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efficiency and patient safety, as non-uniform velocity distribution, excessive pressure
drop, and elevated shear stress may lead to hemolysis and platelet activation.
Experimental investigation of flow behaviour inside hollow-fibre dialyzers is
challenging due to the small fibre dimensions and dense packing arrangement, making
computational fluid dynamics (CFD) a suitable analysis tool. In this study, CFD
simulations were performed to investigate steady-state blood flow through a single
hollow fibre representing a dialyzer fibre bundle. Blood was modelled as an
incompressible, laminar, Newtonian fluid using ANSYS Fluent, with an inlet velocity of
0.01 m/s and physiological material properties. The results show a fully developed
laminar velocity profile with a maximum axial velocity of approximately 0.037 m/s at
the fibre centreline. A smooth pressure gradient was observed along the fibre length,
with an overall pressure drop on the order of 0.4-1.7 Pa depending on inlet and outlet
locations. The absence of flow separation, recirculation, or abrupt pressure
fluctuations indicates stable hydrodynamic conditions and low shear stress levels
within the fibre. Overall, the numerical findings demonstrate that the selected

Keywords: operating conditions produce favourable flow characteristics with minimal risk of
Haemodialysis; hollow fibre; blood flow;  blood damage. This study confirms the applicability of CFD as a reliable tool for
computational fluid dynamics; pressure analysing blood flow behaviour in hemodialysis devices and provides quantitative
drop insight that can support safer and more efficient dialyzer design.

1. Introduction

Haemodialysis is a life-sustaining extracorporeal blood purification therapy used for patients
suffering from chronic kidney failure [1]. The primary function of haemodialysis is to remove
metabolic waste products and excess fluids from the blood when the kidneys are no longer capable
of performing these functions effectively [1],[2]. Central to this process is the dialyzer, a biomedical
device that contains thousands of semi-permeable hollow fibres arranged in a compact bundle [2,8].
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During dialysis, blood flows through the lumen of these fibres, while dialysate flows outside the
fibres, enabling solute and fluid exchange across the membrane [3],[4].

The efficiency and safety of haemodialysis treatment are strongly influenced by the
hydrodynamic behaviour of blood flow within the hollow fibres [4],[5]. Due to the small characteristic
dimensions of the fibres and the low flow velocities involved, blood flow inside a dialyzer typically
occurs under laminar conditions dominated by viscous forces [6],[7]. Under such conditions, velocity
distribution, pressure drop, and wall shear stress become critical parameters that directly affect
solute transport efficiency and blood compatibility [5],[8]. Excessive pressure loss may increase
cardiovascular load, while elevated shear stress can cause haemolysis, platelet activation, and clot
formation [9].

Experimental investigation of flow behaviour inside hollow-fibre dialyzers is technically
challenging because of the small fibre diameters, dense fibre packing, and limited optical accessibility
[10],[8]. As a result, computational fluid dynamics (CFD) has become a widely adopted approach for
analysing blood flow in dialyzer systems [3],[5],[11]. CFD enables detailed visualisation and
guantitative assessment of velocity fields, pressure distribution, and shear-related parameters that
are difficult to obtain through experimental methods [5],[8].

Due to the parallel arrangement and geometric uniformity of fibres in commercial dialyzers,
modelling a single representative hollow fibre provides an efficient and physically meaningful
approach for fundamental flow analysis [12],[13]. This simplification significantly reduces
computational cost while retaining the essential hydrodynamic characteristics of the system.
Although numerous CFD studies have examined dialyzer flow behaviour, further investigation is
required to better understand velocity and pressure distributions under clinically relevant operating
conditions and simplified modelling assumptions [8],[11]. Therefore, the objective of this study is to
numerically investigate blood flow through a single hollow fibre using CFD.

The study focuses on analysing the velocity distribution and pressure variation along the fibre
length and assessing their implications for dialyzer performance and blood damage risk [5],[9]. The
findings aim to contribute to improved understanding of internal flow behaviour in haemodialysis
devices and demonstrate the applicability of CFD as a design and evaluation tool for biomedical flow
systems. Figure 1 shows the diagram that depicts the inlet and outlet of the device. There are a blood
inlet and a dialysate inlet along with the outlets for these two inlets. There is fluid exchange taking
place through the permeable nature of the materials.
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Fig. 1. Dialyser inlets and outlets along with membrane placement
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2. Methodology
2.1 Geometric Modelling

The computational model was developed to represent blood flow through a single hollow fibre
of a dialyzer. In commercial dialyzers, thousands of hollow fibres are arranged in a parallel and
geometrically uniform manner [14],[15]. Explicitly modelling the entire fibre bundle is
computationally expensive and impractical [12],[11]. Therefore, a single fibre was selected as a
representative domain to capture the fundamental flow behaviour, as commonly adopted in
previous CFD studies [11],[13].

The hollow fibre was modelled as a straight cylindrical tube with dimensions consistent with
typical dialyzer specifications reported in the literature [13]. The fibre length was set to 200 mm, with
an inner lumen diameter of 0.20 mm and an outer diameter of 0.28 mm, resulting in a membrane
thickness of 0.04 mm [13]. The blood flow domain corresponded to the inner lumen of the fibre. The
geometry was created using ANSYS DesignModeler and imported into ANSYS Fluent for flow
simulation [16].

2.2 Mesh Generation

The computational domain was discretised using a structured mesh to ensure numerical accuracy
and solution stability. Mesh refinement was applied near the lumen wall to accurately capture
velocity gradients and wall shear stress, which are critical parameters in blood flow analysis [5],[17].
Inflation layers were introduced along the wall region to improve near-wall resolution [17]. A mesh
independence study was conducted by progressively refining the element size and evaluating
solution convergence, following standard CFD best practices [17]. The final mesh consisted of
310,650 elements with a global element size of 14.215 mm. The maximum skewness value was
maintained below 0.9, indicating acceptable mesh quality for high-fidelity CFD simulation [17]. Figure
2 depicts the schematic diagram of a typical hollow fibre hemodialyzer.
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Fig. 2. schematic diagram of a typical hollow fiber hemodialyzer
2.3 Governing Equations

Blood flow within the hollow fibre was modelled as incompressible and laminar under steady-
state conditions. The flow was governed by the continuity equation and the Navier—Stokes
momentum equations, which describe mass conservation and the balance between inertial,
pressure, and viscous forces acting on the fluid [16],[18]. These equations are widely used in CFD
studies of internal laminar flow in biomedical applications [5],[8].
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2.4 Material Properties and Boundary Conditions

Blood was modelled as a Newtonian fluid, which is a commonly adopted assumption for low
Reynolds number flow in hollow fibres [8],[7]. The blood density was set to 1050 kg/m?3, and the
dynamic viscosity was taken as 0.0035 kg/ms, consistent with reported physiological values [19].
Although blood exhibits non-Newtonian behaviour, the Newtonian assumption provides reliable
predictions under the shear rates typically encountered in dialyzer fibres [8],[19].

A uniform velocity inlet boundary condition of 0.01 m/s was applied at the blood inlet to
represent physiological flow conditions in a hollow fibre [6],[14]. A pressure outlet condition with
zero-gauge pressure was imposed at the outlet. The fibre wall was modelled as a no-slip boundary,
ensuring zero velocity at the wall surface, as required for viscous flow modelling [18]. These boundary
conditions resulted in a laminar flow regime with a Reynolds number close to unity, which is
representative of clinical dialyzer operation [7]. Table 1 explains the parameters from the fibre length
to the hydraulic diameter.

Table 1
Explanation for parameters
Parameter Symbol Value (mm) Explanation
Fiber length L 200 Typical dialyzer fiber length
Lumen diameter (inner diameter) D; 0.20 Blood flow diameter inside fiber
Lumen radius Ri 0.10 Half of inner diameter
Fiber outer diameter Do 0.28 Includes membrane thickness
Fiber outer radius Ro 0.14 Half of outer diameter
Membrane thickness tm 0.04 Semi-permeable membrane
Blood flow domain length Lb 200 Same as fiber length
Hydraulic diameter Dh 0.20 Circular lumen

2.5 Solver Settings

The pressure-based solver in ANSYS Fluent was used with the laminar viscous model enabled.
Pressure—velocity coupling was handled using the SIMPLE algorithm, which is commonly employed
for incompressible flow simulations [16]. Second-order discretisation schemes were employed for
the momentum equations to improve numerical accuracy. Convergence was achieved when residuals
fell below the specified tolerance levels and monitored flow variables stabilised [16].

3. Results
3.1 Velocity Distribution

The velocity streamline results reveal a smooth and fully developed laminar flow profile within
the hollow fibre. The maximum velocity occurs along the centreline of the fibre, while velocity
decreases gradually toward the wall due to the no-slip boundary condition. This parabolic velocity
profile is characteristic of laminar flow in cylindrical tubes and is consistent with classical internal
flow theory [18]. The flow remains stable along the axial direction, with no evidence of flow
separation, recirculation, or turbulence. Similar laminar velocity behaviour has been reported in
previous CFD investigations of hollow-fibre dialyzers operating at low Reynolds numbers [5],]8]. The
absence of abrupt velocity gradients indicates favourable flow conditions that minimise shear stress
and support efficient solute transport during dialysis [7],[9]. Figure 3 displays the velocity profile for
the dialyzer.
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Fig. 3. Velocity profile for dialyzer
3.2 Pressure Distribution

The pressure contours show a gradual decrease in pressure from the inlet to the outlet of the
hollow fibre. The pressure drop is primarily attributed to viscous resistance along the fibre wall, which
is typical of laminar flow in small-diameter tubes [18]. The smooth pressure gradient indicates stable
hydrodynamic behaviour without sudden losses or adverse pressure fluctuations, in agreement with
reported CFD results for dialyzer flow [8],[11].

The magnitude of the pressure drop remains relatively small, suggesting that the selected
operating conditions do not impose excessive hydraulic load on the cardiovascular system. Similar
pressure drop magnitudes have been reported in numerical studies of blood flow through hollow-
fibre dialyzers under laminar conditions [5],[13]. Figure 4 shows the pressure distribution at the blood
inlet and the dialysate inlet whereas Figure 5 shows the pressure distribution at the blood outlet and
the dialysate outlet.
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Fig. 4. Pressure distribution (a) Blood inlet (b) Dialysate inlet
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Fig. 5. Pressure distribution (a) Blood Outlet (b) Dialysate Outlet

4. Conclusions

In this study, computational fluid dynamics was employed to investigate blood flow behaviour
within a single hollow fibre representative of a hemodialyzer bundle. The CFD model was developed
using realistic geometric dimensions, appropriate material properties, and clinically relevant
boundary conditions based on established literature [5],[8],[13]. Blood was modelled as an
incompressible, laminar, Newtonian fluid, and steady-state simulations were performed using ANSYS
Fluent [16]. The numerical results demonstrated a fully developed laminar velocity profile with
smooth axial flow and a parabolic cross-sectional distribution, consistent with classical laminar pipe
flow theory [18]. Pressure decreased gradually along the fibre length, resulting in a modest pressure
drop dominated by viscous effects. These findings are in agreement with previous CFD investigations
of hollow-fibre dialyzers operating under similar flow conditions [5],[20],[8].

From a biomedical perspective, the observed flow characteristics suggest low shear stress levels
and minimal risk of blood damage under the prescribed operating conditions. Elevated shear stress
and abrupt pressure fluctuations, which are known contributors to hemolysis and platelet activation,
were not observed in the present model [9]. Although the study was limited to a single fibre
representation, the results provide valuable insight into fundamental flow behaviour in dialyzer
fibres. Overall, this work confirms the effectiveness of CFD as a reliable tool for analysing internal
flow behaviour in hemodialysis devices. The developed model provides a solid foundation for future
studies incorporating non-Newtonian blood rheology, fibre bundle interactions, and coupled mass
transfer analysis to further optimise dialyzer design and performance [8],[11].
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