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It is well known that riblet applied on compressor blades is a promising flow control technique. However, detailed
investigation of its effects on the flow field of turbomachinery is rare in existing literatures. This paper presents a
detailed experimental investigation of effects of distributed riblet on the flow field of an axial compressor iso-
lated-rotor stage. The research was performed in a large-scale facility respectively with two configurations, in-
cluding grooved hub, and grooved surface on both hub and partial suction surface. The riblet film is rectangle
grooved type with a height of 0.1 mm. The flow field at 10% chord downstream from the cascade trailing edge
was measured using a mini five-hole pressure probe and a total pressure probe. The testing was conducted at sev-
eral operational points under two reduced rotational speeds. Stagnation pressure loss in rotational frame was cal-
culated and compared with the control test in which a smooth film was applied to the corresponding position.
Results show that with the grooved hub configuration at the design operation point of the lower rotational speed,
the riblet film provides an obvious improvement of a 48% reduction of total pressure loss in rotational frame.

Also, a distinct weaken hub corner vortex was identified. In the meantime, there exists a deviation of flow angle

about 5 degrees at 20%-80% span which previously was not considered to be the affected region.

Keywords: distributed riblet, large-scale compressor, hub corner vortex, loss reduction.

Introduction

It was well known that the surface with specially-
designed streamwise grooves named riblet could reduce
flow drag compared with the smooth surface. Many re-
searchers have investigated the effects under different
configurations of various scales, including academic,
industrial settings. There already exist plenty of well-
developed reviews [1]. A320 flight tests showed that the
fuel saving of 1%~1.5% could be obtained while the
plane was dressed with riblet films [2]. From the view-
point of academic researches, Gallagher, Thomas [3], and
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Choi [4] considered that thickening of the sub-layer due
to the riblet could lead to drag reduction. Bacher & Smith
[5] found that the flow within the riblet was remarkably
slow and exhibited poor lateral spreading behavior; as a
result, they made a conclusion that the drag reduction
was attributed to the secondary vortices formed in the
grooves. Gong et al [6] observed that the average turbu-
lent kinetic energy and peak values of the turbulent ki-
netic energy components in the boundary layer on a flat
plate were reduced. Wang et al [7] found that the
non-dimensional spacing of neighbor low-speed streaks
was reduced by 20% which should be a vital factor of

This work was funded by the National Natural Science Foundation of China, Grant No. 51161130525 and 51136003, supported by

the 111 Project, No. B0O7009.

www.springerlink.com



Hongwei MA et al. Investigation of Effects of Distributed Riblets on Aerodynamic Performance of Low-speed Compressor 593
Nomenclature
STH with smooth film Yaw flow angle at outlet (degree)
HR with riblet on hub Beta pitch angle at outlet (degree)
HBR with riblet on hub and partial suction side cvz Vai /Usp, axial flow coefficient
RPM rotational speed (r/min) cpt (Pt,—Pty) /Dp, Pt coefficient
N Reduced rotational speed (r/min) cps (Ps1—Psy) /Dp, Ps coefficient
Dp dynamic pressure at inlet (Pa) Greek letters
Ps static pressure at outlet (Pa) & relative total pressure loss coefficient
Pt total pressure at outlet (Pa) normalized by Dp
Vv velocity (m/s) Subscripts
Usip tangential velocity of blade tip (m/s) 0 compressor inlet
cva Vo ! Ugp, axial velocity coefficient at inlet 1 compressor outlet
cp (Ps1—Psp) /Dp, static pressure rise coefficient t tangential
W2u V; in RF at outlet (m/s) a axial

drag reduction. Although a uniform conclusion of the
mechanism of the drag reduction by riblet is not achieved,
more and more practical application [8-11] have been
investigated, and promising results were reached. Mat-
thias and Leonhard [8] carried on an experimental inves-
tigation of a highly loaded compressor cascade, a reduc-
tion of 5% of the total pressure loss coefficient was ob-
served, within the Reynolds number range from 1.5ES to
11.0ES. Karsten et al [9] investigated effects of the ma-
chined riblet structures, which are fabricated by grinding
and laser machining, on the performance of a compressor
cascade. They considered that undersized groove height
and tip angle which is not small enough as design should
be responsible for the low loss reduction value (1.6%).
After an improvement of the machining process, a total
pressure loss reduction up to 7.2% could be reached [10].
Christopher et al [11] summarized the advances in
manufacturing of riblet on compressor blades. Applica-
tions of riblet on industrial products recently are limited
by the machining method, and it’s easy to understand the
difficulty of manufacturing uniform riblet on continu-
ously variable surfaces. As a result, more and more re-
searches are carried on with numerical simulation
method. For example, James and David [12] suggested
that optimized height of the riblet might have to grow
with downstream distance from the results of their LES
simulations. Nevertheless, research of effects of riblet on
a real compressor test rig is rare. Ma et al. [13] investi-
gate the effects of the same kind of riblet utilized in this
article on the unsteady flow field at the outlet of an axial
fan. Positive result has been observed through detailed
steady and unsteady measurement.

This paper presents an experimental investigation of
effects of distributed riblet on the flow field of an axial
compressor isolated-rotor stage.

Experimental Procedure

Experimental Facility and Test Technique

The experimental investigation was carried out in a
large-scale compressor facility, as shown in Figure 1, in
National Key Laboratory of Science and Technology on
Aero-Engines at BUAA. An isolated rotor is deployed to
provide the research environment. The compressor is
operated at four operational points, (cva=0.55, near-stall
point; 0.60, mid-operating point; 0.65, design point; 0.77,
large massflow point), under two reduced rotational
speed of 700 RPM and 900 RPM with a rotation speed
drift of 0.5RPM. The diameter of the compressor casing
is 1 m, while the hub-to-tip ratio is 0.6. The isolated-rotor
stage comprises 17 blades with a tip clearance of 3 mm.
The rotor blades with C4-series airfoil are designed in
terms of the free vortex law. The blade camber angle is
26.5 degrees, and the blade stagger angle is 33.4 degrees.
The measurements were taken at the Reynolds number of
4.4~5.6x10° based on the blade chord and the inlet ve-
locity.

Fig.1 The research isolated-rotor
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Figure 2 illustrates the sectional view of the riblet. The
riblet film is rectangle grooved type with a height of 0.1
mm. Most researches on riblet recently concern a lot
about the manufacture process [11]. Some researchers
[8-10] preferred precision machining directly on the
blades, while others [13] chose to apply customized films
on the immersed surfaces. In this research, plastic sheet
with a uniform thickness was machined by compression
moulding method. The total thickness, including adhe-
sive coating, is 0.24 mm, which means 0.15% of the
pitch at mid-span or 0.11% of the passage height. It is
rational to neglect the blockage of this film. Typical pa-
rameter s' equals 38, while h' is 4, which is a compro-
mise of feasibility and performance.
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Fig. 2 Riblet distributed on the blades

The configurations explored include a) grooved hub
and b) grooved surface on both hub and partial suction
surface, as shown in Figure 3. Another case with a
smooth film is referenced as the baseline. In both of the
riblet configurations, direction of the micro-channels on
the riblet film was aligned parallel with the axial direc-
tion. In the configuration b, riblet film was also applied
to the lower one third of the suction side surface. It
should be noted that the film was extended to the pres-
sure side from the leading edge to 10% axial chord
downstream.

(a) Riblet configuration a (b) Riblet Configuration b

Fig. 3 Configurations of riblet distribution

The plane at 10% chord downstream from the rotor
trailing edge was measured using a mini five-hole pres-
sure probe and a total pressure probe at 45 spanwise sta-
tions. The five-hole probe has a conical head with a di-
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ameter of 2 mm. Its measurement uncertainties of angles
are less than 1° while the uncertainty of total pressure is
less than 1.0%.

The total pressure probe has one pressure tap with a
diameter of 2.2 mm. The initial yaw angle of each radial
station was calculated from the data from the measure-
ment of five-hole probe. Sampling number per station of
total pressure probe was 200k with a sampling rate of
20k.

A PXle data acquisition system provides a high level
of performance with synchronization technology. The
measurement was programed in the environment of
LabVIEW. During the experiment, the method of soft-
ware triggering is chosen rather than phase-locked sam-
pling technique, with which continuous signal is recorded.
The response time of optical trigger subsystem is less
than 1E-5 second. The data reduction method utilized in
this paper could refer to the literature [14].

Result and Discussion

Figure 4 gives the performance maps of the three in-
vestigated cases at two reduced rotational speed. An im-
provement could be observed at the operational points of
near-stall and large massflow condition at lower rota-
tional speed. As the rotational speed increases, an evident
improvement also appears at mid-operating condition. As
known, the performance of a compressor test rig always
utilizes static pressure taps on the casing at inlet and out-
let to evaluate the static pressure rise or ratio (high-
loaded compressor); nevertheless, the pressure taps can-
not be accurate enough to show the area-averaged static
pressure at the outlet. As a result, more detailed meas-
urement was performed to assure the precision.

Overall performance comparison

Figure 5 illustrates the mass-averaged & at two re-
duced rotational speed.

1 1
§=GPUSpn =5 PWS =Fs)/Dp (1)

The Eq. (1) gives the definition of total pressure loss
in the rotational frame, where W, is the relative velocity
at the outlet. U,y in the Eq. gives the distribution of
tangential velocity of the rotor.

Both the riblet configurations exert positive effects on
the performance of the compressor as shown in Figure 5a.
However, the two configurations show different tendency
along with the growth of the axial velocity coefficient.
Relative total pressure loss of the configuration HR de-
creases with cva, while HBR has a peak loss reduction at
the mid-operating point. As cva increases, the included
angle between the flow and the riblet would be less,
which contributes to more loss reduction. However, the
configuration HBR appear to introduce negative impact
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Fig. 4 Performance map

on the performance while cva is greater than 0.6. To put
it another way, the additive riblet film on suction side of
the blade should account for the further reduction of loss
at near-stall condition and weaken positive effects at de-
sign point.

The maximum loss reduction (48%) locates at the
large massflow point while configuration HR is applied.
The compressor operates around mid-operating and de-
sign point more frequently, as a result, 28% would be a
more suitable typical value.

While the compressor operates at the higher N, as
shown in Figure 5b, the riblet film on the suction side of
the blade obviously impose a negative effect on the per-
formance. In addition it is worth noting that the loss re-
duction effect almost disappears at the near-stall point.

Figure 6 demonstrates the area-averaged axial velocity
coefficient, namely the flow capacity. The case HR
shows small positive effects to the compressor.

Figure 7 demonstrates the area-averaged static pres-
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sure coefficient of the three cases at two reduced rota-
tional speed. The rotational speed leads a main impact on
the performance of static pressure rise. In Figure 7a, con-
figuration HBR shows an improvement of compression
capacity and the maximum rise (10.4%) is marked.
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Fig. 5 Mass-averaged & in RF at outlet

Spanwise distribution of £ in RF

Figure 8 shows the spanwise distribution in rotational
frame. Three operational points, including a) N= 700
r/min, cva= 0.60, b) N= 700 r/min, cva= 0.77, ¢) N= 900
r/min, cva= 0.60, are demonstrated. In the following
paragraphs, these representative operational points would
be discussed.

At the operational point a, a small but clearly depres-
sion of loss could be observed below 10% blade height.
The maximum effected region is located at 10% to 80%
blade height, which could be also observed at the opera-
tional point b. Nevertheless, at the large massflow point
the positive impact at upper-half passage turns weaken
comparing with that of mid-operating point. Figure 8c
gives the comparison of spanwise distribution of & at N=
900r/min. The configuration HBR throws negative im-
pact at 8% to 20% blade height.
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Fig. 6 Area-averaged cvz at outlet

What’s interesting in Figure 9a is that the configura-
tion HR would affect the lower 40% passage, while HBR
offset the whole spanwise distribution, which is in accord
with the riblet distribution. However, in higher reduced
rotational speed, both configurations of riblet would im-
pact the 30% to 70% blade height.

Spanwise distribution of cps

Considering Eq. (1), the contribution of loss reduction
could be decomposed into two main factors, i. e., pa-
rameter Ps and W,. In order to analysis the mechanism of
loss reduction, Figure 10 illustrates the spanwise distri-
bution of Yaw, W2u, and Beta, while cva= 0.60, N= 700
r/min. The influence of Beta could be ruled out as the
small variation. W, of the three cases almost stay un-
changed which is not necessary to display. Figures 10a
and 10b shows that the flow angle at the outlet of the
rotor is affected, which contribute to a larger W, at the
outlet.

Combined effects could be obtained from Figure 9a
and Figure 10a; configuration HR gives larger cps below
40% blade height and larger flow deviation angle be-
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Fig. 7 Area-averaged cps at outlet

tween 20% to 80% span. At the same time, HBR gives
larger cps across the whole blade span and small flow
deviation angle. This could explain the same loss reduc-
tion value while cva= 0.60, N=700 r/min.

In the previous published literatures, a typical loss re-
duction of 12% with riblet was considered to be perfect.
The loss reduction of 48% obtained in this research,
however, is not contradictory to that result. The riblet
film applied not only modifies the boundary layer be-
havior on the hub, but also creates positive effects to-
wards the hub corner separation from the leading edge of
this rotor.

Figure 11 illustrates the contours of cpt for the three
cases. The low cpt region marked in Figure 11a is clearly
improved in the riblet configurations. Besides that, the
area affected by the corner separation is reduced, which
could be observed in Figures 11b and 11c.

Conclusions

This paper presents a detailed experimental investiga-
tion on effects of two riblet configurations on the flow
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field of an axial compressor isolated-rotor stage. Several
conclusions are listed as follows:

(1) The riblet applied on the hub has a better loss re-
duction effect than the configuration b in this test setting.
The maximum loss reduction (48%) locates at the large
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massflow point, N= 7001/min, in the HR configuration.

(2) The riblet not only modifies the boundary layer
behavior on the hub, but also create positive effects to-
wards the hub corner separation from the leading edge of
this rotor.
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(3) The loss reduction characteristic of the riblet film
is strictly limited by the rotational speed of the rotor,
which indicates that the cross section and install direction
of riblet has to be carefully chosen for the design point.

(4) In order to improve the performance of a com-
pressor, further study should be carried out to understand
its complex flow field of a research compressor. It would
be better to distribute the riblet on some critical area for
more improvement.
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