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Abstract
Corrosive waste-heat recovery systems suffer
material degradation, performance loss and

high maintenance when conventional metallic
heat exchangers face chloride-, carbonate- and
sulfur-bearing condensates. This study presents a
multiphysics CFD-electrochemical assessment of
silicon carbide (SiC) for heat exchangers, via a 3D
shell-and-tube model in COMSOL Multiphysics
coupling turbulent flow, conjugate heat transfer,
species transport and electrochemical corrosion.
The thermal model considered high-pressure
ammonia (tube side) and pressurized water
(shell side); the corrosion model represented a
flue-gas condensate/electrolyte containing CI-,
NH;, HCO;, CO3, HSO;/SO; and NO; at
the wetted surface, with electrochemical behavior
resolved via secondary/tertiary current-distribution
(Nernst-Planck/Butler—Volmer) formulations.
Base-case results gave heat-transfer coefficients
of 620 vs. 420 W m2 K~ ! (47.6% improvement),
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a pressure-drop reduction from 2.63 to 1.92 Pa,
and a thermal-hydraulic performance factor of
1.64 (SiC vs. stainless steel). Electrochemical
simulations predicted lower localized current
density and corrosion flux for SiC than stainless
steel under the same electrolyte chemistry, though
as model-based comparative indicators rather
than validated corrosion rates. Sensitivity
screening showed SiC thermal conductivity,
wall roughness, electrolyte conductivity and
chloride concentration affect the magnitude
of improvement, though the base-case trend
remained favorable. The study offers a verified,
literature-benchmarked framework for preliminary
material screening, identifying experimental
corrosion testing, temperature-dependent
properties and thermo-electrochemical coupling as
next steps before industrial adoption.
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1 Introduction

Improving energy efficiency and reducing avoidable
thermal losses remain central priorities in
chemical and process industries because energy
costs, carbon-management requirements and
equipment reliability are now linked directly to plant
profitability [1-6]. Industrial waste heat is discharged
through exhaust gases, cooling streams, reactor
effluents and refrigeration loops. Recovering part of
this heat can reduce fuel consumption and emissions,
but the heat-recovery hardware is often exposed to
aggressive condensates, high humidity and chemically
reactive species that accelerate material degradation.

Shell-and-tube heat exchangers continue to dominate
many waste-heat recovery duties because they
tolerate high pressure, allow flexible tube layouts
and can be maintained using established industrial
procedures [7-10]. Their practical reliability, however,
is strongly material dependent. In ammonia
refrigeration, flue-gas condensation, hydrocarbon
processing and acidic or chloride-rich cooling-water
services, conventional steels may suffer pitting,
crevice corrosion, under-deposit corrosion and
stress-corrosion cracking [12-18, 50]. These failure
modes reduce heat-transfer area, increase roughness
and pressure drop, and may ultimately cause leakage
or unplanned shutdown.

For Nigerian and similar developing industrial
contexts, the concern is not only chemical
aggressiveness but also service variability. High
ambient humidity, saline water sources in coastal
regions, intermittent maintenance, ﬂuctuating
process loads and limited access to specialized
replacement parts can intensify corrosion-related
downtime [19, 21, 23, 84, 88]. The present study
therefore uses Nigeria as an industrial motivation and
case context; it does not claim plant-specific validation
from a named Nigerian facility. The operating
and electrolyte conditions should be interpreted as
representative screening conditions for ammonia- and
flue-gas-related heat-recovery duties rather than as
direct measurements from a particular plant.

Silicon carbide (SiC) has attracted attention for harsh
thermal environments because it combines relatively
high thermal conductivity, chemical inertness,
low thermal expansion and high-temperature
stability [25-29]. These properties can reduce thermal
resistance and suppress electrochemical degradation
compared with metallic alloys. Nevertheless, the
literature also shows that SiC heat exchangers
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face important implementation barriers, including
brittleness, thermal-shock sensitivity, machining
difficulty, joining/sealing challenges and higher
capital cost [27, 29]. Any claim of industrial suitability
must therefore be restricted to technical performance
under defined conditions and must be separated
from full manufacturability, lifecycle-cost and
mechanical-integrity qualification.

Recent numerical and modeling studies have
expanded the tools available for coupled
thermal-hydraulic and electrochemical transport
problems relevant to corrosive heat-exchanger
service. These include CFD-based shell-and-tube
analysis [24, 30, 31], multiphysics heat-transfer and
corrosion modeling [32-34], fouling characterization
and deposit modeling [35-37], multi-species
reactive transport models for localized corrosion
prediction [82, 83], electrochemical modeling of
COs-induced and condensate-driven corrosion in
process equipment [85-87], passive film behavior and
breakdown on metallic surfaces in chloride-bearing
electrolytes [76, 89], localized dissolution kinetics and
pitting stability in industrial-grade alloys [90-96], and
corrosion-induced wall thinning in heat-exchanger
tubes under ammonia and flue-gas service
conditions [74, 84]. These studies demonstrate
the growing value of coupled electrochemical
and transport modeling for material screening
and corrosion risk assessment in process industry
applications. However, most of them do not directly
address the simultaneous thermal-hydraulic and
electrochemical screening of SiC versus stainless steel
in a shell-and-tube configuration exposed to ammonia
thermal service and corrosive flue-gas condensate
chemistry.

Accordingly, the contribution of this study is not
the invention of new conservation equations or
electrochemical laws; the governing equations used
are established. The novelty lies in their combined
application as a CFD-electrochemical screening
framework for comparing SiC and stainless steel in
a shell-and-tube waste-heat recovery configuration
exposed to ammonia/water thermal service and
corrosive flue-gas-condensate chemistry. The
study therefore presents the model as a verified,
benchmarked and assumption-bounded numerical
assessment rather than as an experimentally
validated design tool. The objectives are to quantify
thermal-hydraulic performance, identify localized
electrochemical risk zones, compare material response
under identical boundary conditions and define
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the limitations that must be addressed in future
experimental and techno-economic work.

2 Methodology

2.1 Heat recovery system configuration

A U-tube shell-and-tube heat exchanger representative
of industrial waste-heat recovery service was selected
as the reference geometry. The U-tube arrangement
was retained because it accommodates thermal
expansion under large temperature gradients and
is widely used where maintenance access and
mechanical robustness are important [38—40]. The
modeled geometry consists of a cylindrical shell, 16
tubes, baffles and a counter-flow arrangement, as
shown in Figure 1. The geometry was used primarily
to compare material response under identical flow,
thermal and corrosion-boundary conditions rather
than to reproduce a proprietary plant exchanger.

"\\‘/r X

Figure 1. Three-dimensional shell-and-tube heat exchanger
model.

Two thermal working fluids were considered in
the heat-transfer model: high-pressure ammonia
in the tube-side domain and pressurized water in

the shell-side domain, as illustrated in Figure 2.

The temperatures and pressures were adopted
as representative industrial limits from the cited
literature [22, 41, 42], while flow-rate values were

treated as modeling inputs for comparative screening.

This clarification was added because the study is a
material-performance comparison, not a plant-data
reconciliation exercise.

The key geometric design parameters used in the
model (shell and tube dimensions, tube count, baffle
configuration, and layout angle) are summarized
in Table 1, adopted from established shell-and-tube
design references [39, 43].

Table 1. Geometric parameters of the heat exchanger [43].

Parameter Value

Shell diameter 150 mm

Tube outer diameter 19 mm

Tube inner diameter 16 mm
Number of tubes 16

Tube length 1000 mm
Baffle spacing 200 mm

Baffle cut 25%

Tube layout Triangular pitch (30°)
Number of baffles 4

Flow Arrangement Counter-Flow

The geometric configuration described above,
together with the thermal and electrolyte boundary
conditions introduced in the following subsections,
was implemented in COMSOL Multiphysics through
the sequential modeling workflow summarized in
Figure 3, comprising geometry construction, mesh
generation, coupled fluid-thermal-electrochemical
physics setup, solution, and verification.

2.2 Materials
definition

and thermophysical

property
Silicon carbide (SiC) was investigated as the
candidate heat-exchanger material and benchmarked
against stainless steel (SS304), a widely used
metallic heat-exchanger material. SiC was selected
because it combines high thermal conductivity,
chemical inertness, low thermal expansion and
reported resistance to chloride- and sulfur-bearing
environments [44-46]. Stainless steel was retained
as the reference material to enable direct comparison
under the same geometry, flow conditions and
assumed electrolyte chemistry.

The revised property definition distinguishes between
literature property ranges and values actually
applied in the base simulation. The base-case SiC
values used in the thermal model were density =
3200 kgm 3, specific heat = 670 Jkg "' K~! and thermal
conductivity = 125Wm™'K~!.  The previously
reported 170 Wm~'K~! value is retained only as the
upper value in the literature/sensitivity range for
dense SiC grades and is not presented as the base-case
simulation input [49]. This clarification removes the
inconsistency between the earlier Tables 2 and 3 and
allows the influence of SiC thermal conductivity to be
examined explicitly.

83



International Journal of Thermo-Fluid Systems and Sustainable Energy

ICJK

Table 2. Physical properties of the SiC, SS304, and carbon steel.

Material Density Specific Thermal conductivity Equivalent uniform Relative Thermal diffusivity
(kg/m3) heat (J/kgK) (Wm™ K1) roughness (1073 mm) roughness (1073) (1079 m?s~1)

Silicon Carbide 3200 670 125 (base case; 90-170 sensitivity range) 0.05 0.025 58.3 (base case)

Stainless Steel 7900 500 15 10 5 3.8

Carbon Steel 7850 780 52 7 45 8.5

2.3 Working fluids, operating conditions, and

modeling assumptions

Ammonia was selected as the tube-side thermal fluid
because of its importance in industrial refrigeration
and ammonia-production systems [42]. The thermal
model used the ammonia and water streams to
resolve heat transfer and pressure drop. The
corrosion model was treated separately as an aqueous
condensate/electrolyte film at the wetted surface
to represent flue-gas-derived corrosive chemistry.
The ionic set included chloride (Cl™), bicarbonate
(HCO3), carbonate (CO3”), ammonium (NH;),
hydroxide (OH™), bisulfite (HSOj3 ), sulfate (SO7 ),
nitrate (NOj3 ) and hydrogen ions (H"), consistent
with moisture-assisted dissolution of CO3, SO, and
NO;, species [11, 20, 51-53].

For screening purposes, the flue-gas environment
was represented by approximately 70% Na, 12% CO2,
8% H>O vapor, 5% O3, 0.5% SO, 0.3% NO, and
<0.2% particulates by volume [52, 53]. SO, and
NO, were treated as the principal precursors of

acidic condensates. The electrolyte composition is
therefore an assumed corrosive boundary condition
for comparative material assessment, not a locally
sampled Nigerian plant chemistry.

The numerical model was developed under the

following bounded assumptions:

e Steady-state thermal-hydraulic operation was
assumed, with prescribed inlet temperatures and
tflow rates.

The flow equations were solved using a
low-Mach-number/incompressible formulation.
For high-pressure ammonia, this is a numerical
screening simplification; density variation,
compressibility and equation-of-state effects were
not fully resolved.

The thermal model was treated as single-phase;
boiling, condensation, ammonium-salt deposition
and crystallization were outside the scope of the
current simulation.

Keys
Motations Streams T: 240.0
] P 281.0
F: 292,519
e
T:105.0 Tube Side T. 257.5
P:48.5 » ] P: 48.0
F: 50,000 3 ® F: 50,000
» ®
g ®
Tube Side
T: 432.0
P: 284.0
F: 292,519

Figure 2. Process flow diagram of waste-heat recovery system.
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Figure 3. Modeling workflow block diagram.

e Base-case solid properties were treated as constant.
The effect of SiC thermal conductivity, roughness
and selected electrolyte parameters was examined
through sensitivity screening.

e Corrosion was represented through
electrochemical boundary coupling and
deformed geometry. Explicit solid-state oxidation,
passive-film breakdown/repassivation cycles and
detailed chemical degradation kinetics were not
solved.

e For the corrosion model, the electrolyte was
assumed homogeneous and isotropic, and
the electrochemical submodel was solved
isothermally. The consequence is that predicted
corrosion indices should be interpreted as
comparative surface-risk indicators, not absolute
plant corrosion rates.

e The shell-side corrosion film was treated as
laminar and transport-controlled near the
interface; turbulent renewal of the electrolyte film
was not explicitly resolved.

2.4 Governing equations and physical models
2.4.1 Fluid flow modeling

Fluid flow within the shell and tube domains was
modeled using the steady-state conservation of mass
and momentum. The continuity and momentum

equations used in Egs. (1) and (2) are standard
incompressible Navier-Stokes equations [54]. They
are not presented as new mathematical models; their
role is to provide the velocity and pressure fields
required for thermal-hydraulic comparison and for
coupling with near-wall transport in the corrosion
assessment.

V-u=0 (1)

pu-Vu) = —Vp+ uViu (2)
where u is the velocity vector, p is the fluid density, p

is pressure, and p is dynamic viscosity.

2.4.2 Heat transfer modeling

Conjugate heat transfer between the fluids and solid
exchanger walls was resolved by coupling the energy
equation in the fluid domains with conduction in the
solid regions [55]. Eqgs. (3) and (4) are likewise
standard energy and conduction equations. The
model contribution is the coupling of these equations
with species transport and electrochemical boundary
reactions so that thermal performance and corrosion
susceptibility are assessed within the same exchanger
geometry.

pep(u-VT) =V - (kVT) (3)
pcpa;; =V - (kVT) (4)

Table 3. Summary of material properties applied in the simulation [48, 56, 57].

Density  Specific Heat Thermal Conductivity Young’s
Material

(kg/m3) (J/kg K) (W/mK) Modulus (Pa)
Ammonia (tube) 682 4700 0.52 —
Water (shell) 997 4180 0.6 —
Stainless Steel 7900 500 15 2.0 x 10!
Silicon Carbide 3200 670 125 4.0 x 10M
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Material properties applied in simulation (ammonia,
water, SS, SiC) are listed in Table 3.

2.5 Electrochemical corrosion modeling

Electrochemical corrosion at the material-electrolyte
interface was modeled by treating the shell-side
condensate film as an ionic electrolyte [58]. Corrosion
behavior was simulated in COMSOL Multiphysics
6.1 using a time-dependent framework coupling
Secondary Current Distribution (SCD), Transport
of Dilute Species (TDS) and Deformed Geometry
(DG). A tertiary current-distribution/Nernst—Planck
formulation was also used to resolve ionic diffusion,
migration and convection. These equations are
established electrochemical transport relations; the
present work applies them to compare SiC and
stainless steel surfaces under the same assumed
corrosive condensate. The corresponding material
sectional configuration used for the corrosion
submodel—comprising the candidate tube material
(SiC or stainless steel), the supporting shell structure,
and the adjacent electrolyte domain—is shown in
Figure 4.

Figure 4. Material sectional view for corrosion model.

The electrochemical corrosion model relates surface
degradation rate to local concentration of corrosive
agents through Eq. (5). The general species
mass-balance equation is given by Eqs. (6) and (7),
where Eq. (6) is the conservation statement and Eq. (7)
defines the molar flux N; for the dilute (non-migrative)
case.

R; = kcorr(T>Ci (5>
862'
“Ni=R;
5 TV R (6)
N; = —D;Ve¢; + cju (7)
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where R; is corrosion reaction rate, T' temperature, and
C; local concentration, D; is diffusion coefficient and
u convective velocity.

The electrolyte ionic set (minimal useful set) included
H*, OH-, HCO;, CO#~, HSO;, SO&, SO/, NO5,
NOg, CT, NH,", consistent with flue-gas dissolution
and aqueous acid/base pathways [58, 59].

Furthermore, the electrochemical potential in the
electrolyte satisfies the expression in Eq. (8), and the
charge-transfer kinetics at the interface were modeled
using the Butler—Volmer relation in Eq. (9).

V- (kV¢) =0 (8)

= o (2257) o (2E0)] o

where & is electrolyte conductivity and ¢ electric
potential, i¢ is exchange current density, o, . transfer
coefficients, I’ Faraday constant, R gas constant, T’
temperature, and 7 overpotential.

Wall recession was linked to corrosion current
density through Faraday’s law expressed in Eq.
(10). In addition, a tertiary current distribution
(Nernst-Planck) model was employed to account for
ion diffusion, migration, and convection. The ionic flux
for each species i is defined using Eq. (11) [60, 61].

M
Uy = ———
" nkEp

(10)

Lcorr

where v, is normal mesh velocity, M molar mass of
iron, n electrons transferred, p metal density, and icorr
obtained from SCD.

Ni = —DiVCi -

ZiuiFCiV(ﬁ-i- cua (11)

2.6 Boundary and initial conditions

At the electrolyte inlet, prescribed velocity and bulk
concentrations were defined for each ionic species. The
outlet was specified using a convective-flux condition
with zero diffusive flux, which imposes n- (—D;V¢;) =
0 while allowing species to leave the domain by
advection. This condition is appropriate where the
outlet is sufficiently far from the reacting surface
and avoids artificial concentration back-diffusion
into the computational domain. The inner wall
surface was defined as the electrochemical boundary,
where current distribution and deformed-geometry
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Figure 5. Mesh model for corrosion modelling using (a) electrochemical reactions at the metal-electrolyte interface, (b)
tertiary current distribution (Nernst-Planck) approach.

wall recession were coupled. Initial conditions
assumed uniform bulk concentration and zero initial
overpotential.

The inward fluxes and equivalent current densities
used in the study are provided in Table 4 (computed
using k. =1 x 107*ms™! and F = 96485 Cmol ™ 1).

Table 4. Inward fluxes N; and equivalent current densities

Ji-
Species C]f(lj;)ge Cpulk (molm™3) (n(lzlm*é%:*)l) jl( A Ijll,Fg])VZ
H* +1 1.0 x 1077 1.0x 107" 9.65x 1077
OH~ -1 1.0x 1077 1.0x 107" —9.65 x 1077
HCO; -1 3.0 3.0x1074 -28.95
CO4~ 2 1.0 x 1074 1.0x 1078  —1.93 x 1073
HSO; -1 1.0 x 107! 1.0 x 107° -0.965
SO/ 2 1.0 x 1071 1.0 x 107° -1.93
NO; -1 1.0 x 1072 1.0 x 10-6 -0.0965
cr -1 1.0x 1073 1.0x 1077 -0.00965
NH, +1 1.0x 1074 1.0 x 1078 +0.000965

Dcr=2.0x10"Y Do, =2.0x 107
Dco,=1.9x107% Dy,=45x10"" n=2

Electrolyte conductivity was set to 0.5Sm™!
in the base case and varied in the sensitivity
screening. Diffusion coefficients were assigned from
dilute aqueous electrolyte values reported in the
literature for the included ionic species. Carbon steel
properties used for corrosion-wall recession included
density 7850kgm 3, molar mass 55.85gmol~! and

electron-transfer number for Fe dissolution [47].

Because the electrochemical submodel was
not calibrated against in-house polarization
measurements, the predicted current-density

and wall-recession values are used as relative material
indicators.

2.7 Meshing and numerical solution

A physics-controlled mesh was applied with
refinement at the metal-electrolyte interface to
resolve steep concentration and potential gradients
as presented in Figure 5. Mesh independence study
was performed to confirm that further refinement did
not significantly change predicted corrosion metrics.
For the heat transfer and flow model, a segregated
solver strategy was employed by solving flow fields
first, then temperature fields, followed by coupling
with wall conduction [62]. Iterative solvers (GMRES
with ILU preconditioning) were used to reduce
memory requirements. For the corrosion model, a
time-dependent solver was used over 0-100 s, with the
Backward Differentiation Formula (BDF) method and
a maximum time step of 10 s. Automatic re-meshing
was enabled to accommodate progressive material
loss during deformation.

To ensure accurate coupling between the SiC tube
domain, carbon steel shell domain, and fluid domains,
the geometry was created as separate domains
and joined using Boolean Assembly operations (not
Union). Identity pairs were defined at shared
interfaces to enforce continuity of temperature/heat
flux and electrochemical potential/ionic flux across
nonconformal meshes.

Thermal continuity at the solid-fluid interface was
enforced using Eq. (13), while the electrochemical
continuity for corrosion modeling was imposed using
Eq. (14).

Tiube = Tshell Gtube = Gshell (12)

n - Jype = 0 Jghen

Gtube = Pshell (13)
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Pair compatibility checks were used to verify smooth
data transfer across interfaces. Proper merging was
confirmed by continuous gradients in temperature and
current density profiles across the interfaces, consistent
with COMSOL workflow guidance [63].

2.8 Convergence analysis

Convergence analysis was conducted to ensure that
the numerical solution was not dominated by mesh
size, time-step selection or solver tolerance. Four mesh
levels were tested by monitoring total heat-transfer rate
(Q), outlet wall temperature and current density. A
relative deviation below 2% between successive mesh
levels was used as the mesh-independence criterion.

_ |Rn - Rn—l‘

100
R,

E(%) (14)

where R, and R,_; are the results from successive
mesh refinements. A deviation below 2% was
considered indicative of mesh-independent results.

Solver convergence was also assessed by monitoring

the residuals of governing equations during iterations.

The convergence criteria used in this study for each
physics interface is presented in Table 5.

Table 5. Convergence criteria.

. Residual Type of
Physics Tolerance Study
Heat Transfer 1076 Stationary
Fluid Flow 107° Stationary
Electrochemistry (SCD) 1074 Time-dependent

Residuals were monitored until monotonic decay
was obtained. Where oscillation occurred, time-step
control and damping were applied. ~Numerical
convergence is reported as solver verification only; it
does not constitute experimental validation.

2.9 Model verification, literature benchmarking,
and uncertainty treatment

Because new experimental testing was not available
for the study, the model is described as verified
and benchmarked rather than fully validated.
Verification consisted of mesh-independence
checks, residual convergence monitoring, heat-duty
consistency checks and comparison of qualitative
trends against published CFD/experimental
heat-exchanger and electrochemical corrosion
studies. The available benchmark literature reports
the same expected tendencies: stronger local
heat flux near inlet/baffle regions, pressure-loss
concentration around flow-redirection zones,
localized current-density amplification near reactive
boundaries, and chloride-driven destabilization of
metallic passive films [17, 18, 43, 68, 75-81] (see
Table 6).

3 Results and discussion

3.1 Electrochemical corrosion behavior at the
steel-electrolyte interface

Figure 6 presents the spatial distribution of electrode
potential coupled with electrolyte current-density
streamlines at the steel-electrolyte interface. The
potential varies between approximately -1.44 and -1.58
V, producing a lateral potential difference of about 0.14
V across the steel surface. This potential difference is
sufficient to drive spatially non-uniform anodic and
cathodic regions in a conductive electrolyte [64, 65].
The result is therefore interpreted as evidence of
localized electrochemical driving force, not as direct
proof of measured plant corrosion rate.

This interpretation is reinforced by the directional
current components reported in Figure 7, where the
x-component of electrolyte current density remains
predominantly negative (-1 to -11 A-m~2), indicating
sustained ionic migration toward the steel surface,
while the y-component shows a symmetric distribution

Table 6. Model verification and literature benchmarking.

Benchmark item

Expected trend from literature

Present model response

Interpretation

Temperature field

Pressure field

Electrochemical field

Species transport

Largest thermal driving force near
inlet and baffle-influenced regions
Flow redirection and baffle
windows increase local pressure
loss

Current density localizes at reactive
metal/electrolyte interfaces

Bulk concentration may remain
nearly uniform while near-wall
gradients control reaction rate

Steepest gradients occurred near
inlet/outlet and baffle zones
Pressure contours showed localized
losses near tube ends and baffles

Peak current density concentrated
near the wall boundary

Flat bulk concentration curves with
localized interfacial current-density
gradients

Trend agreement; supports
qualitative heat-transfer behavior
Trend agreement; not a plant
pressure-drop validation

Trend agreement with corrosion
theory

Explains concentration-plot
appearance and localized corrosion
risk
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Table 7. Screening-level uncertainty analysis.

Parameter varied Base value Screening range Primary effect on result Study interpretation

SiC thermal conductivity ~ 125 Wm™ 1 K~! 90-170 Wm~1K~!  Changes wall conduction The 47.6% heat-transfer
resistance and predicted improvement is a base-case
U/ht prediction, not a universal

Equivalent roughness 0.05 x 1073 mm +50%

Electrolyte conductivity 0.5Sm™1 0.25-1.0 Sm™!

Chloride concentration 1.0 x 1073 molm—3

Boundary temperatures  Base operating case +5%

Affects pressure drop and
near-wall turbulence

Scales ionic migration and
current density

material constant

Hydraulic benefit should be
checked for manufactured
tube finish
Corrosion-current
magnitudes are chemistry

0.5-5.0 X107 molm 3

dependent

Corrosion  reduction  is
reported as a comparative
model indicator
Thermo-electrochemical
coupling remains future work

Controls passive-film
destabilization and local
corrosion tendency
Changes local heat flux
and electrolyte reactivity if
thermally coupled

Streamline: Electrolyte current density vector
Surface: Electrode potential vs. adjacent reference (V)

-1.44
-1.46

-1.48

y\i/ X =S 0

-0.05

m

Figure 6. Electrolyte current density and electrode potential
distribution.

about the mid-plane. Together, these results confirm
that electrochemical activity is preferentially focused at
the metal-electrolyte interface rather than being evenly
distributed throughout the electrolyte domain.

A screening-level uncertainty analysis was added to
quantify the robustness of the material comparison as
depicted in Table 7. The analysis used the base-case
outputs and varied the most influential uncertain
inputs: SiC thermal conductivity (90-170 W m~1 K1),
wall roughness (£50%), electrolyte conductivity
(0.25-1.0 Sm~!) and chloride concentration (0.5-5.0
mmolm~3). Because the exact plant chemistry and
experimental polarization curves were not available,
the ranges are presented as uncertainty bounds for
preliminary screening rather than statistical confidence
intervals.

3.2 Localized current density amplification and

corrosion severity

The absolute electrolyte current-density field shown
in Figure 8(a) indicates peak values above 200
A m™2 at limited regions of the steel boundary,
while the bulk electrolyte remains much lower.
Faraday’s law links local corrosion penetration to
current density; therefore, small surface zones with
high current density can dominate wall-loss risk
even when the average current is moderate [66—
68]. This interpretation is consistent with industrial
heat-exchanger failures that occur by pitting or
localized perforation rather than by uniform thinning.

This behavior is characteristic of localized corrosion,
where the electrochemical driving force is confined
to narrow interfacial regions rather than uniformly
distributed across the surface [65, 71]. For the SiC case,
the predicted current-density and potential fields are
more spatially restrained than for stainless steel under
the same assumed electrolyte chemistry. This finding
is consistent with the known chemical inertness and
electrical resistance of SiC; however, the conclusion is
framed as a modeled comparative tendency because
experimental polarization tests were not performed in
this study.

3.3 Electrolyte potential gradients and confinement
of corrosion activity

Figure 9 illustrates the electrolyte potential field
overlaid with current density streamlines. The
potential field varies between approximately 1.44
V and 1.58 V. Regions near the tube wall exhibit
sharper gradients, which are associated with intense
anodic or cathodic reaction sites. The current density
streamlines converge towards these boundaries,
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Figure 8. (a) Electrolyte current density streamlines, (b) Total power dissipation density.

confirming localized electrochemical activity at the
wall electrolyte interface. This confinement indicates
that corrosion kinetics are governed by interfacial
transport limitations rather than depletion of reactive
species in the bulk [68, 69]. This is consistent with
the nearly uniform bulk concentration profiles shown
in Figure 9, where species concentrations remain
relatively constant away from the boundary layer. The
combined evidence confirms that localized corrosion
cannot be inferred from bulk water chemistry alone,
but is instead controlled by near-wall electrochemical
and transport phenomena.

Figure 9 further shows the concentration diagnostic
used to examine bulk species distribution. The
concentration lines appear nearly flat because
the plotted scale is dominated by the imposed
homogeneous bulk electrolyte, and because the
steepest concentration changes occur within a thin
near-wall boundary layer that is not readily visible
in the full-domain line plot. This does not mean
that the corrosion model is insensitive to chemistry;
rather, it indicates that the dominant corrosion
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Figure 9. Bulk species concentration diagnostic.

response in the present case is governed by interfacial
potential/current-density gradients and near-wall
transport rather than by depletion of the entire bulk
electrolyte [68, 69].

Figure 10 (a) presents the surface distribution of
electrolyte potential within the shell-side domain,
overlaid with current density streamlines to illustrate
charge transport pathways. The potential varies
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between approximately 1.44 V and 1.58 V, with
the steepest gradients occurring at the tube wall
electrolyte interface, particularly in the lower-left
region of the domain. These steep gradients indicate
zones where electrochemical reactions are most
active, encompassing both anodic metal dissolution
and cathodic reduction reactions such as oxygen or
hydrogen reduction. The dense clustering of current
streamlines near the wall confirms that electrochemical
activity is strongly concentrated at the material
boundary, while the gradual divergence of streamlines
into the bulk electrolyte reflects the dissipation of
electrochemical influence away from the interface [68—
70].

This behavior is characteristic of localized corrosion
phenomena, where the electrochemical driving force is
confined to narrow boundary-layer regions rather than
being uniformly distributed across the surface [65, 71].
Importantly, when silicon carbide (SiC) is employed
as the tube wall material, the potential field remains
relatively uniform across most of the electrolyte
domain, with only limited regions exhibiting sharp
potential drops. This observation reflects the chemical
inertness and electrochemical stability of SiC, which
suppresses extensive anodic dissolution and restricts
corrosion activity to small, isolated regions. In
contrast, simulations performed with metallic tube
materials such as stainless steel show broader potential
gradients and more diffuse current paths, indicating
a higher susceptibility to generalized corrosion and
widespread surface degradation [72, 73]. These
results have direct implications for heat exchanger
durability. Localized electrochemical hot spots on
steel surfaces can progressively develop into pitting
corrosion, leading to wall thinning, loss of mechanical
integrity, and a gradual decline in heat transfer
performance over time [71, 74]. By maintaining a
more stable and uniform potential distribution, SiC
minimizes these risks, thereby enhancing both the
structural longevity and thermal reliability of heat
exchangers operating in corrosive environments.

Additionally, Figures 10 (b) and (c) present results
obtained using the tertiary current distribution
(Nernst-Planck) formulation, which explicitly
accounts for ionic migration, diffusion, and convection
within the electrolyte. The electrolyte potential field
in Figure 10 (b) exhibits pronounced gradients near
the tube wall, where the highest anodic potential
values are concentrated. These regions correspond
to sites of intense metal dissolution, confirming that
the wall remains the dominant locus of corrosion

activity. The smooth decay of potential toward the
bulk fluid highlights the role of electrolyte transport
in redistributing charge away from the interface,
demonstrating that while corrosion reactions are
surface-dominated, they are strongly modulated by ion
transport within the adjacent electrolyte layer [69, 73].
The electrolyte potential distribution in Figure 10
(c) reveals a nearly uniform gradient. The parallel
potential lines show that the applied or induced
potential is distributed smoothly across the electrolyte
domain, while the strongest reaction-driving gradients
remain near the wall. Comparable behavior has been
reported in electrochemical transport simulations
where migration and diffusion redistribute charge
away from the interface [75, 76].

The electrolyte current density vectors shown in
Figure 10 (d) provide complementary insight into
this process. Maximum current densities exceeding
3 A‘m~? are observed in localized regions adjacent
to the corroding surface, directly correlating with
elevated local corrosion rates. Away from the wall,
current density decreases rapidly, indicating that
charge transfer reactions are confined to the interface
and sustained by migration and diffusion of ions
from the bulk electrolyte. The largely symmetric
distribution of current density vectors across the fluid
domain suggests that ionic migration and diffusion act
as the primary mechanisms balancing charge transport,
rather than bulk convection. As a result, corrosion
rate predictions derived from the local current density
tield offer a realistic and physically consistent measure
of localized material degradation, in agreement with
established electrochemical corrosion theory [77].

3.4 Role of silicon carbide in restricting corrosion
spread

The current density distribution in Figure 11 shows
that high-current regions remain sharply confined to
the steel-electrolyte boundary and do not propagate
along the silicon carbide tube surface. This behavior
reflects the chemical inertness and high electrical
resistivity of SiC, which prevents anodic dissolution
and suppresses galvanic coupling with steel [72, 78].

The electrochemical stability of the SiC-steel
configuration is further supported by the smooth
convergence behavior observed in Figure 12 (a),
where the electrochemical reaction model stabilizes
without oscillatory divergence. Such numerical
stability is typically associated with physically
stable electrochemical systems and contrasts with
metallic systems that experience repeated passive-film
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breakdown [67, 72].

Figure 12 (b) corresponds to the tertiary current
distribution model based on the Nernst-Planck
equations, which account for ion transport by
migration, diffusion, and convection in the electrolyte
domain. Similar to the electrochemical model, the
solver begins with small time steps (high reciprocal
values), indicating a dynamic adjustment to the strong
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concentration and potential gradients present at the
early stage of simulation.

As time progresses, a stepwise reduction in the
reciprocal of step size can be observed between time
steps 5 and 25, which represents the solver’s adaptive
time stepping in response to the non-linear coupling
between ionic concentration and electric potential
distribution. After approximately time step 27, the
solver reaches a plateau, indicating convergence to a
steady ionic flux and potential field throughout the
computational domain.

This convergence pattern is typical of tertiary
current-distribution simulations after initial charge
redistribution.  The plateau indicates numerical
stabilization of the ionic-flux and potential fields. It
should be noted that solver stability demonstrates
numerical convergence, not physical validation; the
corrosion predictions still require comparison with
polarization or immersion tests for design-level use.
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3.5 Species-resolved corrosion mechanisms and
ionic synergy

The tertiary current distribution results provide deeper
insight into the chemical drivers of corrosion. The
hydrogen ion distribution in Figure 13 (a) shows
maximum flux values approaching 796 molm=3s~!
near the steel surface, indicating localized acidification
at anodic sites. Simultaneously, Figure 13 (b)
shows hydroxide ion accumulation (up to 2.41 x 107°
molm~3) near cathodic regions, reflecting oxygen
reduction reactions.

These pH micro-gradients are sustained by
bicarbonate transport shown in Figure 13 (c), where
inward HCOj3 flux supports carbonic-acid-driven
corrosion [68]. The effect is intensified by bisulfite
transport in Figure 13 (d), where HSO5 depletion near
the interface indicates active participation in redox

reactions that generate additional acidity [68, 79].

The aggressive nature of the environment is
dominated by chloride behavior in Figure 13
(e), which shows chloride accumulation near the
steel surface (0.24molm™3). Despite its low bulk
concentration, chloride’s interfacial enrichment
destabilizes protective films and initiates localized
attack [79].

Importantly, the evolution of ammonium ions shown
in Figure 13 (f) (reaching —1.82molm™3 at later
times) explains why these localized reactions are
sustained. NH," increases electrolyte conductivity,
facilitating higher ionic current flow and accelerating
corrosion once initiated, even though the ion itself
is not chemically aggressive [68].  Carbonate
ions, shown in Figure 13 (g), remain at low
concentrations (0.02molm™3) and exhibit primarily
diffusive transport, indicating limited passivation or

()
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buffering capability under the studied conditions.

3.6 Heat transfer and fluid flow analysis

The temperature contour plots shown in Figure 14(a)
illustrate the thermal behavior of the shell-and-tube
heat exchanger under the specified screening
conditions. The tube-side stream cools along the
exchanger length while the shell-side stream absorbs
heat. The strongest thermal gradients occur near
the inlet/outlet and baffle-influenced regions where
the local temperature difference is largest. This is
consistent with conventional shell-and-tube exchanger
theory and published CFD studies showing high local
heat flux near the inlet and redirection zones [68, 80].

The pressure distribution in Figure 14(b) shows
localized losses near tube inlets, outlets and baffle
regions. These losses arise from viscous friction and
repeated flow redirection. The absolute pressure-drop
values should be interpreted comparatively because
the model uses idealized surfaces and prescribed
operating conditions. Nevertheless, the relative
reduction predicted for SiC is useful for material
screening because roughness, wall heat transfer and
near-wall velocity structure influence both hydraulic
resistance and long-term fouling/corrosion risk.

Furthermore, for a compact engineering comparison,
two additional indices were calculated from the
base-case outputs. The percentage heat-transfer
improvement was computed as [(620 — 420)/420] x
100 = 47.6%, the pressure-drop reduction as [(2.63 —
1.92)/2.63] x 100 = 27.0%, and the thermal-hydraulic
performance factor as (hsic/hss)/(APsic/APss)'/? =
1.64. These indices are now reported in the Table 8 to
reduce reliance on contour-plot interpretation alone.
However, summary of the comparative performance
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Figure 12. Convergence plot for corrosion modelling using (a) electrochemical reactions at the metal-electrolyte interface
(b) tertiary current distribution (Nernst-Planck) approach.
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distribution of the heat exchanger.

metrics studied for stainless steel and SiC are presented
in Table 8.
industrial

3.7 Practical and

limitations

implementation

Although the numerical results favor SiC, industrial
deployment requires additional mechanical and
economic qualification. SiC is brittle compared
with metallic alloys and can be sensitive to impact,
tensile stress concentration and thermal shock.
Tube-to-tube-sheet joining, sealing, inspection, repair,
manufacturing tolerance and replacement logistics
may also increase capital cost. In large shell-and-tube
units, hybrid designs may be more realistic than all-SiC
construction, for example SiC tubes or liners combined
with metallic support structures, compliant seals and
thermal-expansion allowances.

For process industries, the strongest near-term
relevance of this work is material-screening guidance
for services where metallic exchangers repeatedly
suffer corrosion or fouling. The results do not
yet justify immediate plant-wide replacement of
stainless-steel exchangers. A practical adoption
pathway should include coupon-scale electrochemical

testing in locally sampled condensates, thermal-shock
and mechanical-integrity testing,  pilot-scale
exchanger trials, lifecycle-cost analysis and
maintenance-supply-chain assessment.

4 Conclusion

This study developed a coupled CFD-electrochemical
numerical framework for comparing silicon carbide
and stainless steel in a shell-and-tube waste-heat
recovery configuration exposed to high-temperature
thermal service and corrosive condensate chemistry.
The governing flow, heat-transfer, species-transport
and electrochemical equations are established models;
the contribution of the work is their integrated use
for material-performance screening under identical
exchanger geometry and boundary conditions.

The base-case simulations predicted that SiC
increased the average heat-transfer coefficient from
420 to 620Wm 2K~! and reduced pressure drop
from 2.63 to 1.92Pa, giving a thermal-hydraulic
performance factor of 1.64 relative to stainless steel.
Electrochemical simulations also indicated lower
localized current-density and corrosion-flux indicators
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Table 8. Studied metrics for stainless steel and SiC.

Metric Stainless steel SiC Relative change Engineering meaning

Average heat-transfer 420 620 +47.6% Higher heat-transfer capacity under

coefficient, h the same geometry and boundary

(Wm=2K™1) conditions

Pressure drop, AP (Pa) 2.63 1.92 —27.0% Lower hydraulic resistance in the

base model

h/AP 159.7 3229 +102.2% More heat-transfer coefficient per

(Wm2K~!1Pal) unit pressure loss

Thermal-hydraulic 1.00 1.64 +64.0% Combined  heat-transfer  and

performance factor pressure-drop advantage

Corrosion current/flux ~ Reference =~ Lower in base case > 60% reduction Requires experimental

indicator reported asmodel electrochemical validation before
indicator absolute service-life prediction

for SiC than for stainless steel under the assumed
chloride-, carbonate-, ammonium- and sulfur-bearing
electrolyte.  These trends support the technical
promise of SiC for corrosive waste-heat recovery,
but they should be interpreted as model-based
comparative predictions rather than experimentally
validated service-life data.

The study also identifies the limits of the present
model. High-pressure ammonia compressibility,
phase change, temperature-dependent properties,
thermal-electrochemical feedback, passive-film
breakdown/repassivation, plant-specific Nigerian
condensate chemistry and mechanical/economic
constraints were not fully resolved. Consequently,
the framework is most appropriate for preliminary
screening and hypothesis generation. Future
work should combine COMSOL simulations with
coupon-scale polarization/immersion testing,
plant-condensate characterization, thermal-shock
testing, pilot-scale validation and lifecycle-cost
assessment before large-scale industrial adoption is
recommended.
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