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ABSTRACT

Condensation in the presence of non condensable gas (NCG), involving phase change and simultane-
ous heat and mass transfer progress, is common in many industries applications including nuclear,
refrigeration, petrochemical, desalination and power industries. As there exists complex hydrody-
namic interaction, heat and mass transfer between the vapor-NCG mixture and condensate for vapor
condensation in present of NCG, a simulation model, based on the stagnant film model and gas-lig-
uid two-phase conservation equations coupled with flow regime-dependent correlations, is developed
to represent the heat, mass and momentum transfer at the gas-liquid inter-phase. A good agreement
between the predictions and the available experimental data validates the accuracy of the two-phase
numerical model. The effects of NCG concentration and vapor flow rate on the profiles of local void
fractions, temperatures, pressures, heat and mass transfer coefficients are explored. The results show
that compared with other parameters, NCG concentration is the key factor affecting the thermal inter-
facial non-equilibrium and condensation rate due to the fact that a small increase in NCG concentration
drastically increase resistances of mass transfer at the gas side and heat transfer at both sides of gas and
liquid. The heat transfer is controlled by both phases of condensate and gas through the quantitative
analysis on the profiles of heat and mass transfer coefficients and temperatures at the gas-liquid inter-

phase. Increasing the inlet gas mass flow rate contributes to reducing the adverse effect of NCG.
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1. Introduction

Condensation in the presence of NCG is common in
many industries including nuclear, refrigeration, petro-
chemical, desalination, and power industries. As even very
small amount of NCG in the bulk vapor significantly reduces
heat transfer rates, it attracts much interest to investigate the
mechanism of condensation in the presence of NCG.

A great deal of experimental and theoretical research
has been done on the condensation process in the pres-
ence of NCG. The heat transfer deterioration caused by
NCG is qualitatively understood [1,2]. The accumula-
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tion of NCG due to vapor condensation at the interface
increases the diffusing resistance before vapor reaches the
interface. For condensation in absence of NCG, the mass
transfer at the interface is a combination of diffusion and
convection. The study [3,4] concentrated on the liquid-
side heat transfer while the flow field of vapor phase is
not fully developed.

Most investigations focused on developing numerical
methods or correlations to calculate the overall heat trans-
fer coefficients of condensation in the presence of NCG. The
effects of inlet NCG concentration, inlet mass flow rate and
condensing pressure on vapor condensation in the presence
of NCG have been experimentally and theoretically inves-
tigated in different flow configurations [5-9]. Although
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some investigations verified their predicted data in a good
agreement with their experimental data, their correlations
constrain in specific conditions and do not work on all the
gas-liquid flow regimes. Besides, the hydrodynamics of gas
phase, which varies significantly along the axial direction,
affects the liquid phase hydrodynamics by the interfacial
heat, mass and momentum transfer. As a result, the correla-
tions [10-15] cannot be directly applied to condensation in
the presence of NCG. The methods of degradation factor
method [7] and diffusion layer theory [16,17], which are
based on simplified assumptions and empirically adjust
scale factors, can not fully represent the complex physical
phenomena.

As thermal non-equilibrium between the two phases
is an important characteristic of condensation in the pres-
ence of NCG, some investigators [18,19] have empirically
correlated the thermal non-equilibrium with the overall
heat transfer coefficients, and few work has been done
to investigate the relationship between the local thermal
non-equilibrium and local heat transfer coefficients. In
addition, little attention has been given to quantitatively
investigate on the thermal non-equilibrium at the gas-lig-
uid inter-phase of vapor condensation with NCG although
this thermal non-equilibrium is the key driving force of
heat transfer.

Ren and Zhang [20,21] conducted an experimental
investigation on condensation of a steam-air mixture inside
a horizontal tube. Correlations based on Liao’s modified
diffusion layer theory were developed to estimate overall
and local heat transfer coefficients. Their research on spe-
cific condensation with relatively high inlet NCG concen-
trations varying from 10 to 40% does not work on most
condensation processes in industry. Much research has
been done to measure void fraction in a gas-liquid two-
phase flow [22-25] due to its importance in describing two-
phase flow regimes.

In order to deeply understand the mechanism of vapor
condensation in the presence of NCG, a simulation model,
based on the gas-liquid two-phase conservation equations
and the stagnant film model coupled with flow regime-de-
pendent correlations, is developed. Thermal non-equi-
librium between the gas and liquid phase are taken into
account in the model. The profiles of local temperatures
of two phases and the inter-phase, partial pressure and
NCG concentrations, void fraction, liquid and gas sides
heat and mass transfer coefficients are predicted along the
tube length.

2. Mechanistic models
2.1. Stagnant film model

The stagnant film model [26,27] is an engineering
method for calculating the heat and mass transfer processes.
It's assumed that a quasi-steady stagnant vapor-NCG film
resides adjacent to the gas-liquid inter-phase, that the mix-
ture film separates the liquid-gas inter-phase from the bulk
gas, and that the heat and mass transfer is driven by diffu-
sion through the mixture film.

A schematic of the liquid-gas inter-phase in the conden-
sation with NCG is shown in Fig. 1. Energy conservation at
the interface is given as
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Fig. 1. Gas-liquid inter-phase of vapor condensation in the
presence of NCG.
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The gas and liquid sides heat transfer coefficients
accounting for the effect of mass transfer [27] are given as
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The condensation mass flux at the interface considering
the suction effect of mass transfer, 1, is written as
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The vapor mass fraction at the interface, xé, is calcu-
lated as
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2.2. Gas-liquid two-phase conservation equations

The main assumptions are given as follows:

The flow with a uniform cross-section is steady and
one-dimensional. The gas phase is a well-mixed mixture of
NCG and vapor.
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The gas-liquid mixture mass conservation can be writ-
ten as

oyl (1-00 +pga] =0 )
The liquid mass conservation is given as

oyl (1-a) = i ®)
The NCG mass conservation equation is

oy, ]=0 ©

The momentum
vapor-NCG mixture is

conservation equation for the
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The liquid momentum conservation equation can be
represented as:
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The two-phase frictional pressure drop is calculated
according to the correlations of Friedel [28]. The interfacial
surface area per unit two-phase mixture volume, a/ , inter-
facial force term, F, and the virtual mass force term in the
above momentum conservation equations, are highly flow
regime-dependent.

The coefficient, C
culated [29]:

o in the virtual mass force term is cal-

Cym = 01— 0)Cyl(1 - o)py + 0, ] (12)

The mixture thermal energy conservation equation is:
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The interfacial force term, together with heat and mass
transfer in gas-liquid two-phase flow, depends on the flow
regimes. Void fraction, o, was used to determine the flow
regimes [30-32] and correlations [33-36] are introduced to
estimate heat and mass transfer in different flow regimes.
The flow regimes of bubbly, churn-slug and annular flows
are introduced for the closure of two-fluid conservation
equations.

3. Results and discussion

The initial parameters listed in Table 1 are given by
Toda and Hori’s experiment [22]. Fig. 2 shows a compari-
son of void fractions between the predictions and available
experimental results [22]. It can be seen that the predicted
void fractions agree well with the data in these given tests.
A good agreement proves that the model is appropriate to
represent the condensation of gas-liquid two-phase involv-
ing different flow regimes.

The given parameters of following numerical simula-
tions are listed in Table 2. Figs. 3 and 4 show the predicted
void fractions along the tube at different inlet NCG concen-
trations. It is shown in Fig.3 that the void fractions are highly
sensitive to the inlet NCG concentrations. At low inlet NCG
concentration of 0.1%, the void fraction decreases dramat-
ically along the tube. With an increase in the inlet NCG
concentration, the void fraction reduces at a slower speed,
which indicates that a small increase in NCG concentration
can obviously slow the condensation rate. When the inlet
mass fraction increases from 0.1% to 5%, the condensation
rate decreases about 50-70%

Fig. 4 shows the comparison of the void fractions for
Test 1 and 3. As is shown in Table 2 above, the inlet gas
mass flow rate in Test 1 is bigger than in Test 3. At all inlet
NCG concentrations in both tests, void fractions in Test 3 is
higher than that in Test 1, which indicates that increasing
the inlet gas mass flow rate could increase the condensation
rate. Increasing the inlet gas mass flow rate could reduce
the adverse effect of NCG on condensation rate in some
degree. The positive effect of increasing the inlet gas flow
rate is more obvious at a higher inlet NCG mass fraction as
the NCG film thickness is more easily affected by the inter-
facial force between gas and liquid phase.

Figs. 5 and 6 show the predicted phasic and gas-liquid
inter-phase temperature profiles along the tube at differ-
ent inlet NCG concentrations in Test 1 and 2. As is shown
in Figs. 5a and 6a for inlet NCG MF = 0.001, the gas phase
temperature is almost the same as the interfacial tem-

Table 1
Parameter setting of Toda and Hori’s experiments
Toda’s test (T-T_),.(K) (T-T_) (K) o U, (ms™) U, (ms™) Ug,o (ms™)
VE3 9 7.6 0.813 0.64 3.39 11.2
VF4 10.2 8.5 0.808 0.64 3.3 10.5
VF5 74 5.8 0.784 0.85 391 9.94
VF6 8.2 6.5 0.780 0.85 3.84 9.66
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Fig. 2. Comparison of the predicting void fractions with experimental data.
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Table 2
Parameter setting of the simulation tests
Simulation U, 8)

o X . 0 80
test ° njin (ms?) (ms?
1 0.813  0.1%, 0.5%, 1%, 5%  3.39 11.2
2 0.780  0.1%, 0.5%, 1%, 5%  3.84 9.66
3 0.813  0.1%, 0.5%, 1%, 5%  3.39 9
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Fig. 4. Comparison of the variety of void fraction along the test
tube in Test 1 and 3.

perature. The liquid phase temperature, which is lower
than the gas and interfacial temperatures, obviously
increases with the tube length, indicating an increase in
thermal non-equilibrium between the two phases. With
an increase in NCG concentrations, the temperature
differences between the gas phase and the inter-phase
increase while the temperature differences between the
inter-phase and liquid phase decrease. Therefore, the
thermal driving force decrease with increasing inlet NCG
mass fraction.

Profiles of mass fraction at the inter-phase and gas side
are shown in Fig. 7. It can be seen that the accumulation of
NCG at the gas-liquid inter-phase during vapor condensa-
tion at the inter-phase and gas side explains the existence
of thermal interfacial non-equilibrium and introduced
mass transfer thermal resistance. The increasing thermal
non-equilibrium between the gas phase and the inter-phase
results in an increasing condensation heat and mass trans-
fer resistance at the gas side.

Heat transfer coefficients for the sides of gas and liquid
shown in Figs. 8, 9 decrease with increasing inlet NCG con-
centrations. Coupled with the decreasing thermal inter-phase
non-equilibrium with the increasing NCG concentration, the
heat flux at the gas-liquid inter-phase decreases. Thus void
fractions along the tube length reduce at a slower speed in
Figs. 3, 4. It’s also found that the liquid-side heat transfer
coefficients in Fig. 8 are more than the gas-side heat transfer
coefficients. This is because the gas-side heat transfer includes
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Fig. 5. Profiles phasic and interfacial temperatures along the
tube inTest 1.
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Fig. 7. Profiles of predicted gas-side and interfacial NCG and vapor mass fraction in Test 1.

latent heat and convective sensible heat transfer and the latent
heat transfer weighs more the convective sensible heat trans-
fer. When the inlet NCG mass fraction increases from 0.1%
to 5%, the percentage of convective sensible heat transfer at
the gas-side obviously increases from 0.002% to 0.3%, and the
gas-side latent heat transfer coefficients decreases about 50%.
Therefore, condensation in the presence of NCG is controlled
by both the liquid phase and gas phase.

4. Conclusions

A simulation model, based on the gas-liquid two-phase
conservation equations and stagnant film model coupled
with flow regime-dependent correlations, is developed,
and can adequately predict condensation in the presence of
NCG in two-phase flow regimes.

The NCG concentration plays a key role in controlling
the condensation rate as a very small increase in NCG con-
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Fig. 9. Profiles of gas-side heat transfer coefficient along the tube in Test 1 and 2.

centrations significantly reduces the interfacial heat and
mass transfer rates.

The quantitative analysis on the profiles of void fraction,
temperature of both phases and the inter-phase, partial
mass fraction and pressure of NCG and vapor, gas- and lig-
uid-side heat transfer coefficient and gas-side mass trans-
fer coefficient reveals heat and mass transfer mechanism of
vapor condensation process in the presence of NCG.

A decrease in the heat transfer thermal driving force and
heat transfer coefficient with increasing NCG concentra-
tions results in decreasing heat flux and condensation rates.

Condensation in the presence of NCG is controlled by
both the liquid phase and gas phase based on the profiles of
local thermal interfaicial non-equilibrium and heat transfer
coefficients. Increasing the inlet gas mass flow rate could
reduce the adverse effect of NCG and this positive effect of
increasing the inlet gas flow rate is more obvious at a higher
given inlet NCG mass fraction.
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inlet
interface
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liquid

gas

NCG

outlet
saturation

total

vapor

the visual mass
wall

Greeks

DT R

void fraction
density kg m™~
angle
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