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ARTICLE INFO ABSTRACT

Keywords: Fouling on heating surfaces significantly reduces the thermal efficiency of heat exchangers and increases energy
€aCO; deposition losses. This study investigates a microtube heat exchanger designed for lithium-ion battery water cooling systems.
CFD-DEM

A numerical investigation is conducted using the Eulerian-Lagrangian approach to evaluate the degradation of
thermal performance and energy loss caused by the deposition of submicron particles on heating surfaces. The
study considers laminar flow in a pipe with a constant surface heat flux. The discrete element method is employed
to model particle deposition dynamics, and the coupled simulations of fluid flow and heat transfer are performed
using OpenFOAM. The results indicate that the Nusselt number (Nu) decreases by up to 55~. As the deposited
particle volume ratio increases, Nu reduces significantly to a value of 2.5, beyond which the reduction follows an
asymptotic trend. Additionally, an empirical correlation between Nu and the friction factor has been developed,
providing a reliable predictive tool for evaluating the heat exchanger performance under scaling conditions.
These findings offer valuable insights into mitigating fouling effects and minimizing performance losses due to

Heat exchanger
Thermal performance
Fouling

CFD analysis

Porous media

fouling.

1. Introduction

Lithium-ion batteries are widely adopted in electric vehicles due to
their high energy density, low cost, and long cycle life [1,2]. However,
heat generation during operation remains a major concern, as an in-
crease in temperature affects service life and increases the risk of ther-
mal runaway [3]. Effective thermal management is therefore essential
to ensure battery safety and performance, as well as broader societal
acceptance of electric vehicles for reducing carbon footprints. Extensive
research has explored various thermal management strategies, including
natural and forced air convection, phase change materials, and liquid
cooling systems [2]. Among these, active liquid cooling has proven par-
ticularly effective in managing heat generation at high charge-discharge
rates, as it continuously circulates coolant to absorb and dissipate heat
through a radiator before recirculation [4]. One type of liquid cooling
system uses water as a coolant due to its abundant availability and low
cost.
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Despite its advantages, water-based liquid cooling encounters signif-
icant challenges due to fouling, particularly calcium carbonate (CaCO3)
deposition on the walls of pipes transporting water, as calcium ion is
the dominant mineral in cooling water [5,6]. Such fouling reduces heat
transfer rate, increases pressure drop, and leads to energy losses [7]. In
extreme cases, it can hinder heat dissipation and adversely affect over-
all system performance. Therefore, understanding fouling mechanisms
and their influence on heat transfer and flow dynamics is critical for
improving the efficiency and reliability of cooling systems.

The formation of a fouling layer on the inner wall of a pipe in-
volves complex coupled physical and chemical processes. As water flows
through the pipe, dissolved mineral ions such as Ca?* react with carbon-
ate ions (cog*) under varying hydrodynamic and chemical conditions,
leading to the precipitation of calcite (CaCO3) on the inner pipe surface.
The development of calcite deposits involves multiple mechanisms, in-
cluding nucleation, mass transport, surface reactions, and crystal lattice
growth. The crystallization of calcium carbonate from supersaturated
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solutions can be described by both classical nucleation theory (CNT)
and the pre-nucleation cluster (PNC) pathway. According to CNT, nuclei
form through the stochastic association of monomeric species and must
overcome a free-energy barrier to reach a critical radius, beyond which
stable crystal growth occurs [8,9]. In contrast, the PNC pathway pro-
poses the formation of thermodynamically stable, liquid-like ion clusters
that aggregate into larger entities, which subsequently transform into
amorphous calcium carbonate particles with sizes ranging from tens of
nanometers to several hundred micrometers [9].

Numerous studies have investigated calcite deposition using exper-
imental and numerical approaches, with particular emphasis on its
impact on thermal resistance in pipes [6,10-13]. Budair et al. [14]
conducted controlled experiments in which calcite-laden water flowed
through a tube under constant operating conditions, demonstrating a
linear increase in thermal resistance over time as calcite particles ac-
cumulated on the tube walls, forming a heat-resisting layer. Based on
these observations, they proposed a thermal resistance model to pre-
dict the long-term effects of scale formation on heat transfer from the
heated wall to the circulating fluid. Chen et al. [12] investigated the
early stages of precipitation and scale deposition on metal surfaces and
found that submicrometer-sized crystals dominated the initial surface
coverage; their results further showed that heterogeneous conditions
promote crystal growth more effectively than homogeneous conditions,
as indicated by larger crystal sizes on metal surfaces compared to those
in the bulk solution. Rahimi et al. [13] examined the influence of bulk
temperature on CaCOj; fouling during convective heat transfer and sub-
cooled flow boiling, reporting that particulate fouling occurred even
with filtration and that higher bulk temperatures (75 °C) significantly
increased fouling rates compared to lower temperatures (55 °C) due to
enhanced evaporation and subsequent supersaturation of CaCO3, which
accelerated deposition on heat transfer surfaces. Teng et al. [15] investi-
gated CaCOj; fouling resistance on different heat exchanger materials un-
der varying temperatures, flow velocities, and solution concentrations.
Their results indicated a linear increase in CaCO5; deposition over time.
Notably, material thermal conductivity significantly influenced the foul-
ing rate, with copper exhibiting the highest deposition rate and stainless
steel the lowest. The study further showed that elevated temperatures
and higher concentrations accelerated fouling due to increased crystal-
lization potential. In the case of carbon steel, severe corrosion altered
the deposition mechanism, leading to an increased fouling rate.

In recent years, numerical techniques have been increasingly em-
ployed to model calcite layer deposition, its growth rate, and the re-
sulting increase in fouling resistance. In a numerical study, Paakko-
nen et al. [6] used an Eulerian approach to investigate fouling
resistance and mass deposition of micron-sized particles in a plate heat
exchanger, finding good agreement between CFD predictions and exper-
imental measurements. Their results also identified surface temperature
as the most influential parameter governing deposition behavior. More
recently, Wang et al. [5] developed a mixed fouling prediction model ca-
pable of capturing the formation, growth, and removal of particle-crystal
mixed fouling in heat exchanger tubes. Using an Eulerian framework im-
plemented in ANSYS Fluent, their simulations demonstrated that tem-
perature, inlet flow velocity, and concentration are key parameters in-
fluencing the fouling rate, with higher temperatures and lower flow
velocities promoting the formation of thicker fouling layers. In contrast,
Trofa et al. [16] employed a CFD-DEM approach to investigate fouling
in microchannels, enabling quantitative prediction of particle cluster
morphology and growth rates.

Most computational studies have focused on modeling calcite mass
deposition and evaluating fouling resistance on heated surfaces, primar-
ily using a mass-fraction approach rather than explicitly resolving the
actual geometry of the deposited calcite layer. Moreover, the combined
effects of fouling layer evolution and flow strength on heat transfer per-
formance remain insufficiently understood. Therefore, detailed numer-
ical modeling is essential to quantify how artificially generated foul-
ing layers influence thermal efficiency and to predict fouling-induced
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degradation in cooling systems. Although battery thermal management
systems typically employ conditioned coolants to mitigate scaling and
corrosion [4], fouling cannot be completely eliminated. Over long-term
operation, coolant degradation, impurity ingress, and additive depletion
may alter fluid chemistry and promote deposit formation, particularly
under sustained thermal cycling and non-ideal conditions [17].

In this study, a numerically generated calcite fouling layer with vary-
ing coverage fractions relative to the available flow area is first formed
through fluid-particle interactions using a coupled flow solver and dis-
crete element method by integrating OpenFOAM and LIGGGHTS. For
simplicity, calcite particles are assumed to be micron-sized and spher-
ical, and the fouling layer on the inner pipe surface is formed through
fluid-particle interactions. Once this porous fouling structure is gener-
ated, it is assumed to remain fixed, and coupled fluid flow and heat
transfer are subsequently simulated over the deposited calcite layer. This
assumption is justified by the microtube configuration considered, in
which the flow strength is insufficient to disintegrate the initially formed
calcite structure. A parametric analysis of heat transfer performance is
then conducted at different flow rates for various calcite deposition frac-
tions [2]. This comprehensive approach enables a detailed assessment
of flow and thermal behavior, thereby enhancing the understanding of
the impact of CaCO3 deposition on heat transfer and improving the pre-
diction of maintenance and cleaning schedules.

2. Methodology

The nucleation of CaCO; occurs both homogeneously in the bulk
liquid and heterogeneously on solid surfaces, forming micron-sized par-
ticles [12,13]. These particles are influenced by various forces, predomi-
nantly Brownian motion [18,19], causing them to migrate from the bulk
solution toward surfaces under external flow, as illustrated in Fig. 1.
Subsequently, these particles aggregate and grow over time, gradually
covering the inner wall of the pipe. As this process continues, particle
accumulation on the wall leads to the development of a porous calcite
scale layer. The extent of scale coverage and the crystal growth rate
on these walls are strongly influenced by the degree of supersaturation,
which governs the kinetics of nucleation and crystal growth [20]. Anas-
tasios et al. [21], in their experimental investigation of scale formation
in tubular pipes, identified a critical supersaturation ratio of 7, marking
a transition in the deposition mechanism. Below this critical value, scale
formation occurred at a relatively slow rate, whereas above it, a signif-
icant increase in the growth rate was observed. The crystallized CaCO;
layer formed on the heated surface is porous in nature and filled with
coolant [6]. Due to its high thermal resistance and porous structure,
the CaCOj; layer impedes coolant flow, thereby significantly degrading
the thermal efficiency of the heat exchanger [22,23]. It is important to
note that the present study focuses on the post-formation behavior of
CaCO; deposits, and does not explicitly model the detailed kinetics of
nucleation and crystal growth

In this study, the particle aggregation process within a circular pipe
is simulated using OpenFOAM coupled with LIGGGHTS. The thermal
performance and fluid dynamics within the resulting porous structure
are evaluated by solving the coupled fluid flow and heat transport equa-
tions, with water employed as the working fluid. The physical domain
consists of a pipe with a diameter (D) of 70 pm and a length (L) of
20 cm, corresponding to the microtube dimensions used in lithium-ion
battery cooling systems [2]. The fouling layer is treated as a stationary
porous medium after its formation. This represents a modeling simpli-
fication, since particle detachment, erosion, and shear-limited growth
are not explicitly considered. In practical systems, fouling evolution is
governed by a balance between deposition and removal processes, po-
tentially leading to a dynamic equilibrium. Experimental observations
reported by Rahimi et al. [13] indicate that, at a CaCO; concentration
of 0.4g/L, the fouling resistance reaches an asymptotic state, reflect-
ing a balance between deposition and detachment rates. The present
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Fig. 1. Schematic illustration of particle deposition on walls of the tube under the combined effects of Brownian motion and external fluid forces.

Fig. 2. Modeling of particle deposition on heated surfaces based on the compar-
ison between interaction force and maximum Brownian force: (a) no deposition
occurs when the interaction force is smaller than the maximum Brownian force;
(b) deposition occurs when the interaction force exceeds the maximum Brown-
ian force.

approach therefore represents fixed fouling configurations at different
stages of deposit accumulation.

2.1. Mathematical model

2.1.1. Porous calcite layer generation

The dynamics of the incompressible fluid in the presence of parti-
cles is governed by the following modified continuity and momentum
equations [24]

0.ep¢l
= +( -.eppu/ =0, (@D)]
d.peeu/
P+ (epuul =X epl+ (oW Bt ep, @

where p; is the density of the fluid, and the volume fraction of the fluid or
the void fraction, € = ;, represents the ratio of the volume of the fluid

to the control volume. IC{ere, u and p denote the velocity and pressure of
the fluid, respectively; u, is the dynamic viscosity of the fluid, g is the
gravitational acceleration, and F is the source term representing the
momentum exchange between the fluid and solid particle, is given by

Fy = pFppu™ vp/, ©)

where F¢ denotes the particle-fluid interaction force acting on a particle
and is calculated using the Gidaspow model [25]. This model determines
F ¢ based on the local void fraction e within each control volume. For di-
lute flows (¢ > 0.8), the particle-fluid interaction force is obtained using
the Wen-Yu correlation, expressed as [26]
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In addition, v, and d, are the particle velocity and diameter, respec-

tively. Here, the diameter of spherical particle is 0.8 um. The Reynolds

number of particle Re, in Eq. (5) is defined as
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For dense flows (e < 0.8), the particle-fluid interaction force is described
using the Ergun equation [27], which is written as
150.1* /v,  175.1% ellu* v,|
= +
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where v, is the kinematic viscosity of the fluid. The motion of individ-
ual particles is modeled by accounting for Brownian and drag forces,
whereas other forces, including lift and gravity, are neglected because
of the submicron size of the particles [18,19]. The limited role of these
forces is reflected by the maximum Stokes number .St = %/ (0.107% ),
indicating negligible particle inertia under the present flow conditions.
In addition, the Brownian-to-gravity force ratio (0.10%/) demonstrates
that Brownian motion remains highly dominant in our study. The gov-
erning equation used to determine particle motion is expressed as

dv,
mpw = Fb + Fd’ (8)

where m, denotes the mass of the particle. The drag force F, that acts

on the particle is given by
m,CyRe,.u* v,/

F,=-2< 0 7 9
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where C, is the drag coefficient and is approximated as C; = %. The
P
relaxation time 7, which represents the time required for a particle to

adjust its velocity to that of the surrounding fluid, is defined as
2
dp Pp
18u’

10)

where p, is the particle density. The Brownian force F, is obtained as
[28]

F,=¢ — an
where ¢ is a unit-variance random Gaussian number, ¢ is the simula-
tion time step, and .S, represents the spectral intensity of the force. The
spectral intensity Sy is defined as

_ 216v;kgT <pf >2

Sp = — 12)
pfﬂzdl?cc p!’

where kjp is the Boltzmann constant.
The deposition of particles in the present study is modeled using
a simplified adhesion criterion, without explicitly resolving detailed
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Fig. 3. Schematic representation of a heat exchanger.

Fig. 4. Grid independence study of Nusselt number for NDP and WDP (a U
7.3~) cases.

physicochemical interactions. Particles are categorized into two groups:
deposited and undeposited (Fig. 1). Deposited particles remain fixed on
the wall or attached to previously deposited particles, forming a porous
structure, while undeposited particles remain mobile in the fluid do-
main. To represent particle-particle interactions, a smooth interaction
potential is implemented in LIGGGHTS using a soft pair-style formula-
tion:

r
E:A[1+cos<rp>], (13)

where A is a prefactor controlling the interaction strength, r, is the
inter-particle distance, and r, is the cutoff radius. This potential ensures
smooth particle interactions and prevents numerical overlap, while also
enabling particle aggregation. A particle is assumed to deposit when
the interaction force between an undeposited particle and a deposited
particle exceeds the maximum Brownian force, F, .y, corresponding to
a 99.7% probability level (¢ =,3 ). Once this threshold is exceeded, the
particle is irreversibly classified as deposited. This approach provides
a phenomenological representation of particle adhesion and aggrega-

tion, allowing the formation of a porous fouling layer without explicitly
modeling detailed interfacial physics Fig. 2.

2.1.2. Coupling with heat transport

The process of evaluating heat transfer in a tubular pipe with the sta-
tionary calcite particles is modeled using an energy-balance formulation
[29]. Owing to the small particle size and the presence of an external
heat source, local thermal equilibrium (LTE) between the particles and
fluid is assumed (T,=T;=T). Several studies have applied the LTE
model for porous media and proposed validity constraints based on the
Biot number, Darcy number, or material properties [30]. According to
the criterion of Quintard and Whitaker [31], which depends on fluid
and solid properties, the following condition must be satisfied for the
LTE assumption to hold

el?.pc,/
—<”<i+ i) <1, as
t k, ky

where [ is the pore-scale length, .pc,/, is the fluid heat capacity, ¢~ is
the characteristic time scale, and k, and k s are the thermal conductiv-
ities of the particle and fluid phases, respectively. For the present case,
this expression evaluates to approximately 0.07, which is much less than
unity, thereby confirming the validity of the LTE assumption.

The heat transport conservation equation is used to analyze heat
transfer in the calcite-deposited flow within a heated pipe
.pc/m%+.pclfu~(T=( -k, (T, 15)
where the effective heat capacity .pc/,, represents a phase-averaged
combination of the particle and fluid heat capacities .pc/, and .pc/ ; and
is expressed as

pely =.1% €l.pcl, + e.pcl ;. (16)

The structure and orientation of the porous medium, whether arranged
in series or in parallel, add complexity to the modeling of the effective
thermal conductivity. For practical purposes, a rough estimate of «,,
can be obtained using a geometric mixing relation between the thermal
conductivity of the particles «, and the thermal conductivity of the fluid
k,, defined as [29]

Ky = K[‘)l* 5/1(;/. a7
The exponents .1 * ¢/ and e represent the respective contributions of the
particulate and fluid phases in determining the effective thermal con-
ductivity «,,. When the fluid volume fraction is ¢ = 1 only the conduc-
tivity of fluid is considered, whereas when ¢ = 0, only the conductivity
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Fig. 5. Validation of the numerical results against analytical solutions for single-phase flow: (a) mean temperature profile and (b) friction factor.

Fig. 6. Schematic of the confined impinging jet over a porous layer.

of particle is accounted for. This approach provides a reasonable esti-
mate, particularly when the thermal conductivities of the solid and fluid
do not differ significantly [29]. Note that the DEM solver is employed
solely to compute the local particle volume fraction ¢ within each con-
trol volume, without explicitly solving the particle equations of motion.
The resulting volume fraction is then used to solve Egs. (1)-(2) and (15).
It is worth noting that Nield [32] compared the effective thermal con-
ductivity predictions of the geometric, arithmetic, and harmonic mean
models against experimental data for several fluid-solid combinations,
with conductivity ratio x,_x, ranging from 0.007 to 3.937. The results
showed that the geometric mean performed well in the intermediate
range: for very low i.e., 0.007 it overpredicted the conductivity by about
83%, while for high i.e., 3.937 it underestimated by about 40%. In our
study, the conductivity ratio is approximately 0.227, which is very close
to one of the tested values i.e. 0.235, where the geometric mean pro-
vided a reasonable match with experimental measurements. Therefore,
the use of the geometric mean model is justified for predicting the ef-
fective thermal conductivity in the present study. The thermophysical
properties of water and CaCO5 at 25°C are taken from [33,34].

2.2. Computational methodology

The initial stationary porous calcite layer is obtained by solving the
particle equation of motion, i.e., Eq. (8). This equation is solved us-
ing LIGGGHTS under the assumption of fully developed laminar flow of
cooling water containing suspended CaCOj particles through the pipe.
In practical systems, fouling layer formation is a time-dependent pro-
cess involving particle nucleation in the bulk fluid and gradual depo-

sition on the pipe wall. Direct resolution of this long-term deposition
process in numerical simulations requires substantial computational re-
sources.Therefore, in the present study, the fouling layer is constructed
by simulating particle deposition and aggregating deposited particles to
represent different stages of fouling. The deposition of particles is com-
puted for a L; = 5 mm section of the pipe, and this pattern is periodically
replicated along the L =2 cm section to reduce computational cost. A
periodic boundary condition is applied in the flow direction to maintain
a constant particle volume concentration. The extent of fouling due to
particle deposition is quantified using the deposited particle volume ra-
tio a, defined as the ratio of the volume of particles deposited on the
wall to the total internal volume of the pipe. Subsequently, fluid flow
and heat transfer analyses are performed using Egs. (1)—(2) and (15) in
OpenFOAM.

The computational domain as shown in Fig. 3 assumes a fully devel-
oped flow at the inlet, with boundary conditions including a parabolic
velocity profile u = 2Vm(1 * ;—22 ), where V;, represents the mean veloc-
ity across the cross-section of the pipe. The inlet temperature is set to
30°C. A constant heat flux (¢) is applied to the wall, along with a no-slip
boundary condition. Thermal performance and energy loss are evalu-
ated using the Nusselt number (Nu) and the friction factor (f). The Nu
is defined as
gD

Nu= — 2
4T Tk,

(18)

where D is the diameter of the tube; T is the surface temperature of
the heating wall, and T, is the bulk mean temperature. The bulk mean

temperature is determined as
_1 .
T,= = [ Tdm, (19)
m

where i denotes the mass flow rate. For laminar flow in a pipe with
constant surface heat flux, Nu remains constant at 4.36 when the flow
and thermal profiles are fully developed. The thermal profile is to be
considered fully developed when the Graetz number (Gz) is less than
10 [35]. The Graetz number is defined as

Gz = 2 Re Pr, (20)
z

where Pr is the Prandtl number, and Re is the fluid Reynolds number,
which is defined as pV;, D_u,. The region L, (as shown in Fig. 3) is
considered thermally fully developed upto Re = 350, with tube length
of L =2 cm. The particle deposition is modeled within this thermally
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Fig. 7. (a) Velocity contours at Re = 750: Dérea et al. [38] (left) and present simulation (right). (b) Local Nusselt number distribution along x_B: comparison between

Doérea et al. [38] and the present simulation.

Fig. 8. (a) Particle deposition on the heating surface at C U 7.3% and (b) void fraction distribution representing the fluid and solid phases at the cross-sectional slice

of the pipe at length L,/2.

developed region to evaluate its effects on heat transfer. The mean Nu
and f are evaluated over length L,, capturing the impact of deposition
on thermal performance. The friction factor f is determined using the
pressure drop ( p) with the Darcy-Weisbach formula [36]:

2 pD

. (21)
VAL,

f:

2.3. Grid independency test and validation

Numerical schemes inherently introduce discretization errors due to
the approximation of continuous equations on a finite grid. To minimize
these errors and ensure solution accuracy, a grid independence study
has been performed using successive mesh refinements. The numerical
results are presented at different mesh sizes for Re = 200 in Fig. 4.

As grid resolution increases, the percentage error decreases, and Nu
converges to 4.364 for fully developed steady-state pipe flow.

A grid independence study is performed for both without particle
deposition (NDP) and with particle deposition (WDP, « U 7.3~) con-
figurations, as shown in Fig. 4. Grid refinement is carried out in the
radial direction while maintaining uniform resolution in the circumfer-
ential (20 cells) and axial (250 cells) directions. Since heat transport is
primarily governed by axial advection and radial diffusion, additional
refinement in the axial and circumferential directions resulted in negli-
gible variation in the predicted Nu. As the mesh is refined, the Nusselt
number converges for both configurations, and beyond a radial resolu-
tion corresponding to approximately 2.25 + 10° elements, the variation
in Nu becomes negligible. This confirms that the selected mesh resolu-
tion is sufficient to accurately capture the thermal behavior in both clean
and fouled cases. In the CFD-DEM framework, the particle diameter is



A. Singh et al. Results in Engineering 30 (2026) 110737

Fig. 9. Velocity and temperature contours at the pipe cross-section L,_2: (a, ¢) NDP; (b, d) WDP.

Fig. 10. Comparison of (a) radial velocity and (b) mean temperature (7,,) and surface temperature (7) profiles with and without CaCOj, particle deposition on the
heating surface at Re = 200.
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Fig. 11. Comparison of mean temperature profiles for WDP and NDP at two
Reynolds numbers for the same deposited particle volume ratio U 7.3% on the
L, heating surface.

chosen to be smaller than the grid size to ensure accurate evaluation of
the local void fraction and interphase momentum exchange [37]. A min-
imum cell size-to-particle diameter ratio greater than two is maintained
in all simulations. Based on this analysis, the selected grid provides a
balance between computational efficiency and numerical accuracy.
Furthermore, the validation of the mean temperature along the flow
direction against the analytical solution is shown in Fig. 5a. The analyt-
ical solution is given by
T3l = Tier + 0, (22)
e,

where ¢ = 25kW/m?, is applied. Here, P represents the perimeter of the
pipe, Tiye: denotes inlet fluid temperature, m is mass flow rate of the
fluid, and z is the distance from the inlet along the length of the pipe. The
mean temperature profile shows excellent agreement with the analytical
solution, confirming the accurate implementation of Eqs. (1)-(2) and
(15) in the solver. Furthermore, f for laminar flow in a pipe is validated
against the analytical expression f = 64_Re over a range of Re varying
from 50 to 200. As shown in Fig. 5b, the simulated f is consistent with
the analytical solutions.

To further validate the computational model for the porous case, a
numerical test case involving a confined laminar jet flow at Re = 750,
reported by Doérea et al. [38], is considered. As shown in Fig. 6, a two-
dimensional laminar jet with uniform velocity vy and temperature Ty
enters through a slot of width B into a channel of height H and length
2L, and impinges on a heated bottom wall maintained at 7; = T + 10K.

The bottom surface is covered with a porous layer of height 0.5H
and porosity £ = 0.9. The reference case corresponds to Da =4.5+10,
while the present particle-resolved representation yields Da 01 1.7 « 10
using an Ergun-based relation [38]. Unlike the continuum porous me-
dia approach of Dérea et al. [38], which assumes a homogeneous
porous layer with uniform porosity and employs volume-averaged gov-
erning equations, the present CFD-DEM framework explicitly resolves
the porous structure at the particle scale, resulting in a spatially varying
local porosity. As shown in Fig. 7(a), the main flow features, includ-
ing jet impingement and penetration into the porous layer, are consis-
tently captured. Fig. 7(b) shows that the local Nusselt number exhibits
a peak near the stagnation region followed by a rapid decay and an
asymptotic trend downstream in both cases. A difference is observed
near x =0, whereas further downstream the profiles follow the same
trend.

Results in Engineering 30 (2026) 110737
3. Results and discussion

After performing the grid independence test and validating the cou-
pling between fluid flow, heat transfer, and DEM, the effects of CaCO5
particle deposition on heat transfer and energy loss are investigated un-
der steady-state conditions. The analysis first investigates the impact
of fouling at a fixed deposited particle volume ratio « on the Nu and
f across a range of Re. Subsequently, the influence of varying par-
ticle concentrations on heat transfer performance and flow resistance
is evaluated. All simulations are conducted under steady-state condi-
tions, providing a comprehensive understanding of how particle de-
position affects thermal and hydrodynamic behavior in laminar pipe
flow.

3.1. Thermal performance and energy loss analysis at varying Reynolds
numbers

3.1.1. Uniform particle deposition along the pipe circumference

First, the thermal performance of the microtube heat exchanger
(shown in Fig. 3) is investigated at a fixed deposited particle volume ra-
tio @ U 7.3~ in the L, section of the heating surface. The L, region is se-
lected to minimize inlet effects and flow development, ensuring that the
fluid is thermally fully developed for Reynolds numbers ranging from
50 to 200. A porous structure formed by particle deposition (d,) on the
heating surface is computed prior to solving the heat transport equation
(Eq. (15)) and is then used to study its impact on the flow field and
heat transfer. The generated porous structure is illustrated in Fig. 8a. As
shown in Fig. 8b, particle deposition significantly reduces the void frac-
tion near the wall. The void fraction is approximately 0.4 - 0.9 adjacent
to the inner wall of the pipe and increases to unity away from the wall.
Furthermore, it is evident from Fig. 8 that the particles are uniformly
deposited along the circumference of the pipe. In the following sections,
the influence of particle deposition on the flow field and heat transfer
characteristics is examined.

3.1.2. Influence of porous structure on the velocity and temperature fields

To obtain both qualitative and quantitative insights, we compare the
cases WDP and NDP side by side. Fig. 9 presents a comparison of the ve-
locity and temperature contours at Re = 200, taken from a cross-section
of the pipe at L. Fig. 9a and b show the velocity contours for the NDP
and WDP cases, respectively. In the WDP case, particle deposition re-
duces the effective cross-sectional area for the fluid flow in the pipe. To
maintain a constant mass flow rate, this reduction leads to an approx-
imately 13% increase in the maximum velocity compared to the NDP
case. The velocity increase is primarily confined to the core region, as
particle deposition near the wall forms a constricted layer that signifi-
cantly restricts fluid flow. The temperature contours, as shown in Fig. 9¢
and d, reveal a substantial increase (U 2°C) in the temperature near the
pipe surface in the WDP case compared to the NDP case. This increase
in temperature occurs because the deposition of particles near the sur-
face forms a porous layer that increases thermal resistance. To maintain
constant heat flux, ¢ through the surface, the surface temperature (7)
increases to compensate for the additional thermal resistance caused by
particle deposition.

Fig. 10 presents a quantitative comparison of the velocity and tem-
perature profiles for configurations WDP and NDP. The velocity profile
is shown at an axial location of L,_2, extending radially from the center
to the microtube wall. The temperature profiles, T,, and T, are eval-
uated along the longitudinal axis of the tube within the L, region. As
illustrated in Fig. 10a, the presence of particle deposition leads to a
significantly lower velocity near the wall, approaching zero, compared
with the NDP configuration, owing to flow obstruction by the deposited
particles. As a result, compared with the NDP configuration, the velocity
profile in the WDP configuration increases from the wall to a radial dis-
tance of approximately 0.7R and then decreases toward the tube center



A. Singh et al.

Results in Engineering 30 (2026) 110737

Fig. 12. Void fraction distributions on the tube cross-section resulting from particle deposition on the heating surface at deposited particle volume ratios of (a) 1.6%,

(b) 3.6%, (c) 7.3%, and (d) 14.3%.

Fig. 13. Velocity profile along the radial line at L, 2 for different deposited
particle volume ratios on the heating surface.

to satisfy mass flow conservation. The consequence of particle deposi-
tion is an increase in thermal resistance near the surface, which leads
to a rise in surface temperature throughout the L, region. As shown in
Fig. 10D, the surface temperature T, difference between the WDP and

NDP configurations increases from approximately 0.67°C at the inlet to
1.67°C at the exit of the pipe. Similarly, the mean temperature 7,, differ-
ence increases from 0.1°C to 0.9°C along the same length. The difference
between the T, and T,, in the NDP is approximately 0.65°C, whereas in
the WDP, it is approximately 1.4°C. This difference remains constant
along the flow direction in both the NDP and WDP because the velocity
profile does not change along the flow direction.

3.1.3. E[ect of fouling layer on nusselt number and friction factor

In the WDP configuration, the nearly uniform deposition of a calcite
layer formed by submicron particles on the inner tube surface results
in an approximately constant velocity profile. The associated reduction
in convective heat transfer near the wall leads to a larger temperature
gradient and, consequently, a lower Nu, as defined by Eq. (18).

Table 1 presents the values of Nu and f for different Re at a fixed
a U 7.3~. The Nusselt number remains constant across the Reynolds
number range, consistent with thermally fully developed laminar flow
in a circular tube under constant wall heat flux, where Nu is indepen-
dent of both Re and Pr [36]. In a thermally fully developed region, the
bulk mean temperature and the wall surface temperature both increase
linearly along the flow-direction in both the NDP and WDP configu-
rations as shown in Fig. 10b. The slopes of these temperature profiles

L . d1,, _ dT, 2
are identical and given by —2 = —* = WZ/R' As the mean veloc-
m Py

z dz
ity increases, the slopes % and ‘Z—T; decrease proportionally. However,
since both slopes are identical, the temperature difference .7, * T,/ re-
mains constant along the flow direction. This invariance of .7, * T,/ is
responsible for the independence of Nu from Re under constant heat

flux conditions [36]. Furthermore, the velocity profile in the NDP
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Fig. 14. Comparison of temperature profiles along the L, length for WDP at different deposited particle volume ratios and NDP: (a) T,, and (b) 7.

Fig. 15. Variation of (a) Nu and (b) f with deposited particle volume ratio.

configuration is parabolic, leading to Nu = 4.36 [36]. In contrast, parti-
cle deposition near the wall particle deposition near the wall in the WDP
configuration distorts the velocity profile (Fig. 10a), reducing near-wall
fluid velocities and creating a stagnant layer. This stagnant sublayer
acts as a porous resistance, lowering the effective convective heat trans-
fer at the wall and increases the temperature difference .7, * T,/. As a
result, the fully developed Nu decreases to approximately 2 in the WDP
configuration.

The friction factor f is primarily influenced by the overall velocity
magnitude. Owing to the additional hydraulic resistance from the de-
posited layer, f in the WDP configuration is approximately 32% higher
than in the NDP configuration for all Re. This relative increase remains
constant across Reynolds numbers, as the deposition thickness is iden-
tical in all cases.

Fig. 11 compares the mean temperature 7}, profiles for the WDP and
NDP configurations at Re = 50 and 200 within the L, region of the pipe.

At lower Re, weaker convective heat transfer leads to higher mean tem-
peratures in both configurations. For both Re, the temperature profile in
the WDP configuration exhibits a steeper slope than in the NDP config-
uration, reflecting a greater temperature gradient due to the increased
thermal resistance from particle deposition.

3.2. E[lect of fouling on thermal performance and energy loss

3.2.1. E[ect of particle concentration on near-wall void fraction

As observed in Section 3.1, the Nu decreases with particle deposi-
tion on the heating surface and remains independent of Re. The subse-
quent part of this study investigates the effects of varying « on thermal
performance and energy loss at Re = 200. The deposition of particle on
the inner surface of the pipe is simulated using LIGGGHTS by varying
a from 1.6% to 14%. Fig. 12 illustrates the void fraction distributions
corresponding to a values of 1.6%, 3.6%, 7.3% and 14.3%. It is evident
that as « increases, the void fraction near the surface decreases. The
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Comparative analysis of Nusselt number and friction factor for WDP and NDP cases by varying

Reynolds numbers.

Re Nu (WDP) Nu (NDP) Diff. w.r.t NDP (%) f (WDP) f (NDP) Diff. w.r.t NDP(%)
50 1.94 4.36 *55.5 1.69 1.28 32.03
100 1.95 4.36 *55.3 0.845 0.64 32.02
150 1.96 4.36 *55.0 0.563 0.423 32.01
200 1.98 4.36 *54.6 0.422 0.32 32.03

Fig. 16. Variation of Nusselt number with friction factor.

corresponding average void fractions are approximately 0.87, 0.71,
0.64, and 0.54, respectively, computed over a void fraction range of
0 to 0.99 across the domain.

3.2.2. Influence of porous structure on the velocity and temperature fields

Fig. 13 shows the velocity field along the centreline at L,/2. As the
deposited particle volume ratio increases, the velocity near the heat-
ing surface (between 0.7R and R) decreases. To conserve the constant
mass flow rate, the velocity in the core region (0 < r < 0.7R) increases,
compensating for the reduced flow near the wall.

Fig. 14 compares the mean and surface temperature profiles for the
WDP configuration at different « against NDP configuration along the
length of pipe, L;. In Fig. 14a, T,, is lower for the NDP case, indicating
reduced thermal resistance near the surface. With increasing «, T,, rises,
demonstrating that higher particle deposition weakens convective heat
transfer and increases thermal resistance. Beyond «a U 7.3~, the increase
in T,, becomes minimal, indicating diminishing effects with further in-
creases in a.

The maximum percentage increase in 7,, compared to NDP case is
approximately 0.29% for a U 7.3~ and 0.3% for a U 14.3~, showing that
doubling a from 7.3% to 14.3% results in only a small increase in 7,,. At
lower values, the T,, maximum differences are approximately 0.063%
for a U 1.6~ and 0.18% for « U 3.6~. Doubling « from 1.6% to 3.6%
leads to nearly triple the increase in T,,, indicating that the effect on
thermal resistance is more significant at lower values. A similar trend is
observed in Fig. 14b for the surface temperature (T) profile. The sur-
face temperature increases with higher «, with the largest difference ob-
served at « U 14.3~ compared to NDP configuration. Significant particle
deposition at higher values restricts heat transfer, resulting in elevated
T,. However, as with 7,,, the difference in T, becomes negligible beyond
a U 7.3~. For a U 1.6~, the maximum 7 difference against NDP case is
approximately 0.12%, which is due to the higher void fraction near the
surface, causing less thermal resistance. At higher values, the void frac-

tion decreases, increasing thermal resistance and surface temperatures.

3.2.3. Dependence of nusselt number and friction factor on Reynolds
number

Fig. 15 illustrates the variation of Nu and f as a function of «
for the range of 0.4% to 14.3%. In Fig. 15a, the Nu decreases lin-
early with increasing a up to approximately 3.6%, where a reduction
of approximately 41% in Nu is observed. It can be observed that at
a U 3.6~ the slope of the Nu-a curve decreases, marking the transition
toward an asymptotic regime. Between 3.6% and 7.3% the rate of re-
duction is approximately *0 .14, whereas after 7.3% it decreases fur-
ther to about *0 .02, indicating saturation. Thus, once a exceeds 7.3%,
additional particle deposition produces only marginal changes in Nu.
At higher values of a of 7.3% and 14.3%, the Nu decreases by up to
55%. This asymptotic behavior can be attributed to the conduction re-
sistance of the CaCO; fouling layer formed on the inner surface of the
tube. The deposited layer effectively acts as an annular cylinder, where
the thermal conduction resistance is governed by the cylindrical geom-
etry: R.,,q = In.r,_r;i/_2zk, L, with r; and r, representing the inner and
outer radii of the fouling layer, respectively. Unlike planar conduction,
where resistance increases linearly with thickness, in cylindrical sys-
tems the logarithmic dependence of R, on the radius ratio causes
the resistance to rise sharply during the initial stages of deposition,
but with progressively smaller increments as the layer thickens. Conse-
quently, when «a increases from 7.3% to 14.3%, the additional conduc-
tion resistance is marginal, and the Nu exhibits only a minimal further
reduction.

In Fig. 15b the f exhibits a linear increase with a over the entire
range. This behavior is expected because higher values of a increase
flow hindrance, causing greater frictional losses. The linear relationship
indicates that the deposition of particles uniformly affects the flow re-
sistance, regardless of the saturation effects observed in the Nu. For the
highest value of a of 14.3%, the f reaches approximately 0.53, while for
the lowest value (« U 0.44~), it is around 0.34, representing a significant
increase in energy losses with higher deposition.

3.2.4. Correlation between nusselt number and friction factor

Fig. 16 illustrates the relationship between Nu and « for laminar
flow in a pipe under varying deposited particle volume ratios. Here, ¢
denotes the percentage increase in friction factor relative to the lam-
inar flow NDP configuration. The data conclude the present investiga-
tion by enabling the development of an empirical relationship to predict
the thermal performance of CaCO; fouling layer based on energy loss.
The Nu decreases linearly with increasing f until it reaches a value of
approximately 2.5, corresponding to a 42% reduction in Nu and the
f corresponding to this value increases 14.6%. As the convective heat
transfer coefficient is directly proportional to the Nu, this reduction rep-
resents a substantial loss of thermal performance. Beyond this point, the
behavior becomes asymptotic, indicating a much less impact of further
increases in the f on heat transfer. The relationship is expressed as

ad®, $<30
Nu= (23)
2, ¢>30

where the coefficient « = 8 and the exponent b = *0 .4. The coefficients
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are obtained empirically from regression of the numerical data. This
equation highlights the reduction in Nu as f increases due to the pres-
ence of the CaCO;3 fouling layer. The relationship provides a practical
means to assess fouling-induced thermal-hydraulic degradation within
the present configuration. The correlation is developed for the present
numerical configuration: laminar flow in a 70 ym diameter tube, con-
stant wall heat flux of 25kW/m2, Reynolds number range 50 < Re < 200,
particle diameter d, = .8 um, deposited particle volume ratio range
of 1.6~-143~, and conductivity ratio x,_x, U 0.227. The correlation
should therefore be interpreted only within these bounds and not ex-
trapolated beyond them.

4. Conclusion

This study numerically investigates the thermal performance and en-
ergy loss in the laminar flow caused by CaCOj; fouling layer on heating
surfaces. The analysis employs the Eulerian-Lagrangian approach with
a CFD-DEM solver. Calcium ions (Ca?*), which are primarily dissolved
in the cooling water, gradually separate and form CaCOj5 particles un-
der specific fluid flow, physical, and chemical conditions. Over time,
these particles accumulate on heating surfaces, increasing thermal resis-
tance and reducing overall system performance. In severe cases, system
failure or even fire hazards due to overheating. Previous studies have
experimentally and numerically investigated CaCO5; deposition and its
impact on thermal resistance. Most of these have found the role of Ca%*
concentrations in cooling water as well as the influence of pH, ther-
mal conditions, and fluid flow on the deposition of CaCO5 fouling layer
on heating surfaces. However, quantitative analyses of thermal perfor-
mance remain limited in these investigations.

The present investigation predicts the reduction in thermal perfor-
mance due to fouling layer in a tube water heat exchanger by correlat-
ing energy losses with particle accumulation. The analysis assumes the
deposition of spherical particles on the heating surface. In the laminar
flow regime (Re = 50-200), results indicate that Nu remains indepen-
dent of flow variations at a constant deposited particle volume ratio
under constant surface heat flux. However, the f consistently decreases
with increasing Re, following the same trend as observed in the NDP
configuration. Furthermore, with varying a (0.4-14.3%), Nu exhibits a
linear reduction with increasing a up to 3.6%, followed by an asymp-
totic trend at higher a. This behavior highlights the saturation effect of
particle deposition, where further increases in ¢« minimally affect Nu.
At a of 3.6%, Nu reduces by approximately 41%, whereas the f in-
creases linearly with «, demonstrating a consistent rise. An empirical
relationship (Eq. (23)) is developed to link the reduction in Nu with the
increase in f, providing a predictive tool for assessing thermal and flow
performance. This correlation is particularly relevant for heat exchanger
applications where f increases by up to 30%, and Nu reaches a limiting
value of 2.

The present correlation is based on modeling the fouling layer us-
ing spherical CaCO; particles of uniform size, constant thermal prop-
erties, and laminar flow conditions. These simplified assumptions may
limit direct applicability to real deposited layers, where CaCOj3 crys-
tals exhibit a wide range of sizes and complex morphologies. Never-
theless, the findings provide valuable insight for quantifying and moni-
toring fouling-induced performance degradation and for evaluating the
impact of deposition on heat exchanger operation. In addition, a cor-
relation between the reduction in Nu and the increase in f was devel-
oped, providing a practical means to assess performance degradation
due to scaling. Future research should refine computational modeling
by incorporating a wider range of crystal sizes and morphologies, multi-
species interactions, and reaction kinetics to improve the accuracy of
scaling predictions. In addition, integrating fluid shear effects and ero-
sion models would provide more realistic insights into fouling mecha-
nisms and enhance the capability for predicting and monitoring fouling
progression.
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