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diffuser fluid flow performance analysis by varying inlet turbulence intensity. Hence,
this study aims to investigate the effect of turbulence intensity on 30° and 90° 3-D
turning diffuser performances. The performances of turning diffusers were
scientifically evaluated in term of pressure recovery coefficient, C, and flow uniformity
index, oout While turbulence intensity was varied from 1.5% to 7.5%. This work involved
both numerical and experimental methods. ANSYS Computational Fluid Dynamics
(CFD) was used for the simulation and Particle Image Velocimetry (PIV) for the
experiment. The inlet free-stream turbulence intensity was varied which imposed on
the flow by suppressing the separation of the inner wall boundary layer and mixing to
provide optimum uniformity of the flow. The pressure recovery increased 8.02% and
9.74% while the flow uniformity improved about 2.95% and 1.60% in 30° case and 90°
case respectively. In conclusion, the 7.5% of turbulence intensity is promising to
introduce in the ducting flow application so as to improve the pressure recovery and
the flow uniformity of both 30° and 90° turning diffuser cases.
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1. Introduction

Diffuser is a common fluid flow device with relatively large outlet cross-section to the inlet often
applied to decrease the velocity and increase the static pressure. It acts as an energy converter to
transform kinetic energy of fluid passing through it to potential energy of pressure. A diffuser with
no turn is known as a straight diffuser, whereas with certain angle of turn known as a turning diffuser.
Turning diffuser is often introduced in ducting or piping systems due to design compatibility and
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space restriction [1]. It is applied widely in heating, ventilation and air conditioning (HVAC) system as
an adapter to interconnect two different cross sectional area of conduits [2].

These diffuser performances would be affected due to improper setting of geometrical and
operating parameters that had caused flow separation to occur to distort the optimum flow
performance [3 -7]. There was a promising improvement in terms of 55° turning diffuser performance
in relative to straight diffuser when appropriate turbulent intensity, 3.4% was applied by Sullerey et
al., [6]. The performance guideline established by Fox & Kline [4] for turning diffuser however is
restricted to 2-D case. In addition, no works have been done so far to comprehensively investigate
the effect of turbulent intensity on the performance of 3-D turning diffuser [7-10]. In the present
work, the effect of turbulence intensity on 30° and 90° 3-D turning diffuser performance is
numerically investigated.

2. Methodology
2.1 Performance Index

The performance of diffuser can be generally evaluated in terms of pressure recovery coefficient
(Cp) and flow uniformity index (g,,,) as presented in Eq. (1) and Eq. (2), respectively.

2(P —-P;
Cp — ( outlet Zlnlet) (1)
PVinlet

where Py tiets Pintet, P and Viper respectively are average static pressure at diffuser outlet (Pa),
average static pressure at diffuser inlet (Pa), density of air (kg/m3) and mean velocity of inlet air

(m/s).

1
Oout = N-1 ?’=1(Vi - Vout)2 (2)

where N, V,,.;, V; are number of measurement points, local outlet air velocity (m/s) and mean outlet
air velocity (m/s) respectively.

2.2 Modelling

Turning diffusers with angle of turn, g = 30" and 90°, identical geometrical parameters of
AR = 2.16, W>/W1=1.44, X5/X1=1.50, Lin/W1=3.99 were modeled using SolidWorks 2016 as shown in

Figure 1.
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Fig. 1. Schematic diagram of 3D turning diffuser with turning
angle of (a) 30°and (b) 90°
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2.3 Experimental Works

The experimental rig as shown in Figure 2 was developed to consist of turning diffuser, settling
chamber, screening mesh nets, bellow and 3-phase inverter control centrifugal blower.
Approximated 2 meters of hydrodynamic entrance length was introduced before the actual inlet to
ensure the fully developed turbulence flow. Meanwhile, pitot static system was used to determine
the local velocity at 7 equivalent distance points across perpendicularly to the fluid flow while the
velocity profile was presented a flattening flow profile. These local velocities were compared with
the theoretical velocities calculated with Seventh Power Law while the deviation percentages was
recorded less than 5%.

Fig. 2. The development of experimental rig

The 2-D PIV measurement was conducted to obtain the velocity vector and flow regime for both
turning diffuser at center plane while calibrated camera mounted was directed perpendicularly to
laser projection plane as shown in Figure 3(a) [11]. For the measurement of pressure recovery, four
holes with 2 mm diameter were drilled at the actual inlet and actual outlet of the turning diffuser
respectively. Figure 3(b) presents the holes were tapping with tubes connecting with three T-shaped
adapter before connected to the air flow meter in order to measure the average static pressures of
Pintet and Poutier precisely and the connecting method of air flow meter with T-shaped adapters and
tubes tapping. The pressure recovery was calculated with Eq. (1) and tabulated in Table 1. The G,
results of 30° and 90° turning diffuser were used for the validation purpose of simulation model and

results.
PIV Laser l

b

Laser beam
projected on the

CCD cameras capture centre target plane
perpendicularly to the
targel plane

(a)
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Actual outlet static
pressure tapping

Actual inlet static
pressure tapping

Fig. 3. (a) 2-D Particle Image Velocimetry and (b) measurement of average inlet and
outlet static pressure setup

2.4 Meshing

ANSYS CFD 19.2 was used to perform the numerical works on the performances of the turning
diffusers. A hybrid mesh of tetrahedron and hexahedron with skewness quality less than 0.3 was
applied by enabling inflation method. As the low Re < 10° was considered at this study, thus
enhanced wall treatment applied while the wall-adjacent cell centroid was placed within the viscous
sublayer, y* =~ 1.0. With the Re of 6.4 X 10* and inlet velocity of 14.25 m/s, the corresponding first
grid point off the wall was calculated as 2.278 x 10~° m m with formula of y* = yu,/v. The grid
independency study was conducted by refining further the mesh elements until the C,, results show
insignificant changes. Table 1 illustrates Mesh 4 provides the least deviation of C, relative to the
finest Mesh 5 in every case thus was chosen as an optimum mesh to be adopted in the intensive
simulation.

Table 1

Mesh independency study for 30° and 90° of 3D turning diffuser

Angle of Diffuser, ¢ Mesh Nodes Pressure recovery, C;,  Deviation (%)
1 355218 0.3223 26.68
2 400101 0.3561 18.99

30° 3 450847 0.3822 13.05
4 508864 0.4238 3.59
5 582750 0.4395 -
1 350986 0.2488 22.56
2 399694 0.2548 20.69

90° 3 453831 0.3031 5.69
4 502766 0.3180 1.03
5 574875 0.3213 -

2.5 Boundary Conditions

The inlet velocity was initially set at 14.25 m/s and Rei, was calculated as 6.382 x 10*. The outlet
pressure was assumed as atmospheric pressure at 1 atm. The inlet turbulent intensity, /i, was initially
set as 4.0 %. The smooth solid wall was taken into consideration and temperature of working fluid
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was set at 30°C. The working fluid was air at 30°C with p = 1.164 kg/m3 and u = 1.872 x 10~ kg/m.s.
Table 2 listed the boundary operating conditions.

Table 2
Boundary operating conditions
Inlet Type of boundary Velocity-inlet
Velocity magnitude, Vin (m/s) 14.25 (Rein=6.382 x 10%)
Turbulent intensity, lin (%) 4.0
Hydraulic diameter, Ds (mm) 72.22
Outlet Type of boundary Pressure-outlet
Pressure (Pa) 0 gauge pressure
Wall Type of boundary Smooth wall
Shear condition No-slip

2.6 Governing Equations

The standard k- model (std k-€) with double precision pressure-based solver was used to solve
the RANS equations [12-15]. Pressure-linked equation with semi-implicit method SIMPLE was
applied. The SIMPLE algorithm has been derived from the combination of continuity equation and
the momentum equation in order to derive pressure equation. The solution for the gradient is
occupied by Green-Gauss-Cell based while QUICK-type scheme was exploited for the momentum
equations, turbulent dissipation rate equation and turbulent kinetic energy equation. A convergence
value of 10 was suggested as the residual error for all the governing equations in this study.

2.7 Intensive Simulation

The intensive simulations were performed to investigate the effects of varying turbulence
intensity, 1.5% to 7.5% on the performance of 30° and 90° 3-D turning diffusers. The performances
of turning diffuser were considered and discussed on the pressure recovery coefficient, flow
uniformity index and flow separation.

3. Results and Discussion
3.1 Experimental Results
3.1.1 Verification of full developed flow

Approximated 2 meters of hydrodynamic entrance length was introduced at the turning diffuser
before the actual inlet to ensure the fully developed turbulence flow. Meanwhile, pitot static system
was used to determine the local velocity at 7 equivalent distance points across perpendicularly to the
fluid flow where the localized velocity was recorded. Verification of fully developed fluid flow has
been determined where flattening velocity profile is shown in Figure 4 with data obtained. The
Seventh Power Law was used to calculate the theoretical velocities, Vin theo along the fluid flow. These
had shown strong and supportive agreement with experimental results which the deviation
percentages are less than 8%.
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Fig. 4. Verified fully developed turbulent
flow profile

3.1.2 2-D Particle image velocimetry
2-D PIV was applied to obtain the flow regime structure and velocity vector along longitudinal

section of 30° and 90° turning diffusers as shown in Figure 5. These flow vectors were used for the
comparison of CFD validation purposes.
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Fig. 5. Velocity vector from PIV (a) 30° and (b) 90° turning diffusers

3.1.3 Pressure recovery coefficient
The inlet and outlet static pressures and the inlet dynamic pressure were initially measured in

order to solve the C,.Table 3 tabulates the experimental C, results for both 30° and 90° turning
diffuser.

Table 3
Experimental C,, results of turning diffusers
. Static Pressure, (kPa) Dynamics pressure,
Angle of Diff A Pressure Recovery, C.
ngle of Diffuser, ¢ Inlet, Ppyjer Outlet, Py sier Payn (kPa) v &
30° -68.0 -11.0 123.91 0.460
90° -62.0 -19.0 123.95 0.347
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3.2 Validation of CFD Simulation with Experiment

CFD validation was conducted by comparing the numerical result of pressure recovery, C,with
experimental result. Table 4 shows that the CFD simulation results strongly agree with the
experimental result as the deviation of both result is less than 6%. Figure 6 illustrates the comparison
between the flow structure of 30° and 90° turning diffuser of experiment and CFD simulation using
ske model. These comparisons conclude that the simulation results show reliable supportive
evidence with both identical flow structures. With this optimum results, the turbulence model of
standard k-€ (ske) is selected for the intensive simulation by varying the turbulence intensity.

Table 4
Deviation of experimental and numerical pressure recovery, C, results
Pressure recovery, Cp

Solver model Angle of Diffuser, . . Deviation (%
8 ¢ Experimental Numerical (%)
30° 0.4599 0.4335 5.74
Standard k-¢
90° 0.3470 0.3282 5.41
1t &
rrror S
N A B B S
P A AV ,'
e e I B I I I N N R » r
T e e I A A A A A v»'"'/
e T T L i G S I BV R &
B il T L I i I s v.'>/":\'

(a)

(b)
Fig. 6. Flow regime structure (a) 30° and (b) 90° turning diffuser in experiment (left side) and CFD
simulation (right side)

3.3 Effect of Turbulence Intensity on 30° Turning Diffuser

Table 5 summarizes the flow uniformity, pressure recovery and onset flow separation results of
30° turning diffuser by varying turbulence intensity. With the increment of turbulence intensity from
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1.5% to 7.5%, the performance of pressure recovery and flow uniformity shows an enhancement of
8.02% and 2.95% respectively. The same findings have been shared by Hoffmann & Gonzalez in their
research [5]. The swirling condition is meant to be observed at top and front view of the diffuser
shown in Figure 7 which is the reason of affecting the flow performance with increasing the flow
uniformity index. Increasing the intensity to maximum of 7.5% helps flow to resolve thus provides
promising improvement of uniformity thus recovery as indicated in Figure 8.

Table 5
Effect of turbulence intensity on the 30° turning diffuser performance
g:}?&i;: & Tntlt;bnilii;,cf Pressure recovery, C,  Flow uniformity, g,,;  Separation point,S
1.50 0.4098 2.9306 -
3.00 0.4180 2.9103 -
30° 4.50 0.4269 2.8889 -
6.00 0.4365 2.8667 -
7.50 0.4456 2.8468 -
\Sflerlgacrirsﬁne 1 AR L C) - ‘
. 1.467e+01 N\ - — ‘
- 1.100e+01 “\‘ \ \‘
- 7.334e+00 NN -
\ |
" 3.667€+00 ===
I 0.000e+00 o 7J
[m s™-1]

i

T
| ,\ w I

(c) (d)
Fig. 7. Flow velocity streamline structure of 30° turning diffuser in varying turbulence intensity at
(a) isometric view, (b) top view, (c) side view, (d) front view
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Fig. 8. Actual outlet velocity distribution in 30° turning diffuser with turbulence intensity
of (a) 1.50% and (b) 7.50%

3.4 Effect of Turbulence Intensity on 90° Turning Diffuser

The pressure recovery and flow uniformity exhibit an increment of 9.74 % and 1.60 % respectively
as summarized in Table 6 for 90° case via increasing the turbulent intensity in which Sullerey et al.,
[6] also shared the same trend of results. In brief, the flow uniformity is strongly depending on the
presence of core and secondary flow vortices throughout the cross-section of the outlet. The swirling
and stall condition are meant to be observed at top and front view of Figure 9 which affect the flow
performance. Velocity distribution at the actual outlet by varying the turbulence intensity are
illustrated an improvement trend where the dispersion of core and secondary flow are diminished
while the flow uniformity improves about 1.60 % indicated in Figure 10.

Table 6

Effect of turbulence intensity on the 90° turning diffuser performance

Angle of Turbulence Pressure recovery, Flow uniformity, Separation point,

Diffuser, ¢ Intensity, I G, Oput S
1.50% 0.3074 3.5771 0.93 L;, /W,
3.00% 0.3130 3.5752 0.93 L, /W,

90° 4.50% 0.3208 3.5653 0.93 L, /W,
6.00% 0.3303 3.5470 0.93 L, /W,
7.50% 0.3405 3.5206 0.93 L, /W,
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Fig. 9. Flow velocity streamline structure of 90° turning diffuser in varying turbulence
intensity at (a) isometric view, (b) top view, (c) side view, (d) front view
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Fig. 10. Actual outlet velocity distribution in 90° turning diffuser with turbulence

intensity of (a) 1.50% and (b) 7.50%
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3.5 Results Comparison Between 30° and 90° Turning Diffuser

The improvement trend on both turning diffuser is observed in Figure 11 while an increasing
gradient of 0.567 and 0.552 shown by C,, of 30° and 90° turning diffuser respectively. This shows that
Cp in 30° turning diffuser is slightly higher that 90° in virtue of the geometry of turning diffuser and
the viscous effect where the unfavorable adverse pressure gradient increases at the higher turning
angle of the diffuser. The g, is strongly influenced by both core and secondary flow characteristics.
Figure 12 illustrates that o,,; indexes decreases when increment of turbulence intensity. A
decreasing gradient of 1.289 and 0.869 calculated from of o,,; of 30° and 90° turning diffuser
respectively. With this, we had observed that performance of 30° turning diffuser fluid flow is
relatively higher than 90° due to the excessive losses on the viscous effect and swirling and reversible
flow presented.

Moreover, the flow separation is only observed at 0.93L;,,/W; of 90° turning diffuser case study
whereas there is no flow separation in 30° turning diffuser case study as shown in Figure 13 [16-18].
These may due to the fluid at the central axis is subjected to the outer wall of the ducting when
flowing through a bend and develops a radial pressure gradient due to centrifugal force imbalance.
In 90° turning diffuser case study, the increment of / is not influenced or delayed the flow separation
location along the ducting.

Furthermore, the outlet velocity profile at the center plane of 30° and 90° turning diffuser with
1.5% and 7.5% of | was illustrated in Figure 14. The 30° and 90° case study velocity profile with 1.5%
of lillustrated local outlet velocity is slightly higher compared with 7.5% of / but the application of
higher turbulence intensity showed more flattening velocity flow profile. This graph had proven that
the higher turbulence intensity was able to improve the velocity distribution at the outlet of the
diffuser.

0.46
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S 038 :
o
= o o
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Fig. 11. Comparison of C, versus | at 30° and 90° turning diffusers
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4. Conclusions

In conclusion, performances of 3-D turning diffuser can be affected by the operating parameter
and geometrical but it can be improved by application of turbulence intensity. Based on this study,
performances of both turning diffuser of flow uniformity and pressure recovery had shown an
enhancement on the fluid flow of turning diffusers. A 7.5% of turbulence intensity are highly
recommended to introduce in the ducting flow application so as to improve the flow performance of
pressure recovery and uniformity of flow.
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