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In the present study, a numerical simulation was conducted to investigate the influence of surface roughness on the aerodynamic
performance of a 1.5-stage highly loaded axial compressor at low Reynolds number. It was especially considered how the
roughness Reynolds number (k+) affected the change of the inlet and outlet conditions, the growth of the separation bubble
(LSB), the status of the limiting streamline, and the patterns of the wake. Regarding the roughness settings, five roughness
magnitudes and four roughness locations were mainly studied. The results showed that at low Re, surface roughness mainly
improved the stage performance by reducing the length and width of the LSB as well as the rotor tip vorticity, delaying the
occurrence of three-dimensional flow separation and increasing the turbulence level near the wall. However, it also aggravated
the incoordination between the subsequent stages to a certain extent, which limited further improvement of the overall
aerodynamic performance. Generally, with k+ increasing, the compressor aerodynamic performance improved and achieved
the best at k+ = 137:8. The maximum increases in the total pressure ratio, peak efficiency, and chocked mass flow were
approximately 4.01%, 5.34%, and 2.24%, respectively. In addition, for all the four roughness locations, the roughness covering
from the leading edge to 50% of the axial chord length on the suction surface had a relatively evident advantage in improving
the compressor peak efficiency because of the better control of the LSB and wall shear stress.

1. Introduction

When an unmanned aerial vehicle (UAV) cruises at high
altitudes, the Reynolds number (Re) based on the blade
chord decreased sharply, which seriously affects the separa-
tion, transition, and other flow conditions of the compressor
blade surface [1, 2]. At a low Reynolds number (Re < 105),
the onset of the boundary layer transition is delayed, and
the laminar flow tends to separate, forming a free shear layer
that undergoes a subsequent transition to turbulent flow [3].
As the Re further decreases, there is usually only laminar
separation but no turbulent reattachment on the blade sur-
face, which leads to a severe reduction in the efficiency and
steady work range of a compressor [4].

In order to further investigate and analyze the phenom-
enon and mechanism of the flow separation and transition
on the turbomachinery blade surface at low Reynolds num-
ber and to improve the aerodynamic characteristics, scholars
have adopted several active or passive techniques, including
utilizing a flexible membrane [5], blade surface layer suction
[6], casing treatments [7], pulsed vortex generator jets [8, 9],
and surface roughness control [10]. Compared with the
methods above, the surface roughness control method has
shown superiority in effectively controlling the development
of the boundary layer without imposing extra complex geo-
metric shapes on the blade. In the past few decades, the
influence of blade surface roughness on the aerodynamic
performance of a compressor has become a hot research
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topic, and the flow control method based on roughness has
tremendous application potential [11].

Research on the effects of surface roughness of compres-
sor cascades started early and extensive experiments and
numerical simulations have been conducted for detailed
investigations of roughness effects. Back et al. [12] measured
the profile loss and deviation angle of a certain low-speed
compressor cascade under different degrees of roughness
and found that both properties increased with increasing
roughness. In addition, the results showed that the rough-
ness of the suction surface leading edge was the dominant
factor in leading to variations in cascade performance, while
the pressure surface roughness had little influence. Kong
et al. [13] reported that roughness promoted strong turbu-
lent separation near the trailing edge compared to smooth
blades, which resulted in increased flow losses and asymmet-
rical wakes along the circumferential direction. Gbadebo
et al. [14] covered the stator suction surface with a sandpa-
per. The experiment revealed that the compressor perfor-
mance significantly decreased when the rough surface was
set between the leading edge and the peak velocity of the
suction surface, while the influence could be ignored when
the roughness was set downstream of the peak velocity. Im
et al. [15] used the LDV technique to measure the boundary
layer velocity and profile loss. The results indicated that the
size of the separation bubble was inhibited at the leading
edge and the turbulence level at the turbulent boundary layer
decreased at Re = ð2:1 ~ 3:8 × 105Þ, leading to a reduction in
the cascade profile loss.

For multistage axial compressors, much work has also
been done to study the influences of surface roughness on
the compressor stage performance. Syverud et al. [16, 17]
obtained test results from a series of accelerated deteriora-
tion tests on a General Electric J85-13 jet engine compressor
with eight stages to simulate the impact of surface roughness
on compressor stage performance by spraying atomized salt-
water into the engine intake. The surface roughness levels
and applicable Reynolds numbers were found to increase
profile losses, and the isentropic efficiency was reduced
approximately three percentage points along the operating
line. Morini et al. [18, 19] carried out numerical simulations
to analyze the influence of dirt deposition and roughness
level on the performance of NASA stage 37. The results
showed that the decreased efficiency in the choked flow
region mainly comes from the increase in flow blockage,
while the roughness itself had little influence. Moreover, they
proposed that stage performance was mainly affected by the
roughness of the rotor compared with that of the stator, and
the surface roughness of the suction side has a greater
impact than that of the pressure side. Bammert and Woelk
[20] took a three-stage axial flow compressor as the research
object and compared the aerodynamic performance of
blades with smooth and rough surfaces. The results reflected
that the total pressure ratio was reduced by a maximum of
30% and that the volume flow rate was reduced by 15%-
20% with roughness increasing. Chen et al. [21, 22] pointed
out that increasing surface roughness had little effect on the
stable working range of the compressor, while increasing
blade thickness reduced the stable working range. Further-
more, their numerical calculation of stage 35 showed that

the compressor performance dropped sharply when the
roughness was located near the root of the rotor and that
the roughness near the leading edge had a greater influence
on the performance than the roughness near the trailing
edge. In addition, the roughness of certain positions
improved the compressor performance to a certain extent.

Despite the efforts highlighted above, previous research
has mainly focused on high Re conditions. Under such con-
ditions, surface roughness was likely to reduce peak effi-
ciency and deteriorate compressor performance [23]. Thus
far, a few studies focusing on low Re conditions have been
carried out on large-scale cascades. However, few studies
have been conducted on small-scale compressors, and the
influence of the blade surface roughness on small compres-
sors at low Re needs further study. Therefore, this paper pre-
sents a numerical simulation of a small-scale 1.5-stage highly
loaded axial compressor under 20 km altitude conditions
(Re = 4:5 × 104) to investigate in detail the influences of the
local surface roughness of the rotor blade including rough-
ness magnitudes and locations on the stage performance,
as well as the aerodynamic parameter distributions and flow
field characteristics.

2. Numerical Methods and Research Programs

2.1. Baseline Geometry. The compressor used in this study
was a small-scale 1.5-stage highly loaded axial compressor,
which was designed and tested by the laboratory of the Insti-
tute of Engineering Thermophysics, Chinese Academy of
Sciences [24]. It was a typical axial compressor for small
aeroengines. At the design point, the rotor operated at a
speed of 25000 rpm. Detailed geometric and aerodynamic
parameters are listed in Table 1.

2.2. Numerical Methods

2.2.1. Flow Solver and Numerical Mesh. Numerical simula-
tions were performed using the commercial CFD software
ANSYS CFX to study the effects of surface roughness on
the compressor aerodynamic characteristics. The CFX code
solves the 3D Reynolds-averaged form of the Navier-Stokes
equations using the finite-element method based on a finite
volume. Second-order upwind discretization in space and
second-order central difference discretization in time are
used. Furthermore, the code adopts 24-point interpolation

Table 1: Parameters of the 1.5-stage compressor.

Parameter Design value

Design rotating speed (r/min) 25000

Total pressure ratio 1.72

Number of blades 31/36/59

Tip clearance (mm) 0.2

Hub clearance (mm) 0.15

Inlet chord length (mm) 23

Design tip speed (m/s) 361

Work coefficient 0.46

Inlet hub/tip radius ratio 0.72
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for hexahedral mesh elements which take advantage of the
numerical accuracy of the finite-element method, while
ensuring the conservation characteristics of finite volume
method.

The blade surface grid adopts the HOH topology struc-
ture, while the O4H topology structure is adopted at the
blade root and tip clearance. To accurately capture the vis-
cous flow near the wall, the solid wall at the blade surface
and the shroud/hub were encrypted. A maximum dimen-
sionless wall distance y+ = 1 was achieved on the first node
from the solid wall, and the structured mesh was generated
in NUMECA/Autogrid5 which was an automatic structured
grid generator for turbine machinery based on template
technology, dividing the o-type and H-type topology grids
easily. Then the mesh was exported to the CFX solver for
the next simulation. Structured meshing and block meshing
techniques were used for the 1.5 stage compressor in this
study. The numerical grid structures were shown in Figure 1.

The purpose of grid independence study was to find the
smallest grid configuration and number that can reduce the
amount of numerical calculation and ensure the accuracy of
calculation. Moreover, the calculation result changed a little
with the increase of the number of grids when achieving the
grid independence. In this paper, five different numbers of
grid configurations (1 million, 1.4 million, 1.8 million, 2.2
million, and 2.6 million) were selected, and the topological
structures and the distance of the first mesh normal to the

end-wall (0.003mm) of the five meshes were exactly the
same. The shear stress transport (SST k-ω) turbulence model
coupled with γ-θ transition model was used for numerical
verification (see below for comparison of turbulence
models). Besides that, the boundary condition of the numer-
ical validation part was set as the standard ground condition
(0 km altitude), while that of low Re was set as 20 km altitude

Figure 1: Computational grid structures in local domain of the compressor.

Table 2: Numerical parameters of the simulation at different altitudes.

Altitude/km
Total temperature

At inlet (K)
Total pressure
At inlet (Pa)

Physical rotation speed (r/min) Corrected rotation speed Reynolds number

0 288.15 101325 25000 100% 5:5 × 105

20 216.65 5529.3 21678 100% 4:5 × 104
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Figure 2: Grid independence validation.
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condition. Parameter settings are shown in Table 2, and spe-
cific boundary conditions are shown in the following section.

Figure 2 compares the chocked mass flow and peak effi-
ciency of the compressor calculated in different grids, and
the results showed that the two performance parameters
basically did not vary when the number of grid nodes
reached 2.2 million. Furthermore, Figure 3 shows the total
pressure ratio and isentropic efficiency curves of the com-
pressor obtained by experiment and calculations (using the
SST turbulence model coupled with γ-θ transition model
for the five different meshes) at 100% design speed. As can
be seen, the results changed a little as the number of grids
increased from 2.2million to 2.6million, and the two calcu-
lated parameters of the compressor were in good agreement
with the experimental results in the trend of the characteris-
tic lines, with only slight differences in specific values. In
general, for this compressor, it was considered that the grid

number of 2.2million had reached the requirement of grid
independence, and this was used as the calculation grid of
the further simulation.

2.2.2. Boundary Condition Setting at Low Reynolds Number.
Total pressure P0

1 and total temperature T0
1 were fixed to

an average value at the inlet, while average static pressure
Pg

2 was specified at the outlet boundary. Here, the inlet total
pressure and total temperature were set to 5529.3 Pa and
216.65K, respectively. The different points on the compres-
sion performance map were obtained by providing a series
of outlet static pressure values that gradually increased until
the working point reached the near-stall region where the
simulation could not achieve convergence. A mixing plane
approach was imposed at the rotor/stator interface. The
pitchwise boundaries were connected by periodic condi-
tions. On the blade surfaces and the endwalls, nonslip
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Figure 4: The compressor aerodynamic performance calculated by different turbulence models.
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adiabatic conditions were applied. The designed rotation
speed of this compressor was 25000 rpm, and the corrected
rotation speed for all calculations was 100% of the design
speed.

2.2.3. Turbulence, Transition, and Wall Modeling. Figure 4
compares the compressor characteristic curves calculated
by different turbulence models. In this study, the SST k-ω
turbulence model with or without transition model, the k-ε
turbulence model, and then standard k-ω turbulence model,
as incorporated within the CFX code, were used as the
numerical verification models for predicting the fully turbu-
lent flow. It can be found that the total pressure ratio of the
SST turbulence model with transition model was in the best
agreement with the experimental results, while that of the
other three turbulence models was somewhat higher than
the experimental results, which was more obvious close to
the blocking flow. In the efficiency characteristic diagram,
the calculation results of all the turbulence models differed
a little from each other and coincided with the experimental
values. There was only some deviation in the near blocking
condition, but the error was within the allowable range. In
contrast, the computed results of SST turbulence model with
transition model were in the best accordance with the test
results.

The SST k-ω model was proposed by Menter et al. [25],
and the core idea was that the robustness of the k-ω model
was used near the wall to capture the flow at the viscous bot-
tom, while the standard k-ε model was used in the main-
stream region to avoid the disadvantage of the k-ω model
that was too sensitive to the inlet turbulent parameters.
Meanwhile, the turbulent viscosity was redefined to consider
the turbulent shear stress transport. The advantages of the k
-ω model for the near wall region and standard k-ε model
for the far-field area were integrated.

The transition process of laminar-turbulent played an
important role in the calculation and prediction of turboma-
chinery at low Reynolds number, including the formation
location of the separation and transition and their effects
on the compressor aerodynamic performance. In this paper,
the SST k-ω turbulence model coupled with the γ-θ transi-
tion model was employed in computations after model cor-
rection [26] and numerical validation to capture the laminar
boundary layer separation and transition phenomenon on
the blade surface and to study the influence of surface
roughness on aerodynamic performance of the compressor
at low Re.

Automatic rough wall processing for the turbulence
model method was used in this study, which could automat-
ically convert from a wall function to the low-Re near-wall
formula, allowing for highly accurate simulations at the

Bellmouth Honeycomb Compressor Volute Gearbox Motor

Intake duct Tested compressor Volute

�ermal couples Pressure transducers

Figure 5: Sketch of the test rig, compressor, and rotor.

Table 3: Roughness magnitudes on the rotor blade surfaces.

Case number k+ Ra (μm) Rough regime

1 0 0

Aerodynamically smooth regime2 1.0 5.6

3 3.3 16.1

4 7.3 32.4

Transitionally rough regime

5 20.8 80.6

6 35.9 129.0

7 46.6 161.3

8 57.7 193.5

9 75.1 241.9

Fully rough regime
10 105.6 322.6

11 137.8 403.2

12 171.4 483.9
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sublayer portions of the boundary layer. Moreover, this wall
treatment method has been extended to rough walls. The
transition momentum thickness Reynolds number in the γ
-θ model was modified to simulate the effects of roughness
by combining automatic near-wall processing with the tran-
sition model.

2.2.4. Experimental Rigs and Test. The experiment was con-
ducted on the compressor test bench of the Institute of Engi-
neering Thermophysics, Chinese Academy of Sciences. The
compressor was driven by an 800 kW AC motor with a rated
rotation speed of about 3000 rpm, and they were connected
by a gearbox with a transmission ratio of 1 : 12. The flow rate
was measured by the flow pipe installed in the intake duct,
and the stall margins were detected by five high-frequency
dynamic pressure sensors (Kulite XCQ-062), which were
distributed equally along the casing wall in front of the rotor.
The performance parameters and characteristic curves were
obtained by measuring the total pressure and total tempera-
ture at the inlet and outlet of the compressor [24]. A sche-
matic diagram of the rig, compressor, and rotor is shown
in Figure 5.

In general, the results showed that the predicted perfor-
mance parameters were basically in good agreement with the
test results, and the error of the numerical simulation was
within the allowable range. Therefore, the numerical method
was reliable and could be used for further investigations.

2.3. Roughness Magnitudes and Locations

2.3.1. Roughness Magnitudes. Previous studies have shown
that the laminar flow separation zone may increase signifi-

cantly, even reaching 60% of the blade length, at low Reyn-
olds numbers (Re < 105). Under such conditions,
roughness could obviously affect the flow separation and
transition, thus influencing the aerodynamic characteristics
of the compressor.

Roughness usually refers to the geometric roughness of a
processed or contaminated surface and is expressed by the
geometric roughness Ra, while fluid mechanics is generally
described by equivalent sand roughness ks. Koch and Smith
[27] pointed out that the wall friction coefficient Cf can be
calculated from ks (see Equation (1)) that the roughness
Reynolds number k+ can be expressed as a function of Re,
Cf , and ks (see Equation (2)) and that ks and Ra satisfy the
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Figure 6: Roughness locations on the suction side of the rotor.
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relationship given in Equation (3).

Cf = 2:87 + 1:58 lg C
ks

� �2:5
, ð1Þ

k+ = Re ks
C

ffiffiffiffiffiffi
Cf

2

r
, ð2Þ

where

ks= 6:2Ra: ð3Þ

In addition, the Reynolds number is defined by u, Cx, ρ,
and μ (see Equation (4)) in this paper, where u is the rotor
tip inlet velocity, Cx is the chord length of the rotor tip,
and ρ and μ are the rotor inlet density and viscosity, respec-
tively. To ensure the similar working conditions of the com-
pressor under different Reynolds numbers, numerical
simulation is carried out at the same corrected rotating
speed and the same corrected mass flow. Table 2 shows the
specific parameters of the research.

Re = ρuCx

μ
: ð4Þ

The roughness Reynolds number k+ is a useful crite-
rion for dividing the roughness range. For a k+ < 5, the
viscous sublayer is fully established (aerodynamically
smooth regime), while for 5 < k+ < 70, the roughness ele-
ments are slightly thicker than the viscous sublayer and
start to disturb it (transitionally rough regime). As k+

exceeds 70, the sublayer is destroyed and viscous effects
become negligible (Fully rough regime) [1]. To effectively
stimulate the transition, considering the delay of the tran-
sition at the compressor blade surface and the large lami-
nar flow area under low-Re conditions, a total of 12
roughness levels ranging from k+ = 1:5 to k+ = 171:4 were

set, which covered as many roughness magnitudes as pos-
sible to explore the influences of blade roughness on the
aerodynamic performance of small-scale compressors.
The geometric roughness Ra and the dimensionless rough-
ness parameter k+ corresponding to these 12 roughness
magnitudes are shown in Table 3.

2.3.2. Roughness Locations. As mentioned above, Morini
et al.’s [18] research showed that the effects of the surface
roughness on the rotor were greater than those on the stator,
and the suction surface had a greater influence on perfor-
mance than the pressure surface. Therefore, the roughness
on all blade surfaces of the rotor (labeled ALL) was first set
to observe the variations in performance. Then, roughness
was added at different locations on the suction surface of
the rotor to explore the most effective location. Four rough-
ness locations were imposed on the suction surface covering
25%, 50%, 75%, and 100% of the suction side from the lead-
ing edge (marked 25%-SS, 50%-SS, 75%-SS, and 100%-SS, as
shown in Figure 6).

Furthermore, from the above 12 roughness schemes, six
typical roughness schemes including k+ = 0, k+ = 3:3, k+ =
20:8, k+ = 46:6, k+ = 105:6, and k+ = 137:8 were selected from
the ALL scheme including all the three regions to represent
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Figure 8: Influences of surface roughness on the aerodynamic performance of the compressor.

Table 4: Predicted performance parameter of the compressor at
typical roughness magnitudes.

Roughness
magnitudes.

Chocked mass flow
(kg·s-1)

Peak
efficiency

Total
pressure ratio

Smooth 4.5966 0.76517 1.6409

k+ = 3:3 4.6009 0.77051 1.6456

k+ = 20:8 4.6272 0.78411 1.6648

k+ = 46:6 4.6571 0.79892 1.6834

k+ = 105:6 4.6910 0.80593 1.6928

k+ = 137:8 4.6945 0.80605 1.6941
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the flow characteristics within the different region for further
analyses.

3. Results and Discussion

3.1. Effects of Roughness Magnitudes on the
Aerodynamic Performance

3.1.1. Overall Trends in Aerodynamic Performance. The
rotor blade surface roughness would considerably affect the
aerodynamic performance of the compressor under low-
Reynolds number conditions. Figure 7 shows the variation

of compressor peak efficiency and corresponding total pres-
sure ratio at the design point with the increase of dimension-
less roughness parameter k+. The result showed that the
peak efficiency and the total pressure ratio of the compressor
first raised rapidly with the increase of k+; then, the increase
in performance parameters gradually slowed down after k+

= 80. Finally, both values of them reached the maximum
and tended to be stable.

Figure 8 shows the characteristic curves of the compres-
sor for the six cases selected from the ALL scheme. The var-
iation trends for the total pressure ratio and isentropic
efficiency were similar to the six roughness magnitudes.

1.0

0.8

0.6

0.4

0.2

0.0
1.40 1.50 1.60 1.70 1.80 1.90 2.00

Sp
am

Total pressure ratio

1.0

0.8

0.6

0.4

0.2

0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Sp
am

Isentropic efficiency

0.0

Smooth
k+ = 3.3
k+ = 20.8

k+ = 46.6
k+ = 105.6
k+ = 137.8

Figure 9: Spanwise variation of performance parameters at the compressor rotor outlet section.

Tip leakage vorticity

�e wake vorticity

(a) Smooth (b) k+ = 20:8

(c) k+ = 46:6 (d) k+ = 137:8

Figure 10: Distribution of streamwise vorticity on rotor outlet plane at different k+.

8 International Journal of Aerospace Engineering



However, roughness caused the curve to shift to the upper
right, and the degree of deviation increased with the increase
of k+. It can be noticed that the impact of roughness on the
aerodynamic performance of the compressor was reflected

in the increase of total pressure ratio and isentropic effi-
ciency on the one hand and in the change of overall flow rate
on the other hand. The maximum increase in total pressure
ratio, peak efficiency, and chocked mass flow were
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approximately 4.01%, 5.34%, and 2.24%, respectively, at k+

= 137:8. Table 4 presents the concrete performance param-
eters for the six cases. The compressor efficiency and pres-
sure ratio were more sensitive to blade surface roughness
compared with the chocked mass flow. In addition, rough-
ness increased the compressor surge margin to some extent,
and the chocked mass flow increased more than the near
stall flow. In fact, the surface roughness at low Re can effec-
tively restrain the boundary layer from growing rapidly after
the transition, thus reducing the blocking and mixing loss of
blade trailing edge. Furthermore, the compressor overall
mass flow increased, and the steady work range was broad-
ened [28].

Figure 9 reports the radial profiles of the mass-averaged
stage total pressure ratio and isentropic efficiency at the
rotor outlet section for the six cases. With increasing k+,

the total pressure ratio slightly decreased at 5%~30% span
and significantly increased at 30%~90% span. Moreover,
the increasing degree of parameters was significantly greater
than the decreasing degree. At k+ = 137:8, the total pressure
ratio at the blade root reduced approximately 3.67%, while it
increased about 9.49% at the blade tip. The variation trend
in the spanwise isentropic efficiency was similar to that of
the total pressure ratio. Roughness somewhat reduced the
efficiency of the blade root while dramatically improving
the blade tip efficiency until both values almost remained
constant. In addition, the efficiency of the main flow field
of the cascade channel was significantly higher than that
near the endwall due to the loss of the endwall.

In order to preliminarily discuss the flow mechanisms
along the spanwise distribution of the aerodynamic perfor-
mance at the rotor outlet, Figure 10 shows the streamwise
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vorticity distribution on rotor outlet plane. For the smooth
blade, there were extremely large vorticity regions caused
by tip leakage which were identified near blade tip regions,
while there was also a region near the blade root with a
strong axial component of vorticity due to the wake shed-
ding. As k+ increased, the range and intensity of the leakage
vorticity near the rotor blade tip decreased significantly,
reaching the minimum at k+ = 137:8, and the intensity of
the shed wake vorticity from the middle span to the top span
also decreased to a certain extent. In addition, the starting
position of the wake vorticity (the black square part in the
figure) gradually moved down to the blade root, reaching
the bottom (about 20% of the blade height) at k+ = 137:8.
Therefore, with the increase of k+, the loss caused by the
streamwise vorticity from the middle to the top of the blade
continuously decreased, while it near the blade root slightly
increased, which together led to the change of compressor
performance. Certainly, the result was consistent with the
performance curve in Figure 9.

3.1.2. Blade Loading and Wall Shear Stress of the Rotor
Suction Surface. The influence of rotor surface roughness
on blade loading is shown in Figure 11 with different
spanwise heights (10% span and 90% span). The static
pressure along the y-axis was nondimensionalized by the
reference pressure (inlet total pressure, i.e., 5529.3 Pa). In
Figure 11(a), the overall static pressure distribution of
the pressure surface (PS) changed a little. As k+ increased,
the acceleration zone of the suction surface leading edge
(10%-30% Cx) and the middle section (45%-55% Cx) grad-
ually disappeared, resulting in a decrease in momentum of
main flow and an increase in flow loss. In addition, the
transition occurred earlier with increasing roughness. The
overall blade loading of the suction surface decreased from
the middle section to the trailing edge, and the zone of the
pressure envelope also decreased. The performance ability
of the blade root decreased. Figure 11(b) shows that both
the PS and SS loading significantly changed at 90% span.
The static pressure of the PS increased, and the decelera-
tion section downstream of the SS leading edge shock
wave (10%-40% Cx) gradually transformed into an acceler-
ation section. The momentum of the main flow increased
after acceleration, and the ability to resist the reverse pres-
sure gradient was also enhanced, so the laminar flow sep-
aration loss was effectively suppressed. Furthermore, the
zone of the pressure envelope increased, which meant
the performance ability of the blade tip was enhanced. In
addition, due to the increase of radial pressure gradient,
the radial migration of the fluid toward the blade tip was
more difficult. As seen at k+ = 46:6, laminar separation
and turbulent reattachment occurred on the suction sur-
face at 45% Cx from the leading edge; that is to say, there
was a laminar separation bubble (LSB) that accounted for
approximately 15% of the suction surface from the leading
edge, and the area where the LSB was located presented a
“platform” distribution. And the blade loading changed lit-
tle as k+ increased from 105.6 to 137.8.

The skin friction coefficient for the rotor SS is given in
Figure 12. For the smooth blade, the laminar flow separation

zone and the flow loss were large. As the blade surface was
roughened with k+ = 46:6, the laminar separation of the
blade tip was effectively inhibited, and the length of LSB
was approximately 10% of axial chord length, while the
LSB was approximately 25% of the axial chord length at
the blade root. As k+ increased to 137.8, there was no
LSB on the rotor SS at both the blade root and tip. In gen-
eral, the figure shows that with k+ increasing, the LSB at
the root and tip of the blade was gradually suppressed
or even eliminated, and the wall shear stress would rise
to a high level.

Figure 13 illustrates the relative Mach number contours
of the flow field. At the blade root (10% span), because the
flow velocity of the main stream was small, the stronger
viscous dissipation in the turbulent region caused by
roughness was dominant. Therefore, the boundary layer
continued to accumulate and develop under the action of
friction. This led to significant thickening of the boundary
layer at the trailing edge (as seen in Figure 13(c)), which
meant the mixing loss and flow blockage were intensified.
In contrast, at the blade tip (90% span), due to high speed
of the main stream, the effect of roughness to restrain
laminar flow separation was dominant. The development
of the boundary layer was effectively restricted and the
width and depth of the wake continued to decrease.

3.1.3. Streamlines of the Rotor Suction Surface. Figure 14
shows the rotor SS streamlines for the four typical cases
(Smooth, k+ = 20:8, k+ = 46:6, and k+ = 137:8). Compared
with the smooth case, the laminar flow separation from
the tip to the middle of the blade was delayed as the blade
was roughened, and the transition began sooner. As seen
in Figure 14(c), turbulent reattachment and turbulent sep-
aration occurred after the transition, and the overall sepa-
ration zone greatly reduced. At k+ = 20:8, the laminar
separation point moved downstream approximately 4.1%
Cx and reattached on the wall at about 36.5% Cx down-
stream of the separation line. With k+ increasing to 46.6,
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the laminar separation point continued to move down-
stream, and the LSB shortened by approximately 10.2%
Cx. Turbulent separation appeared at the trailing edge.
As k+ increased to 137.8, roughness greatly suppressed
the development of the LSB, of which the length and max-
imum thickness decreased significantly and the turbulent
separation zone at the trailing edge nearly disappeared.
In general, roughness delayed laminar flow separation,
promoted the transition to occur in advance, and acceler-
ated turbulent reattachment, which reduced the separation
loss and improved the aerodynamic performance of the
compressor to a large extent.

3.1.4. Inlet and Outlet Flow Conditions of the Rotor. The
roughness of rotor blade surface resulted in the change of
the mass flow rate inside the compressor, which changed
the rotor inlet and outlet flow conditions. Figure 15 shows
variations in the inlet condition of the rotor (under the same
outlet back pressure). With the increase of roughness, the
inlet angle decreased, the angle of attack also decreased,
and the rotor spanwise inlet axial velocity increased. There-
fore, the ability of the fluid in the blade boundary layer to
overcome the viscous momentum and resist the reverse
pressure gradient was enhanced, resulting in a decrease of
low-energy fluid. In other words, the flow field around the
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rotor area was optimized, and the compressor efficiency was
improved. In addition, these changes subsequently influ-
enced the blade loading and the wall shear stress of the rotor.

In Figure 16, the relative velocity W downstream the
rotor at 50% span was plotted against the blade-to-blade
angle position θBB for the six cases analyzed. With increasing
roughness, no obvious shift of the center of wake toward
either the pressure or the suction side can be noticed, but
the mass flow area of the channel decreased due to fluid
dynamic blockage. Furthermore, the velocity magnitude at
the potential wake core increased. This led to a decrease in
the width and depth of the wake, which reached the mini-
mum at k+ = 137:8. Meanwhile, the compressor aerody-
namic performance achieved the best.

3.1.5. Inlet Flow Conditions and Streamlines of the Aft Stator.
Figure 17 reports the change trend of the spanwise inlet flow
angle and axial velocity of the aft stator at different k+. As
shown in Figure 17(a), the inlet flow angle at 5%-80% span
increased a little; that is to say, the attack angle and flow
turning angle increased. Therefore, the flow adverse pressure
gradient was enhanced and the centrifugal force generated
by the flow deflection advanced the flow separation, leading
to the increase of the flow loss. However, at 80%-95% span,
the inlet flow angle decreased, which optimized the flow field
and improved the efficiency. In Figure 17(b), at the blade tip,
the axial velocity increased; thus, the momentum of main
flow increased and the flow loss decreased. At the blade root,
the axial velocity decreased, which made the corner separa-
tion more likely to occur. Generally, it was difficult to distin-
guish which part of blade root and blade tip was dominant,
so further analysis was required.

Figure 18 presents the stator suction surface streamlines
for the typical four cases. With the increase of k+, the posi-
tion of the overall separation of the stator suction surface
gradually advanced, and the corner separation further inten-
sified. In other words, the roughness of rotor blade surface
increased the flow loss of the aft stator and aggravated the
incoordination between stages, which limited further
improvement of the overall aerodynamic performance of
the compressor.

3.2. Effects of Roughness Locations on the
Aerodynamic Performance

3.2.1. Overall Trend of Peak Efficiency. In addition to the
magnitudes of the surface roughness, the locations of the
surface roughness also affected the separation and transition
of the boundary layer on the blade surface, which then influ-
enced the flow loss and aerodynamic characteristics of the
compressor. In Figure 19, the variation in compressor peak
efficiency with roughness magnitudes and locations was
given. The locations of surface roughness had little effect
on the peak efficiency at k+ < 46:6. As k+ increased to
105.6, the increases in the peak efficiency of the 25%-SS
and 50%-SS cases were greater than those of the 75%-SS
and 100%-SS cases, and the locations of the roughness had
a larger impact as k+ continued to increase. At k+ = 137:8,
the peak efficiencies of the 25%-SS and 50%-SS cases were

significantly higher than those of the 75%-SS and 100%-SS
cases. Thus, two typical roughness values, k+ = 46:6 and k+
= 137:8, were selected for further analysis. Figure 20 shows
the variation in peak efficiency with different locations of
roughness. The results indicated that the improvements in
the value of the 25%-SS and 50%-SS cases were more signif-
icant than those of the 75%-SS and 100%-SS cases, and the
differences between the four cases continued to grow with
k+ increasing.

3.2.2. Wall Shear Stress and Boundary Layer Analysis of the
Rotor Suction Surface. The skin shear stress of the rotor SS
is given in Figure 21. As the surface was roughened with
k+ = 46:6 (in Figures 21(a) and 21(c)), the laminar flow sep-
aration was suppressed to a certain extent for the four
roughness locations, and the LSB at the blade tip was appar-
ently smaller than that at the blade root. The results showed
that 100%-SS, 75%-SS, and 50%-SS were more effective in
eliminating laminar flow separation and inhibiting the

3.3 20.8 46.6 105.6 137.8
0.77

0.78

0.79

0.80

0.81

0.82

0.83

Pe
ak

 effi
ci

en
cy

k+

25%-SS
50%-SS

75%-SS
100%-SS

3.3 20.8 46.6 105.6 137.8

k+

25%-SS
50%-SS

75%-SS
100%-SS

Figure 19: The variation in the peak efficiency with different
surface roughness magnitudes and locations.

0.825

0.818

0.811

0.804

0.797

0.790
0 25 50 75 100

Roughness coverage area

Pe
ak

 effi
ci

en
cy

k+ = 137.8
k+ = 46.6

Figure 20: The variation in the peak efficiency with different
roughness coverage area at k+ = 46:6 and k+ = 137:8.

13International Journal of Aerospace Engineering



length of the LSB than the 25%-SS case. However, for the
100%-SS case and the 75%-SS case, the wall shear stress in
the turbulent region increased to a relatively high level,
enhancing the strong viscous dissipation. As a consequence,
there were only slight differences in the wall shear values
between the four cases under the interaction of separation
loss and turbulence dissipation. In Figures 21(b) and 21(d),
with k+ increasing to 137.8, the laminar separation was
greatly delayed or even eliminated and the transition process
was sharply accelerated, which restricted the development of
the LSB. Furthermore, among the four roughness locations,
only the 25%-SS case still had a significant LSB, which led
to a certain separation loss. For the remaining three
schemes, the 50%-SS case kept the wall shear stress at a rel-
atively low level while eliminating the LSB. Therefore, the
50%-SS case had the most significant improvement on the
aerodynamic performance of the compressor.

The blade surface boundary layer parameters at 50%
span of the rotor SS are given in Figure 22. At k+ = 46:6, sur-
face roughness at different locations weakened laminar sep-
aration to a certain extent and inhibited the LSB’s negative
influence on boundary layer thickening, which alleviated
the flow mixing and blocking near the rotor trailing edge

(as shown in Figure 22 (a1) and (b1)), improving the com-
pressor peak efficiency. In Figure 22 (c1), the transition posi-
tions (the peak point of the shape factor) in 100%-SS and
75%-SS schemes were about at x/Cx = 0:5, which were a little
advanced than those in 25%-SS and 50%-SS schemes of
which the transition occurred nearly at x/Cx = 0:58, and
the peak value of 100%-SS and 75%-SS schemes was smaller
than that of 25%-SS and 50%-SS schemes. In other words,
the LSB’s width of 100%-SS and 75%-SS schemes was
slightly less than that of 25%-SS and 50%-SS schemes, but
the turbulence dissipations of them were also larger because
of the higher level of wall shear stress in the turbulent region.
Therefore, there was little difference in boundary layer
parameters for the four different roughness locations.

Furthermore, with k+ increasing to 137.8, the develop-
ment of the boundary layer was relatively more affected by
the roughness locations. It can be perceived that in
Figure 22 (a2) and (b2) the displacement thickness and
momentum thickness of boundary layer further reduced,
and the difference of the boundary layer parameters between
different roughness locations became larger. Specifically, the
displacement thickness and momentum thickness of the
50%-SS scheme reached the minimum, which were
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significantly smaller than that of the other three schemes. In
addition, the change trend of the shape factor was similar to
that at k+ = 46:6, but the overall transition occurred earlier.
In general, the 50%-SS scheme had a better balance in elim-
inating LSB and suppressing excessive turbulent dissipation.

3.2.3. Streamlines of the Rotor Suction Surface. To further
clarify the influence of different roughness locations on
three-dimensional separation and reattachment, Figure 23
shows the rotor SS streamlines for the four different rough-
ness locations at k+ = 46:6. As can be seen, the 75%-SS and
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100%-SS schemes not only better inhibited the growth and
development of two-dimensional LSB but also had a signifi-
cantly better effect in suppressing the three-dimensional
flow separation than the 25%-SS and 50%-SS schemes. Spe-
cifically, the 75%-SS and 100%-SS schemes slightly delayed
the flow separation at the blade tip and significantly pro-
moted the transition process, so that the position of turbu-
lence reattachment was significantly advanced, greatly
inhibiting the development of the LSB and reducing the sep-
aration loss. Therefore, at k+ = 46:6, the aerodynamic perfor-
mances of the four cases are relatively close, which is also
consistent with the above conclusion concerning the two-
dimensional parameters.

3.2.4. Wake Downstream the Stator. Figure 24 presents the
relative velocity, W, downstream of the stator against the
blade-to-blade angle location θBB at k+ = 137:8 for the four
schemes. The profiles referred to two span heights (10%
and 50%) and to a location downstream of the stator corre-
sponding to 10% of the axial length of the stator itself from
the inlet to the outlet. The results indicated that the core of
the wake did not shift to the PS or the SS as the roughness
locations changed, but the width and depth of the wake were
the smallest for the 50%-SS case among the four cases. In
addition, Back et al. [12] and Fouflias et al. [29] revealed
similar results, although they showed that the center of the
wake moved to the SS. They also found the phenomenon
based on subsonic compressor cascades, whereas the current
study referred to the transonic compressor stage. Therefore,
the shift in the wake may be a characteristic of subsonic
compressors [19], as this phenomenon has not been noticed
in transonic compressors.

Based on the above analysis, the 50%-SS case could effec-
tively eliminate laminar flow separation and avoid large tur-
bulent dissipation losses in the entire roughness range for

the four roughness locations and improved the compressor
performance to a large extent.

4. Conclusions

The surface roughness control method was effective in con-
trolling boundary layer development and improving the
compressor aerodynamic performance at low Re without
imposing additional complex geometric shapes on the blade.
This paper concentrated on the influences of roughness
magnitudes (k+) and locations (25%-SS, 50%-SS, 75%-SS,
and 100%-SS) on the aerodynamic performance of a small-
scale 1.5-stage highly loaded transonic axial compressor
under 20-km altitude conditions (Re = 4:5 × 104) by using
a commercial CFD code. The main results and conclusions
were summarized as follows:

(1) The peak efficiency and the total pressure ratio of the
compressor first increased rapidly with the increase
of k+, then the speed of the increase gradually slowed
down after k+ = 80. Finally, both values of them
reached the maximum and tended to be stable at
k+ = 137:8. To be specific, the maximum increases
in the total pressure ratio, peak efficiency, and
chocked mass flow were approximately 4.01%,
5.34%, and 2.24%, respectively, at k+ = 137:8. More-
over, the steady work range of the compressor was
broadened to some extent

(2) The results showed that at low Re, the surface rough-
ness mainly improved the stage performance by
reducing the length and width of the LSB as well as
the rotor tip vorticity, delaying the occurrence of
three-dimensional flow separation and increasing
the turbulence level near the wall. At the tip of the
rotor blade, the effect of roughness to restrain or
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even eliminate laminar flow separation was domi-
nant, thus reducing separation loss and improving
compressor efficiency. However, at the root of rotor
blade, the advantage of LSB suppression was over-
compensated by the stronger viscous dissipation
and the shift of the wake core in the turbulent region.
As such, the growth of the turbulent boundary layer
was enhanced and the aerodynamic performance of
the rotor blade root was slightly deteriorated instead.
Generally, the positive effect of roughness at the
blade tip was obviously greater than the negative
effect of roughness at the blade root, leading to an
improvement in the compressor overall performance

(3) The locations of surface roughness had little effect on
the compressor peak efficiency at k+ < 46:6. How-
ever, with k+ increasing, the differences between the
four roughness locations continued to grow. In the
entire range of roughness magnitudes, the 50%-SS
case can effectively keep the balance between sup-
pressing LSB and inducing strong viscous dissipation
among the four roughness location schemes. There-
fore, the 50%-SS case had a better effect on improv-
ing the compressor aerodynamic performance

(4) The roughness of rotor blade surface can dramati-
cally improve the rotor aerodynamic performance.
However, the incoordination between the subse-
quent stages was aggravated to a certain extent. Spe-
cifically, the flow separation of the stator was
advanced and the corner separation was intensified,
which limited the further improvement of the overall
aerodynamic performance of the compressor. In
addition, the magnitudes and locations of the surface
roughness almost did not shift the center of the wake
toward either the pressure or the suction side but
only affected the width and depth of the wake

Nomenclature

C: Chord length
ks: Equivalent sand grain roughness
k+: Nondimensional roughness height
Ra: Geometric roughness
y+: First grid distance from the wall
y: Normal distance, Cartesian coordinate
P0

1: Inlet total pressure
T0

1: Inlet total temperature
Pg

2: Outlet average static pressure

θBB: Circumferential angle
Cf : Skin friction coefficient
Cx: Axial chord length
W: Axial velocity
SS: Suction surface
PS: Pressure surface
RANS: Reynolds-averaged Navier-Stokes
CFD: Computational fluid dynamics
Ma: Mach number
Re: Reynolds number

LSB: Laminar separation bubble.

Superscripts

1: At the inlet to the blade
2: At the outlet to the blade
+: Nondimensional.
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