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and turbulence, which traditional analytical methods struggle to capture accurately.
This research addresses this problem by using computational fluid dynamics (CFD) with
ANSYS Fluent to simulate fluid flow through a diffuser pipe, aiming to improve pressure
recovery and minimize energy losses. The simulation focuses on the impact of diffuser
geometries on key flow characteristics such as velocity reduction, pressure
distribution, and turbulence effects. By modelling steady-state, incompressible water

Keywords: flow at room temperature and comparing results with theoretical predictions, the
Annular diffuser pipe; turbulent flow; study provides insights into optimizing diffuser design. The findings demonstrate the
ANSYS fluent; internal flow; grid advantages of CFD in accurately predicting complex flow behaviours, offering valuable
independence test guidance for enhancing diffuser efficiency in various engineering applications.

1. Introduction

Diffusers play a vital role in fluid flow systems, commonly utilized across engineering fields to
control and improve fluid movement through ducts, compressors, and HVAC systems. Their primary
function is to slow down fluid flow, converting kinetic energy into pressure energy, thus increasing
static pressure within a system [1]. This process is crucial for reducing pressure losses and improving
energy efficiency, particularly in industries like aerospace and automotive engineering. The flow
through axisymmetric expansions, as seen in wide-angle diffuser geometries, can lead to turbulent
and separated flow fields in practical situations [2]. Additionally, diffuser pipes help adjust high Mach
number slanted flows by increasing pressure ratios in centrifugal compressors [3]. Using ANSYS
Fluent in computational fluid dynamics (CFD), this study simulates fluid flow through a diffuser pipe,
focusing on the effects of geometry on velocity reduction, pressure recovery, and turbulence.
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The objectives include analysing flow separation, turbulence effects, and pressure distribution to
optimize the diffuser design for efficient fluid management. Water at room temperature is used as
the working fluid, with the assumption of steady-state, incompressible, single-phase flow, neglecting
surface roughness and heat transfer. By simulating these conditions, the study aims to predict key
performance metrics, such as pressure recovery and areas prone to flow separation, ultimately
contributing to better diffuser designs and reduced energy losses [4].

2. Methodology
2.1 Geometry

The dimensions of the diffuser pipes are varied. This can be explained through the simulation
where the diameter of the inlet, outlet, angle and the length of a diffuser is varied based on the Table
1. The geometries of the diffuser pipe are varied depending on the parameters chosen. It is visualized
based on these figure as shown in Figure 1(a) to Figure 1(f).

Table 1

Parameter of diffuse pipes

Geometry Dintet(m) Doutiet(m) Baiffuser Lpipe(m)
Gl 0.200 0.40 6.50° 1.0

G2 0.100 0.20 4.30° 1.5

G3 0.026 0.10 8.00° 0.5

G4 0.013 0.15 5.14° 1.0

G5 0.013 0.40 8.50° 2.0

G6 0.013 0.90 15.40° 3.0

(d) (e) (f)
Fig. 1. Geometries of diffuser pipes in different angle of inlet (a) G1 (b) G2 (c) G3 (d) G4 (e) G5 (f) G6

2.2 Boundary Condition Parameter

A constant inlet velocity of 0.297 m/s is applied to the diffuser pipe based on the Reynolds
number, ensuring a stable flow for pressure recovery analysis. The outlet is set to 0 Pa, representing
atmospheric pressure, allowing for pressure adjustments as the fluid decelerates. The pipe wall is
modelled with a no-slip condition and zero roughness, essential for capturing viscous effects and
boundary layer development. The k-€ turbulence model is used to handle boundary layers and flow
separation [5]. The diffuser geometry is discretized with a tetrahedral mesh, chosen for its
adaptability to complex shapes and ability to capture irregular flow patterns. Inflation layers near the
wall ensure proper resolution of the turbulent boundary layer. Mesh quality was maintained with
skewness below 0.25, and a final mesh size of 272,128 elements was chosen after performing a grid
independence test (GIT) to balance accuracy and computational cost.
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2.3 Discretization of Governing Equation

To summarize the governing equations of diffuser pipe flow, Navier-Stokes equations. Eq. (1) is
used for incompressible flow [6].

u-Vu = —%Vp +uV?+f (1)

where p is density of fluid, p is static pressure, f is any external body force, (u - V)u is convective

ou . . . . TP
term and a—LtL is velocity vector. For incompressible and steady state, the equation is simplified into Eq.

(2).
V-u=0 (2)
The diffuser angle using fluid dynamics principles can be determined based on Eq. (3):

tane — Doutlet (3)

inlet

where Dgytet i the diameter of the diffuser outlet, Diyjet is the diameter of the diffuser inlet. The
turbulence intensity at the inlet needs to be setting based on the Eq. (4).

Turbulence Intensity = 016 (4)

(Rep)8

2.4 Grid Independence Test (GIT)

The grid independence test (GIT) is crucial in diffuser pipe simulations to ensure the accuracy and
reliability of the results. In CFD simulations, the mesh discretizes the governing equations, and its
quality effects solution accuracy. The GIT refines the mesh in successive steps by comparing the
results such as pressure recovery, velocity distribution and flow separation. convergence indicates
that the solution is independent of the grid resolution, ensuring the mesh captures critical flow
features such as boundary layer development and flow separation without excessive computational
cost. For internal diffuser flow, where complex phenomena occur, the GIT ensures accurate, mesh
independent results for pressure recovery and flow efficiency predictions.

3. Results
3.1 Velocity Distribution

Based on Figure 2(a) to Figure 2(f), it is evident that the velocity has gradually decreases along
the length of the pipe as the flow expands. The colour map indicates that the area of high velocity
near the inlet transitioning to lower velocity near the outlet, as expected from a diffuser where kinetic
energy is converted into pressure. Such in Figure 2(a) and Figure 2(b), these geometries show a
relatively smooth deceleration of flow with minimal separation, indicating a stable flow and efficient
pressure recovery. However, geometry in Figure 2(c) has revealed some flow instability, with a
noticeable drop in velocity occurring midway, suggesting minor flow separation. Velocity distribution
in Figure 2(d) has shown more stable than Figure 2(c) but shows a moderate reduction in velocity
which making it somewhat effective in pressure recovery. Moreover, such in geometries in Figure
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2(e) and Figure 2(f) exhibit significant flow separation where the larger angle causes substantial
recirculation and velocity loss near the walls of the pipe [7]. This would lead to inefficiency in pressure
recovery. The most efficient design in term of pressure recovery and minimizing flow separation
appears to be in Figure 2(a) as it balances a sufficient opening angle to allow expansion while
maintaining stable flow conditions and minimizing losses. Geometry on Figure 2(b) performs well,
yet the smaller opening might slightly limit the rate of pressure recovery compared to geometry in
Figure 2(a).

Velocil
Veclor i T2 e FOSne— .
l 3.084e-01 % R ! 3 k: ! ‘ =

- 2.313e-01

(a) (b) (c)

m1.542e-01

" T.F02e-02

0.000e+00
[m 1]

(d) (e) (f)

Fig. 2. Velocity distribution of diffuser pipes in different angle of inlet (a) G1 (b) G2 (c) G3 (d) G4 (e) G5 (f)
G6

3.2 Pressure Distribution

In Figure 3, the pressure distribution across G1 is more stable and favourable compared to the
larger-angle diffusers. The small diffuser angle provides a gradual expansion of the floe, which
minimizes the adverse pressure gradient and helps to maintain the attached flow along the walls of
the diffuser. This results in less flow separation and lower recirculation zones, ensuring the majority
of flow follows the diffuser walls smoothly [8]. As the flow decelerates, there is an effective
conversion of kinetic energy into pressure. The pressure gradually increases along the diffuser length,
leading to efficient pressure recovery. The controlled expansion of flow results in a uniform pressure
distribution while reducing energy losses due to turbulence or separation. This geometry is more
reliable as in maintaining a high-efficiency pressure recovery, making it the most suitable design for
diffuser applications where smooth flow and energy efficiency are crucial.
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Fig. 3. Pressure distribution across G1
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3.3 Comparison of Pressure and Velocity Across Geometries

Since the data from Figure 4 points for shorter pipes extended beyond the pipe length, these
pipes clearly exhibit velocity and pressure profile distinct of 150 cm pipe. Thus, it does not intersect
at any flow development stage at 100 cm analysis point. This happened due to velocity and pressure
data were analyzed at the distance 150 cm which is beyond 100 cm and 50 cm respectively. This
might lead to extrapolated values which deviate quite significantly from the fully developed flow
profile on 150 cm of diffuser pipe [9,10].

Comparison of Pressure Across Geometries Comparison of Velocity Across Geometries
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Fig. 4. Comparison of (a) Pressure (b) Velocity across geometries
3.4 Angle of Expansion, ©6° and Length of Pipe

The diffuser angle of G1 (6.5°) promotes smoother flow with minimal separation, leading to
higher pressure recovery efficiency as the flow remains attached to the diffuser wall. A smaller angle
between the expanding walls enhances performance and reduces turbulence. Equally, in G6 (15.4°)
has seen that the larger angle creates higher turbulence and pressure drops due to flow separation
[11]. The results align with theory, where larger angles typically lead to greater recirculation and
efficiency [12]. While increasing the outlet diameter and length of the diffuser helps reduce velocity
and improve pressure recovery, the optimal angle remains undetermined, varying with pipe
dimensions. This simulation confirms that a lower diffuser angle enhances efficiency. Meanwhile, a
longer diffuser pipe also allows for more gradual flow expansion which leads to smoother velocity
and potentially less flow separation. It can be explained through the geometry of G1 has 1 m length
and lower diffuser angle which makes it more suitable design for a diffuser. Plus, a longer diffuser
pipe will provide more length for pressure recovery [13]. That means no rapid expansion which can
cause turbulence and increase in pressure drop [14]. This characteristic can be seen in G1.
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3.5 Grid Independence Test (GIT)

GIT confirms that the obtained data of CFD simulation does not considerably depend on the
selected mesh density. GIT across geometry G1 is tabulate in Table 2. The aim of the GIT is to ensure
the results of the pressure drop and velocity are independent of the mesh size. As the element size
decreases, the number of elements is increased. The pressure drops across the diffuser pipe is
calculated at each mesh refinement level [15]. Pressure drop starts emerge with the finer mesh which
indicating the result are more accurate. The maximum velocity achieved in the flow domain where
the velocity slightly increases from 0.304096 m/s (coarse) to 0.308360 m/s (fine). The percentage
difference in velocity between the mesh level is calculated as below:

%% difference = LVfine” Vmediuml o 10 (5)

Vmedium

[0.308360 — 0.304792|

% difference = 0304792] X 100 = 1.17% (6)
Table 2
Grid independence test (GIT) for 1 m pipe, with angle of 6.5°
Mesh level Element size (mm) No. of elements Pressure drop, Pgyop(Pa) Maximum velocity, V4
Coarse 8.0 301,473 0 0.304096
Medium 6.0 617695 0 0.304792
Fine 5.8 695,975 0.00112356 0.308360

The percentage indicates that there is only about 1.17% difference between the result from the
medium and fine mesh which showing the percentage is small. This suggests that the solution is
converging and the mesh is sufficient. Hence, the fine mesh can be considered as sufficient for
accurate result. Moreover, during the fine mesh, longer time is needed. This is might be because of
high number of elements. the GIT is achieved. The given curves in Figure 5 represent the velocity and
pressure distribution profiles against node numbers, which we can conclude that the velocities
increase with node numbers.
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Fig. 5. Chart for grid independence test (a) Pressure chart (b) Velocity chart
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As the mesh is refined further, there is a minor variation in results, and both profiles are almost
constant as the mesh size reaches 695,975 elements. This suggests the results have become grid-
independent within the range [16]. In conclusion, the solution does not depend on the grid density.
Hence, it is obtained that if any additional number of elements increases above 695,975 of this
software will make it more complex in terms of computations but adds almost negligible value to
improve the accuracy of the result.

3.6 Evidence of Convergence and Accuracy

Based on the Figure 6 below, the solution is converged before iteration of 400 which means that
the solution has stabilized and no longer changes significantly with additional iterations. This can be
concluded that the solution is both accurate and stable where no decrease significantly or oscillate
[17].
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Fig. 6. Convergence of solution

3.7 Comparison with Published Values

All the data from the simulation on different parameters which are includes the diffuser angle,
diameter of the outlet and length of the diffuser pipe are tabulate in the Table 3 shown below. Based
on the Table 3, it comprises that the diffuser pipe of G1 and G2 has the better design as no flow
separation or circulation occurs. That justify the theory of lower angle of wall expansion, bigger
diameter of outlet, longer pipe of diffuser can reduce the flow separation and reduce the turbulence
happened in the pipe [18,19]. In contrast, higher angle expansion such in G6 would introduce to flow
separation and turbulence flow. The inlet diameter of 0.013 m needs to be changed as it is too small
for a diffuser pipe and simulation cannot detect a good reading [20]. However, in the previous study
reviewed, no published values for the specific angles used in this study were found. This is primarily
because the exact geometries used in those studies differ from the one considered here. The
geometries in the earlier works were not identical to the current model. Therefore, the specific angles
examined in this research do not have direct comparisons with previously published data.
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Table 3
Comparison of different parameters of diffuser pipe
Geometry Diffuser Diameter Length Velocity Reynolds Pressure Maximum Flow Turbulent
No. Angle of outlet of inlet number, drop velocity separation intensity
(6%) (m) pipe, L (m/s) Re (%)
(m)
Gl 6.50° 0.4 1 0.297 66541 0.000 0.304 No 4%
G2 4.30° 0.2 15 0.297 33270 0.079 0.300 No 4%
G3 8.00° 0.1 0.5 0.297 8650 0.015 0.015 No 5%
G4 5.14° 0.15 1 0.297 4325 0.961 0.960 Yes 6%
G5 8.50° 0.4 2 0.297 4325 0.005 0.005 Yes 6%
G6 15.40° 0.9 3 0.297 4325 0.060 0.060 Yes 6%

4. Conclusions

In conclusion, the simulation study on the turbulent flow in a diffuser pipe demonstrated that
mesh refinement had a significant impact on the accuracy of the result, with the fine mesh providing
the most reliable results based on GIT. The geometry of a diffuser, especially on the angle, diameter
of inlet, and length of the pipe play a crucial role in influencing flow characteristics such as velocity
distributions, pressure recovery, and flow separation. Larger angle of expansion resulted in greater
flow separation and pressure drops while smaller angle of expansion led to uniform flow. The
simulation results aligned well with the theoretical prediction which showing a balance between
diffuser efficiency and turbulence. Nevertheless, limitation such as assumption steady-state flow,
boundary conditions, limitation of elements due to student version and the use of standard
turbulence model should be considered as real-world conditions might involve more complexity.
Recommendation on future study could explore more on transient’s simulations and the effect of
other variables such as surface roughness for diffuser design optimization.
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