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fluid via a generalised power-law, with rigid arterial walls representing diseased vessels.
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Hybrid nanofluids and magnetohydrodynamic effects are included. Under hyperemic
conditions, pressure gradients across stenosed regions are analysed to compute
fractional flow reserve. Results show that plague geometry and distribution significantly
affect fractional flow reserve: simpler bifurcations maintain higher fractional flow
reserve, while complex geometries reduce and destabilise it. Magnetic fields help

Keywords: stabilise flow and slightly improve fractional flow reserve in narrowed areas. Hybrid
Fractional flow reserve (FFR); nanofluids enhance fractional flow reserve in wider vessels but may reduce it in tighter
magnetohydrodynamic; hybrid regions due to increased viscosity. These findings support the integration of advanced
nanofluid; bifurcated artery; stenosis fluid models and electromagnetic effects for more accurate cardiovascular diagnostics.

1. Introduction

Cardiovascular diseases (CVD), especially coronary artery disease (CAD), are the leading cause of
death globally. CAD results from atherosclerosis, which narrows the coronary arteries and can lead
to heart attacks. Doctors assess the severity of stenosis using fractional flow reserve (FFR), which
compares blood flow through a stenosis to normal flow [1]. While FFR values traditionally guide stent
implantation, research suggests that minor FFR reductions may not require revascularisation, as
medical therapy can be effective. This conservative approach offers promising management options
for patients with stable CAD and insignificant FFR values [1].

Researchers are utilising imaging data from CT, MRI, and computational fluid dynamics (CFD) to
create patient-specific arterial geometries for finite element simulations [2]. These simulations
calculate velocity and pressure fields in coronary vessels, allowing for the derivation of fractional flow
reserve (FFR) values. Normal FFR values are around 1.0, while values below 0.75-0.80 indicate
significant stenosis and potential revascularisation needs [3]. The use of CFD for FFR assessment is
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efficient and cost-effective, providing precise evaluations of arterial stenosis [3]. Yan et al., [4]
demonstrated how CFD can assess myocardial ischemia, while Fandaros et al., [5] evaluated FFR using
patient-specific coronary artery geometries in COMSOL Multiphysics, simplifying complex geometries
and enhancing diagnostic accuracy.

Bifurcated arteries complicate blood flow dynamics and the effects of stenosis, particularly near
the bifurcation, thereby increasing the risk of ischemia and cardiac issues [6]. FFR is key for assessing
stenosis, as it compares pressure in the affected artery to aortic pressure during peak flow, providing
insight into the severity of blockages that traditional imaging may not reveal. Modelling blood flow
in stenosed arteries is more precise when blood is treated as a non-Newtonian fluid, with the
generalised power-law (GPL) model excelling in this regard [7]. It adjusts to varying shear rates,
behaving like a Newtonian fluid at low rates and a power-law fluid at higher ones. Research shows
that the GPL model enhances the accuracy of wall shear stress (WSS) and pressure distribution,
identifying areas prone to plaque buildup and thrombosis [7].

Magnetohydrodynamics (MHD) further optimises this modelling by utilising blood's conductive
properties. Magnetic fields generate Lorentz forces that alter velocity and pressure gradients,
impacting FFR assessments [8]. Studies highlight that MHD effects are more pronounced in smaller
and stenotic arteries, offering potential advancements in treating cardiovascular issues like
hypertension and improving FFR estimations essential for coronary artery disease interventions [6].

This study examines hybrid nanofluids (HNF) of gold (Au) and silver (Ag) nanoparticles for
modelling MHD blood flow in stenosed bifurcated arteries. HNFs improve thermal and rheological
properties, with Au providing stability and Ag enhancing thermal conductivity and antimicrobial
effects [9]. Al-Kouz et al., [10] developed an HNF model that improves cardiovascular diagnostics,
while Vaidya et al.,, [11] showed magnetic fields enhance flow resistance, aiding targeted drug
delivery. Overall, HNFs offer better hemodynamic control than mono-nanofluids, advancing non-
invasive cardiovascular therapies. Research on bifurcated arterial geometries is limited, despite their
vulnerability to atherosclerosis due to the presence of junctions and curvatures. Flow disturbances,
such as reversal and stagnation, near bifurcations significantly impact hemodynamics [10]. This study
analyses FFR in four configurations of stenosed bifurcated arteries, focusing on constrictions of 48%,
64%, and 84% in cross-sectional area [12].

The novelty of this work lies in the integration of MHD and HNF into a simulation framework to
analyse their combined effects on pressure gradients and flow dynamics in blood vessels. By
comparing FFR values with and without these influences, the study examines how electromagnetic
control and nanoparticle-enhanced properties impact blood flow in diseased vessels. Blood is
modelled as a non-Newtonian fluid to capture shear-dependent viscosity, with rigid arterial walls due
to cholesterol-induced stiffening. The findings provide insights into non-invasive medical
interventions, such as targeted drug delivery and flow regulation, thereby enhancing the
understanding of hemodynamics in bifurcated arteries and offering new strategies for managing
cardiovascular disease.
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Fig. 1 The concept of fractional flow reserve [5]

2. Mathematical Formulation

Four distinct types of stenosis in a bifurcated artery are considered. To establish the

computational domain for a stenosed bifurcated artery, several assumptions are made [13,14]:

The artery is of finite length; four morphological types (Type | to Type IV) are defined, as

(a)
depicted in Fig. 2

(b) The curvatures are introduced at lateral junctions and the flow divider to prevent
discontinuities and separation zones.

(c) Stenosis shapes are typically irregular rather than uniform.

The proposed classifications are: Type | for healthy bifurcated arteries with no stenosis; Type Il for

stenosis near the bifurcation in the parent artery; Type Il for stenosis extending to the upper wall of
the bifurcation; and Type IV for stenosis in the parent vessel's proximal region and ostium. This
framework, adapted from Zain et al., [13] ranges from healthy to diseased bifurcated arteries.
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Fig. 2 Different model geometries of stenosed bifurcated artery, (a) Type |, (b) Type Il, (c) Type lll and
(d) Type IV
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This study examines the steady, incompressible flow of a GPL fluid in a stenosed bifurcated artery
across four morphological configurations. An external magnetic field and the effects of HNF influence
the flow. Dimensionless governing equations for the fluid flow are formulated as [13,14],
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where the parameters Re and M denote the Reynolds number and the Hartmann number,
respectively, and is defined as [14,15],
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Dimensionless quantities describe the ratio of inertial to viscous forces and the influence of
magnetic fields on fluid motion. Velocity components u and v relate to the x and y axes, while p
denotes fluid pressure. The density of blood is represented by [P and P indicates the density of the

fluid (blood) and HNF respectively. Electrical conductivities are denoted by oy for blood and oy, for
HNF. Parameter m indicates fluid consistency, and n, set at 1.2 in this study, signifies shear-thickening
behaviour consistent with the GPL model [13,14]. U, is the reference velocity based on the study by
Chakravarty et al., [16]. Below is the boundary conditions of the problem is specified as below [13,14],
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n is the outward unit normal vector, and | is the identity matrix. The thermophysical characteristics
of the base fluid (blood) (f), along with Au and Ag nanoparticles and HNF formulated from these
components, are detailed in Hussain et al., [17]. In this context, ¢Ag and ¢, correspond to the
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respective volume concentrations of silver and gold nanoparticles. The subscript nfis used to indicate
guantities associated with the nanofluid mixture.

3. Validation and Mesh Test

Model validation was performed to ensure that the numerical simulation developed using
COMSOL is correctly implemented and functioning as intended. To verify the reliability of the
simulation, a mesh dependency test was done using the geometrical parameters from the benchmark
model proposed by Zain et al. [13]. Simulations of blood as a Newtonian fluid were conducted at
magnetic field strengths of 0 T, 8 T, 16 T, and 32 T, and validated against
Zain et al., [13]. Table 1 details the domain elements for each mesh configuration and the maximum
velocity, Umax. Strong agreement was found, particularly for Mesh 3 and Mesh 4, with a minimal
difference of about 0.0003 m/s. Discrepancies may stem from transient flow behaviour and validation
methods. Mesh 4 was selected for further simulations to optimise accuracy and computational
efficiency.

Table 1
Comparison of various meshes with different magnetic parameters B
Umax
Mesh Domain elements B
oT 8T 16T 32T
1 3429 0.5559 0.5193 0.4657 0.5359
2 5854 0.5598 0.5276 0.4802 0.5577
3 7332 0.5682 0.5397 0.5027 0.4711
4 17201 0.5711 0.5440 0.5093 0.4845
Zain et al., [13] 0.5716 0.5439 0.5088 0.4842

4. Fractional Flow Reserve

Pressure profiles for bifurcated artery geometries (Type | to IV) were analysed along the central
horizontal axis from inlet to outlet. Proximal pressure was extracted just before the stenosed region,
while distal pressure was obtained immediately after. FFR is calculated as the ratio of mean distal
pressure to mean aortic pressure, serving as an index to evaluate the severity of coronary artery
stenosis. The severity of stenosis, S, is defined by the ratio of diameters at the narrowed region
(dstenosis) and the healthy segment (dnormal) Of the artery using the expression of (S=1-a) [18].

In the context of FFR analysis, the narrowing degree a ranges from 1 for a healthy artery with no
stenosis to 0 for complete occlusion. Notably, Type Il and Type IV have stenosis at the bifurcation,
but a changes only at the mother artery, similar to Type Il. Ared line at FFR = 0.80 marks the clinically
accepted threshold for recommending coronary intervention [18].

5. Results and Discussion

Figure 3(a) illustrates the relationship between FFR and stenosis severity across three bifurcated
artery geometries: Type Il, Type Ill, and Type IV. Type | is excluded from this analysis as it represents
a normal bifurcation without stenosis, making variations in « irrelevant. The results indicate distinct
FFR patterns for each geometry. Type Il demonstrates a steep, non-linear FFR increase, exceeding
the 0.80 threshold around a = 0.6, which aligns with the S-shaped dependence [18]. In contrast, Type
[ll shows a linear FFR progression that remains below 0.80 even at a = 1, primarily due to reduced
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distal pressure at the daughter artery caused by localised flow resistance. This suggests that relying
solely on FFR may be inadequate, necessitating the use of additional metrics, such as the Pythagorean
companion FFR_C or direct pressure measurements [18].

Type IV exhibits a complex, non-monotonic FFR curve, characterised by an initial rise, a dip, and
a gradual recovery, indicating intricate flow dynamics that may be due to recirculation zones or
pressure anomalies.
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Fig. 3 Different model geometries of stenosed bifurcated artery (a) FFR vs. the severity of stenosis, a,
(b) FFR vs. varying Hartmann number, M, (c) FFR vs. volume fraction of HNF, ¢hnf and (d) FFR vs. distal

pressure, Py

Like Type lll, FFR for Type IV stays below 0.80, underscoring the high-risk nature of this geometry and
the potential need for intervention based on anatomical features.

Figure 3(b) examines the impact of MHD on FFR in four bifurcated artery geometries (Type I-1V)
with a constant HNF concentration of 0.01. The Hartmann number, M, varied from 0 to 36.6 to assess
its effects on flow dynamics and perfusion. Type |, representing a healthy bifurcation, begins with an
FFR near 0.90 at M = 0 due to natural pressure losses from the artery's branching and flow
disturbances, even without stenosis. Similar findings were reported in previous studies where non-
stenosed arteries showed FFR values under one due to geometric complexities [6,19]. As M increases,
FFR gradually declines for Type | due to the Lorentz force, which increases flow resistance and
pressure drop.Type Il, with an initial FFR of 0.5-0.6, exhibits relative stability across the M range,
indicating less sensitivity to changes in flow resistance from the magnetic field. In contrast, Types Il
and IV, which start with lower FFR values (around 0.15-0.2 and 0.05-0.1, respectively), exhibit a slight
increase in FFR as M rises. This may suggest that the magnetic field stabilises disturbed flow patterns,
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promoting smoother flow and improving perfusion modestly. Despite these improvements, Types llI
and IV remain below the clinical threshold of 0.80 across all M values, raising questions about the
overall benefits of MHD. However, the observed increase in FFR implies that MHD could offer
hemodynamic advantages by mitigating turbulence and promoting more uniform flow. Therefore,
evaluating MHD's effectiveness should extend beyond just achieving an FFR of 0.80 to include
improvements in blood flow characteristics, which may potentially reduce the need for invasive
interventions.

Figure 3(c) explores the impact of varying the volume fraction of the HNF on FFR across four
bifurcated artery geometries, labelled Type | to IV, under a constant MHD condition with a M of 12.8.
The analysis reveals that as the volume fraction increases from 0 to 0.04, there are notable changes
in coronary perfusion, which is the delivery of oxygen-rich blood to the myocardium. In Type |
geometry, which represents healthy arteries, FFR remains stable with a slight increase as the volume
fraction rises. This increase can be attributed to the enhanced thermal conductivity and improved
energy transport properties of the nanofluid, which in turn improve flow dynamics. In contrast, Type
Il shows a slight decline in FFR with higher concentrations of HNF. The presence of stenosis alters
flow dynamics and introduces geometric constraints that increase viscous resistance. Although HNF
improves thermal conductivity, the constant temperature boundary conditions imply that thermal
effects are less impactful, allowing mechanical resistance to dominate.

Types lll and IV are characterised by severe anatomical constraints and lower baseline FFR values.
In these cases, FFR consistently declines as the volume fraction of HNF increases. The increased
viscosity and density of the nanofluid at higher concentrations exacerbate flow resistance in these
already compromised vessels. Previous studies suggest that higher nanoparticle concentrations in
stenosed arteries lead to elevated pressure gradients and reduced perfusion efficiency due to
increased viscous drag [18,20]. These findings suggest that while HNF can provide modest
enhancements in simpler artery geometries, its application in stenosed or anatomically complex
configurations may require careful optimisation to avoid counterproductive effects. Overall, the
results highlight the potential of HNF and MHD as non-invasive methods for flow control. They could
improve both the predictability and uniformity of perfusion in challenging anatomical regions.

Figure 3(d) illustrates the linear relationship between FFR and distal pressure across stenosed
segments for four bifurcated artery geometries (Type | through Type IV) under constant MHD of 12.8
and HNF of 0.01. Pressure values were assessed along the artery's centerline from inlet to outlet
(refer to Fig. 2), with distal pressure chosen just downstream of the stenosis, where blood flow
stabilises. This approach reflects the true post-stenotic pressure under hyperemic conditions,
enabling accurate FFR calculations.

The data show that FFR increases linearly with distal pressure across all artery geometries. A
higher distal pressure indicates reduced resistance through the narrowed segment, suggesting better
perfusion. Conversely, low distal pressure signifies significant pressure loss due to stenosis, resulting
in diminished FFR, often below the clinical threshold of 0.80, which raises concerns about myocardial
perfusion and ischemia risk. In Type |, the line graph has the steepest slope, indicating that small
increases in distal pressure result in notable improvements in FFR, a characteristic of a healthy artery
where flow is laminar. Type Il exhibits moderate sensitivity, showing gradual increases in FFR with
pressure, indicating mild resistance and effective perfusion.

Types Il and IV display shallower slopes, suggesting that, despite increased distal pressures, FFR
remains low due to complex bifurcations or significant narrowing. Flow disturbances, such as
turbulence, limit pressure recovery, resulting in FFR values that may not reach the clinical threshold,
highlighting the impact of anatomical factors. In conclusion, the graph emphasises the role of distal
pressure in modulating FFR and the varying responses of different geometries to pressure changes.
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While MHD and HNF aid in flow stabilisation and pressure distribution, their effectiveness is limited
by the artery's structural characteristics. These observations reinforce that FFR is both geometry-
sensitive and pressure-dependent, advocating for a comprehensive assessment approach that
incorporates anatomical and hemodynamic factors in evaluating coronary stenosis.

6. Conclusion

The study analyses FFR across four bifurcated artery geometries influenced by varying stenosis
severity, MHD effects, and HNF volume fractions. Key findings include,

(a) Type | Geometry: Exhibits the highest FFR values and a steep response to distal pressure
changes, indicating healthy perfusion.

(b) Type Il Geometry: Shows a steep, non-linear FFR increase with stenosis severity, reflecting high
sensitivity to moderate stenosis.

(c) Type lll Geometry: Displays a linear but limited FFR response, suggesting constrained pressure
recovery.

(d) Type IV Geometry: Has a consistently low FFR profile, indicating severe perfusion.

MHD effects reveal a gradual FFR decline in Type | with increased magnetic resistance, while Types
[ll and IV show slight improvements. HNF analysis indicates that Types | and Il maintain stable FFR
values, whereas Types Il and IV decline with increasing nanofluid concentration due to increased
viscosity. A linear relationship between FFR and pressure drops is noted across all geometries.
Overall, integrating MHD and HNF into cardiovascular modelling enhances perfusion, indicating that
advanced fluid engineering can optimise therapeutic interventions in complex arterial geometries.
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