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Roughened aeroengine blade surfaces lead to increased friction losses and reduced efficiency of the individual blades. The surface
roughness also affects the wake flow of the blade and thus the inflow conditions for the subsequent compressor or turbine stage.
To investigate the impact of surface roughness on a turbulent blade wake, we conducted velocity field measurements by means of
stereo particle image velocimetry in the wake of a roughened turbine blade in a linear cascade wind tunnel. The turbine blade was
roughened at different chordwise locations. The influence of the chordwise location of the added surface roughness was examined
by comparing their impact on the width and depth of the wake and, the positions and distribution of vortical structures in the wake.
Additionally, the friction loss coefficients for different surface roughness positions were estimated directly from the velocity field.

1. Introduction

Theaerodynamics ofmultistage turbomachinery is extremely
complex due to the inherent unsteadiness and three-
dimensionality of the internal flow. Designing aerodynami-
cally efficient aeroengines is a challenging task that requires
detailed knowledge about unsteady boundary development
and transition [1, 2], the structure of blade wakes [3, 4],
and the interaction of these wakes with downstream blades
[5, 6]. The dominating unsteadiness of the internal engine
flow results from the relative motion of rotor and stator
blades and is periodic in nature. Additionally, turbulent
inflow conditions and variations of the blades’ geometry and
surface roughness within a turbine or compressor stage lead
to aperiodic fluctuations of the flow. Although the stochastic
fluctuations are generally smaller in amplitude than the
periodic variations, they can have significant influence on
the aerodynamic [7, 8], aeroacoustic [9], and aeroelastic
properties [10, 11] of turbines and compressors.

Surface roughness on aeroengine blades can be induced
by manufacturing or repair processes and by operational and
environmental conditions. It reduces the blades’ efficiency
by increasing the boundary layer momentum loss and blade
skin friction and by precipitating boundary layer transition.

At high Reynolds numbers, surface roughness also raises the
odds for flow separation to occur, leading to further increased
losses. The influence of surface roughness on a particular
blade does not only affect that blade’s efficiency, but also
reaches even further by affecting the wake flow and thus
the inflow conditions for subsequent compressor or turbines
stages.

To allow for economical manufacturing and repair pro-
cesses and to improve and tailor the individual process
steps, geometric and dimensional manufacturing tolerances
based on the aerodynamic effects of surface roughness are
required. Determining these tolerances requires a profound
understanding of the effect of surface roughness on the
aerodynamic performance of aeroengine blades, including
secondary effects on the turbulent wake flow.

To investigate the impact of surface roughness on a
turbulent blade wake, we conducted velocity field mea-
surements in the wake of a roughened turbine blade in
a linear cascade wind tunnel by means of stereo particle
image velocimetry (PIV). The turbine blade was roughened
at different chordwise locations considering two roughness
heights.

In the following, the turbine blade profile, surface rough-
ness application, and experimental setup are described first.
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Figure 1: The linear cascade wind tunnel at the Institute of Turbomachinery and Fluid Dynamics (Hannover, Germany). The PIV region of
interest is presented in the inset.

Subsequently, the experimental results are presented and
discussed focusing on the impact of the added surface
roughness on the width and depth of the wake, the positions,
and distribution of vortical structures. A recently proposed
method to estimate the friction loss coefficient directly from
themeasured velocity field data is presented and the variation
of the friction loss with added surface roughness is addressed.

2. Materials and Methods

2.1. Linear Cascade Wind Tunnel. Velocity field measure-
ments by means of stereo PIV were conducted in a cross
sectional plane in the wake of turbine blades in the linear
cascade wind tunnel of the Institute of Turbomachinery
and Fluid Dynamics of the Leibniz Universität Hannover
(Figure 1). The air flow in the linear cascade wind tunnel
was supplied by three screw-type air compressors allowing
for a maximum mass flow of 8.9 kg/s. Compressed air was
cooled down to a temperature of 298K ± 5K and guided
through flow straighteners and a settling chamber to generate
a homogeneous inflow with a turbulence intensity of 4.5% in
the cascade inlet plane. The position of the cascade box can
be progressively varied to alter the inflow angle. A boundary
layer suction system at the side walls of the cascade box
prevents flow separation at the blade corners ensuring two-
dimensional flow conditions.

2.2. Turbine Blade Profiles and Surface Roughness. The wind
tunnel blades were designed to meet the aerodynamic

properties of turbine blades in a second stage of a high
pressure turbine of a civil aircraft engine [12]. The cascade
box contained seven blades in total to ensure periodic flow
conditions. The middle blade was split into two parts, where
one part served as a reference state and the other part
was roughened in the present investigation, similar to the
procedure followed by Lietmeyer [13] (Figure 2(a)). Surface
roughness was applied on the suction side of the blade at
four positions along the chord: 0.05𝑐, 0.2𝑐, 0.5𝑐, and 0.85𝑐
(Figure 2(b)). This corresponds to the very leading edge,
the position where the streamwise pressure gradient changes
sign, and positions directly before and after boundary layer
transition. The applied surface roughness includes spanwise
bands of 4mm width covered with sand grains of mesh sizes
120 and 80 at the prescribed location.

2.3. PIV Setup. The velocity field in the wake of the rough-
ened turbine blade was measured for two different inflow
Mach numbers, Ma ∈ {0.10, 0.15} and normalised roughness
heights 𝑘/𝑐 ∈ {0.02, 0.03}. The Reynolds numbers based on
the outflow conditions are Re= 211 600 and 322 000, spanning
the range of expected Reynolds numbers of aircraft engines in
cruise conditions [14].

The stereoscopic PIV data was evaluated according to
standard procedures (cf. Raffel et al. [15]) using the multigrid
algorithm with image deformation and a final interrogation
window size of 24 px×24 px and an overlap of 50%.This yields
a grid spacing or physical resolution of 12 px or 1.33mm =
0.02𝑐. Series of thousand images were recorded for different
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Figure 2: Top view of the test blade in the linear cascade wind tunnel (a) and turbine blade profile with chord length 𝑐 (b). On locations 1–4
the surface is successively roughened along part of the blade height on the probe blade.
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Figure 3: Definition of the two coordinate systems in which the data is presented. Additionally, the blade’s chord length 𝑐, blade setting angle
𝜆, and blade wake angle 𝛽 are indicated.

surface roughness application and different inflow Mach
numbers to ensure convergence of the first- and second-order
statistical properties.

The probability for detecting valid displacements in the
PIV data set was higher than 90% and remaining spurious
vectors were detected and replaced using the automated
postprocessing algorithm of Garcia [16]. The inaccuracy in
determining the valid displacements is given by the single
displacement error, which is decomposed into the random
error or measurement uncertainty and the bias error. Based
on careful analysis of the results, the random error was
estimated smaller than 0.2 px and the bias error smaller than
0.05 px.

The data is presented in two coordinate systems
(Figure 3). The (𝑥, 𝑦)-coordinate system is fixed in the linear
cascade tunnel reference system where 𝑥 and 𝑦 represent the
axial and vertical coordinates. The origin coincides with the
trailing edge of the blade under investigation. To facilitate
comparison of the wake parameters, part of the data is
presented in a wake-oriented coordinate system (𝑥

𝑎
, 𝑥
𝑛
),

with 𝑥
𝑎
being the streamwise coordinate along the wake

centerline and 𝑥
𝑛
being the wake normal coordinate and

the origin still located at the blade trailing edge. The wake

centerline is determined by least square fitting locations of
minimum time averaged velocity in the wake.

3. Results and Discussion

Measured averaged velocity fields in the wake of the turbine
blades in a linear cascade are presented in Figure 4 for suc-
cessively added surface roughness on the suction side of the
central cascade blade and Re = 3.2 × 105. The blade
wakes are readily identified by the velocity deficit. With
increasing surface roughness the velocity deficit in the wake
increases and a clear difference arises between the wakes of
the roughened central blade and those of the surrounding
untreated smooth blades.

To qualitatively analyse the effect of the localised surface
roughness on the wake flow, wake parameters including wake
width and blade deflection angle were determined andwill be
compared here.

3.1. Wake Parameters. As a first step towards the analysis of
the wake parameters, the wake centerline of the test blade
is determined as the best fitting linear curve connecting
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Figure 4: Averaged velocity fields in the wake of the smooth (a) and roughened (b–e) surface blades for Re = 3.2 × 105. The roughness is
successively added at indicated locations 1–4 resulting in the fields (b–e), respectively.

the locations of minimum average velocity in its wake
(Figure 5). The angle between the wake centerline and the
horizontal represents the deflection of the flow by the blade
and is denoted by the wake deflection angle 𝛽. The wake cen-
tres are determined with a subgrid resolution. Therefore, the
accuracy of the determined value for 𝛽 is mainly determined
by the quality of the linear fit. After careful analysis of the
results, the uncertainty for 𝛽was estimated to be smaller than
0.05∘.

Presenting the data in the wake-oriented coordinate
system (Figures 6(a) and 6(b)) reveals that the out-of-
plane vorticity component 𝜔

𝑧
, defined as 𝜔

𝑧
= 𝜕V/𝜕𝑥 −

𝜕𝑢/𝜕𝑦, vanishes along the wake centerline. This indicates
that the wake centerline is well captured by the linear fitting
curve based on the velocity minima. The wake width Δ is
determined along thewake centerline as the distance between
locations of minimum and maximum vorticities from the
cross wake profiles (Figure 6(d)).

The influence of the Reynolds number and the location
of surface roughness application on the velocity minimum at
wake centerline and the blade deflection angle is summarised
in Figure 7. The velocity minimum is a measure for the
velocity deficit in thewake and for the aerodynamic loss.With
added surface roughness, the minimum velocity decreases,
indicating an increase in drag. For Re = 3.2 × 105, there is
a constant decrease with added surface roughness whereas
for Re = 2.1 × 105 the roughness added at the very leading
edge does not have a significant influence for 𝑘/𝑐 = 0.02. For

the lower Reynolds number the boundary layer at leading
edge is less susceptible for surface roughness.

A similar behaviour is observed for blade deflection angle.
For Re = 2.1 × 105 and 𝑘/𝑐 = 0.02, surface roughness at
very leading edge does not yield a measurable change for 𝛽.
Once surface roughness is added at location 2, the blade angle
decreases. For Re = 3.2×105, the blade angle is always smaller
than for Re = 2.1 × 105 and decreases steadily with added
roughness.

Variations of the blade deflection angle are important
due to their potential influence on the aeroelastic and
aeroacoustic properties of subsequent turbine stages. The
influence of the surface roughness height is negligible for
the roughness heights considered here and is omitted in the
following discussion.

As expected and indicated in Figure 6, the wake width
increases along the wake coordinate 𝑥

𝑎
(Figure 8). This

evolution is approximately linear for all surface conditions
and a constant wake growth rate was determined as the slope
of the linear fitting curve. Comparison of the wake growth
rate in wake for different surface conditions in Figure 9
reveals that the wake growth rate increases continuously
when surface roughness is added to location 2 and beyond.
The growth rate is larger for higher Re-number, except for
the smooth blade where differences lie within the range of
accuracy.

3.2. Direct Estimate of the Loss Coefficient. To quantify the
friction loss due to additional surface roughness we applied
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Figure 5: Averaged velocity field in the wake of the smooth surface blade for Re = 3.2 × 105. The wake centerline is determined as the least
square fit of the minimum averaged velocity in the wake.
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Figure 6: Averaged velocity (a) and vorticity (b) field in the wake of the smooth surface blade for Re = 3.2 × 105 represented in the wake-
oriented coordinate system. The wake width Δ, determined from cross wake vorticity profiles, is indicated in the cross wake velocity (c) and
vorticity (d) profiles one chord length downstream of the blade’s trailing edge.
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applications of surface roughness and Re = 3.2×105 and 𝑘/𝑐 = 0.03.
The dashed lines represent linear fits of the wake growth.

the method described by Zhang et al. [17], which allows us to
estimate loss behaviour directly from the measured velocity
field in the wake. According to Zhang et al., the comparative
control volume analysis for a smooth and roughened turbine
blade can be reduced to

∫
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Figure 9: Influence of the localised surface roughness on the wake
growth rate for two Re numbers and 𝑘/𝑐 = 0.03.

with 𝜌out and 𝑢out being the density and velocity at the outlet
plane 𝐴out of the control volume in Figure 10, under the
assumption that variations in pressure force can be neglected
with respect to the contributions by the friction force 𝐹

𝑠
.

Consequently, ameasure of the friction loss due to surface
roughness can be determined in terms of a loss coefficient 𝜁

𝐹
𝑠

,
which is defined here as

𝜁
𝐹
𝑠

=
Δ𝐹
𝑠

max (Δ𝐹
𝑠
)

(2)

and was calculated by subtracting the momentum flux at
𝑥
𝑎
/𝑐 = 1 corresponding to the smooth and rough surfaced

blade.
To compensate for fluctuations of the inflow and minor

measurement uncertainties, the wake velocity profiles of the
rough surface cases were shifted over an offset Δ𝑈

0
=

𝑈
0,smooth −𝑈0,rough in the outer wake as indicated in Figure 11.
The resulting estimates for the loss coefficient 𝜁

𝐹
𝑠

for Re =
3.2 × 10

5 are depicted in Figure 12. Despite the negative value
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for the resulting loss coefficient corresponding to the surface
roughness near the very leading edge, the trend observed
for additionally added surface roughness at positions 2, 3,
and 4 corroborates previous results. The losses increase with
added roughness but in the increase in friction loss decreases.
The largest change is observed when roughness is added to
positions close to the location of boundary layer transition
while additional roughness near the trailing edge only leads
to a minor increase of friction losses.

3.3. Wake Vortical Structures. To better understand the
continuous increase in wake growth rate in Figure 9 we
determine the location of vortical structures in individual
snapshot of the wake flow field and subsequently determined
the probability distribution of vortical structures (Figure 13).
The position of individual vortex cores was detected by using
a scalar function Γ

2
introduced by Graftieaux et al. [18] as

described previously by Mulleners and Raffel [19].
We notice two things from the probability density maps.

First, the probability density for both clockwisely rotating
vortices, which are found in the suction side of the wake,
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−0.5

Position of the roughness elements

𝜁 F
𝑠

Figure 12: Influence of the localised surface roughness on the loss
coefficient for Re = 3.2 × 105 and 𝑘/𝑐 = 0.03 according to (1) and
(2).

is always larger than that for counterclockwisely rotating
vortices, which are encountered in pressure side of the
wake. Second, the probability densities for both clockwisely
and counterclockwisely rotating vortices increase with added
surface roughness.

For the smooth surface, the larger velocity gradients in
the suction side boundary layer lead to increased production
of clockwisely rotating vortical structures. When surface
roughness is added, the velocity in the wake centerline
decreases yielding larger shear rates on both sides of thewake,
increasing the overall production of vortices. As a result of the
increased density of vortical structures at both sides of the
wake for successively added roughness, the overall repulsion
between clockwisely and counterclockwisely rotating vortices
increases leading to the observed increase in wake growth
rate.

4. Conclusion and Perspectives

Velocity field measurements by means of stereo PIV were
conducted in the wake of a locally roughened turbine blade
in a linear cascade wind tunnel to investigate the impact of
surface roughness on the wake flow. The data was presented
in a wake coordinate system to facilitate data analysis. Wake
parameters, such as velocity minimum, wake width, and
wake angle, were determined and compared for different
surface roughness conditions.The position where the surface
roughness is applied has a very strong influence on the
velocity deficit and wake deflection angle. The wake growth
rate was found to increase with added surface roughness,
which was related to an increased production and density of
vortical structures on both sides of the wake.

Further investigations will explore the impact of three-
dimensional multiscale roughness topographies represent-
ing actual damaged surfaces of engine blades. Due to the
inherent complex and three-dimensional nature ofmultiscale
roughness topographies and the wake flows, an experimental
approach based on PIV is preferential. To describe the surface
topographies and obtain generalisable results, the use of
probabilistic methods is desired. Based on the influence
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Figure 13: Probability density of vortical structures in the the wake of the smooth (a) and roughened (b–e) surface blades for Re = 3.2 × 105
and 𝑘/𝑐 = 0.03, with (b–e) corresponding to successively added roughness at locations 1–4 (Figure 2). The probabilities along the wake
coordinate are summed up in the bar plots at the right. The probability densities of counterclockwisely and clockwisely rotating vortices are
associated with shades of blue and red, respectively.
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of multiscale roughness topographies, guidelines for man-
ufacturing and repair processes of aeroengine blades are
envisaged.

List of Symbols

𝛽: Wake deflection angle
𝛾: Setting angle
Δ: Wake width
𝜔
𝑧
: Out-of-plane vorticity component
𝑘: Surface roughness height
𝑐: Blade chord length
Ma: Mach number
𝑛: Vortex position density
Re: Reynolds number
𝑈: Velocity magnitude
𝑈
0
: Inflow velocity magnitude
𝑈min: Velocity deficit at the wake centerline
�⃗� = (𝑥, 𝑦, 𝑧): Spatial coordinate system
�⃗� = (𝑥

𝑎
, 𝑥
𝑛
, 𝑥
𝑧
): Wake coordinate system

𝜌: Density
𝐹
𝑠
: Wall shear stress force
𝐹
𝑤
: Control volume wall force
𝐹
𝑝
: Airfoil form drag force
𝜁
𝐹
𝑠

: Loss coefficient.
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