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Boundary layer tripping on a transonic compressor profile
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THE NUMERICAL AND EXPERIMENTAL INVESTIGATION of boundary layer tripping us-
ing steps on the suction side of a transonic compressor rotor has been presented in
this paper. The presented research corresponds to an EU project known as TFAST
(Transition Location Effects on Shock Wave Boundary Layer Interaction). A repre-
sentative single passage test section has been designed to investigate the SBLI (Shock
wave Boundary Layer Interaction) effects on the rotor profile. The geometrical and
inflow boundary conditions have been defined by the project partner RRD (Rolls-
Royce Deutschland). Two locations of step (z/c = 0.16 and z/c = 0.02) were chosen
upstream of the shock location to investigate the boundary layer tripping effects and
are compared with configuration without tripping setup. The numerical simulations
were carried out on the test section model using the steady-state Reynolds Aver-
aged Navier—Stokes (RANS) model with Explicit Algebraic Reynolds Stress Model
(EARSM) turbulence model with transition effects included. The chosen turbulence
model could accurately predict the shock location on the suction side of the lower
profile in the test section and had a good agreement with wall pressure measurements
using pressure taps. A detailed shock structure was captured using the schlieren tech-
nique and compared for different tripping configurations. To estimate the effectiveness
of the tripping setup losses have been estimated using LDA (Laser Doppler Anemom-
etry) along the traverse downstream the blade passage. To understand the tripping ef-
fect on the boundary layer a detailed investigation has been carried out at ten selected
traverse locations from leading edge to trailing edge of the rotor profile. Based on the
experimental validation of the defined numerical model for tripping setup, a few more
step heights were compared at selected tripping locations numerically. To analyse the
effect of step heights, the isentropic Mach number and wall shear stress are compared
with without tripping configuration. The wake and stagnation pressure losses down-
stream of the profile have been compared to investigate the sensitivity of location and
geometrical definition of the boundary layer tripping setup on the aerodynamic losses.
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1. Introduction

THE RESEARCH ON THE SHOCK WAVE BOUNDARY LAYER INTERACTION (SBLI)
remains an important topic of interest today due to its numerous applications
in both external and internal aerodynamics. The flow structure of SBLI and its
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detrimental effect on transonic airfoils have been researched for decades. The
aerodynamic performance of turbomachinery blading is strongly dependent on
the nature of the boundary layer developed on the profiles [1|. The nature of
SBLI critically depends on the boundary layer character (laminar or turbulent)
in front of the shock wave |2|. Huge efforts were made with different applications
to maintain the laminar boundary layer upstream of the normal shock to reduce
drag caused by skin friction [3|. Due to this benefit, the laminar boundary layer
is preferred as a drag-reducing design choice for wings and the low Reynolds
number (Re) applications. At higher altitudes where Re drops to a factor of
4 compared to sea level conditions, it is relatively easier to maintain laminar flow.
This gives low skin friction, which is desirable. However, the laminar boundary
layer has the advantage of lower drag but is more sensitive to separation in
adverse pressure gradients. This can lead to increased total pressure losses and
flow unsteadiness in internal flows |4].

The interaction of the laminar boundary layer with a shock wave is more
likely to induce separation, therefore a weaker shock can cause such an effect
of interaction resulting in degradation of blade performance. The laminar SBLI
should be avoided, especially when in some applications this interaction becomes
unsteady and may induce shock oscillation in internal flows [5|. Therefore, the
transition to a turbulent boundary layer should take place before shock inter-
acts with the boundary layer. When compared to turbulent SBLI, laminar SBLI
causes higher total losses and an increase in flow separation tendency |6, [7].
These effects are prominent at higher altitude conditions where the Reynolds
number is significantly lower than at sea-level conditions. Considering the ben-
efits of the laminar boundary layer, the transition location should be delayed as
much as possible. The laminar/transitional /turbulent SBLIs become especially
complex when unsteadiness takes place in internal flows. The real challenge is in
locating the transition position closest to the shock wave while ensuring that the
interaction is of turbulent type, meaning that it has the least amount of adverse
pressure effects such as separation, unsteadiness, and large shock lambda foot.
The use of flow control applications in turbomachinery has the potential to break
down fundamental barriers |[8].

Flow control methods can be subdivided into active and passive methods
depending on whether they require additional energy or not. Investigation of
Active Flow Control (AFC) with compressor blade instabilities, boundary layer
separation, and secondary flow structures are detailed in [9H12]. Instead, passive
flow control methods do not require any additional energy source to operate
compared to AFC. The advantages of passive flow control methods, described in
[13-15], include lift augmentation, drag reduction, reduced tip leakage flows, and
separation control. Many passive flow control methods like roughness patches,
riblets, tripping devices, etc. have been discussed in the literature |11} |16, 17].
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To induce transition in the boundary layer, various tripping devices can be used.
One of the boundary layer tripping methods chosen for investigation in this
paper, is to introduce a small step upstream of the shock wave. The research
presented in this paper was a part of the EU-TFAST (Transition Location Effect
on Shock Wave Boundary Layer Interaction) project and some of the numerical
and experimental research on this topic has already been published [18].

The general objective of this project was to improve the knowledge of lam-
inar SBLI and to study the effect of transition location on the structure of
interaction between a shock wave and a boundary layer. To investigate the SBLI
effects numerically and experimentally on the compressor rotor, a single pas-
sage test section with two profiles has been designed for the IMP PAN transonic
wind tunnel facility. To avoid the laminar SBLI, the boundary layer has been
tripped using a passive flow control method of step defined on the suction side
of the profile. The effectiveness of boundary layer tripping based on different
step locations has been briefly described in this paper. A detailed flow structure
comparison has been presented in this paper with chosen cases (z/c = 0.02 as
turbulent), (x/c = 0.16 as transitional), and without (laminar) tripping setup on
the suction side of the lower profile in the test section. Based on these findings
further investigation has been carried out to investigate the influence of differ-
ent step heights on boundary layer tripping. This research aims to extend the
knowledge beyond what was obtained in the TFAST project.

2. Experimental setup

The experimental investigations were carried out at the transonic wind tunnel
facility of the Institute of Fluid Flow Machinery, Polish Academy of Sciences
(IMP PAN). For investigating the SBLI effects numerically and experimentally,
anew cascade geometry has been designed by a partner of the EU-TFAST project
Rolls-Royce Deutschland (RRD). The geometrical parameters of the designed
cascade are listed in Table 1.

To carry out an experimental investigation on the delivered cascade, a rec-
tilinear single passage test section has been designed based on the streamlines
extracted from the cascade simulations. Such an approach has been proven ef-
fective in the previous studies carried out at the IMP PAN facility. The inlet
Mach number and inflow stream uniformity are two design criteria that are con-
sidered while designing the test section. The major challenge in designing the
test section is to reproduce a similar flow structure as in cascade simulations
at the blade suction side. The relative location of blades in the test section is
defined as a cascade configuration. An inlet nozzle design has been designed up-
stream of the profiles to maintain the flow uniformity upstream of the profiles
and to achieve the required inlet Mach number of M = 1.22. The single passage
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TABLE 1. Geometrical description of delivered cascade profile.

Parameters Units | Values
Inlet Mach number - 1.22
Chord length mm 100
Pitch to chord ratio - 0.60
Thickness to chord ratio| - 0.03
Blade inlet angle deg | 50.90
Blade exit angle deg | 33.20
Flow inlet angle deg | 55.50
AVDR - 1.23

test section designed for SBLI investigations on the lower profile suction side
is shown in (Fig. 1). Whenever the ‘suction side’ is mentioned in this paper it
refers to the lower blade. The profiles are mounted using supporting structures
rather than fastened to sidewalls because of the advantage of the profile position
adjustment rather than a fixed location at sidewalls which are made of glass
windows. Additionally, an AFC method of suction slots has been introduced in
the test section. There are two sets of suction slots defined in the test section
for different purposes. The first set includes slots that are placed at lower and
upper limiting walls, respectively (Fig. 1). Their purpose is to control the pos-
sible flow blockage in passages below the lower and above the upper profile to
control boundary layer thickness and to achieve the supersonic conditions up-
stream of the profiles. A detailed description of these slots in the test section has
been described in [19]. The second set of suction slots is placed at both supports
of the blade close to the sidewall. These suction slots help in the reduction of
corner flows developed between the blade and sidewall resulting in the control
of AVDR in the test section.

Divergent
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Fic. 1. Schematic drawing of test section in IMP PAN transonic windtunnel facility.

A detailed investigation of the suction slot effect on the suction side of the
profile has been briefly described in |20]. The test section’s mass flow and flow
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structure can be controlled and modified by adjusting the static pressure at the
suction slots, hence the suction mass flow rate. The static pressures are measured
upstream of the blade passage and at the mid-span location of the blade suction
side, which accounts for 46% of the overall chord length. The location and struc-
ture of the shock wave have been captured with a Canon EOS M50 camera and
the z-coordinate schlieren setup. To estimate the inflow turbulence and wake
downstream the blade passage the Laser Doppler Anemometry (LDA) measure-
ment technique has been used. A Coherent Innova 70C' 5W argon-ion laser with
beam wavelengths of 514.4nm and 488 nm is used as the laser source, and the
laser beam is split using a Fiber Flow System from Dantec Dynamice. The Flow
Tracker 700 CE uses DEHS ( Di-Ethyl- Hexyl-Sebacic) oil with an average particle
size of 2 um to create the seeding particles.

Geometrical definition of boundary layer tripping setup

This paper investigates the passive flow control method using boundary layer
tripping by a defined step on the suction side of the transonic fan profile. Built
upon the investigations carried out on the profile in the test section the boundary
layer upstream of the shock wave is laminar and the interaction of the shock
wave with the boundary layer is laminar SBLI without any transition control,
referred as Clean configuration. To force the transition two different locations
of the tripping setup (Step 1 at z/c = 0.16 and Step 2 at x/c = 0.02) on
the suction side of the profile have been chosen and the results are compared
with the Clean case. The geometrical definition of the step has been defined
in Table 2. The step has been created using a tape stuck to the profile with
the defined length and width extending over the whole blade span-wise length
of 100 mm.

TABLE 2. The geometrical definition of boundary layer tripping step.

Configuration Width [mm]| | Height [mm)]
Clean - -
Step 1 (z/c = 0.16) 5.00 0.10
Step 2 (z/c = 0.02) 2.50 0.40

3. Numerical model description

To investigate the SBLI effects on compressor rotor cascade, numerical in-
vestigations have been carried out on the test section model which has been
designed corresponding to the cascade model. Numerical simulations were car-
ried out using Numeca Fine/Turbo. The structured mesh was generated using
IGG/Numeca as shown in (Fig. 2).
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Fic. 2. Numerical model of test section with multi-block structured grid created using IGG,
and the profile suction side is displayed in green color.

The multi-block topology consists of 35 blocks with a total number of hexahe-
dral cells of 18.6 x 10°. The resolution of mesh close to the wall is kept adequate
to obtain yT of 1. The quality of the mesh has been checked to make sure that
it is within the defined limit by the chosen turbulence model. The mesh quality
parameters such as cell orthogonality expansion ratio and aspect ratios of the
defined mesh domain have been quantified in Table 3.

TABLE 3. The quality parameters of the defined mesh domain.

Mesh parameter | Range |Percentage of cells [%)]
90-75° 90
Orthogonality 75-60° 9
60-45°
1.0-1.1 43
Expansion ratio 11-1.2 26
1.2-1.3 30
1.3-1.4 1
1-330 97
Aspect ratio 330-670 2
670-1000

The 1% cells for the orthogonality range corresponds to the location where
the greatest curvature of geometry is defined especially at the leading and trail-
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ing edges of the profiles. This numerical approach solves 3D Reynolds-averaged
Navier—Stokes equations (RANS) using non-orthogonal multi-block grids. The
RANS equations are simplified versions of the general Navier—Stokes equations.
The Navier—Stokes equations are the fundamental governing equations for vis-
cous, heat-conducting fluids. It is a vector equation generated by applying New-
ton’s Law of Motion to a fluid element; it is also known as the momentum

equation (3.1)):

9 (pus) +
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where u is the flow velocity, p is the fluid density, p is the pressure, p is the
dynamic viscosity and 7 is the viscous stress of the chosen fluid. It is supple-
mented by the mass conservation equation, also called continuity equation ([3.2))

and the energy equation ((3.3)):
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where eg is the total energy and ¢; is the heat flux for the given fluid. For
the numerical simulations spatial discretization using the second-order central
difference scheme with scalar artificial dissipation formulated by JAMESON and
TURKEL |21] was applied. The Baseline Explicit Algebraic Reynolds Stress Model
(BSL-EASRM), proposed by MENTER [22], is a two-equation nonlinear eddy
Viscosity turbulence model that extends the kw-SST turbulence model as shown
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where k is the turbulent kinetic energy and w is the specific dissipation rate.
The coefficients 5 = 3/40, * = 9/100, ok = 0.85 and ow = 0.5 are the model
constants. It has been decided to use the generalized transition model |23]. This
model is defined on two transport equations, Egs. and , for the inter-
mittency () and the transition momentum thickness Reynolds number (Reg;)
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where P, and E, are the transition sources for intermittency whereas FPp; and
t are source terms for the momentum thickness Reynolds number. A perfect
gas equation and Sutherland’s law for viscosity complete the set of equations.
Inlet boundary conditions have been defined with ambient conditions a total
pressure of 101 kPa and a total temperature of 293 K. The boundary conditions
for simulations have been defined upon the experiment. The turbulent intensity
was defined as 0.8% according to the measurement carried out upstream of the
profile. The viscosity ratio has been defined as 10 at the inlet. At the outlet,
the boundary conditions have been defined with static pressure of 76 kPa to
obtain the required shock wave location on the suction side of the profile.

4. Numerical and experimental results

The numerical and experimental investigations have been carried out for
three cases: Clean — laminar SBLI, Step 1 — transitional SBLI, and Step 2 —
turbulent SBLI. The inflow conditions defined by RRD, an the inlet Mach num-
ber of M = 1.22 has been maintained for all three cases. To investigate the shock
structure in detail, an experimental schlieren with a vertical knife position has
been compared with numerical schlieren formulated upon the density gradient
magnitude as shown in (Fig. 3). The shock generated on the leading edge of the
upper and lower profiles and the shock reflection from the upper wall are well
captured in Fig. 3. The beginning of separation and stagnation zones are visible
in schlieren images as oblique dark regions upstream close to the main shock
wave. Whereas a thicker dark oblique zone is visible well upstream the main
shock marked as lip shock showing the presence of an oblique shock presence.
The main interest is in the shock generated at the leading edge of the upper
profile interacting with the boundary layer at the profile.

For shock wave interaction with the laminar boundary layer, a significant dis-
tance typically exists between the interaction’s onset and the main shock wave
location. The effect of the tripping step is clearly visible in numerical schlieren
for Step 1 and Step 2 cases shown in Fig. 3. The existence of compression and
expansion waves is more pronounced at the upstream and downstream of the
defined step geometry on the suction side. From Fig. 3, the size of A-foot is com-
parable for cases with and without tripping setup. The static pressure measured
at the mid-span of profile, the isentropic Mach number has been compared with
and without the tripping case as shown in Fig. 4.
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F1a. 3. Comparison of (above) numerical schlieren and (bottom) experimental schlieren
visualization for three cases.

1.8

8 16

g —CFD Clean
=1

2 14 —CFD Step 1
8 12 —CFD Step 2
% e EXP Clean
& 1] o EXP Step 1
£ 0.8 o EXP Step 2
1Z]

0.6 . . ; ,
0 0.2 0.4 0.6 0.8 1

x/c

Fi1c. 4. Comparison of isentropic Mach number plotted along the suction side of profile
in the test section.

From Fig. 4, it is evident that the chosen turbulence model could accurately
predict the shock distribution on the profile. The spikes or disturbances visible in
the isentropic Mach number plot for Step 1 and Step 2 are also seen in schlieren
images, which correspond to the location of expansion and compression waves
due to the tripping step. In the case of the isentropic Mach number distribution
it can be seen that the shock wave is shifted slightly downstream the Clean
case whereas the shock wave is shifted significantly upstream for Step 2. The
difference in shock wave location is more pronounced till shock wave location and
downstream the shock wave the differences between the cases are comparable. To
investigate the flow structure in the test section, velocities have been measured
at a different traverse location in the test section using LDA (Laser Doppler
Anemometry) as shown in Fig. 5.
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Fia. 5. (Top) Traverse location plotted upstream and downstream of the profiles at
mid-span location in test section, (bottom) comparison of velocities for different
configurations at (left) Traverse 2 and Traverse 1 (right) Traverse 3.

To evaluate the inflow conditions according to the requirement, velocity has
been measured at the traverse located 20 mm upstream of the profiles and mid-
span location in the test section as shown in Fig. 5. The experimental measure-
ments have a good fit with numerical prediction at this location. The (x,y = 0)
traverse has been located upstream of the leading edge of the profile. There is
a sudden decrease in the velocity plot at the upstream traverse at (y = 50 mm)
due to the intersection of leading-edge shock generated due to the profile. The
distribution till (y = 0 to y = 40 mm) depicts the uniform flow distribution up-
stream of the profiles. Inlet conditions in all three cases are identical, therefore
the plots of the Clean case have only been shown in Fig. 5. Wake measurements
can be used to assess the effect of the tripping device on the flow structure.
The measurements are carried out at 5mm and 20 mm downstream of the trail-
ing edge of the profiles at the mid-span location and are shown in Fig. 5. The
wake of the Clean case has been plotted at the traverse located 5mm down-
stream of the trailing edge. The measurement data do not have points at the wake
downstream of the lower and upper profile trailing edge because of the reduced
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seeding effect caused by the flow separation region closer to the trailing edge
of the blades. Whereas further downstream traverse location of 20 mm could
feed more seeding due to the higher dissipation effect of wake from boundary
layer separation. Therefore, a 20 mm traverse downstream of the trailing edge
was chosen for comparing the losses with or without a tripping setup as shown
in Fig. 5. It is evident that the chosen numerical model overpredicts the wake
thickness compared to experimental data, which gives scope of improvement in
using high-order numerical models for such predictions.

On the other hand, the experiment carried out in the test section is too
complex due to the flow mixing of unsteady flow from the pressure side of the
lower blade with boundary layer separation from the suction side. This could
also be a reason that the experimental prediction of wake is smaller and thinner
than numerical predictions. From the wake, it is visible that Clean and Step 1
cases have very similar wake thicknesses which translates to comparable losses.
Whereas in Step 2 due to overtripping the boundary layer is thicker which
finally leads to a much wider wake. To compare the effects of the tripping device
it is essential to investigate the boundary layer on the suction side of the profile
in these cases. The boundary layer from the leading edge to the trailing edge at
ten selected traverse locations has been compared and is plotted for compressible
flow conditions in (Fig. 6).

9
gl - Clean
7 —— Step 1 25 4
T —Step2
_ 6 === | T 2+
5 .
E>T Eis ¢
w3+ *m 1 +
2 41
Il 0.5 +
0 ' ' ‘ ; 0 , , . .
0 02 04 06 08 1 0 02 04 06 08 1
x/c x/c
1.5 8
125 4 T
6 =L
T 5 4
£ 075 1 T4+
* 3 g
%05 1
o Pl
0.25 1 L
0 . . . ; 0 . . . .
0 02 04 06 08 1 0 02 04 06 08 1
x/c x/c

Fi1c. 6. Comparison of thickness and integral parameters of boundary layer.
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According to the boundary layer thickness plot, Clean and Step 1 cases
have comparable boundary layer thickness up to /¢ = 0.53. The boundary
layer becomes thicker from the beginning of the separation bubble and continues
to be separated from the surface. From the boundary layer thickness plot, it can
be seen that the boundary layer tripping at Step 1 has a very weak effect on the
flow field and has a very similar boundary layer structure as in the laminar Clean
case. Whereas in the Step 2 case, the boundary layer is thicker from the leading
edge to the trailing edge compared to the Clean and Step 1 cases. According
to the boundary layer thickness plot shown in (Fig. 6), Step 2 overtrips the
boundary layer resulting in a large separation which translates to higher losses.
This aspect is also affirmed by the wake comparison shown in (Fig. 5). The
displacement thickness plotted in (Fig. 6) shows a similar trend to boundary
layer thickness. The differences are pronounced further downstream than the
shock interaction locations. There is a steep increase upstream of the separation
bubble and a drop in the displacement thickness at the reattachment zone visible
in Fig. 6. The increase of displacement thickness continues further downstream
in the reattachment zone. The momentum thickness plotted in Fig. 6 also follows
a similar trend visible in the boundary layer plot. Another important aspect of
the integral parameter of the boundary layer is the shape factor (H), which
is estimated as the ratio of displacement thickness and momentum thickness.
The shape factor is used to determine the nature of the flow. Conventionally,
H = 2.59 is typically for the laminar boundary layer and H = 1.3 to 1.4 typical
for the turbulent boundary layer [24].

This is applicable to the incompressible coefficient where density remains
constant throughout the flow field. The shape factor has been estimated for the
corresponding tripping cases for the compressible coefficient and incompressible
coefficients and is plotted in (Fig. 7). The estimation in incompressible flow cases
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Fia. 7. Comparison of shape factor estimated using (left) compressible coefficient,
(right) incompressible coefficient.
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is carried out by maintaining constant density. From the shape factor it could
be concluded that the Clean and Step 1 cases have a laminar boundary layer
(H = 2.59) up to (x/c = 0.35) where the separation bubble starts. The spike
visible at (z/c = 0.16) for Step 1 represents the step location on the suction
side of the profile. Step 1 has a very weak effect on tripping the boundary
layer, whereas Step 2 has a turbulent boundary layer from the leading edge
(H = 1.3-1.4) till the beginning of the separation bubble. It is typical behavior
in shape factor plots that the sudden spike corresponds to separation location and
the drop in the shape factor to a plateau level shows the reattachment location
on the surface. One could see that the separation starts at (z/c = 0.35) and
reattaches at (z/c = 0.65) in all three cases. For Clean and Step 1 downstream
the reattachment of the boundary layer is in a transitional state (H = 1.5-2).

5. Numerical investigation of different step height

Additional investigations have been carried out numerically at Steps 1 and 2
for various step heights to observe how they adhere to the tripping of the bound-
ary layer according to the numerical and experimental investigation of boundary
layer tripping presented in the previous section. The geometrical definition of
this numerical configuration has been listed in Table 4.

TABLE 4. Geometrical definitions of tripping setup for different step heights.

Configuration Location Width [mm]| | Height [mm)]
Case 1la Step 1 (z/c = 0.16) 5.00 0.05
Case 1b Step 1 (z/c =0.16) 5.00 0.10
Case 1c Step 1 (z/c = 0.16) 5.00 0.40
Case 2a Step 2 (z/c = 0.02) 2.50 0.05
Case 2b Step 2 (z/c = 0.02) 2.50 0.40
Case 2c Step 2 (z/c = 0.02) 2.50 0.80

The location and width of the step are identical to the configuration which
has been investigated experimentally. The step heights have been chosen as one
size smaller and one size larger than the experimental case which is Case 1b
and Case 2b. The numerical investigation of three different step heights for
Step 1 configuration has been carried out on the suction side of the profile. The
isentropic Mach number and wall shear stress for three-step heights of Step 1
configuration have been compared with clean configuration and are plotted in
Fig. 8. From the isentropic Mach number plot it is evident that Case la and
Case 1b have a very similar shock structure and location as the Clean case on
the suction side of the profile. Whereas Case 1c is overtripping the boundary
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Fig. 8. Comparison of different step height for boundary layer tripping configuration. Step 1
(z/c = 0.16), (left) isentropic Mach number plot, (right) wall shear stress stress.

layer and the shock location is moved upstream. The spike in the isentropic
Mach number at (z/c = 0.16) corresponds to the location of the tripping step.
The shear stresses plotted on the suction side of the profile show the behav-
ior of the boundary layer and the location of the separation bubble. The shear
stresses are lower upstream, the shock interaction shows the boundary layer is
laminar whereas the shear stresses are higher for Case 1c corresponding to the
turbulent nature of the boundary layer. Therefore, Case 1c is over-tripping the
boundary layer compared to Cases 1la and 1b. Also, the separation starts sig-
nificantly upstream for Case 1c compared to Case 1la, 1b, and Clean cases
and reattaches further downstream. It also depicts that the bubble height is very
small in Case 1lc in comparison to other cases. The flow separation is signifi-
cantly higher and does not reattach up to the trailing edge for Case 1c. This
shows the sensitivity of the step height at the z/c = 0.16 location. Similarly, it is
important to investigate different step heights for turbulent SBLI case Step 2.
As Step 1, three-step heights have been chosen to investigate the boundary layer
tripping effect on the suction side of the profile. The isentropic mach number
and wall shear stress for three different step heights of Step 2 configuration
have been compared with a clean configuration and are plotted in Fig. 9.
According to the isentropic Mach number plotted in (Fig. 9), Case 2a has
a negligible effect on tripping the boundary layer and has an identical distribution
of shock as of Clean case. Whereas the increasing of step heights from Case 2a
to Case 2b and 2c shows that the boundary layer is over-tripped, and the shock
wave moves upstream corresponding to a step height increase. The wall shear
stresses plotted in (Fig. 9) for Step 2, the location of the separation bubble
for Case 2a is identical to the Clean case. Also, the shear stress is identical
to the Clean case upstream of the shock wave which is the laminar boundary
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Fi1c. 9. Comparison of different step height for boundary layer tripping configuration.
Step 2 (z/c = 0.02), (left) isentropic Mach number plot, (right) wall shear stress stress.

layer. Whereas Case 2b and 2c have overtripped boundary layers resulting
in higher shear stresses upstream of the shock location. The location of the
separation bubble which corresponds to the location of the shock wave is shifted
upstream for Case 2b and 2c cases. The height of the separation bubble is much
smaller in Case 2c compared to other cases, whereas Case 2b has a comparable
separation bubble height with Clean and Case 2a cases. Therefore, the step
height is very sensitive to the tripping of the boundary layer close to the leading
edge at (z/c = 0.02). To investigate the losses of the wakes downstream, the
blade passage for the cases has been estimated and is plotted in (Fig. 10).
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F1a. 10. Comparison of wake at traverse located 20 mm downstream the blade (left) different
step heights for Step 1 (right) different step height for Step 2.

The wakes compared at traverse located 20 mm downstream the blade trailing
edge for Step 1 shows that Case 1a and Case 1b have very similar thicknesses
which corresponds to slightly higher losses compared to the laminar Clean case.
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Whereas the increased height of the step for Case 2c has a significantly thicker
wake which translates to higher losses compared to step heights and Clean
case. A similar trend is followed by Step 2 cases where the small step height
Case 2a does not have any influence on tripping and has very similar losses
compared to the Clean case. The tripping effects are very adverse when the step
heights are increased resulting in increased losses going from Case 2b to 2c. The
effectiveness of the boundary layer tripping step has been estimated based on
the total pressure loss coefficient using Eq. :

Ptotal_l - Ptota1_2

(5.1) Pressure loss coefficient = .
f)totalil - Pstatic_l

The inlet parameters Pioia 1 and Psgatic 1 is identical for all these cases
since the value has been extracted from the point taken at the mid-span and
mid-channel located one chord upstream of the blade passage where the inflow
conditions are uniform. Whereas the outlet total pressure Pigta o IS mass av-
eraged along the traverse extracted 20 mm downstream, the profile is estimated
for one pitch length and is described in Table 5.

TABLE 5. Stagnation pressure loss estimation for different tripping setup.

Configuration | Pressure loss coefficient
Clean 0.170
Case la 0.173
Case 1b 0.176
Case 1c 0.214
Case 2a 0.214
Case 2b 0.187
Case 2c 0.219

The averaged pressure losses in all tripping cases are compared with the
Clean case in Table 5. It is evident that the losses are identical in Case la
and Case 1b whereas the losses increase drastically in Case 2b, 2c compared
to Case 1b and 1lc. When comparing the tripping effect with respect to the
Clean case the defined case was not able to improve the aerodynamic losses
by tripping the boundary layer. To visualise the losses along the average pitch,
traverse the stagnation pressure losses have been estimated for each cell point
and are plotted in (Fig. 11). It is evident from (Fig. 11) that the wake losses
are increased significantly when the step heights are increased irrespective of the
step location whereas the decrease in the step height shows that the effect on
losses is comparable with the laminar Clean case.
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6. Conclusions

The paper presents a numerical and experimental investigation of a passive
flow control method of boundary layer tripping employing a step on the suction
side of a transonic compressor rotor profile. A detailed flow structure comparison
has been detailed in this paper which has been carried out on the representa-
tive single passage test section for SBLI investigations at the IMP PAN transonic
wind tunnel facility. The geometrical size and location of the tripping setup have
been defined based on the experimental feasibility of using a tape that was stuck
to the suction side of the profile in the test section. The presented numerical re-
sults carried out using Numeca/Cadence FINE /Turbo with EARSM turbulence
model including transition effects are validated with experimental methods such
as surface pressure measurements, schlieren images, and wake measurements.
A detailed flow structure investigation was carried out on the suction side of the
profile in the test section. Some of the important outcomes are listed:

e It is evident that the boundary layer tripping at (z/c = 0.16) has a very
minimal effect on tripping the boundary layer to transitional compared to
laminar case.

e The differences are more pronounced downstream of the shock interaction
where the boundary layer thickness is increased in transitional cases.

e Whereas the leading-edge step over-trips the boundary layer resulting in
the thickening of the boundary layer upstream the shock resulting in larger
separation and increased losses.

e Also, from the isentropic Mach number and wall shear stress plots, it is
evident that shock wave shifts upstream for the turbulent case compared
to transitional and laminar configurations.

e Further investigations on the step heights at the chosen cases show the
sensitivity of the tripping setup with respect to geometrical definitions
and the location at which they are defined on the suction side of the rotor
profile.



468 A. JOSEPH et al.

e The increase of the step height at the transitional case triggers the bound-
ary layer to overtrip whereas the reduction of step height has no effect on
the tripping.

e Similarly, in the turbulent case where overtripping was found in experi-
ments the step height reduction shows no effect on tripping, and moreover
it tends to have a similar flow structure as a laminar case.

e However, a slight increase shows adverse effects of over-tripping the bound-
ary layer resulting in increased losses compared to laminar and transitional
cases.

e RANS model has limitation especially when predicting the separation due
to shock interaction or end-wall effect causing corner flows.

e The complex unsteady flow from pressure side of lower profile could also
interact with wake and is challenging to capture the wake accurately using
LDA measurements.

e Wake measurements close to trailing edge are not ideal due to the lack
of seeding at this zone. Whereas further downstream traverse could be
affected with mixing of wakes and passage flows.

It could be concluded that the tripping of the boundary layer is sensitive to
the step height. The goal of tripping the boundary layer from laminar to tran-
sitional SBLI could be achieved with an appropriate geometrical setup. A reduc-
tion of shock unsteadiness could be found in the case of turbulent interaction. It
could be concluded that an improper geometrical configuration can lead to nega-
tive impact on flow characteristics. Therefore, this research contributes to further
development of passive flow control methods to achieve higher performance im-
provement in transonic flow compressors.
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