
 

1. Introduction 

Phase changes are ubiquitous in our everyday lives and play  

a fundamental role in various applications across diverse fields. 

In engineering, the controlled evaporation and condensation of 

working fluids are found in a multitude of applications, offering 

innovative solutions to various challenges. One prominent ex-

ample can be found in the field of refrigeration and air condi-

tioning. These systems rely on the evaporation and subsequent 

condensation of a refrigerant to regulate temperatures. The 

working fluid evaporates within the evaporator coils, absorbing 

heat from the surrounding environment, thereby cooling the 

space. The vapourised refrigerant is then compressed, releasing 

the absorbed heat, and subsequently condensed back into a liq-

uid in the condenser [1,2]. The applicability of phase changes 

extends beyond refrigeration and air conditioning. Many power 

plants, both nuclear and fossil fuel-based, use steam turbines to 

generate electricity. Water is heated to produce high-pressure 

steam, which drives turbines, and then the steam is condensed 

back into water, completing a continuous cycle [2]. This phase 

change mechanism is fundamental to power generation. Another 

good example of this is distillation, a process which takes ad-

vantage of the different characteristics of the substances in 

a  mixture in order to separate them. In the petroleum industry, 
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Abstract 

In engineering phase-change phenomena are found in a multitude of applications, ranging from refrigeration and air con-

ditioning to steam turbines and petroleum refining. This study investigates the flow of moist air in a circular duct where 

water vapour condenses in contact with the cold wall of the duct. The investigation delves into the relationship between 

the condensation mass transfer rate, the heat transfer between the bulk flow and the wall, and the temperature of the wall. 

The volume of fluid model coupled with the Lee evaporation-condensation model was employed. Five simulations were 

carried out, involving different wall temperatures while maintaining the same inlet conditions. Condensation was more 

pronounced at lower wall temperatures, which aligns with the expectations. The heat transfer between the bulk flow and 

the wall decreased with the decreasing temperature difference. Interestingly, the findings revealed that the surface heat 

transfer coefficient increased as the wall temperature approached the temperature of the bulk flow. The success of the study 

suggests potential applications in optimising thermal management systems, with implications for industries where accurate 

predictions of moisture behaviour and heat transfer are crucial. 
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Nomenclature 

h ‒ surface heat transfer coefficient, W/(m2K) 

I ‒ turbulence intensity 

M  ‒ mass transfer rate, kg/s 

n ‒ power-law exponent  

P ‒ pressure, Pa 

q ‒ heat flux, W/m2 

Q ‒ heat transfer rate, W 

r ‒ radial coordinate, m 

R ‒ radius of the pipe, m 

Re ‒ Reynolds number  

RH  relative humidity  

T ‒ temperature, K 

u – axial velocity, m/s 

Subscripts and Superscripts 

avg ‒ average 

c ‒ condensation 

max ‒ maximum value 

ref ‒ reference condition 

sat ‒ saturation condition 

v ‒ vapour  

wall ‒ through the wall/on the wall 

 

Abbreviations and Acronyms 

RANS‒ Reynolds averaged Navier-Stokes 

VOF – volume of fluid 

 

 

distillation is used to extract products like liquid petroleum gas 

and gasoline from crude oil. Similarly, within the alcohol in-

dustry, distillation is in the centre of the production of distilled 

spirits. 

Numerous experimental and numerical investigations have 

been conducted on phase change phenomena. In [3], the volume 

of fluid method (VOF), coupled with an in-house evaporation-

condensation mass transfer model, was employed by the authors 

to explore phase changes in the internal two-phase flow of 

R134a refrigerant. The findings showed reasonable agreement 

with available experimental data. In [4], the condensation of wa-

ter vapour in the presence of dry air was examined by the au-

thors, who employed two advection equations to monitor the 

free surface and utilised the Lee model to simulate interfacial 

mass transfer. The results demonstrated favourable alignment 

with experimental data, revealing a nearly linear decrease in 

condensation rate as the dry air mass fraction increased. In the 

paper [5], the authors delved into the evaporation of a water film 

in a duct with a humid air flow, where the volume of fluid and 

Lee model were employed to capture the physics. The evapora-

tion rate was observed to rise with the increasing air temperature 

and decreasing air flow rate. In [6], a single-phase approach was 

developed by the authors to model the condensation of vapour 

in the presence of air, yielding good agreement with experi-

mental data. Interesting conclusions were drawn in [7], where 

the authors investigated the influence of flow direction on the 

condensation process in a vertical pipe. The study developed 

a  mathematical model based on conservation equations and val-

idated it through experimental apparatus. Results suggested that 

co-current gas/liquid flow enhanced heat transfer. Additionally, 

comparisons between theoretical predictions and experimental 

findings confirmed the model's accuracy.  

In this study, the numerical simulation explores the flow of 

humid air in a circular duct, where water vapour condenses in 

contact with the cold wall of the duct. The objective is to evalu-

ate how the wall temperature influences the condensation mass 

transfer rate of water vapour in the presence of dry air. 

 

2. Materials and methods  

The model was prepared and solved within the commercial com-

putational fluid dynamics (CFD) package Ansys Fluent. To sim-

ulate this case, the steady-state Reynolds-averaged Navier-

Stokes (RANS) approach was adopted, offering a balanced com-

promise between accuracy and computational cost. RANS mod-

elling stands as the industry standard for heat transfer and mass 

transfer applications. It has proven to be quite successful at pre-

dicting both local and integral quantities in heat and mass trans-

fer applications [4,6,8]. 

Five simulations were carried out, involving different wall 

temperatures while maintaining the same inlet conditions, as de-

tailed in Table 1. 

The fluid domain is a cylindrical space bounded by the duct 

with a standard diameter of 40 mm. In the hypothetical real-life 

laboratory, the duct extends sufficiently far upstream from the 

inlet (Fig. 1) for the velocity profile to fully develop and for the 

 

Fig. 1. Boundary conditions. 

Table 1. Simulations. 

Simulation number Inlet conditions Wall temperature [K] 

1 

uavg = 3.91 m/s 
Re = 104 

T = 303.15 K 
RH = 95% 

278.15 

2 283.15 

3 288.15 

4 293.15 

5 298.15 
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temperature distribution to plateau, achieving the inlet condi-

tions specified in Table 1. Although the duct is quite lengthy, in 

this context, focus is put on a segment that is 500 mm in length, 

whose walls are maintained at a temperature different from that 

of the upstream part. The copper duct releases heat through 

forced convection to the surroundings. An external liquid-cool-

ing system is used to maintain a uniform temperature of the seg-

ment. Downstream from the outlet, the flow exits into atmos-

pheric conditions. It is important to observe that the shape of the 

domain, the boundary conditions, and the expected results ex-

hibit axisymmetry (the water condenses as an axisymmetric film 

because asymmetric dropwise condensation requires vapour ad-

ditives or surface coatings to maintain, and often transitions to 

film condensation over time [1]). Hence, the problem can be vis-

ualised on the axial-radial plane, where the third circumferential 

dimension has no impact on the results. With this in mind, the 

three-dimensional cylinder was simplified into a single rectan-

gular shape measuring 20 mm by 500 mm, as shown in Fig. 1. 

Because of limited computational resources, a decision was 

made to use a coarse discretisation in the bulk flow and utilise 

mesh adaptation to refine the grid in the near-wall region, 

thereby increasing both flow-wise and wall-normal resolution. 

The final mesh is based on a rectangular grid that has 30 cells in 

the radial direction with a bias factor of 10 000 (creating a de-

creasing cell height towards the wall) and 50 equally-distributed 

divisions along the length of the duct. Hanging node mesh adap-

tion [9] was used afterwards. In contrast to mesh refinement 

achieved by increasing the bias factor or the number of divi-

sions, this approach mitigates the occurrence of excessive aspect 

ratios in near-wall cells. The refinement region extends approx-

imately 5 mm from the wall (as shown in Fig. 2), reaching well 

beyond the momentum, thermal and concentration boundary 

layer. Such discretisation results in approximately 20 cells 

across the thickness of the water film, which, combined with the 

carefully chosen numerical schemes, results in an accurate res-

olution of the near-wall region. The grid has a total of 5400 finite 

volumes.  

The dry air and water vapour mixture was modelled with the 

use of species transport, treating both species as ideal gases. Alt-

hough water vapour is close to the saturation line, it can be ef-

fectively treated as an ideal gas under such low pressures [2]. 

Moreover, dry air and water vapour properties exhibit negligible 

variations within the temperature ranges applied. Since the mass 

fraction of water vapour is minimal and the properties of water 

vapour and dry air are rather similar (except for the specific iso-

baric heat capacity, which is twice as large for water vapour), 

the properties of humid air were assumed to be identical to those 

of dry air. Careful consideration was given to the temperature 

point at which these properties were obtained. While the bulk 

flow has a temperature of 303.15 K, heat and mass transfer phe-

nomena occur in the colder near-wall region. Hence, the prop-

erties of dry air were extracted from tables [10,11] for a tem-

perature of 293.15 K, a value in-between the hot core of the 

flow and the cold wall. The properties of the mixture are tabu-

lated in Table 2. The molar heat of condensation was set to 

4.4×107 J/kmol [12].  

Liquid water was modelled as an incompressible fluid. 

While most of its properties (shown in Table 2) exhibit meagre 

temperature dependence, the dynamic viscosity of water chan-

ges drastically with temperature [13]. In each simulation, the 

viscosity of water was taken from tables [14] for the temperature 

of the wall, as tabulated in Table 3. 

The closure of the RANS equations was achieved by em-

ploying the shear stress transport (SST) turbulence model. 

Based on the Boussinesq concept of eddy viscosity, this model 

proves effective for shear flows dominated by one of the turbu-

lent shear stresses, as seen in pipe flows. Moreover, the SST 

model allows for full boundary layer resolution, a crucial aspect 

for found widespread use in similar contexts [6, 15,16]. Turbu-

lence damping was implemented to limit unrealistic turbulence 

production within the interfacial region and help capture the ve-

locity field near the free surface [17‒19]. 

The inlet velocity was defined as a velocity profile, estab-

lished through the power-law approximation:  

 𝑢(𝑟) = 𝑢𝑚𝑎𝑥 (1 −
𝑟

𝑅
)

1/𝑛

. (1) 

For the calculated Reynolds number, the exponent n was esti-

mated to be 5.3 [20].The turbulence properties at the inlet were 

 

Fig. 2. Grid refinement (radial direction to the right). 

Table 2. Humid air and water properties. 

Property 
Humid 

air 
Water 
liquid 

Density [kg/m3] 
Ideal gas 

law 
1000 

Thermal conductivity [W/(K m)] 0.025 0.60 

Dynamic viscosity [kg/(m s)]  1.8×10-5 
See Ta-

ble 3 

Specific isobaric heat capacity [J/(kg 
K)] 

1000 4200 

Mass diffusivity of water vapour in 
large excess of dry air [m2/s] 

2.4×10-5 NA 

 

Table 3. Water liquid dynamic viscosity as a function of temperature. 

Wall temperature [K] 
Water liquid dynamic viscosity 

[10-3×kg/(m s)] 

278.15 1.5 

283.15 1.3 

288.15 1.1 

293.15  1.0 

298.15 0.89 
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provided implicitly in terms of the hydraulic diameter and tur-

bulence intensity, in accordance with the Fluent guidelines [19]. 

From the equation [19,21]  

 𝐼 = 0.16 Re
−1/8

, (2) 

the inlet turbulent intensity was estimated to be 5%. 

A gauge pressure of 0 Pa was specified at the outlet, and the 

reference pressure was set to 101 325 Pa. 

The temperature on the outer side of the wall specified as 

a  parameter Twall, and the thermal resistance of the wall was de-

fined based on a thickness of 2 mm and the thermal conductivity 

of copper, which is 390 W/(m K). 

In the examined scenario, water vapour experiences local 

cooling in proximity to the walls, leading to its condensation as 

a liquid film [1]. This represents a case of stratified flow, where 

phases are separated into distinct layers with a well-defined in-

terface. The VOF model, designed for such applications [9], was 

employed in this study. The model has found widespread use in 

modelling multiphase flows [3‒5,8]. 

The implicit scheme was used, wherein the phase continuity 

equation is solved iteratively together with momentum and pres-

sure [18]. The interface modelling type was set to ‘Sharp’, the 

preferred option for distinct and well-defined interfaces between 

phases [19]. Although interfacial anti-diffusion is typically sug-

gested for sharp interfaces resolved on meshes with high aspect 

ratios [18,19], it was deliberately left inactive. This decision was 

made due to the recommendation for allowing some numerical 

diffusion when the evaporation-condensation mass transfer 

mechanism is enabled [19]. Since gravitational forces acting on 

the water film are significant, the ‘Implicit Body Force’ formu-

lation was enabled, in accordance with [17,19]. 

The evaporation-condensation approach utilised the Lee 

model, with the evaporation and condensation coefficients set to 

10 and 20 000, respectively, in accordance with [22]. This model 

is widely used in modelling interfacial mass transfer [3‒6,8]. 

The saturation temperature was defined as a function of wa-

ter vapour pressure through a ‘User Defined Function’. It utilises 

the Antoine equation to compute and return the saturation tem-

perature [23,24]: 

 𝑇𝑠𝑎𝑡 =
𝐵

𝐴−log10
𝑃𝑣

105 Pa

− 𝐶 + 273.15 K. (3) 

For water, the equation parameters are approximately as fol-

lows: A = 5.1156, B = 1687.5 and C = 230.17. These parameters 

have been fine-tuned for use within the temperature range of 

273  K to 473 K and under pressures ranging from 1 kPa bar to 

1600 kPa [24]. Although the current set of coefficients is appli-

cable for vapour pressures greater than 1 kPa, its range of ap-

plicability in this study can be expanded. At 1 kPa, the calculated 

saturation temperature is 280 K, a value that approaches the 

lower limit of the thermal range observed within the pipe. Under 

lower pressures, the calculated saturation temperature decreases 

below the minimum temperature within the domain (regardless 

of whether the formula overestimates or underestimates the re-

sult), thereby maintaining a gaseous state in the respective cells. 

The solver was run in the double-precision mode, the recom-

mended approach for high-aspect-ratio meshes [19]. The simu-

lation employed a pressure-based, steady-state solver with ena-

bled pressure-velocity coupling, following the guidelines out-

lined in [9]. Moreover, the ‘Coupled with Volume Fractions’ op-

tion was enabled. The pressure interpolation scheme was set to 

‘Modified Body Force Averaged’, which provides better stabil-

ity for multiphase flows with body forces compared to its alter-

natives [9]. Additionally, the gradient reconstruction scheme 

was selected as ‘Least Squares Cell Based’, following the rec-

ommendation outlined in [9]. The spatial discretisation of mo-

mentum, turbulence, density, energy and species transport equa-

tions was set to ‘Second Order Upwind’. 

The volume fraction interface scheme was set to ‘Modified 

HRIC’. While offering inferior interface resolution compared to 

the compressive scheme [18], a more diffusive discretisation is 

recommended when the evaporation-condensation mass transfer 

mechanism is enabled [19]. 

‘Pseudo-Transient’ under-relaxation was activated. This ap-

proach not only accelerates the convergence of steady-state 

problems but can also assist in the convergence of mildly un-

steady flows [17]. 

To assess iterative and spatial convergence, the approach in-

volved monitoring equation residuals and five integral output 

quantities: the water mass flow rate through the outlet, the total 

water film mass, the condensation mass transfer rate, the aver-

age total specific enthalpy at the outlet, and the total heat transfer 

rate through the wall. Both the residuals and the monitors flat-

lined, indicating iterative convergence. Moreover, the global 

balance of air/water mass and energy was verified. The grid was 

refined near the wall to guarantee maximum accuracy within the 

constraints of available computational resources. 

3. Results and discussion  

The results presented below are from the first simulation with  

a wall temperature of 278.15 K. The results from the subsequent 

simulations exhibit the same tendencies, differing only in values 

due to the progressively higher wall temperature. 

The radial distribution of the mass fraction of water vapour 

is shown in Fig. 3 (plotted on the inlet, outlet as well as  

100 mm, 200 mm, 300 mm and 400 mm from the inlet). It is 

evident that the vapour content consistently decreases along the 

stream. The most significant decline occurs just downstream 

from the inlet, coinciding with the steepest slope of the water 

film thickness (Fig. 8). 

 

Fig. 3. Water vapour mass fraction profiles (for Twall = 278.15 K). 
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The reduction in water vapour content results in the buildup 

of dry air near the wall. The presence of a non-condensable gas, 

such as dry air, has an adverse effect on condensation heat trans-

fer [1]. This can be explained as follows: upon condensation of 

vapour mixed with a non-condensable gas, only the non-conden-

sable gas is present near the wall. This gas layer serves as a bar-

rier between the vapour and the surface. The vapour now has to 

diffuse through the non-condensable gas before reaching the 

surface, leading to a decreased mass and heat transfer rate. 

The effectiveness of heat transfer between a fluid and a solid 

surface can be quantified by the surface heat transfer coeffi-

cient  [19]: 

 ℎ =
𝑞𝑤𝑎𝑙𝑙

𝑇𝑟𝑒𝑓−𝑇𝑤𝑎𝑙𝑙
. (4) 

It represents the rate of heat transfer per unit area per unit tem-

perature difference between the surface and the fluid. The higher 

the heat transfer coefficient, the more effectively heat is trans-

ferred between the surface and the fluid.  

Here, the reference temperature Tref is set equal to the inlet 

temperature of 303.15 K. Using the average temperature on the 

axis, which would appear more representative of the bulk tem-

perature, yields nearly identical results.  

The presence of air, coupled with the increasing water film 

thickness (which can be treated as a conductive resistance due 

to its laminar nature [25]) and an increasing thermal boundary 

layer thickness, impedes heat transfer between the hot stream 

and the surroundings of the duct. This tendency is visible in 

Fig.  4. The surface heat transfer coefficient decreases in the 

downstream direction as both the thermal boundary layer and 

the water film grow. 

The tendencies described above are evident in all five simu-

lations. Some interesting patterns emerge when comparing the 

results for different wall temperatures. An approximately linear 

increase in the surface heat transfer coefficient is observed as 

the wall temperature approaches the freestream temperature, as 

shown in Fig. 5. 

In free convection (single-phase flow with constant fluid 

properties), the heat transfer coefficient tends to increase with 

a  growing temperature difference between the wall and the bulk 

flow. However, this correlation is not prominent in forced con-

vection [25]. It can be concluded that the variability in the sur-

face heat transfer coefficient is, to a great extent, caused by con-

densate formation. This trend can be explained as follows: at 

a  higher wall temperature, the water film becomes thinner due 

to both reduced water viscosity and a lower condensation rate. 

A thinner water film poses less resistance to heat flow, resulting 

in the observed increase in the surface heat transfer coefficient.  

To validate this hypothesis, simulations or experiments need 

to be conducted, as no correlations between the heat transfer co-

efficient and the temperature difference were identified in the 

literature. 

Despite the variation in the surface heat transfer coefficient, 

the negative relationship between the total heat transfer rate and 

the temperature difference remains observable, as depicted in 

Fig. 6. Heat transfer becomes null when the wall temperature 

equals the temperature of the flow, as indicated on the graph 

with point Twall = 303.15 K, manually added for clarity. 

While the surface heat transfer coefficient follows an intri-

guing trend, the variation in the condensation mass transfer rate 

aligns with expectations. The condensation mass transfer rate 

steadily decreases as the temperature of the wall increases, as 

can be observed in Fig. 7. No condensation would occur if the 

temperature of the wall and the flow were equal, as marked by 

the manually added point Twall = 303.15 K. 

 

Fig. 4. Surface heat transfer coefficient along the pipe 

(for Twall = 278.15 K). 

 

Fig. 5. Average surface heat transfer coefficient as a function of  

wall temperature. 

 

Fig. 6. Total heat transfer rate through the wall as a function of  

wall temperature. 

 

Fig. 7. Condensation mass transfer rate as a function of  

wall temperature. 
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With increasing temperature, the air's moisture-holding ca-

pacity increases. Eventually, mass transfer between the phases 

ceases when the temperature near the free surface reaches the 

dew-point temperature of the bulk flow. 

As the rate of mass transfer through condensation dimin-

ishes, the water film contracts, as illustrated in Fig. 8. The re-

duction in thickness with each simulation is further intensified 

by a decrease in the viscosity of the liquid water.  

The undulating shape of the profiles is a result of how the 

software interpolates the value of liquid volume fraction within 

each computational cell. As an illustration, an interfacial cell 

may have a value of 0.6, while the radially adjacent cells have 

values of 0 and 1. An interpolation is required to determine the 

theoretical position of a point with a value of 0.5 (used as an iso-

-value to plot the film thickness). The accuracy of this interpo-

lation largely depends on the spatial resolution of the interfacial 

region. 

4. Summary 

Throughout this study, a computational fluid dynamics model 

was developed to simulate the flow of moist air in a circular 

duct, where moisture condenses upon contact with the cold wall 

of the duct. 

The volume of fluid surface-tracking model, ideal for strati-

fied flows, was applied to model the free surface. The Lee model 

was used to compute the interfacial mass transfer through con-

densation, with model coefficients drawn from the literature. 

Additionally, a ‘User-Defined Function’ was developed in the  

C programming language to set the saturation temperature as  

a function of vapour pressure using the Antoine equation. 

The dry air and water vapour mixture was modelled using 

species transport, treating both species as ideal gases with con-

stant fluid properties. Liquid water was modelled as an incom-

pressible fluid, with constant properties and a viscosity that was 

constant but different for each simulation. 

The closure of the Reynolds-averaged Navier-Stokes equa-

tions was achieved by employing the shear stress transport tur-

bulence model recommended for most industrial applications. 

Based on the Boussinesq concept of eddy viscosity, the shear 

stress transport formulation leverages the strengths of two 

widely adopted turbulence models: k- and k-. 

Five simulations were carried out, involving different wall 

temperatures while maintaining the same inlet conditions. Con-

densation was more pronounced at lower wall temperatures, 

which aligns with expectations. The heat transfer between the 

bulk flow and the wall decreased with the increasing wall tem-

perature. Interestingly, the findings revealed that the surface 

heat transfer coefficient increased as the wall temperature ap-

proached the temperature of the bulk flow. 

The findings, particularly the observation that surface heat 

transfer coefficient increases with the decreasing temperature 

difference between the wall and the bulk flow, contribute to  

a deeper understanding of heat exchange processes. The success 

of the study suggests potential applications in optimising ther-

mal management systems, with implications for industries 

where accurate predictions of moisture behaviour and heat trans-

fer are crucial. 
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