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ABSTRACT: The gas turbine intake, including the S-shaped diffuser must be as short as possible to reduce the
aeroengine size and weight. Reducing the length of the bare S-shaped diffuser (BD) results in an aggressive diffuser
(AD) with risk of large flow separation and reduced performance. This study aims to investigate and characterize the
flow structure, particularly the flow reversal and its separation, in S-shaped diffusers. Flow visualization was achieved
using experimental flow visualization with wall-mounted tufts and CFD simulation of the flow field for five models,
including BD, AD and AD/VG, fitted with three different types of vortex generators (VGs). The selected VGs are
type 1: co-rotating low-profile, type 2: co-rotating streamline sheet, and type 3: trapezoidal. All have been installed
at a high-curvature location within the diffusers, designated as plane 5. All experimental tests and computational
simulations were performed with an inlet Reynolds number of 40,000. The experimental diffuser models were simulated
using ANSYS FLUENT 15, employing the 3D standard k-¢ turbulence model to capture flow structures that cannot be
visualized by experimental methods. Results revealed the capability of the adopted methods to identify the separation
points and the flow structure of each tested case. The separation points were approximately located at dimensionless
positions, X; ,, ,diffuser length, of 0.4, 0.3, 0.678, and 0.78, experimentally, and 0.406, 0.314, 0.638, and 0.8, numerically,
for BD, AD, and AD/VG-1, and AD/VG-3, respectively. The results show increased distortion of the AD compared to
the BD by 11.9%, experimentally and 9.6% numerically. Experimentally, the destruction is reduced by 71.8%, 87.8%,
and 29.7% by VG-1, VG-2, and VG-3, respectively, and computationally by 44.6%, 88%, and 36.2% by VG-1, VG-2, and
VG-3, respectively. The results show that VGs type-2 provides the largest improvement in flow structure by suppressing
flow separation to the maximum extent and increasing flow uniformity at the diffuser outlet.

KEYWORDS: Energy conversion system; flow visualization; gas turbine; S-shaped diffuser; vortex generator

1 Introduction

The study of the S-shaped diffuser is a prevailing research subject in mechanical engineering because
of the important applications in aeroengines [1]. The general configuration of any S-shaped diffuser has a
centerline curvature and an increase in cross-sectional area along its length, leading to cross-stream pressure
gradients that can produce significant secondary flows resulting in a non-uniform pressure profile at the
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Aerodynamic Inlet Plane (AIP) of the aeroengine. Furthermore, the adverse streamwise pressure gradient,
caused by an increasing cross-sectional area, may also lead to reversal flow and flow separation [2]. A properly
designed diffuser should efficiently decelerate the incoming flow. To achieve a convenient performance, S-
shaped diffusers must also sustain minimal total pressure losses and deliver nearly uniform flow with small
crossflow velocity components at the AIP. Therefore, an aircraft designer often faces a complex dilemma
between reducing length and its consequences for pressure recovery. Size and weight constraints encourage
the use of a short S-shaped diffuser, named “S-shaped aggressive diffuser”. However, this reduction would
result in greater streamline curvature, larger adverse pressure gradients and the risk of unacceptable duct
performance [3].

Flow visualization techniques are essential for identifying complex flow structures, such as separation,
reversal flow, and vortex formation, in normal and aggressive S-shaped aeroengine diffusers. These methods,
both experimental and computational, show that aggressive S-ducts, characterized by high deflection
and short length, generate intense adverse pressure gradients, causing stronger, more persistent counter-
rotating vortices (often identified as a pair) and significant flow non-uniformity at the engine face [4-6].
Flow visualization techniques might be experimental or computational. In experimental techniques, flow
visualization could be achieved by one of the methods described in Table 1.

Table 1: Samples of flow visualization techniques.

Technique Description Sample of Usage
A heavy smoke, often
produced by dry ice or a
Smoke s.moke ger?erator, is .1n]e<?,ted Flow field over
o into the air stream in wind . _
Visualization wing with flap [7]

tunnels to visualize the flow |
patterns and the separation
zones.

PIV uses tracer particles
(like polyvinylchloride) and

Particle Image a laser split beam in

Velocimetry liquid-bound flow. With a T layout of the PIV

. " S 2| Flowew technology

(PIV) high-speed camera, it is .c =
possible to capture the flow ‘m
field structure.
It could be achieved by

coating the surface with a Qualitative

Surface mix of tracers, formed from observation of oil
Oil/Paint kerosene and paint, to mist passing though

visualize boundary layer

separation and flow reversal.

the wave plates [8]

(Continued)
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Table 1 (continued)

Technique

Description

Sample of Usage

Tufts

separation and the reversal

airplane models, buildings
models, diffusers, nozzles,

Used to observe flow

of flow direction over
surfaces, like airfoils,

..., etc.

Flow field over
unsteady loaded
airfoil [9]

Using the computational fluid dynamics (CFD) technique, flow visualization could be achieved by one
of the methods listed in Table 2. Creation of velocity contours and streamlines: Used to map out the flow
field, showing the formation of high-velocity streaks, stagnant regions, and vortex cores, often utilizing the
Reynolds Stress Model (RSM) or RNG models to accurately predict complex flow in aggressive geometries.
Total pressure recovery contours could be used to visualize the distortion of flow at the Aerodynamic
Interface Plane (AIP) of aeroengines [10,11].

Table 2: Flow visualization techniques by computational fluid dynamic simulation.

Technique

Description

Sample of Usage

Velocity
Contours and
Velocity Vectors

Graphical representations show how
flow speed changes across a space by
graded colors. It could identify regions
of high and low speed in the flow field.
Separation zones could also be
identified.

-_—

Velocity contours in a wavey duct [12]

Volume Fraction

Flow visualization by volume fraction
is used to investigate the distribution
of nanoparticles in microchannels.

Volume Fraction
0.007500094
0.007500080
0.007500066
0.007500083
0.007500039
0.007500025
0.007500011
0.007499998
0.007499984
0.007499970

Phase 2 (AL,O; - Particles)

Volume fraction in microchannels
with nanofluid flow [13]

Streamlines

Streamlines are lines that are tangent
to the velocity vector of the flow. They
show the instantaneous direction of a

fluid flow at a specific moment in time.

The CFED simulation results of

streamline of air velocity in dryer [14]

(Continued)
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Table 2 (continued)

Technique Description Sample of Usage

[e— |

Thermal and pressure contours in an
engineering device allow the

Thermal and g .
realization of the hydrodynamic
Pressure . .
e process understanding. They permit
Distribution the identification of st " int
Contours ¢ 1dentincation of stagnation points, Re 1000, Water + Substrate

ressure difference, occurrence of . .
p > ) Thermal distribution in microchannel
shock waves, and circulation.

heat exchanger [13]

However, tufts could be utilized for flow over objects to approximate the instantaneous local flow
direction near the surface, as they are cheap and easy to implement. Tufts can be of many types that may have
specific drag, inertia, and stiffness, which affect the response to the flow behavior. The specific tufting method
of tufts on a surface can also influence a tuft’s ability to indicate the local flow direction [15]. These and other
shortcomings have largely precluded the use of tufts to obtain quantitative data. Surface flow visualization is
typically used to compare and validate computational simulations by experiments flow visualization [16,17].
Nonetheless, some investigations have shown that tufts could be used to obtain quantitative flow field results.

Tufts were used for the identification of separated flow behind a backward-facing step [18] and for the
characterization of the flow on full-scale wind turbines, for which the small fraction is of interest [19,20]. The
studies by [19,20] demonstrated the ability of tufts, combined with a camera and image processing, to yield
quantitative results. More detailed quantitative information has been obtained from tufts by using them to
measure velocity fields or identify pressure fluctuations based on the deflection of tufts [21]. However, they
have identified issues associated with tufts in flow fields with low velocity or high oscillations.

This paper presents visualization of the flow in S-shaped diffusers as a critical engineering structure in
the aeroengine. The flow visualization and identification of the separation point and the reversal flow have
been achieved through a combination of experimental measurement and computational simulation of the
S-shaped diftuser. The flow field was investigated with an inlet airflow at a Reynolds number (Re) of 40,000.
Five different S-shaped diffuser cases were studied using flow visualization, including a bare case and an
aggressive case. They enhanced aggressive S-shaped diffusers with vortex generators (VGs), also known as
energy promotors (EPs). The enhanced aggressive diffuser was examined using three different types of VGs.

This work contributes to the field of fluid dynamics generally and aeroengine design, particularly.
There are experimental and numerical investigations and predictions of the S-shaped diffuser, but analysis
of such configurations using flow visualization is not available in the literature. The work contributes to
improving aeroengine design by reducing intake size and mitigating separation-induced losses through the
installation of vortex generators. Many types of vortex generators have been included in the investigation,
and an important conclusion has been drawn on the best type to be used.

2 Research Methodology

The methodologies adopted in this investigation to visualize the flow inside the S-shaped diffusers
are experimental and computational visualization techniques. The experimental visualization method used
experimental models, while the computational method used a developed simulation procedure utilizing
ANSYS FLUENT 15 commercial software.
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2.1 Nondimensionalization of Performance Parameters

Two nondimensional parameters have been used in the mesh dependency check, the validation of the
computational procedure, and in the discussion and comparison of results.

2.1.1 Wall Static Pressure Recovery Coefficient

The wall static pressure recovery coefficient (Cypr) is widely used in the investigations of the S-shaped
diffusers to compare various design and operational conditions. It represents the static pressure difference at
a certain point in the wall and the static pressure at the diffuser inlet divided by the mean dynamic head at
the inlet, as in Eq. (1) [3,4]

Cwpr = M 1)
EPUgv.i

2.1.2 Distortion Coefficient

The distortion coefficient, DC(45°), is an important parameter for evaluating the performance of an
S-shaped diftuser. It represents the difference between the maximum and minimum total pressures divided
by the average total pressure at the diffuser outlet plane. All the pressures in Eq. (2) are the ones at the outlet
of the diffuser.

DC(450) — pt.ma;_pt.min (2)
t.ave

2.1.3 Dimensionless Geometries

Allocation of the planes, shown in Fig. 1, and the location of the separation point are identified using the
dimensionless geometry method by dividing the location on the axial axis, X, , by the diffuser test section
length, L. The L are 396 and 280 mm for the BD and AD, respectively. Hence, the location of the separation
point, L, and planes, L,;, could be generalized as defined in Eqs. (32) and (3b).

X,y (mm) X, (mm) |

Lsp = 77— i~ for the bare S — shaped diffuser (3a)
396(mm) 396(mm)
Xsp(mm) Xp.i(mm) . .

Lsp = s piT o for aggressive S — shaped diffuser (3b)
280(mm) 280(mm)

All dimensions are along the horizontal x-axis, where i =1, 2, .. ., 9. This nondimensionalization means
that L,; = 0 and Lo = L.

2.2 Investigation Cases

The flow structure within S-shaped diffusers has been visualized in different configurations. The
geometrical parameters that describe bare and aggressive diffusers are shown in Fig. 1.

The geometry specifications of the BD and AD models are summarized in Table 3, following the symbols
in Fig. 1.
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Front view

a. Bare diffuser

L;om/ =526 mm _— ’

Front view

b. Aggressive diffuser

Liotar= 410 mm

_—

Figure 1: Configurations of the: (a) bare S-shaped diffuser, (b) aggressive S-shaped diffuser.

Table 3: Geometries of the bare D and the AD diffuser models.

Parameter Bare D Bare AD & AD/EP
Inlet area conduit height, b; 65 mm 65 mm
Inlet area conduit length, J 65 mm 65 mm
Outlet area conduit height, b, 125 mm 125 mm
Outlet area conduit length, I, 65 mm 65 mm
Area ratio, AR (A,/A;)) 31 3.1

Model total length, Ly 526 mm 410 mm
Test section length, Lg 396 mm 280 mm

Test section turning angle, 0 45°/45° 35.3°/35.3°

Centerline turning radius, R 280 mm 242.5 mm

Planes of measurements

[0,1,2,3,4,5,6,7 8,9, and 10]

Due to the large energy losses often associated with boundary-layer separation, passive flow control
remains very important for many technological applications [22,23]. The VGs are fixtures with heights
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ranging from 10% to 50% of the boundary layer thickness, §. The boundary layer thickness has been measured
experimentally and found to be about 13 mm at the inflection plane 5 using hot wire anemometry. Three
types of VGs were used to investigate the effectiveness of their geometries on the performance enhancement
of bare AD. The VGs were made from 1.0 mm thick high-impact polystyrene sheets using a CNC machine.
The shapes and geometries of the investigated VGs are described in Table 4.

Table 4: Types of vortex generators installed at plane 5 inside the bare aggressive diffuser.

Type ..
of VG Description H (mm) L (mm) S(mm) C (mm)
Co-rotating
Type-1
\);(p;e 1 low-profile 5 20 1 22
VG
Co-rotating
"l;ly(p;e-; streamline 5 20 1 20
sheet VG
Trapezoidal
Tyvpe-
\}/’gei 33 submerged 5 12 1 32
VG

2.3 Experimental Implementation

The experiments were performed in the Advanced Fluid Dynamic Lab at Universiti Teknologi
PETRONAS (UTP), Malaysia. The test section corresponds to one of the eight sections of the annulus
S-shaped diffuser. Two models have been designed and fabricated.

2.3.1 Experimental Setup

The test models in the current investigation are unique as they have been fabricated from a real section
of the S-shaped diffuser, unlike earlier works which used a rectangular cross-section. The upper and lower
parts of the test sections were made of solid wood cut to shape by a CNC machine, as shown in Fig. 2a. The
sides were made of Perspex sheets to allow observation and image capturing, as shown in Fig. 2b.

In the current investigation, the VGs were fitted at plane 5, as the experimental measurements of [6]
and the numerical simulation of [24] showed that the aggressive diffuser performs optimally when the VGs
were installed at plane 5. The number of VGs installed on plane 5 was 5 for type-1, 6 for type-2, and 4 for
type-3. The difference in the number of installed VGs is due to the VGs’ sizes.

In summary, the five visualized cases, experimentally and numerically, of the bare S-shaped diftfuser
(BD), aggressive S-shaped diffuser (AD), aggressive S-shaped diffuser with VG type-1 (AD/VG-1), aggressive
S-shaped diffuser with VG type-2 (AD/VG-2), and aggressive S-shaped diffuser with VG type-3 (AD/VG-3)
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are described in Table 5. Note that all VGs cases are fitted in plane 5, and all have been tested with air flowing
at Re = 40,000.

b. Fabricated test section with Perspex sides

Bottom surfz
static pressure taps

Top surface static
pressure taps

Figure 2: The fabrication details of the test section of the S-shaped diffuser. (a) CNC machining and produced surfaces,

and (b) the final assembled and fabricated test section.

Table 5: Summary of investigated cases by flow visualization.

Code

Case of S-Shaped
Diffuser

Info

Main Geometrical
Characteristic

Reference Figure

BD

AD

AD/VG-1

AD/VG-2

AD/VG-3

Bare diffuser

Aggressive diffuser

Aggressive diffuser
fitted with VG type-1
Aggressive diffuser
fitted with VG type-2
Aggressive diffuser
fitted with VG type-3

Experimental and
Numerical Re = 40,000

Total length: 526 mm
Curved sections: 396
Total length: 410 mm
Curved sections: 280
Total length: 410 mm
Curved sections: 280
Total length: 410 mm
Curved sections: 280
Total length: 410 mm
Curved sections: 280

Fig. 1a

Fig. 1b

Fig. 1b with VG type-1
in Table 4

Fig. 1b with VG type-2
in Table 4

Fig. 1b with VG type-3
in Table 4
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The experimental setup is shown in Fig. 3. It includes four main components: air supply unit, flow
stabilization section, S-shaped diffuser test section, and the measurement instrumentation system. The
air supply unit consists of air blowers, flexible joint and a ball valve to control variable airflow. The flow
stabilization section included air duct, honeycomb and screen to ensure uniform inlet airflow conditions.

Multi-tube Flexible Joint 3‘&; &n

Manomete ‘

R
N

Screen Honeycomb Ball valve

’ S-Shaped Diffuser Test Flow stabilization section Air supply unit

Figure 3: Image of the experimental setup.

2.3.2 Flow Visualization by Wall-Mounted Tufts

Experimental flow visualization was achieved using wall-mounted tufts. The wall-mounted tufts are a
simple means of estimating the direction of flow near the solid surface by attaching one end of short tufts to
the body surface. Black color tufts were distributed in separate lines at different planes (see plane locations
in Fig. 1), and mounted on the surface using a very thin 0.5 mm sticker to avoid boundary-layer disturbances.
A simple camera captured the tufts’ fluctuations, and the images were used to analyze the flow structure and
approximate separation points, if present.

2.3.3 Measuring Instrumentation and Uncertainties

To predict the wall static pressure coefficient and destruction coefficient, as well as the inlet Re and
turbulence intensity, the velocity and pressure should be measured. A datalogger KIMO-Multifunction
AMI300, a portable hotwire probe, a static pressure probe, and a multi-tube manometer have been used. The
multi-tube manometers were calibrated using an inclined manometer (AIRFLOW Type 5 manometer). The
mean deviations between the inclined manometer and the multi-tube manometer are +5.3% and +4.8% at
different points on the top and bottom surfaces, respectively. The inflow dynamic pressure, inlet velocity, and
turbulence intensity were measured using a pitot-static probe and a hotwire anemometer, both connected to
a KIMO Multifunction AMI300.

The datalogger has an accuracy of +£0.5% of the reading. The pressure probe’s accuracy is +0.2% per
supplier. Hence, the pressure measurement accuracy is around +0.57%. The accuracy of the hotwire probe
used for velocity measurements is +0.03%, as provided by the supply company. Hence, the possible error in
the velocity is around +0.55%.
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2.4 Flow Visualization by Computational Simulation

Computational visualization has been used as a complement to experimental visualization, providing
insight into the flow structure near the surface. Steady, 3D incompressible flow models of BD, AD and AD/EP
have been generated using the ANSYS 15 DesignModeler. The models simulate the actual experimental
conditions. All have been run under inlet Re = 40,000. Further details of the computational procedure are
reported in [24]. The CFD simulation and analysis adopted the standard k-¢ based on comparison analysis
and recommendations made by [24,25].

2.4.1 Computational Model Meshing and Mesh Independency Check

Mesh generation or discretization means subdividing the physical domain of the flow field into separate
subdomains, computational cells, or control volumes. The mesh was an unstructured type containing
elements of different shapes and sizes, as shown in Fig. 4.

Inlet plane Outlet plane
Figure 4: Unstructured mesh of AD.

To determine the optimal mesh or an accurate solution, a study of mesh refinement was conducted to
select the optimal number of elements for the model. A mesh independence study based on the wall static
pressure coefficient, Cypg, to select the optimum number of elements, i.e., the mesh size. To perform a mesh
independence study, the model was initially developed with 183,402 elements (a coarse mesh), by default.
Changes in the mesh size and the comparison results are presented in Table 6.

When the default mesh increased to 214,417 elements (medium mesh), the difference in Cyypg prediction
is around 4.3%. Further increase in the number of elements to fine mesh with 666,976 elements shows
4.5% compared to the medium mesh. More increase in the elements to finer mesh, with 708,603 elements,
and finest mesh, with 843,827 elements, show a change in the differences by 2.35% and 1.2%, respectively.
Compared with the experimental measurement results of the Cypg, the absolute percentage of differences
are 18%, 14%, 10%, 8%, and 7% for the default, medium, fine, finer, and finest meshes, respectively. Therefore,
708,603 elements are used as the optimum number of mesh for the simulation of all other cases, as
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the difference between the finer mesh and finest mesh in Cypgr values is 1.2% and the comparison with
experimental results is 8% absolute percentage of error.

Table 6: Top wall static pressure recovery coefficient, Cyypg variation with refining the grid of AD/EP with VGs type-2
at plane 5, compared to the experimental case.

Type of Mesh
Number of Elements Coarse Medium Fine Finer Finest
183,402 214,417 666,976 708,603 843,827
Exp. 0.77
C t f:
WPR OTL fOp SUTace CFD 0.93 0.89 0.85 0.83 0.82
Appr. error % - 4.3% 4.5% 2.35% 1.2%

The effect of different mesh configurations on the variation of Cypr on the top and bottom surfaces
is calculated for each mesh configuration, as shown in Fig. 5. The information from the figures shows that
the Cypr containing 708,603 elements is in reasonable agreement with the experiment. Table 6 shows the
comparison between the numerical and experimental results of Cypr with different types of mesh.

11

0.9 A

5‘7’0 % '
%ﬁ =5~ o— -0

- @ - Experimental s
—a— Finest mesh
*— Finer mesh n
—O— Fine mesh
—O— Medium mesh -
—&A— Coarse mesh
|

! |
L] L) L)

-50 0 50 100 150 200 250 300 350
Location along the diffuser X (mm)

Y

0.7

0.5

0.3

Wall static pressure recovery
coefficient

Figure 5: Wall static pressure coefficient, Cypr on the top surface of AD/VG-2 with different mesh configurations
compared to experimental data.

2.4.2 Boundary Conditions

The CFD simulations of diffuser models use Uav.in, p and TI values measured experimentally as
input boundary conditions. For all simulation cases, zero-gauge pressure was specified as an exit boundary
condition. A no-slip boundary condition was specified at the walls of the diffuser. Near the wall, modeling
is performed with an enhanced wall treatment method to address the boundary layer formed during
grid generation. Finally, all simulation cases were performed with standard air conditioning, as presented
in Table 7.
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Table 7: Description of boundary conditions.

Boundary Condition
Inlet Boundary Conditions
Type of boundary Velocity-inlet
Inlet velocity (m/s) 9.8
Corresponding Re 40,000
Turbulence intensity % 4.5%
Outlet Boundary Conditions
Type of boundary Pressure—outlet
Pressure (Pa) 0-gauge
Wall Boundary Conditions
Type of boundary Roughness
Shear condition no-slip
Working Fluid Properties
Working fluid Air
Density (kg/m®) 1.165
Viscosity (kg/m-s) 1.858 x 107>

3 Results and Discussion

Two methods of flow visualization, namely, experimental and computational, were used to characterize
the flow structure within S-shaped diffusers. Five different diffusers were investigated with 40,000 Re at the
inlet. This section explains and discusses the flow behavior inside BD, AD and AD-VGs with the presence
of different configurations of VGs, through the velocity vectors of the longitudinal plane at the middle of
the diffuser.

3.1 Validation of the Numerical Results against the Experimental Results

Computational procedures require validation by quantitative performance parameter comparison
against experimental measurement results. The flow field is computationally simulated using the standard k-¢
turbulence model. The selected performance parameter is the wall static pressure recovery coefficient (Cypr)
at the top and bottom surfaces. Fig. 6a shows the comparison between the experimental and numerical
results of Cypr on the top surface. The results show that the maximum experimental Cypg of 0.62 is higher
than the maximum numerical Cypg of 0.57. Fig. 6b shows the comparison between the experimental results
and the numerical results of Cypr on the bottom surface. The trend between experimental and numerical
results is rather similar, with some differences. The experimental maximum Cyypg is 0.556, while it is 0.514 by
computational prediction. In conclusion, the percentage differences in the maximum Cyypg values are 8.4%
at the top surface and 7.8% at the bottom surface. Given the flow type, with separation and high reversal flow,
the computational procedure is considered valid as the maximum percentage difference is less than 10%.
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Figure 6: Comparison of the experimental results against the simulation results with different turbulence models of
Cwpr of bare AD on: (a) top surface, (b) bottom surface.

3.2 Visualization Analysis of Bare S-Shaped Diffuser

Fig. 7 shows the flow visualization of BD. The lines of wall-mounted tufts show the flow Behavior on
the bottom surface. It is visible that the flow separation and reverse flow start at around L, = 0.4 from the
unsteady motion of tufts and the tendency to lift from the surface, as shown by the bounded red circle. The
flow separation zone and reversed flow persist until the region between plane 8 and plane 9, close to the
outlet plane. This refers to a large amount of reversed and separated flow.

The computational simulation results of the flow velocity along the axial axis of the BD are shown
in Fig. 8. After the inlet plane, the longitudinal velocity profile tends to distort towards the bottom surface
due to the high curvature of the bottom surface of the diffuser. The flow near the top surface is decelerated
until the first bend at approximately X/L; = 0.3 for the BD. After the first bend, the flow accelerates at the top
surface and decelerates at the bottom surface, reaching the outlet (plane 9). This flow behavior is due to the
secondary flow resulting from the increased flow separation zone at the bottom surface.

Figure 7: Flow visualization on the bottom surface of bare diffuser (BD) using wall-mounted tufts.
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ANSYS

R15.0

Bottom surface

Figure 8: Computational simulation results of the velocity vector of the flow field in the bare diffuser (BD) colored by
velocity magnitude (m/s), with enlarged flow separation zone.

The velocity vectors indicate that separation begins approximately at L; , = 0.406 on the bottom surface.
The reversed and separated flow could be seen from the onset of flow separation until the outlet plane of the
diffuser, after plane 8 and before plane 9. The separation point occurred at L, = 0.4 and 0.406, as indicated
by the experimental and computational visualizations, respectively.

3.3 Visualization Analysis of Aggressive S-Shaped Diffuser

Fig. 9 shows the flow visualization of the bare AD captured in the experimental visualization. The flow
separation and reverse flow are visible from the line of wall tufts after plane 3, at around L, , =~ 0.3. The
unsteady motion of tufts and tendency to lift from the surface show a strong reversed and large separation
bubble compared to the visualization of the BD. The separated flow regime occurs within the entire zone
from plane 4 to plane 9.

The predicted development of flow velocity along AD, as visualized in the computational visualization,
is shown in Fig. 10. After the inlet plane, the longitudinal velocity profile tends to distort towards the bottom
surface due to the shape of the bottom surface of the diffuser, in addition to high curvature at the first bend.
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Figure 9: Flow visualization on the bottom surface of the aggressive S-shaped diffuser using wall-mounted tufts.

ANSYS

R15.0

Figure 10: Computational simulation results of the velocity vector of the flow field in the aggressive S-diffuser (AD),
colored by velocity magnitude (m/s), with an enlarged flow separation zone.

On the bottom surface of the AD, the flow at the first bend undergoes greater acceleration and,
consequently, greater diffusion due to the smaller radius of curvature. This part of the flow was found to
handle a significant part of the overall duct total pressure loss caused by a thick low-pressure region (flow
separation zone) at the bottom surface occupying a large zone of the AD area compared to the BD. This
thicker boundary layer reduces the effective local diffuser area and therefore less static pressure is recovered.
Flow separation started at L, = 0.314 on the bottom surface of the AD. For both setups, BD and AD, the

15
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already described redistributed high-loss fluid in the mid-pitch casing region, i.e., the high curvature zone,
was observed, but more pronounced for the shorter diffuser. This process was also observed by other studies
like Norris and Dominy [26].

3.4 Visualization Analysis of an Aggressive Diffuser Fitted with Vertex Generators Type-1

Fig. 11 shows the flow visualization on the bottom surface of AD/VG-1, where a significant improvement
in the flow field is indicated by high uniformity and less reverse flow by employing the VGs type-1 at plane
5. The small area of reverse flow indicates that small reverse flow takes place, and this process is observed
at L, ,. ~ 0.67. The higher reduction in flow separation results in small pressure loss and increases the static

pressure and the flow uniformity at the outlet plane. Thereby, the performance improvement of AD/VG-1
was increased.

()

'&\\kt\\a:

|
|

—
=2
=
—

~

Figure 11: Flow visualization on the bottom surface of the aggressive S-shaped diffuser fitted with VGs type-1 using
wall-mounted tufts.

Fig. 12 shows the longitudinal velocity vectors of AD/VG-1with VGs type-1at plane 5. The effect of VGs
is clear on flow structure improvement through delaying the start of flow separation, eliminating or removing
flow separation, in addition to improving the flow uniformity at the outlet plane. Adding VGs type-1 to the
AD has delayed the start of flow separation until L, ,, ~ 0.63. Moreover, the size of the separation zone and
reverse flow were reduced so much as shown in the expanded views of Fig. 12. Also, the flow became more

uniform at the outlet plane and had less deviation between the maximum and minimum values compared
with bare BD and AD.

3.5 Visualization Analysis of Aggressive Diffuser Fitted with Energy Promotors Type-2

Fig. 13 shows the flow visualization on the bottom surface of AD/VG-2, indicating a significant
improvement in the flow with high uniformity and much less reverse flow. The small area of the tuft lifting
from the surface indicates that no flow separation occurs, and this process is observed at plane 6. The higher
reduction in flow separation results in a small loss of pressure and increases the static pressure and the flow
uniformity at the outlet plane. Thereby, the performance improvement of AD/VGs was increased, and the
best improvement was achieved by using VGs type-2 at plane 5.
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0.0

Figure 12: Velocity vectors in the aggressive S-shaped diffuser fitted with VGs type-1, colored by velocity magnitude
(m/s), with enlarged flow separation zone.

Figure 13: Flow visualization on the bottom surface of the aggressive S-shaped diffuser fitted with VGs type-2 using
wall-mounted tufts.

Obviously, from Fig. 14, by employing VGs type-2 at plane 5 of AD/VG, the flow separation has been
removed completely and increases the uniformity of flow at the outlet, plane 9. Also, the average outlet
velocity has decreased to about 1.8 m/s, with a large area in this range. This process enhances the performance
of AD/VG through increasing the static pressure recovery coefficient, Cpg and decreasing the total pressure
loss coefficient, Cr; and distortion coeflicient, DC(45°).
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Figure 14: Longitudinal velocity vectors with the flow separation zone of AD/VG-2.

3.6 Visualization Analysis of Aggressive Diffuser Fitted with Vortex Generators Type-3

The visualization in Fig. 15 shows the tuft uniformity destruction on the bottom surface of AD/VG-3.
The installation of VGs type-3 in the lower surface of the S-shaped diffuser resulted in more flow uniformity.
The reverse flow is highly reduced with the use of VGs type-3. A significant improvement in the streamwise
airflow with high uniformity and a highly reduced value with the use of VGs type-3. A small reverse flow
takes place on plane 7, at Ly, =~ 0.78.

Figure 15: Flow visualization on the bottom surface of the aggressive S-shaped diffuser fitted with VGs type-3 using
wall-mounted tufts.

Fig. 16 shows the longitudinal vectors of AD/VG with VGs type-3 employed at plane 5. These VGs could
delay the start of flow separation and reduce the size of the separation zone compared to the bare AD. But the
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flow uniformity is less compared to the two other types of VGs due to the high flow velocity at the core of the
outlet plane cross-section. This results in less improvement of Cpr and less reduction in DC(45°) compared
to the other two types of VGs investigated.

Use of VGs type-3 resulted in the flow structure shown in Fig. 16. Improvement in the flow behavior
was achieved by suppressing the flow separation except for small zones observed at planes 6, 8 and 9. It is
noticed that the tufts are lifting up at those planes. The separation point is located at L; , ~ 0.8. This process
results in a decrease in total pressure loss and the distortion coeflicient, thereby increasing the static pressure
and improving flow uniformity at the exit of the S-shaped diftuser.

outlet

0.00

Figure 16: Longitudinal velocity vectors with the flow separation zone of AD/VG-3.

3.7 Summary of the Findings

The flow visualization test by wall-mounted tufts has been conducted on the bottom surface of BD, AD
and AD/VG with three types of VGs with inlet Re = 40,000. The purpose of these investigations is to identify
the best VGs type that can achieve a high reduction in pressure loss, eliminate or reduce flow separation,
and thereby increase the static pressure and flow uniformity at the outlet plane of the S-shaped diffuser. A
Summary of the main findings is presented in Table 8. The investigation results show that implementing the
three types of VGs at plane 5 improved the performance of AD/VG compared to bare AD. However, VGs of
type 2 have resulted in a significant improvement in flow at the outlet plane by suppressing flow separation
to the maximum extent and increasing flow uniformity. The separation point is located approximately, at
L, =0.4,0.3,0.678, and 0.78, and numerically at 0.406, 0.314, 0.638, and 0.8 for BD, AD, and AD/VG-1, and
AD/VG-3, respectively, while no separation occurred in the case of AD/VG-2.
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Table 8: The conclusions of the five visualized S-shaped diffusers.

Location of
Separation Point

Main Conclusions on

Observations on the

Case along the Axial Axis )
8 I the Separation Zone Diffuser Performance
5.p.
Exp. Comp.
i 1
. Reversal flow extends Cor?s1derab ¢
Bare diffuser , , destruction of the flow
0.4 0.406 till the midplane . , )
(BD) uniformity at the exit of
between planes 8 and 9. .
the diffuser.
The thicker boundary
layer reduces the
The separated flow effective diffuser area
Aggressive occurs within the entire and therefore less static
. 0.3 0.314 .
diftuser (AD) zone from plane 4 to pressure is recovered,
plane 9. and larger uniformity
destruction compared
to BD.
Aggressive A small area of reverse Less flow uniformity
diftuser fitted 0.678 0.638 flow indicates the destruction at the exit
with VG type-1 ' ' effectiveness of the VGs ~ compared to the BD and
(AD/VG-1) to control the flow. AD cases.
_ The best performance
Aggressive was achieved, and the
diffuser fitted No No VGs type-2 eliminated e
. . . flow uniformity is
with VG type-2 separation separation the reversal flow. hicher compared to all
(AD/VG-2) & p
other cases.
Flow uniformity is less
Aggressive A small separation compared to the two
diffuser fitted bubble and the reversal other types of VGs due
. 0.78 0.8 . .
with VG type-3 flow were observed at to the high flow velocity
(AD/VG-3) planes 6 to 9. at the core of the outlet

plane cross-section.

The higher reduction in flow separation results in a small loss of pressure and increases the static
pressure and the flow uniformity at the outlet plane. Thereby, the performance improvement of AD/VGs was
increased, and the best improvement was achieved by using the VGs type-2.

Table 9 displays the measured and predicted flow distortion using Eq. (2) for all cases. The length
reduction drastically reduced flow uniformity at the diffuser exit, where the results show increased distortion
of the AD compared to the BD by 11.9% experimentally, and 9.6% numerically. Installation of the VGs
showed significant improvement, as they reduced the distortion caused by the aggressive diffuser. From the
experimental visualization, the distortion in the aggressive S-shaped diffuser is reduced by 71.8%, 87.8%, and



Energy Eng. 2027;124(1):24 21

29.7% by VG-1, VG-2, and VG-3, respectively. The predicted reductions from computational visualization
are 44.6%, 88%, and 36.2% by VG-1, VG-2, and VG-3, respectively. The highest reduction in flow distortion
is achieved by VG type-2 due to its streamlined upper edge, which does not result in local rotation or the
creation of small vortices, in contrast to VG-1, which is not streamlined and results in highly disturbed flow
at the upper edge of the VG.

Table 9: The experimentally measured and numerically predicted distortion coefficient.

Type of S-Shaped Diffuser

DC(45°)
BD AD AD/VG-1 AD/VG-2 AD/VG-3
Experimental 0.177 0.201 0.117 0.107 0.155
Numerical 0.17 0.188 0.13 0.10 0.138

4 Conclusions

The flow development and structures inside the bare S-shaped diffuser (BD), the Aggressive S-shaped
diffuser (AD), and the S-shaped aggressive diffuser fitted with three types of passive flow-control vortex
generators (AD/VG) have been qualitatively visualized experimentally using wall tufts and computationally
using CFD. The investigations have been carried out at an inlet Re of 40,000. Results revealed reversal
flow in the cases of BD, AD, AD/VG-1, and AD/VG-3. The AD showed earlier separation and a larger
separation bubble than the BD, with the separation point occurring around 35% earlier on the lower surface
of the diffuser. However, the VGs illustration has significantly improved the flow structure and delayed
separation in the aggressive diffuser. Installation of VGs type-2, a co-rotating streamline sheet, eliminated
flow separation and reduced flow destruction by 87.8% experimentally and 88% numerically. The work
demonstrates that computational flow visualization complements and extensively improves the analysis
of experimental visualization using wall-mounted tufts. Adopting both techniques to complement each
other is recommended for gaining insight, understanding and characterizing complex flows with large
separation bubbles.
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