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literature found. In this study, the effect of turning angle from 30° to 180° configured
with an area ratio of 1.60 to 4.00 and inflow Reynolds number of 5.934x10%—1.783x105
on loss characteristics and flow rectification of curve diffuser is investigated with
optimum configuration is proposed. Performance of curve diffuser is evaluated in
terms of pressure recovery and flow uniformity using ANSYS CFD equipped with
validated Standard k-¢ model (ske) and enhanced wall treatment of y* = 1.2 - 1.7.
Results show that performance of pressure recovery and flow uniformity decreases
respectively by 85.71% and 45.84% as the angle of turn increases from 30° to 180°.

Keywords: Curve diffuser with minimum angle of turn 30°, optimum area ratio 2.16 and
Curve diffuser; Pressure Recovery; Flow intermediate Rej, 8.163x10% turns out to be the best configuration to provide pressure
Uniformity; Angle of Turn recovery of 0.399 and flow uniformity of 3.630 m/s.

1. Introduction

Curve diffuser is an engineering fluid device with combined features of bending and spreading
that is often used in HVAC and wind tunnel systems as a fluid flow speed reducer. The basic
mechanism is by converting kinetic energy to pressure energy in which could be achieved by altering
the geometrical and operating parameters such as area ratio (AR), curvature length (Lin/W1), angle of
turn (A¢), turbulent intensity (1) and inflow Reynolds number (Rein) optimally [1-2].

The angle of turn was found to affect the performance of the curved diffuser yet has
not been comprehensively studied. Fox and Kline [1] proposed that 90° angle of turn should be
configured with an area ratio not greater than 2.0 to avoid massive flow separation. However, in
some circumstances there would be no relaxation in terms of geometrical selection in spite of a
debatable performance owing to design and space constraints. For instance, on account of a space
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limitation, a 90° curve diffuser with an extremely short inner wall length (Lin/W1 = 2.6) and large area
ratio (AR = 3.9) was designed, though unfavorable for a blow-down wind tunnel system [3]. Despite
a deficient performance, an 180° curve diffuser with inner wall expansion and large AR = 4.0 was still
introduced for a wind tunnel application due to a design restriction [4]. The flow separation occurred
in the curve diffuser due to sharp inflection to cause the boundary layer to thicken thus increasing
the pressure gradient. This strong adverse pressure gradient is that fails the flow to escalate and
detach from the wall to form separation. It is an undesirable phenomenon to associate with an
increase of form drag, reduction of core flow area, damage of downstream equipment, generation
of noise and structural vibration [5-6].

High Rein is expected to produce a relatively thin boundary layer allowing the flow to adhere to
the wall. However, there is an additional characteristic for fluid that flows over a curved surface at
an excessive velocity. The fluid is likely to separate from the wall at a certain point to form the
separated region. An applicable Rein should be therefore decided to provide less flow disruption. Rein
was proven by Nordin et al., [5-9] to affect the performance of 90° curve diffuser, with 3D expansion
yielded higher pressure recovery than 2D expansion, when was operated at low Rei, = 5.786x10% —
6.382x10%. Xian et al.,, [8] has developed performance correlations of curve diffuser to integrate
effects of turning angle, however less discussion was given on turning angle effects configured with
other important parameters in turns.

In the present work, the effects of turning angle on flow rectification and loss characteristics are
comprehensively investigated using Computational Fluid Dynamics (CFD). Curve diffusers with an
angle of turn (30°, 90°, 120°, 150°, 180°), area ratio (1.60, 2.16, 4.00) and inflow Reynolds number
(5.934x10% 8.163x10% 1.783x10°) are considered. These ranges of variables are opted to serve
common operating settings of curve diffuser for subsonic applications such as wind tunnel and HVAC
systems [3-19].

2. Numerical Method

ANSYS CFD code FLUENT version 19.2 was used as a tool to simulate the effects of turning angle
on curve diffuser performance. Figure 1 illustrates the overall CFD workflow that involves pre-
processing, processing, and post-processing phases. Three (3) turbulence models (Standard k-g,
Renormalization Group k-g¢ and Realizable k-epsilon) adopted enhanced wall treatment were
considered for the validation. A turbulence model that could provide the least discrepancies with
similarity of flow characteristics to the experimental case [10-12, 14-16] was chosen for the intensive
simulation.
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Fig. 1. Methodology flow chart

2.1 Modelling and Meshing

Curve diffusers with turning angles from 30° to 180° were modelled as shown in Table 1 in which

each to configure area ratio of 1.6 to 4.0. As shown in Figure 2, hybrid mesh to consist of hexahedral
and tetrahedral elements was generated to provide acceptable quality of skewness 0.3 [5-9, 12].
Enhanced wall treatment of y*=1.2 - 1.7 was applied to allow an optimum number of nodes obtained
particularly close to the inner wall region to capture presences of flow separation. Failure in observing

this essential flow phenomenon may disrupt the results as a whole.

A grid independency test was conducted to verify the optimum mesh to represent the actual case.
As presented in Table 2, Mesh 4 provides the least deviation relative to the finest mesh within

reasonable CPU solving time opted as the most optimum setting.
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Table 1
Curve Diffuser Models
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Fig. 2. Mesh generation
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Table 2

Grid independency test

Turning Reynold Mesh Elements Pressure Deviation, %

Angle Number Recovery, Cp

30° 1.07x10° 1 860055 0.3663 10.90
2 952692 0.3842 6.54
3 1044156 0.3783 7.98
4 1154569 0.3977 3.26
5 1312237 0.4111 -

90° 1.82x10° 1 595146 0.2785 7.54
2 645575 0.2956 7.86
3 697310 0.2744 8.90
4 762407 0.2942 2.32
5 830109 0.3012 -

180° 1.70x10° 1 1523621 0.0871 11.48
2 1604019 0.0923 6.20
3 1728412 0.0986 0.20
4 1814320 0.0986 0.20
5 1849297 0.0984 -

2.2 Solver and Boundary Condition Settings

The following three-dimensional steady-state Reynolds Averaged Navier Stokes (RANS) equations
were numerically solved for a Newtonian, incompressible fluid. The flow was assumed to be fully
developed, steady-state and isothermal. The gravitational effect was negligible.

Continuity equation
ou N av N ow 0 1
ox dy 0z @

X-momentum equation
ou  Ou ou  10dp [E)Zu 0%u azu]

1 6(—pu’_2) d(—pu'v') J(—pu'w’)
dx 8y+ az__EﬁJ’” 6x2+6y2+622 _[ * *

p dx dy 0z ] @

Y-momentum equation

6v+ 6v+ v 10dp
“ax vay Waz_ p 0y

0%v N 0%v N 0%v
0x?  dy? 0z?

+ v

1[a(=pu'v")  d(=pv'®)  I(=pv'w’)
E[ 0x * dy + 0z ] ®

Z-momentum equation

8W+ 6w+ ow 16p+ 62W+62w+62w
“ox ”ay Vaz = p oz Va2 dy? = 0z

1[a(—pu'w") d(—pv'w) a8(—pw'?)
+;[ d0x + dy * 0z ] )

As depicted in Table 3, three types of boundary operating conditions were imposed. The inlet
velocity, Vin was varied in the range 13.26 to 39.83 m/s corresponding to the Rein = 5.934x10% —
1.783x10° and li, = 3.7 - 4.1. At the outlet boundary, the pressure was set at atmospheric pressure
(0 gage pressure). At the solid wall, the velocity was zero due to the no-slip condition.

Table 4 lists the details of solver setting applied. The governing equations were independently
solved using a double-precision pressure-based solver with a robust pressure-velocity coupling
algorithm, SIMPLE been applied. To reduce numerical diffusion, the QUICK scheme was employed for
the discretization of the momentum equations, the turbulent kinetic energy equation, and the
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turbulent dissipation rate equation. A PRESTO discretization scheme was applied for the continuity
equation and a default scheme, i.e. Green-Gauss Cell-based, was employed for the solution of the
gradient. Three k-¢ turbulence models (ske, rngke, rke) were considered to simulate the case with
the best model opted from validation.

Table 3
Boundary condition for operating parameter
Inlet Type of boundary Velocity inlet
Velocity magnitude, Vin (M/s) 13.26m/s (5.934x10%)
18.23m/s (8.162x10%)
39.83m/s (1.783x10°)
Turbulent intensity, lin (%) 4.1
3.9
3.7
Hydraulic diameter, Dn (mm) 72
Outlet Type of boundary Pressure outlet
Pressure (Pa) Zero-gauge pressure
Wall Type of boundary Smooth wall
Shear condition No-slip condition
Working Fluid Properties Working fluid Air
Temperature (°C) 30
Density, p (kg/m3) 1.164
Dynamic viscosity, u (kg/m. s) 1.872x10°
Table 4
Solver details
Solver Scheme SIMPLE
Gradient Green-Gauss Cell Based
Pressure PRESTO
Momentum QUICK
Turbulent Kinetic Energy QUICK
Turbulent Dissipation Rate QUICK
Turbulence models Standard k-¢ (ske) model

Renormalization Group k-e (Rngke) model
Realizable k-g (rke) model

Pressure recovery coefficient (Cp) and flow uniformity index (cout) are the parameters used to
assess the performance [5-17]:

— 2(Pout - Pin)

Cp (5)
PVin”

where,

Pout = Average static pressure at outlet (Pa)
Pin = Average static pressure at inlet (Pa)

p = Air density (kg/m3)

Vin = Mean air velocity at inlet (m/s)

1 N
Oout = mzizl(vi - Vout)2 (6)
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where,

N = Number of measurement points
Vi = Local air velocity at outlet (m/s)
Vout = Mean air velocity at outlet (m/s)

The Cp indicates how much kinetic energy is successfully converted to pressure energy. The main
problem in achieving high pressure recovery is flow separation, which results in dissipation of energy
and non-uniform flow distribution [20-22]. The Gout is used to measure the dispersion of local velocity
from the mean velocity. It is strongly dependent on the distribution of the core flow and the presence
of secondary flow. The flow is considered uniform with the presence of secondary flow of less than
10% [23-25].

2.3 Numerical Validation

For validation, 30°, 90° and 180° curve diffusers of area ratio 2.16 were considered. Previous
experimental work by Rasidi et al., [11] was referred to validate the best turbulence model to
represent the case. As shown in Table 5, all k-€ solver models show promising potential except for
rke and rngke to provide unconverged solution for 180°. Due to stability and accuracy, ske model was
therefore chosen, providing a deviation of less than 5%.

Table 5
Numerical validation
Turning angle Turbulence models Pressure recovery coefficient, Cp Deviation, %
Numerical Experiment [9]
30° ske 0.383 2.54
rke 0.368 0.393 6.36
rngke 0.388 1.09
90° ske 0.281 0.71
rke 0.267 0.283 5.65
rngke 0.307 8.48
180° ske 0.035 2.94
rke - 0.034 -

rngke - -

3. Results and Discussion

Effects of turning angle configured with different area ratios and inflow Reynold number on
pressure recovery and flow uniformity are assessed. Ultimately, the most optimum configuration is
proposed.

3.1 Effect of Angle of Turn

Table 6 presents the results of varying angle of turn from 30° to 180° on pressure recovery and
flow uniformity. It shows that pressure recovery decreases by approximately 85.71% with the
increase of turning angle to 180°. As observed in Figure 3, the wide-angle of turns is relatively more
susceptible to excessive flow separation. Due to the abrupt inflection and strong adverse pressure
gradient, the flow in 180° curve diffuser loses its energy, thus detaches from the inner wall to form
flow separation and vortices. This separation is often associated with the form drag that could
considerably affect the recovery. Furthermore, the core flow area is also disrupted by the presence

44



CFD Letters
Volume 14, Issue 1 (2022) 38-51

of separation to produce severe flow uniformity of 45.84% when the angle increases to the widest.
It is worth noted that the higher the oout, the severer the flow uniformity.

Table 6
Effect of turning angle on pressure recovery and flow uniformity
Turning angle Pressure recovery coefficient, Cp Flow uniformity index, gout
30 0.399 3.630
90 0.266 3.887
120 0.157 4.304
150 0.127 4.800
180 0.057 5.294
pathlines1
Velodty%dgalslélgude pathlines1

Velocityiﬁ%lude

pathlines1
Velocity Magnitude

2137 pathlines-1

Velocity Magnitude
2261
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Fig. 3. Velocity streamline of (a) 30°, (b) 90°, (c) 120°, (d) 150° and (e) 180° curve diffuser

3.2 Effect of Inflow Reynolds Number

Figure 4 shows the results of varying Rein from 5.934x10* to 1.783x10° on pressure recovery and
flow uniformity for different angle of turn. Pressure recovery is found to improve for all angle of turn
with the increase of Rein from 5.934x10% to 8.163x10% However, a further increase to Reijn= 1.783x10°
slightly disrupts the recovery performance. As shown in Figures 5 and 6, as the Rei, increased, the
fluid inertia becomes more important in which at some location particularly for 180° angle of turn,
the fluid inertia cannot follow the curved path. Some of the fluid would flow against the direction of
upstream, i.e., back flow to form separation and vortices. This unfavourable flow condition due to
bluntly increase the Rein not only affects the recovery but also flow uniformity up to 200%. To seek a
compromise between pressure recovery and flow uniformity, a curve diffuser with a minimal angle
of turn 30°, operated at an intermediate Rei, of 8.163x10* should be opted.
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Fig. 5. Velocity streamline of 30° curve diffuser at Rei, (a) 5.934x10%, (b) 8.163x10%, and (c) 1.783x10°
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Fig. 6. Velocity streamline of 180° curve diffuser at Rej, (a) 5.934x10% (b) 8.163x10% and (c) 1.783x10°
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3.3 Effect of Area Ratio

Figure 7 shows the effects of varying area ratios from 1.60 to 4.00 on pressure recovery and flow
uniformity of different angle of turn operated at Rein = 8.163x10%. Fundamentally, pressure is gained
when the area expands. As seen in Figure 7 (a), the Cp improves significantly with the increase of AR
from 1.60 to 2.16, to the maximum Cp = 0.399 for 30° angle of turn. Nevertheless, further increase of
AR to 4.00 drops the recovery due to massive stall occurred within the inner-wall region (See Figures
8 and 9). There is an unprecedented result of favourable flow uniformity obtained for AR = 4.00
despite the excessive separation. This is deemed to happen due to turbulence effects and the
presence of secondary flow vortices at the outlet that assist mixing of flow [9, 19]. Hence, AR =2.16
is chosen as it could produce great recovery of pressure and permissible flow rectification.
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(a) (b)
Fig. 7. Effect of area ratio on (a) pressure recovery and (b) flow uniformity for different
angle of turn at Rej,= 8.163x10*
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Fig. 8. Velocity streamline of 30° curve diffuser at area ratio of (a) 1.60, (b) 2.16 and (c) 4.00
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Fig. 9. Velocity streamline of 180° curve diffuser at area ratio of (a) 1.60, (b) 2.16 and (c) 4.00

3.4 Optimum Configuration

Based on the results and discussion made previously, a curve diffuser with 30° angle of turn, area
ratio of 2.16 and Rej, of 8.163x10° is proposed to be the most optimum configuration to produce
pressure recovery coefficient, Cp = 0.399 and flow uniformity index, cout=3.630 m/s. Figure 10 shows
the quality of flow obtained with no separation occurred and the flow is distributed well at the outlet.
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Fig. 10. (a) Velocity vector and (b) outlet velocity contour of a curve diffuser with A¢ = 30°,
AR =2.16 and Rej, = 8.163x10°

4. Conclusions

In conclusion, the effects of turning angle configured with area ratio and inflow Reynolds Number

have been successfully investigated with the most optimum configuration been proposed. The main
findings are highlighted as follows:

i.  Anincrease of turning angle from 30° to 180° disrupts the pressure recovery and flow
uniformity of respectively 85.71% and 45.84%.

ii.  Presences of flow separation, dispersion of core flow and secondary flow vortices are
found to significantly affect the performance of the curve diffuser regardless of its
turning angle, area ratio and inflow Reynolds Number.

iii.  The minimum turning angle of 30°, an area ratio of 2.16 and inflow Reynolds Number of
8.163x10* provides the most promising pressure recovery, C, = 0.399 and flow
uniformity index, cout= 3.630 m/s.
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