concerns the physical modeling of two-phase flow,
because universally accepted criteria do not exist. Different
interpretations hold about droplet formation from wavy film and
about the nature of wavy structure of the film itself. As a
consequence, many correlations are available for the prediction of
the main flow parameters (among these, film thickness, film flow
rate, pressure gradient, mean droplet diameter), but sometimes
different correlations involve different groups of physical quantities
to describe the same flow parameter (Hewitt and Govan 1990;
Andreussi 1983).

This work is an attempt to provide a tool to study the transfer
processes occurring in two-phase annular flow by means of one-
dimensional (1-D), three components, steady flow analysis of air—
water mixtures in thermal nonequilibrium.

The model allows the calculation of temperature and velocity
distributions of each component (i.e., gas, liquid film, liquid
droplets) as well as other quantities such as mean film thickness,
mean droplet diameter, pressure drop, and evaporation rate.

The proposed procedure consists in solving a system of 16
ordinary differential equations and related proper closure relations.
The process allows the evaluation of the lengths needed to reach
steady (or quasisteady) thermal and dynamic flow conditions.

The aim of this study is, then, to outline the limits and
possibilities of the simple model presented by means of the
comparison of the theoretical data with available experimental
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results and give a contribution for an insight of heat transfer and
flow phenomena that take place in annular gas-liquid flows.

Physical modeling and mathematical formulation

The formulation of the model is developed with reference to the
annular dispersed flow regime in steady-state subsonic conditions,
assuming, in each duct section, pressure uniformity and mean
values of temperature and velocity for each one of the three
components: gas, droplets, and liquid film. The gas and the liquid
streams exchange heat, mass, and momentum through heat
transfer, evaporation, and interfacial friction, respectively. The
liquid film and the droplet swarm again exchange mass and energy
by means of a net flux of droplets removed from and redeposited
onto the film surface. The gas phase is then a mixture of dry air and
water vapor described by the vapor content per unit mass of dry gas
x (humidity ratio), which changes along the duct because of liquid
evaporation driven by temperature and pressure variations.

The model can account for variable flow sections (smooth-
shaped nozzles and diffusers). In such a case, the validity of experi-
mental correlations obtained with cylindrical pipes was extended to
piecewise conical ones. Two liquid injection modes are considered;
i.e., central nozzle or circumferential (porous) mixing device.

The thermophysical properties of the phases (among these:
specific heat and enthalpy, density, thermal conductivity, surface
tension, mass diffusivity, saturation pressure) are evaluated from
local temperature and pressure values by means of least-square
fitting functions of tabulated data in the temperature range
(0-300)°C.
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The conservation equations were applied to the three compo-
nents flowing in the duct together with the constitutive equations
and proper closure relationships. The complete set of equations
used for developing the present work is for convenience reported in
the Appendix.

Results and discussion

The analytical model described in the Appendix has been used
for the couple air—water to simulate the vertical upward and
downward annular flow. The main flow parameters have been
calculated for a set of operating conditions including different
liquid injection modes, flow rates, inlet temperatures, and pipe
geometry.

Many experimental studies have been carried out with
isothermal flows in vertical pipes. On the other hand, little
information seems available about thermal nonequilibrium annular
mixtures and two-phase flows in nozzles.

The results of the present theory have been compared with
Gill et al. (1963) and Hewitt (1987) data for upward flows, while
measurements of Okada and Fujita (1993) have been considered
for downward flows. Hewitt’s experiments were conducted with a
circular pipe of 5 m length and 31.75 mm i.d. for fixed phase flow
rates, 0.126 kg/s of water and 0.063 kg/s of air at room
temperature. The resulting superficial phase velocities in the
channel were around 40 m/s for the gas and 0.16 m/s for the
liquid. Two forms of liquid injector were employed, a porous
wall made of sintered bronze and a central jet injector of
4 mm i.d.

Notation

A flow section, m?

c sound velocity, m/s

C droplet concentration, kg/m®

Cy drag factor

< specific heat at constant pressure, J/kgK
D pipe diameter, m

D; injector diameter, m

D, Sauter mean droplet diameter, m

D, mass diffusivity, m*/s

F force per unit duct length, N/m

f friction factor

g acceleration of gravity, m/s

h enthalpy, J/kg

h. convective heat transfer coefficient, W/m*K
Am mass transfer coefficient, m/s

i relative humidity, i = p, /p;

k thermal conductivity, W/mK

Ky deposition coefficient, m/s

L length, m

m mass flow rate per unit duct length, kg/s m
m mass flow rate, kg/s

N number of droplets per unit volume, m™3

Nu, droplet Nusselt number, Nuy = h.D,/k
Nu, liquid film Musselt number, Nuy= A D/k

Pr Prandtl number, Pr=c,pv/k

P pressure, Pa

Ps vapor pressure at saturation, Pa

Py partial vapor pressure, Pa

q heat flux per unit duct length, W/m

Re, gas Reynolds number, Re, = V. Div,
Re, droplet Reynolds number, Re;=(V, — V)Dp/v,
S interfacial area, m?

Sh Sherwood number, Sh = h,,D/D,

Sc Schmidt number, Sc =v/D,,

T temperature, K

V velocity, m/s

Vs superficial velocity, V.= m/(pA), m/s
Weber number, We=p, ngD/a

¢ F
S

void fraction

mean film thickness, m
included angle

humidity ratio

kinematic viscosity, m%/s
density, kg/m®

surface tension, N/m
shear stress, N/m?

AQV TN OWKR

Superscript

* Critic
Subscripts

dry gas

gas core
entrained

liquid film

gas stream

homogeneous mixture
interface, also at the injection
liquid droplet

smooth pipe, also at saturation
at the throat

vapor

wall
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Figure 1 Calculated and measured (Gill et al. 1963) pressure profiles for
two injection devices; V,,=40 m/s, Vy=016 m/s; pipe diameter
31.75 mm; upward flow

Figure 1 shows experimental and calculated pressure against the
axial coordinate for the two different injection modes. The
accordance is good: the maximum error on local pressure is about
5%, while the predicted outlet values, for both the liquid feed
systems, practically coincide with the empirical data; furthermore,
the calculated and experimental curves show similar trends, giving
rise to mean pressure gradients in good agreement.

The mean film thickness and the entrained fraction are reported
in Figures 2 and 3, respectively. The results of the simulations are
satisfactory even if differences between measured and calculated
data of the order of 30% exist all over the duct length. For this set
of experimental data, the proposed model allows a reasonable
prediction of the flow parameters, and it can account for the
influence of the injection device on flow development.

In Okada and Fujita’s (1993) experiments, the superficial gas
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Figure 2 Calculated and measured (Gilf et al. 1963) film thickness pro-
files for two injection devices; Vo, = 40 m/s, V= 0.6 m/s; pipe diameter
31.75 mm; upward flow
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Figure 3 Calculated and measured (Gill et al. 1963) entrained liquid frac-
tion profiles for two injection devices; V,, =40 m/s, V=016 m/s; pipe
diameter 31.75 mm; upward flow

velocity Vg, ranges from 20 to 90 m/s, and the liquid superficial
velocity V,; from 0.01 to 0.05 m/s. The measurements were
conducted with a vertical pipe (i.d. 29.57 mm, 6 m long) in order
to evaluate the film characteristics (mean, maximum, and minimum
thickness) and the repartition of the liquid phase between droplets
and film.

The simulations related to these tests were carried out for
different flow conditions and liquid injectors. The results obtained
show a systematic gap from experimental values in the direction of
the overprediction of the mean film thickness and the liquid film
fraction. In Figure 4, the calculated film thickness curves are
reported together with the measured points for the upper and the
lower liquid flow rate realized in Okada and Fujita (1993) and one
gas flow rate. The trend is typical of all simulations; the error in the
film properties estimation grows as the liquid flow rate reduces. In
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Figure 4 Calculated and measured (Okada and Fujita 1993) film thick-
ness profiles for two different liquid flow rates (V respectively 0.017 m/s
and 0.009 m/s); Vo, =65.7 m/s; center jet injection; pipe diameter
29.57 mm; downward flow
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Figure 5 Calculated and measured (Okada and Fujita 1993) entrained

liquid fraction profiles for two different injection devices; Vy=0.017
m/s, Vs =77.9 m/s; pipe diameter 29.57 mm; downward flow

Figure 5, data conceming the entrained liquid fraction are
presented as an example for both porous and jet liquid injections
(Vs =0.024 m/s, V,;;=77.9 m/s). The calculated curves provide
smaller values of the local and final entrained liquid fractions.
Figure 6 summarizes the results of the simulations. It shows the
entrained fraction at the outlet as a function of the gas flow rate
(expressed in terms of V) for two limit liquid flow rate conditions,
Vg=0.014 and V;=0.024 m/s. As already pointed out, these
simulations give lower values of the final entrained liquid fraction.
This evidence seems to denote some lack of accuracy in the
correlations adopted to describe the dispersed phase formation and
in the procedure that manages them. The discrepancies especially
concern the simulation of downward flows (if compared with
upward flows previsions), and the circumstance probably indicate
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Figure 6 Predicted and measured (Okada and Fujita 1993) values of the
entrained liquid fraction at the outlet as a function of the gas superficial
velocity for two different liquid flow rates (Vy respectively 0.024 m/s
and 0.014 my/s); pipe diameter 29.57 mm; downward flow
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the need of appropriate relationships to account for flow direction.
Furthermore, the measurements show the existence of not
negligible droplet flow rates in correspondence of film flow rates
below the threshold values expected for the onset of entrainment.

As outlined before, another feature of the present model is to
simulate nonisothermal flows either in straight pipes or variable
cross section ducts. Because the scientific literature does not cover
this topic from the experimental point of view (except for some
preliminary studies carried out by the author, Fossa et al. 1993), a
comparison with measured data in this case is not possible. As an
example of the code capability to simulate this kind of flows, two
ducts have been considered, 1 m long, with circular cross section
and outlet diameter of 0.066 m. One differs from the other because
of the presence of a converging nozzle (0.16 m long, included
angle 8°) constituting its inlet stretch. Air (mgy=0.23 kg/s) and
water (i;=0.077 kg/s) are fed at different temperature
(To=295 K, ;=370 K) using a central liquid injection; the
resulting superficial velocities are V=20 m/s, V;=0.022 m/s.
Finally two different injection nozzles giving rise to initial droplet
diameter D,; of 100 um and 200 um have been considered. The
model of Azzopardi (1984) was adopted to account for the effects
of the geometrical singularity on the flow parameters (see
Appendix).

The variations of the main flow parameters (temperature,
velocity, pressure) along the pipe are reported in the Figures
Ta—< (Dp;=100 ym) and 8a— (D,;=200 um). Dotted curves
represent the converging pipe, and continuous curves refer to the
constant cross section pipe. Dotted and continuous profiles are
similar and attain the same asymptotic values. Only the pressure
trends show a different behavior caused by the gas acceleration in
the initial part of the channel. The temperature profiles are strongly
influenced by droplet diameter, which controls the exchange
surface between the liquid and the gas; the result, as could be
expected, is a more effective heat transfer related to the smaller
droplet diameter. This circumstance also affects the liquid film
temperature profile by means of the process of “cold” droplet
deposition.

It is worthwhile to note, furthermore, the role of the pressure
drop on liquid change of phase; whereas, the pressure gradients are
higher there (the case of the convergent pipe), a more intense
evaporation (which contributes to the liquid temperature lowering)
occurs.

Conclusions

A 1-D, three components, model has been proposed for the
evaluation of heat transfer and flow characteristics of two-phase
annular flow. The present method, able to account for deposition
and entrainment processes as well as evaporation and heat transfer
between cocurrent air and water flows, has been proved to be valid.

As a matter of fact, the comparison between the experimental
data concerning upward and downward isothermal mixtures and
numerical previsions shows a quite satisfactory agreement. The
measured pressure profiles of Gill et al. (1963) are well reproduced
by their theoretical counterparts, while discrepancies were found
for the comparison with measured parameters in downward flows.
Nevertheless, the extensive comparison with downflow measure-
ments allows us to assert that the model is mainly reliable to predict
the behavior of high velocity downward flows.

The heat transfer between the phases has been simulated for
straight pipes and variable cross section ducts, and the role of
droplet diameter and pressure gradient has been outlined. To check
the predicted flow thermal history, further studies on the evaluation
of the temperature distributions inside two phase mixtures are
desirable.

The development of the model, finally, requires the comparison
of different closure relationships with several sets of data and the
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adoption of appropriate correlations for accounting of phenomena
related to flow direction, as these preliminary results seem to
suggest.

Appendix

The conservation equations (mass, momentum, and energy) are
written in the usual form for each of the three components moving
upward in a pipe of cross section (4, +4,); the quantities flow rate
('), force F, and heat flux g are defined per unit duct length.

d . d

5 (PeVeted) — s L =0 (41a)
d L

VL — @] — i, + sy + sy = 0 (415)
d L

E(prfAf) + i, — iy +rmy =0 (Alc)
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Figure 7 Predicted profiles of pressure (A), velocity (B), and tempera-
ture (C) in a nonisothermal upward flow. Continuous curves: straight
pipe. Dotted curves: convergent-straight pipe. V=20 m/s,
Vy=0.022 m/s. Droplet diameter at the injection 100 um

Cdy .
g = sy o+t (42)

d . .
PeVeotcAc E(Vg) + (Ve — Vu) + m:f(Vg - V)

= —pgocAg — Fy— F; — acA% (A3a)

d . .
pIVI(l - ac)Aca(Vl) + m;(VI - Vf) + mil(yv - VI)

=—(1- ac)Ac(% + ng) +Fy (43b)

d . R
PrVrds o (Vp) + gV = Vi) + i (Viy — Vi)

dp ~ prArg + F;i — F, (43¢)
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d 2
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+( -V =—q +Fii (44b)

d .
prdrVy 3y +gx + VE/2) + gy — by + (Vi = V)2
+ ity ~ by + (V= V2] = FiVy = (et + 4)
(440)

The terms in the energy equations include mass transfer caused
by phase change as well as entrainment and deposition; it has been
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Figure 8 Predicted profiles of pressure (A), velocity (B) and tempera-
ture (C) in a nonisothermal upward flow. Continuous curves: straight
pipe. Dotted curves: convergent-straight pipe, Vs=20 m/s,
Vy=0.022 m/s. Droplet diameter at the injection 200 um

supposed that the heat transfer g, between the system and the
surroundings (if present) involves only the film. Equation A2 arises
from the definition of humidity ratio; here 1, is the dry gas flow
rate, constant along the pipe.

Furthermore, the vapor phase is assumed to enter the gas phase
with velocity ¥, and enthalpy h,: the first has been supposed equal
to the arithmetic mean of liquid (film or droplets) and gas
velocities, and the second is assumed equal to the saturation
enthalpy of the vapor at the liquid temperature.

To complete the system of Equations (A1-A4), it is necessary to
introduce the constitutive equations of the two phases. The gas
phase is modeled as an ideal gas mixture whose enthalpy is a
function of the temperature and the humidity ratio. Enthalpy
variations of the liquid phase are supposed to be driven only by
temperature variations through the specific heat parameter.

To solve the set of equations for given liquid and gas flow rate,
stream properties, and pipe geometry, several closure relations are
needed. Such relations define the dynamics of heat, mass, and
momentum transfer.

Here is a short summary of the correlations adopted. The
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friction force between the gaseous stream and the liquid film is
defined as follows:

Fi =05 fipg(Vg — V)V — VyIn(D — 20) “5)

where f; is the interfacial friction coefficient. This last is provided,
as suggested by several authors, by means of the single-phase,
smooth pipe friction factor f; multiplied by an assigned function of
the mean liquid film thickness & that accounts for the roughening
of the film by means of the waves. In this work, the correlation of
Whalley and Hewitt (1978) was adopted:

fi =£I1+24(p,/p,)**5/D] (46)

The wall friction force acting on the liquid film is evaluated from
single phase friction factor correlations based on liquid film
Reynolds number.

The drag force between the droplets and the gas has been
expressed as follows:

D2
F;=05 CdnTppg(Vg — V)|Vg — V1INA “7n

where C, is the drag coefficient of a nonrotating spherical body
(Claviere 1978) and N is the number of droplets per unit volume
(which depends upon the gas core void fraction o, and on mean
droplet diameter D),).

The mean droplet diameter is a basic parameter in all the
exchange processes occurring between the phases. Two correla-
tions are used to estimate it. The first correlation gives the Sauter
mean diameter D, of a swarm of droplets generated by an injector
of given orifice diameter D; (Nukiyama and Tanasawa 1938). The
second one (Azzopardi et al. 1979) provides the size D, of the
entrained particles from atomizing film waves.

045
0.585,/

Dy =320 3o B}, — vt (48)
Vg -V v U/p[

Dpf Reg'“ pg 0.6 VI

=2 — 191 4 4—=(1- A9

2 9 wes o +0 Vg( o) (49)
VD V,D

We=£—g—-5-—; Re, = —£— 410)
g Vg

The actual mean droplet diameter D, is then evaluated according
to the following procedure. At the inlet, if an axial injector is
present, D, is equal to D). At each location x in the flow direction,
depending upon the local mass fluxes 7, and 7, new droplets of
D,/(x) diameter are entrained, and some droplets of D,(x) diameter
redeposit back onto the film.

Therefore, at the following position, the mean droplet diameter
D,(x+ Ax) is obtained as Sauter mean of the droplet population
formed by the two families of different diameter, that is, by
calculating the ratio between overall droplet volume and overall
droplet area.

Finally, the droplet mean diameter is checked according to the
criterion (Hinze 1955) that states the existence of a critical
diameter, as a function of Weber number, above which the forces
acting on the particle cause the droplet breakup.

To predict the local mean droplet diameter, it is necessary to
evaluate the mass fluxes of entrainment and deposition. The
mechanism of droplet entrainment is complex; as reported by
several authors (James et al. 1980; Azzopardi 1983), it is related to
the onset of disturbance waves on the film surface, which seems to
depend basically upon liquid film flow rate. The practical
consequence is the existence of a limiting value of the film flow
rate below which no entrainment occurs. According to Hewitt and
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Govan (1990) the critical film flow rate is given by the following
empirical relationship:
VgD 5.8504-+-0.424
Re; = 7 _ 585044042490 /1) p1/ ) “412)
vr

As suggested by the same authors, the mass fluxes m, and 1, may
be calculated from the following correlations involving droplet
mass concentration C:

', /(nD) = K,C (413)

K /pD/o =0.18 C/p, <03 (414)
Ku,/pD/o = 0.083(C/p,) "% Clpy > 03 (415)
D 0.316
i, /(VegpgnD) = 5.75 x 107 [Pl(st ~ V) ;f’z’] Vo > Vy
g

(416)

When a geometrical discontinuity exists, further correlations are
needed to describe the evolution of the liquid interface. Azzopardi
(1984) has considered the effects of conical constrictions (included
angles between 18 and 90°) on vertical annular flow parameters.
The experiments carried out show that the presence of the
singularity causes the film flow rate to decrease: the wider is the
included angle 3, the higher is the extra entrainment 7., that occurs
at the start of the constriction throat. Azzopardi (1984) suggests
that the ratio of liquid entrained to liquid remaining in the film is
proportional to the tangent of the convergence half angle according
to the relationship:

. tan(6/2)
et =1 ¥ tan (6/2)

To evaluate the convective heat transfer ¢g; between dispersed
liquid and gas, the Nusselt number referred to the droplet diameter
has been expressed by the correlation of Ranz and Marshall (1952):

Nuy = 2.0 + 0.6 Re}/*Pr'/ (418)

The heat transfer between the gas and the liquid film has been
associated to single-phase heat transfer in rough pipes, because no
direct information seems to be available. Thus, the thermal
exchange has been described by the correlation of Petukhov
(1970):

() (417)

. (f/2) Re Pr
77107 +127¢52)%3 @R - 1)

(419)

where f; is the friction factor coefficient calculated from Equation
A6.

The evaporation rate has been introduced on the basis of the
heat-mass transfer analogy, which assumes the same Colburn
numbers for the two transfer processes, so that:

Nu _ Sh
Re P1'0'33 - Re SCOBS

The mass transfer rate m, thus results in the following:

where A, is the mass transfer coefficient; S the interfacial area; p,,
saturated vapor density at the liquid temperature; p, the vapor
density in the gas stream; and F(;) is a trigger function of the gas
relative humidity 7, which inhibits the phase change when the gas
reaches saturation conditions or when the vapor content goes to
zero.

(420)
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The above formulation of the physical problem yields a set of 16
first-order differential equations, which have been solved numeri-
cally with a Runge—Kutta Fehlberg method to get the development
of the thermal and fluid dynamic characteristics of the two-phase
flow along the streamwise x direction.

Two last considerations concern the existence of an annular flow
pattern in upward flows and subsonic conditions. According to
Turner et al. (1969), the first constraint is satisfied when:

1/2
Vgpy o>
log(o; — p,)]

that is, for assigned pipe geometry and fluids, when the gas flow
rate exceeds a certain value.

Subsonic flow condition may be controlled according to a
theoretical equation that gives the critical flow velocity of a
homogeneous gas—liquid mixture:

A comparison with experimental data (Lemmonier and Selmer-
Olsen 1992), suggests a conservative behavior of criterion (A23).

3.1 (422)
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