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ABSTRACT

The present research paper aims to numerically solve fluid flow and heat
transfer equation of a condensing steam over a single horizontal tube using computational
fluid dynamics (CFD). The apparent heat capacity method is adopted in the current analysis
which allows for the computation of a single-phase flow equation with an implicit capturing
of the phase change interface between the vapor and liquid phases. A single energy equation
is solved with effective material properties for the two phases based on the phase change
temperature and the latent heat for the state change. The predicted heat transfer coefficient
at different saturation temperatures [60, 80, 100 and 120 °C] were initially compared to the
results obtained from the well-known Nusselt analogy for laminar film condensation. It was
found that the predicted heat transfer coefficient of 10429 W/m2. K at 60 °C was 2% lower
than that of Nusselt film analogy. While the predicted heat transfer coefficient of 11854 W/
m2. K at 120 °C was 18% than that of Nusselt film analogy. Also, the results revealed that
the heat transfer coefficient is merely dependent on the cross-flow velocity of the vapor and
hence the vapor shear.
KEY WORDS: Apparent, Condensation, CFD, Heat capacity, Horizontal, Steam, Tube.

*Corresponding Author: Suliman Alfarawi, suliman.alfarawi@uob.edu.ly

University of Benghazi©2025 All rights reserved. ISSN: Online 2790-1637, Print 2790-1629
National Library of Libya, Legal number: 154/2018

112



SJUOB (2025) 38 (1) Applied Sciences: 112 — 128

1.INTRODUCTION

Heat exchangers are devices that transfer
heat between fluids at different temperatures.
They are used in various applications, such as
HVAC systems, power plants, and industrial
processes. Heat exchangers can be classified
in different ways. From a functional perspec-
tive, they include recuperative, regenerative,
and direct mixing types. Based on transfer
processes, they can be either direct contact
or indirect contact. Another aspect is the flow
arrangement which can be co-current, count-
er, or crossflow. Geometric construction
options include tubular, plate, compact, and
regenerative designs. Additionally, they can
be categorized by fluid phases, such as con-

densers, evaporators, and crystallizers. The

primary heat transfer mechanisms in heat
exchangers are conduction, convection, and
radiation. Conduction involves heat transfer
through particle collisions, convection in-
volves heat transfer through fluid movement,
and radiation involves heat transfer through
electromagnetic waves. Shell-and-tube heat
exchangers (STHE) are most used in indus-
try, and they are comprised of essential com-
ponents such as shell, tubes, baffles, and noz-
zles as shown in Figure 1. These parts work
together to enable efficient heat transfer be-
tween fluids. STHESs can be classified based
on construction and service. Construction
types include fixed tube sheet, U-tube, and
floating head designs, while service types

encompass single-phase, condensing, and va-

porizing processes [1].

Shell side inlet Q

Shell side outlet

Figure. (1): Simple view of shell and tube counter flow heat exchanger.
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Condensation inside a STHE oc-
curs when a vapor, typically steam or refrig-
erant, comes into contact with a surface that
is cooler than the vapor’s dew point. This pro-
cess is commonly used in various industrial
applications for heat recovery, refrigeration,
and power generation. The condensation
process refers to the transformation of a sub-
stance from its gaseous phase into its liquid
phase. This phase change occurs when a gas
is cooled to its dew point or when the gas ex-
periences an increase in pressure that forces
it to condense. The heat released during this
process is known as the latent heat of con-

densation. Condensation in a STHE may

(a)

(b)

occur over the tube side or inside the tubes.
However, in several designs, the vapor flows
through the shell, and condensation occurs
on the outer surfaces of the tubes as heat is
transferred from the vapor to the cooler flu-
id flowing through the tubes. Condensation
here results in liquid droplets forming on the
tube surfaces, which then coalesce and drain
due to gravity or flow-induced motion. Con-
denser surfaces may be wet with condensate,
leading to film condensation, or non-wet, re-
sulting in dropwise condensation. Film wise
condensation as shown in Figure 2, forms a
thin film of condensate on the surface of the

tube.

Figure. (2): Condensation over a tube, (@) a single horizontal tube, (b) a vertical tier of horizontal

tubes with a continuous condensate sheet, and (c) with dripping condensate [1].
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This film can act as a thermal resis-
tance, reducing the overall heat transfer rate.
While, in dropwise condensation, drops of
condensate are formed on the tube’s surface
which provides better heat transfer efficien-
cy because it creates less resistance than film
wise condensation inundation [1]. The vapor
can be still or moving rapidly across the sur-
face, and both the condensate and vapor may
flow in laminar or turbulent patterns. Con-
denser design often relies on idealization and
empirical methods. Even with a pure vapor,
challenges like 3-D flow, turbulence, shear
stress at the vapor-condensate interface, sur-
face rippling, and inundation pose significant
difficulties in making detailed modeling [2,3].
Theoretically, condensation is described by
thermodynamic principles, which relates
temperature, pressure, and phase changes
of substances. Practically, researchers study
condensation through controlled experiments
in laboratories using equipment like condens-
ers, dew point meters, and environmental
chambers, simulating atmospheric or indus-
trial conditions [4]. Steam condensation is a
complex heat transfer process influenced by
multiple factors, including the geometry of

the tubes, flow patterns, steam properties, and

operating conditions. Accurate modeling of
these systems is essential for proper design
and sizing, as simple models can lead to in-
correct temperature differentials and underes-
timation of heat transfer area [5].

There is a growing need for detailed
numerical investigations to provide more ac-
curate predictions and efficient design of con-
densers. Fewer numerical studies exist in lit-
erature to predict fluid flow and heat transfer
processes within an industrial shell and tube
condenser. Marto [6] provided an extensive
review on heat transfer and two-phase flow
during shell-side condensation, focusing on
historical developments, heat transfer en-
hancement, and computer modeling. Nus-
selt’s laminar film condensation theory was a
baseline model for condensation. His review
covered various factors affecting heat trans-
fer, including vapor shear, non-condensable
gases, and enhancement techniques. Marto
emphasized the need for further experimen-
tal data, particularly for large tube bundles,
to refine correlations and improve predictive
modeling.

Bonneau et al. [7] conducted a
comprehensive review of pure vapor conden-

sation outside horizontal smooth tubes, high-
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lighting the diversity and accuracy of correla-
tions for shell-side heat transfer coefficients.
Their work reviewed Nusselt’s foundational
analysis on film condensation, emphasiz-
ing its limitations due to assumptions like
stagnant vapor and laminar flow. They em-
phasized the influence of vapor shear stress
and condensate inundation on heat transfer
performance and more accurate and practical
models are needed.

Ji et al. [8] investigated the con-
densation of refrigerants R134a and R22 in
shell-and-tube condensers equipped with
high-density low-fin tubes compared to 3D
enhanced tubes. Their experiments revealed
that the heat transfer coefficient for low-fin
tubes was a 16.3-25.2% higher than that for
traditional 3D enhanced tubes. They con-
cluded that the overall refrigeration capacity
remained comparable between different con-
denser designs, suggesting that low-fin tubes
can provide substantial performance benefits
while reducing material usage. However,
potential maintenance challenges associated
with high-density low-fin tubes may affect
their practical application.

Mirzabeygi and Zhang [9] pre-

sented a numerical study on fluid flow and

heat transfer on an industrial shell and tube
condenser. The Eulerian—Eulerian approach
was adopted in the analysis. Due to the 3D
geometrical complexity in a full-size indus-
trial condenser with an irregular shape, the
tube bundle was modelled as porous media.
With a considerable accuracy, the model was
able to predict the condenser performance in
terms of heat and mass transfer rates, pressure
and temperature.

Doan et al. [10] conducted 3D nu-
merical simulation and an experimental study
on steam phase change in microchannel con-
densers. The apparent heat capacity method
was adopted in the analysis. The numerical
scheme reported lacks clarity in the formu-
lations of the governing equations. Howev-
er, they were able to get reasonable results
in terms of phase change interface position
compared to the experimental results. The
authors demonstrated the correlation between
steam mass flow rate and condensed water
temperature on a limited range of mass flow
rates from 0.01 g/s to 0.1 g/s, and specific
geometric configuration.

El Ouali et al. [11] presented a dy-
namic model for latent cold thermal storage

unit integrated with PCM spherical capsules.
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The apparent heat capacity method was ad-
opted. They showed that increasing the di-
ameter of capsules from 47 mm to 77 mm
increases the discharging period by about 30
%. However, heat transfer fluid flow rate and
the capsule diameter must be properly inves-
tigated to minimize pumping power.

Due to the complexity and the
computational resources needed for model-
ling such a problem using two-phase flow
analysis with phase change heat transfer, the
apparent capacity method is an alternative ap-
proach to explore. The apparent heat capacity
method allows for the computation of a sin-
gle-phase flow which is likely the vapor and
provides an implicit capturing of the phase
change interface between the vapor and lig-
uid phases. A single energy equation is solved
with effective material properties for the two
phases based on the phase change tempera-
ture, the latent heat for the state change. The
transition zone is carefully investigated to
enable a smooth transition between the two
phases (vapor and liquid).

Based on the previous studies re-
viewed in open literature, no detailed studies
have been found related to the application

of apparent heat capacity method in predict-

ing condensation heat transfer coefficient
for a single tube or a tube bundle of a heat
exchanger. The research paper answers the
question of what extent the apparent heat ca-
pacity method can be accurate in predicting
the condensation of steam. The present work
is aimed at numerically solving fluid flow
and heat transfer of a condensing saturated
vapor or a steam over a single horizontal tube
using computational fluid dynamics (CFD)
based on finite element analysis to predict the
condensation heat transfer coefficient.
2.METHODS

Fluid flow and heat transfer with
phase change analysis is conducted in this
study using two-dimensional steady state
non-isothermal flow formulation inside the
environment of COMSOL Multiphysics ver-
sion 6.2. The resulting governing equations
are:

3.COMTINUITY EQUATION
ou ov
0x t ady 0 ( )

4.MOMENTUM EQUATION

Wb 1B gy [t
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University of Benghazi©2025 All rights reserved. ISSN: Online 2790-1637, Print 2790-1629
National Library of Libya, Legal number: 154/2018

117



SJUOB (2025) 38 (1) Applied Sciences: 112 — 128

b, B 1B ey (ﬁzv i
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where is the effective dynamic viscosity of

the two phases and is calculated from.
Heff = 1y + i, = =(3)

And is the effective density of the two phases

calculated from

Peff = P16y + p20,--(4)

The volume fractions of the two phases and
are then calculated based on phase transition

function as follows:

,=1-a,, ——(5)

92 = a1—>2"(6)

A1-52

where 0, is the volume fraction of the ma-
terial (vapor) before transition and 0, is the
volume fraction of the material (liquid) after
transition. The phase transition from phase 1
to phase 2 is described by the phase transi-
tion function, . The phase transition function
shown in Figure 3 is a smoothed step func-

tion with a continuous second derivative

(Heaviside function) changes from 0 before

) ff g -(Zb' phase change temperature TpC to 1 after phase

change temperature T.

Figure. (3): Phase volume fractions using
Heaviside function [12].
The effective thermal conductivity of the two

phases is calculated from
keff = k191 + kz 92“(7)
5.ENERGY EQUATION

q @ by (P16

where and, are effective thermal conductivity
and apparent heat capacity, respectively.
According to the formulation of apparent heat

capacity method [12], the apparent heat ca-
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pacity is obtained by summing up the equiva-
lent heat capacity of the two phases and latent

heat distribution as follows

Ay

1
(= » (P191Cp,1 U Pzech,z) t LE"(Q)

where L is the latent heat of vaporization and

is the mass fraction and is calculated from

Ay = 0.5 M--(IO)
Peff

5.1.Model set up
The CFD model was set up in COMSOL
Multiphysics to calculate the heat transfer co-
efficient of a condensing saturated steam on
the outer surface of horizontal 6 mm diame-
ter single tube at different saturation tempera-
tures ranging from 60 to 120 °C.

The 2D computational domain is 18
mm in width and 24 mm in hight with a cen-
tred hollow circle of 6 mm diameter which

represents water cooling tube. The tube of

cooling water is treated as an isothermal tube
and its wall is maintained at 25 °C. The 2D
computational domain and applied bound-
ary conditions BCs are depicted in Figure
4. To ensure a laminar vapor flow, a fully
developed flow boundary condition with an
inlet velocity of 10 mm/s was selected and
fixed for all simulation cases. The reference
pressure was fixed to 1 [bar] for all cases to
calculate vapor density at different saturation
temperatures while the outlet pressure is set
to zero pressure (relative pressure).

The heat transfer with phase change
is enabled with inlet temperature of the va-
por and constant wall temperature of the tube
at 25 °C. Outflow boundary conditions are
applied at the outlet of the domain. The 2D
computational domain was meshed with free
triangular elements and two boundary layers
sequence around the surface of the horizontal
tube to resolve velocity and temperature gra-

dients around the tube.

University of Benghazi©2025 All rights reserved. ISSN: Online 2790-1637, Print 2790-1629
National Library of Libya, Legal number: 154/2018

119



SJUOB (2025) 38 (1) Applied Sciences: 112 — 128

) e

Steam = |nlet temperature

@ Outflow
(a)

Thermal BCs

=== Insulation

e Outflow

== Cooling water
temperature

@ Inlet

Steam

@ Outlet
(b)

Flow BCs

=== No slip walls

== Inlet velocity

== Qutlet pressure

Figure. (4): 2D computational domain with applied boundary conditions,
(a) flow BCs, (b) thermal BCs.

All simulations were performed
on Intel® core™ CPU i7-10610U runs at a
speed of 2.3 GHz with 16 GB RAM mem-
ory. The sensitivity analysis of the mesh size
on the predicted heat transfer coefficient was
illustrated in Table (1).

It can be seen that the result of heat

transfer coefficient is relatively sensitive to

further refining the mesh size. However, the
result of heat transfer coefficient is strongly
affected by the transition interval, AT. As the
transition interval becomes smaller, a finer
mesh is needed for smooth transition during

phase change.

Table .(1): Mesh sensitivity analysis

Grid No No of elements HTC (W/m?. K) Deviation %
1 7054 12615 -
2
10876 13%
18774
3 29262 10429 4%
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Table (2) shows the variation of
heat transfer coefficient (HTC) with the tem-
perature interval AT at a fixed grid size (No
3). The solver started with a wide temperature
interval of 50 K so that the final solution for
the current temperature interval is the initial
guess to the next temperature interval and

ramped down to a smaller value of 10 K. This

ensures a smooth converged transition of the
phase from vapor to liquid at the predefined
phase change temperature. As can be seen the
value of HTC stabilizes at a lower tempera-
ture interval of 10 K with a deviation less than
1%. This confirms the temperature interval of
10 K satisfies energy and mass conservation

in phase change model.

Table .(2): Variation of heat transfer coefficient (HTC) with the temperature interval AT at a fixed

grid size.
AT HTC (W/m?. K) Deviation %
50 K 12661 -
40 K 11807 6.7%
30K 10836 8.2%
20K 10507 3%
10K 10429 <1%

6.RESULTS AND DISCUSSION
6.1.Model validation

Several researchers have compared
condensation heat transfer coefficient ob-
tained from Nusselt analysis (Rewritten be-
low) with experimental data for a single tube,
using a variety of test fluids, and agreement

within 30% has often been reported [6].

p(pr-pl’ htg

~(11
Wi(Tsqt=Ts)D ( )

hy = 0. 729[

The comparison with Nusselt equa-
tion illustrated in Table 4 showed a fairly good
agreement within [2-18] % deviation which
gives a confidence in the adopted numerical
procedure. However, the deviation may be at-
tributed to the fact that the current CFD mod-
el accounts for vapor velocity (vapor shear)
and temperature-dependent properties when

compared to the idealized Nusselt analysis.
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Table .(3): Comparison of heat transfer coefficient (HTC) with Nusselt equation [6].

. Heat transfer coefficient (HTC)
Saturation temperature .
) (W/m?. K) Deviation
CFD Nusselt eq’n [11]
60 10429 10679 2%
80 11050 10059 9%
100 11518 9775 15%
120 11854 9677 18%
inder where the highest pressure is the stagna-
6.2.General results

The results for velocity, pressure, temperature
and phase profiles at a saturation temperature
of 60 °C are demonstrated in Figure 5. The
velocity and pressure profiles (Figure 5a and

5b) resemble the steady fluid flow over a cyl-

tion pressure which is very small correspond-
ing to the vapor inlet velocity of 10 mmy/s.
The inlet vapor temperature in this case is 65
°C (Figure 5c) and only temperature gradient
is exhibited at the wall of cooling tube. The
sensible cooling starts until the phase change
temperature of 60 °C is reached near the tube
wall then phase change occurs. As depicted
in Figure 5d, the phase interface captures the

formation of film condensation.
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Surface: Velocity magnitude (m/s)  Contour: Pressure (Pa)
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Figure.(5): CFD results of a condensing steam over a horizontal tube, (a) velocity, (b) pressure,

2.98
2.46
1.95
1.43
0.91

(d)

(c) temperature and (d) phase indicator.
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6.3.Effect of vapor velocity

In this section, the effect of vapor
velocity on the condensation heat transfer
coefficient was investigated. Previous stud-
ies, as reviewed by Browne and Bansal [13]
reported that the forced-convection conden-
sation is proportional to the magnitude of
the cross-flow velocity. Therefore, the simu-
lations were carried out with a varied vapor
inlet velocity from 5 mm/s to 20 mm/s for the
case of saturation temperature of 60 °C. The
corresponding cross-flow velocity profiles

are plotted in Figure 6(a). As can be seen, the

cross-flow velocity profile is a result of the
no-slip boundary conditions at positions x =
3 mm and x = 9 mm of the tube wall and the
vertical wall, respectively and the maximum
cross-flow velocity at a position of x =5.6844
mm. The cross-flow velocity is almost a two-
folds of the vapor inlet velocity as depicted
in Figure 6(b). The existence of vapor shear
due to the established velocity gradient near
the tube wall strongly affects the condensing
heat transfer coefficient. Figure 6(c) shows
an increasing trend of HTC to the power of

(0.4526) of the maximum cross-flow veloci-

ty.
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Figure.(6): Effect of vapor velocity on forced-convection condensation, (a) cross-flow velocity

profile, (b) variation of cross-flow velocity with vapor inlet velocity (¢) HTC.
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In order to understand how the HTC increas-
es with respect to the vapor shear, the phase
indicators at different vapor inlet velocities
were visualized as depicted in Figure 7. As
expected, the increase in vapor shear causes a
thinning in the film thickness of the conden-

sate when the inlet velocity increases from 5

Phase indicator, phase (1+2)

1
0.8
0.6
0.4
0.2
0]

(a)
Phase indicator, phase (1+2)

1
0.8
0.6
0.4
0.2
o

(c)

mm/s to 20 mm/s. Therefore, the conductive
thermal resistance of the condensate decreas-
es when the inlet velocity increases resulting
in higher values of HTC. This observation is
in line with theory and previous studies [13,

14].

Phase indicator, phase (1+2)

1
0.8
0.6
0.4
0.2
0]

(b)

Phase indicator, phase (1+2)

1
0.8
0.6
0.4
0.2
0

(d)

Figure.(7): Effect of vapor velocity on condensing steam over a horizontal tube, (a) v =5 mm/s,

(b) v=10 mm/s, (¢) v=15 mm/s and (d) v =20 mm/s.
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7.CONCLUSIONS

A new CFD approach based on ap-
parent heat capacity method was proposed to
predict the condensation heat transfer coeffi-
cient of steam over a single horizontal tube.
The model was validated against Nusselt film
analogy at different saturation temperatures
with reasonable accuracy. The effect of va-
por velocity on the condensation heat transfer
coefficient was presented. The current model
is robust, computationally inexpensive and
can be further extended for future work to ac-
count for the inundation phenomenon in real
tube bundle of a condenser.
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