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ABSTRACT

A numerical study is carried out to understand the flows in a highly loaded compressor cascade made of double-circular-arc blades, which were
measured by Zierke and Deutsch in the late 1980s. A two-dimensional (2D) cascade with periodic boundary conditions in both pitch-wise and
span-wise directions and a three-dimensional (3D) cascade with two end-walls that are far away from each other are accounted for in the study.
For the incidence angle a ¼ �8:5�, the numerical results of the 2D-cascade flow are in excellent accordance with the experimental data. This
not only validates the numerical method used in the study but also suggests that a 2D and periodic flow was successfully generated in the exper-
iment for this incidence angle. However, the numerical results of 2D-cascade flows for a ¼ �1:5� and 5� deviate from the experiment consider-
ably because the strong effects of the end-walls on the wake are neglected in the simulation. By contrast, the simulation of 3D-cascade flows
predicts an accurate pressure coefficient at the blade surface, the pressure increase coefficient, and the total pressure loss coefficient for all three
incidence angles. This means that, to generate experimental data for validating numerical simulation, it is important to consider the effect of
end-walls when the incidence angle is large. The numerical results also show that, for 2D-cascade flows with a low inlet turbulence intensity, the
laminar-turbulent transition on the pressure surface is determined by the interaction of the Klebanoff distortions and T-S waves. The Klebanoff
distortions are also clearly identified on the suction surface for a ¼ �8:5�. The end-walls induce span-wise elongated disturbances, which sup-
press the stream-wise disturbances. The transition in 3D-cascade flows generally follows the mechanism of natural transition.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0091128

I. INTRODUCTION

Design of gas turbines with high efficiency is significant in mod-
ern industry. Highly loaded blade cascades are often adopted in mod-
ern gas turbines to reduce their weight. However, they often lead to
complicated turbulent flows, resulting in serious irreversible losses.
Understanding the turbulent flows in highly loaded compressor cas-
cades is essential for the design of modern gas turbines.

A famous experimental study of highly loaded compressor cas-
cades was carried out by Zierke and Deutsch in the late 1980s. They
made extensive measurements of flows in a double-arc compressor
blade cascade. An interesting phenomenon is that, although profound
experimental data were published by Zierke and Deutsch,1–5 very
few numerical studies used these data to validate their solvers and tur-
bulence models. The numerical studies about this highly loaded

compressor cascade are listed in Table I. An evident deficiency of these
numerical studies is that, while the inlet turbulence intensity in the
experiment was 0.18%, the numerical studies used much higher values
to avoid the calculation of transition.

A possible reason for this phenomenon (a lack of numerical stud-
ies) is that, “the boundary layer on the suction surface was dominated
by a separation bubble in the absence of wakes or high free-stream tur-
bulence,” see comments by Cumpsty and Dong at the end of Zierke
and Deutsch.5 It is difficult to simulate the effect of this bubble on the
laminar-turbulent transition. In the answers to these comments,
Zierke and Deutsch also stated that “the transition process on turbo-
machinery blades will be extremely difficult to model.”

The purpose of this study is to better understand the turbulent
flows in the highly loaded compressor cascade measured by Zierke
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and Deutsch, including the bubble separation near the leading edge,
laminar-turbulent transition, passage vortex, wake, etc. For this pur-
pose, we have carried out a high-accuracy numerical study.

The selection of an appropriate turbulence model is a prerequisite
of this study. Reynolds-averaged Navier–Stokes simulation (RANS) is
the most popular method for simulating cascade flows, see Refs. 6–9
as examples. However, RANS solutions sometimes have considerable
uncertainties. Jin and Herwig10 calculated the turbulent flows in a
rough wall channel using different RANS models, including k� e,
k� x, and Reynolds stress (RSM) models. The numerical results
show that the errors of all these RANS models are higher than 20%.
Moreover, for the compressor cascade flows under consideration, an
additional transition model has to be added to simulate the laminar-
turbulent transition, this leads to new uncertainties of the numerical
solution.

Direct numerical simulation (DNS) is the most accurate simula-
tion method for fundamental studies of turbulent flows; however, it
requires extremely high computational costs. Due to this reason, the
DNS is more often used to simulate the flows in two-dimensional
(2D) compressor cascades and with a reduced Reynolds number, see
Refs. 11 and 12 as examples. Large eddy simulation (LES) requires a
lower computational cost; however, simulation of compressor cascade
flows is still very expensive, due to the high Reynolds numbers based
on the chord length and free stream velocity.13–19 The computational
costs for typical LES studies of flows in three-dimensional (3D) com-
pressor cascades are shown in Table II. It might be seen that the grid
points for a typical LES is on the order of 108, while the CPU time is
on the order of 106 h. In general, with the current computing power,

LES is still only suitable for calculating a few typical cases rather than a
massive parametric study.

Some other methods, such as delayed detached eddy simulation
(DDES)20–22 and detached eddy simulation approach (DES),23–25 can-
not capture laminar-turbulent transition without introducing a transi-
tion model. In addition, to our point of view, they introduce too
strong artificial dissipation near the wall; however, the accurate calcu-
lation of the motions in the near-wall region is important for under-
standing the irreversible losses in compressor cascades.

Jin26 interpreted the turbulence modeling in a different way and
proposed a new method, the parameter extension simulation (PES)
method, for simulating turbulent flows. It is composed of a modified
mixing length (MLþ) model for calculating the reference solution and
a parameter extension method for correcting the solution. This
method was used to simulate the flows in a regular compressor cascade
made of airfoils NACA0065-00926,27 and compared with the experi-
ments by Ma28 and Zambonini et al.29 It was found that, without a
parameter extension, the reference solution is already as accurate as a
traditional LES solution. The laminar-turbulent transition was also
precisely captured in the numerical results. However, it only used
16� 106mesh cells to calculate the whole span, while a traditional
LES13 used 200� 106 grid points for only a half-span. A much lower
computational cost is needed by the new turbulence model, making it
particularly suitable for the current study because intensive numerical
simulations need to be carried out to find the appropriate boundary
conditions in the span-wise direction. This turbulence model will be
introduced in Sec. II and used in the study. The description of test
cases, numerical results, and conclusions are given in Secs. III, IV, and
V, respectively.

II. PROBLEM STATEMENT, MATHEMATICAL MODEL,
AND NUMERICAL METHODS
A. Statement of problem

Flows in a highly loaded compressor cascade made of double-circu-
lar-arc blades, which were measured by Zierke and Deutsch,1–5 are simu-
lated numerically. Table III summarizes the blade geometry. The camber
angle /, which is the difference between the inlet and outlet blade metal
angles j1 � j2, for this highly loaded cascade is 65�. This camber angle
is much higher than that of a regular compressor. For example, the regu-
lar compressor cascade made of airfoils NACA0065-00927 has the cam-
ber angle of 23:2�. A larger camber angle results in a larger fluid turning
angle and, thus, a higher loading.

TABLE I. Numerical studies of the flows in a double-arc compressor blade
cascade.5

References Turbulence model Inlet turbulence intensity

Vlahostergios6 RANS: SA; 22%
(SST) k� x
BSL-RSM
SSG-RSM

Du et al.7 RANS: SST k� x 3%

TABLE II. Computational costs for typical LES studies of compressor cascade
flows.

References
Re

(�106)
Span-wise
extent

Grid points
(�106)

CPU
processors

CPU h
(�106)

Gao et al.13 0.38 0.5 200 856 2000
Scillitoe et al.14 0.23 0.65 69 960 161
Min et al.15 0.38 0.5 600 64 000 1536
Li et al.16 0.45 1 130 10 000 2000
Li et al.17 0.1 0.5 120 528 350
Zhu et al.18 0.38 0.5 15 � � � � � �
This study 0.5 1 16 28 6

0.5 1 50 384 80

TABLE III. Geometric parameters of the highly loaded blade-profile.

Parameters Values

Chord (m) 0.229
Camber angle / (�) 65
Stagger angle c (�) 20.5
Pitch spacing s (m) 0.107
Solidity r 2.14
Aspect ratio AR 1.61
Inlet blade metal angle j1 (�) 53
Outlet blade metal angle j2 (�) �12
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In the experiment, Zierke and Deutsch tried to create a periodic
and 2D flow by employing a strong suction, which was controllable in
the blade-to-blade direction, just upstream of the blade leading edge
line. In our numerical simulation, we have created a periodic and 2D
flow near the mid-span by using two methods. In the first method,
periodic boundary conditions are given in both pitch-wise and span-
wise directions. The stream-wise–pitch-wise (x1 � x2) section of the
computational domain is shown in Fig. 1.

A periodic boundary condition is only given in the pitch-wise
direction in the second method. Two end-walls are added in the span-
wise directions, so the cascade is 3D. A statistically periodic and 2D
flow can be obtained near the mid-span when the span is long enough.
Hereby, similar to the experiments by Ma28 and Zambonini,29 the
span width is set to be 0.37m.

B. Mathematical equations

The cascade flow under consideration can be treated as an
incompressible flow because of the low Mach number. The governing
equations of a generic turbulence model are as follows:

@ui
@xi

¼ 0; (1)

@ui
@t

þ @ uiujð Þ
@xj

¼ � @p
@xi

þ �
@2ui
@x2j

þ gi þMi: (2)

Mi is a generic modeling term, which can be the modeled Reynolds
stress term for RANS or the SGS term for LES.

Jin26 interpreted the turbulence model differently from RANS
and LES. According to this interpretation, a turbulence model introdu-
ces an artificial dissipation, which dissipates small eddies. The calcula-
tion can be performed with a lower mesh resolution (compared with
DNS), when small eddies are dissipated. Thus, the purpose of turbu-
lence modeling is to dissipate more small eddies without changing the

statistical solution qualitatively. It is expected more small eddies can be
dissipated where the turbulence is stronger. Thus, the length scale used
in a turbulence model should be the characteristic length of turbulence.

Based on the interpretation described above and the classic mixing
length (ML) model, Jin26 developed a modified mixing length model for
calculating the turbulent flows. The corresponding simulation is a special
LES, in which the small eddies are dissipated instead of modeled. Thus,
this turbulence model is also called a small-eddy-dissipation mixing
length (SED-ML) model. It was used to calculate the reference solution
for a parameter extension simulation (PES). Nevertheless, it was found
that the reference solution (without a parameter extension) is already as
accurate as classic LES, while it requires a much lower computational
cost. This characteristic is particularly suitable to this research because
intensive simulations need to be carried out to find the appropriate
boundary conditions in the span-wise direction. Therefore, we use the
SED-MLmodel (without a parameter extension) in our numerical study.

Mi in the SED-ML model is modeled as the product of a dissipa-
tion strength indicator / and a dissipative force distribution Fi, i.e.,
Mi ¼ /Fi. Fi is proposed based on the eddy viscosity assumption,
expressed as

Fi ¼ @

@xj
�eff

@ui
@xj

 !
; (3)

where �eff is an effective viscosity. We can use a modified mixing
length l0mix to approximate the turbulence length scale and #mix

¼ l0mix sijj j as the characteristic velocity, where sijj j ¼ 2sijsijð Þ1=2 is the
magnitude of the transient strain rate sij. Then, the effective viscosity
�eff in Eq. (3) is calculated as

�eff ¼ l02mix sijj j: (4)

To propose l0mix , we introduce the following local transient length
scale,

FIG 1. Computational domain (a) and meshes near the blade leading edge (b) and trailing edge (c).
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ll ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@K=@tj j
sijj j3

s
; ls ¼

ffiffiffiffiffiffiffi
�

sijj j

s
; (5)

where K ¼ 1
2 u

2
k is the instantaneous kinetic energy, ll characterizes the

length scale of transient velocity fluctuation ; ls characterizes the vis-
cous length scale, which is identical to the classic viscous length scale
�
us
at the wall. Both ll and ls can be calculated from the transient flow

field directly, without using any statistical results. Using ll , and ls, we
can establish the following local transient dimensionless number,

yþs ¼ ll
ls
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@K=@tj j
� sijj j2

s
: (6)

Similar to the classic mixing length, l0mix is calculated as

l0mix ¼ jywF1 yþs
� �

: (7)

F1 yþs
� �

damps the mixing length near the wall, expressed as

F1 yþs
� � ¼ 1� exp �yþs =A

þ� �
: (8)

Aþ ¼ 1 is a model constant. It can be seen that calculation of the fric-
tion velocity us in the damping function proposed by Driest30 has
been avoided in the damping function (8). F1 yþs

� �
becomes zero not

only at the wall but also when the flow is steady, so the model is also
valid for steady flows.

/ acts as a small perturbation parameter in the turbulence model.
The small-eddies that are dissipated by the modeling term Mi can be
controlled by adjusting the value of /. We set its default value /0 to
0.004. It yields accurate solutions for all test cases in our benchmark
study, including smooth/rough wall channel flows and compressor
cascade flows, see Refs. 26 and 27.

C. Numerical method

For the simulations, a finite volume-method (FVM) was utilized.
The solver was developed based on our DNS solver by using the open
source code package OpenFoam. The DNS solver has received inten-
sive validations in the previous DNS studies.31–35 The spatial discreti-
zation was implemented by a second-order central-difference scheme.
For time derivatives, the second-order implicit backward method was
used. For the correction and coupling of the pressure and velocity

fields, the pressure-implicit scheme with splitting of operators (PISO)
algorithm was used.36 A stabilized preconditioned (bi-)conjugate gra-
dient solver was utilized to solve the pressure field and the momentum
and species concentration equations.

III. DESCRIPTION OF TEST CASES

Flows of three incidence angles, a ¼ �8:5�, �1:5�; and 5�, are
simulated in this study. A divergence free synthetic eddy method37 is
used to approximate inlet velocity fluctuations. For the two-
dimensional cascade, the turbulence intensity is set to 0.18%, which is
the same as the value in the experiment. For the three-dimensional
cascade, because there is a lack of information in the experiment, the
end-walls is established artificially. The span-width of the regular com-
pressor cascade tested by Ma,28 which is 0.37m, is used in the study.
The velocity profile in Ma28 is adjusted by multiplying a factor to fit
the free stream velocity and turbulence intensity.

The details about the flow conditions and the computational
meshes are shown in Table IV. Two meshes are used for both 2D-
cascade and 3D-cascade flows. Their distributions near the leading
and trailing edges are shown in Figs. 1(b) and 1(c), respectively. The
distance from the first mesh cell to the blade surface in wall units Dyþw
is generally smaller than 1, except a few cells near the leading and trail-
ing edges. The results of lower mesh resolutions are used in the analy-
sis, while typical test cases are calculated with a higher mesh resolution
to perform the mesh-convergence study, which is introduced in
Appendixes A and B in detail. Using a similar mesh resolution as
mesh C, the flows in a regular 3D-cascade have been calculated using
the same solver, see Ref. 26. The pressure coefficients and total pres-
sure loss coefficients at different span sections have been carefully vali-
dated with the experimental data. This validates the numerical results
in this study indirectly.

A flow for about 0.04 s needs to be calculated to obtain the statis-
tically converged results, while a calculation for another 0.04 s is
needed to calculate the statistical results. The computational time and
resources for a typical test case are shown in Table II. It can be seen
that, when the number of mesh cells is increased by 3�, the required
computational time is increased by about 12�.

IV. RESULTS AND DISCUSSION
A. 2D-cascade flows

Our numerical study is started with the flows in the 2D-cascade.
Figure 2 shows the instantaneous velocity component u3 near the

TABLE IV. Test cases used in the study. Meshes A and C: 16 � 106 mesh cells with 128 cells in the span-wise direction; Meshes B and D: 50 � 106 mesh cells with 200 cells
in the span-wise direction.

Cascade Incidence angle a Inlet velocity uinl (ms�1) Mesh Dyþw Dt (s)

2D-cascade (without end-walls) �8:5� 33.28 A 0.4–5.3 6:6� 10�7

�1:5� 32.88 A 0.2–5.5 7:4� 10�7

5� 33.11 A 0.2–5.9 6:5� 10�7

B 0.1–3.7 4:6� 10�7

3D-cascade (with end-walls) �8:5� 33.28 C 0.3–5.4 6:8� 10�7

�1:5� 32.88 C 0.1–5.5 7:6� 10�7

5� 33.11 C 0.1–5.9 6:7� 10�7

D 0.1–3.9 6:4� 10�7
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leading edge and trailing edge. For a ¼ �8:5�, a separation bubble,
which leads to an immediate transition and instability, can be found
near the leading edge of the pressure surface [Fig. 2(a)]. The separation
bubble near the pressure surface leading edge disappears when the
incidence angle is increased to �1:5�, while another tiny separation
bubble originates near the suction surface [Fig. 2(b)]. The instability
induced by the separation bubble is considerably enhanced when the
incidence angle is further increased to 5�. Significant flow separations
can be found near the trailing edge for all incidence angles. With an
increase in the incidence angle, the vortices become larger and move
more slowly, leading to the low-frequency oscillations.

The flow phenomena described above were also remarked in the
experimental study by Zierke and Deutsch. However, as shown in
Fig. 3, while the numerical results of the pressure coefficient Cp for
a ¼ �8:5� are in good accordance with the experimental data, the
numerical simulation predicts much higher Cp than experiments for
large incidences angles (a ¼ �1:5� and 5�). Hereby, Cp is defined as

Cp ¼ p � pinl
1=2 u2inl

; (9)

where pinl is the mean static pressure at the mid-plane of the inlet. The
operator � denotes time-averaging. ca in Figure 3 is the span width in
the axial direction.

The gap between the numerical simulation and experiment
becomes larger with an increase in the incidence angle. Calculated Cp

is not closer to the experiment when a higher mesh resolution is used,

see Appendix A. This trend is very similar to what was found in the
LES study of flows in a regular compressor cascade,38 which shows
that the pressure coefficient Cp is over-predicted if the effects of end-
walls are not accounted for. The possible reason is that the end-walls
result in rolling-up of the flow and thus lead to more loss of the
kinetic energy near the mid-span. Although the statistical results near
the mid-span are 2D and periodic, the transient flow field is still
affected by the end walls. The loss caused by the end-walls is not
accounted for in the 2D-cascade flows, so the pressure increase pout �
pinl is over-predicted. Considering the outlet pressure pout is set to a
constant, the reference pressure pinl in Eq. (9) is under-predicted.
Therefore, the profiles for the pressure coefficient are shifted upward.
This hypothesis will be further validated in the next sections.

B. 3D-cascade flows

Similar to the numerical results by Jin,26 Cp becomes lower when
the end-walls are accounted for, see Fig. 4. For a ¼ �8:5�, the profiles
of cp are slightly shifted downwards by the end-walls. Zierke and
Deutsch5 employed a strong suction in the experiment, just upstream
of the blade leading edge. The suction weakens the effect of end-walls,
making the cascade flow for a ¼ �8:5� close to a 2D and periodic
flow. This suction is not accounted for in the 3D-cascade simulation,
while the end-walls still have some effects on the flow near the mid-
span. This explains why the numerical results of 2D-cascade flows are
closer to experiments than those of 3D-cascade flows at a ¼ �8:5�.

FIG 2. Instantaneous velocity component in the span-wise direction u3 near the blade leading edge (a–c) and trailing edge (d–f), 2D-cascade flows (without end-walls).
The incidence angles are a ¼ �8:5� (a, d), 1:5� (b, e), and 5� (c, f).
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FIG 3. Pressure coefficient at the airfoil
surface for 2D-cascade flows. A periodic
boundary condition is used in the span-
wise direction. (a) a ¼ �8:5� , (b)
a ¼ �1:5�, and (c) a ¼ 5�:

FIG 4. Pressure coefficient Cp at the airfoil
surface of the mid-span for a ¼ �8:5� (a),
a ¼ �1:5� (b), and a ¼ 5� ðcÞ.
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However, the discrepancy between the experiment and simulations
(with and without end-walls) is marginal. This means that the effect of
end-walls for a ¼ �8:5� can be neglected.

For larger incidence angles (a ¼ �1:5� and 5�), calculated Cp is
much closer to the experimental data when the effects of end-walls are
considered. A possible reason is that the end-walls stimulate strong
rolling-up of flows at a large incidence angle; however, no special treat-
ments were adopted in the experiment to eliminate the wall effects in
the wake. The rolling-up of flows might result in more losses of the
kinetic energy near the mid-span, and thus lead to a lower pressure
rise. This can be validated by comparing the numerical and experi-
mental results for the pressure increase coefficient Cp2 and total pres-
sure loss coefficientx at the mid-span 31.9% downstream of the blade
trailing edge, see Figs. 5 and 6. Cp2 and x are defined as

Cp2 ¼ pout � pinl
1=2 u2inl

; (10)

x ¼ pT;inl � pT;out
1=2 u2inl

; (11)

where the subscript “out” denotes a plane downstream of the blade
trailing edge.

Figure 5 shows that, without end-walls, the pressure increase
coefficients Cp2 for a ¼ �1:5� and 5� are over-predicted. This may
explain why Cp at the airfoil surfaces for these incidence angles are
shifted upwards, see Fig. 3. In addition, the total pressure loss coeffi-
cient x has the lowest value at a ¼ �1:5�, and this is also different
from the experimental data, see Fig. 6. By contrast, when the effects of
end-walls are considered, the numerical results for cp and x are much
closer to the experimental data.

C. Flows over pressure surface

Figure 7 shows the vortices identified by the iso-surfaces of the
second invariant of the instantaneous velocity gradient tensor Q,
defined as � 1

2
@ui
@xj

@uj
@xi
. The numerical results of both 2D- and 3D-

cascade flows indicate that the flows are fully turbulent over almost

the whole pressure surface. However, vortical tubes elongated in the
span-wise direction dominate the flow near the mid-span when the
end-walls are considered. Without end-walls, however, stream-wise
elongated vortices play a more important role.

FIG 7. Iso-surfaces of Qc2=u2m ¼ 50 colored with the velocity component in the
spanwise direction u3 over the pressure surfaces for the 3D-cascade flow (a) and
2D-cascade cascade flow (b), a ¼ �8:5�.

FIG 5. Pressure increase coefficient Cp2 at the plane 0:319ca downstream of the
airfoil trailing edge.

FIG 6. Total pressure loss coefficient x at the plane 0:319ca downstream of the
airfoil trailing edge.
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These features are confirmed by the contours of the instanta-
neous tangential velocity perturbations u0t in a layer, which is
1:5� 10�5 m away from the airfoil surface, see Fig. 8. The layer is
within the viscous sublayer (yþw � 5). For the 3D-cascade flow, the
flow field close to the mid-span with the same span width as the 2D-
cascade is shown [Figure 8(a)] to make the comparison.

Both 2D- and 3D cascade flows show that span-wise elongated
vortices originate near the leading edge of the airfoil. They represent
the separation bubble observed in the experiment. The friction coeffi-
cient Cf at the pressure surface reaches a local minimal value where
the separation bubble originates, see Fig. 9(a). Then, Cf rises down-
stream of the separation bubble, suggesting the transition to turbu-
lence and recovery of the boundary layer. Without end-walls, the
spanwise elongated vortical tubes break into to three-dimensional
vortices, due to the instabilities in the stream-wise direction.
With end-walls; however, the span-wise elongated instabilities are
sustained and enhanced.

Numerical simulations suggest that the transition is completed at
about 0.5%ca, indicated by a peak value of Cf . The end-walls do not
have a significant influence on the location of transition. However, the
maximum value of Cf is considerably reduced by the end-walls. Cf

drops again from 0.5%xa, suggesting the occurrence of flow

FIG 8. Contours of the instantaneous tangential velocity perturbation u0t near the
mid-span for a ¼ �8:5�. Results of the 3D-cascade flow (a) are compared with
those of the 2D-cascade flow (b).

FIG 9. Friction coefficient over the pressure surface for a ¼ �8:5� (a), �1:5� (b), and 5� (c).
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separations. Without end-walls, stream-wise elongated disturbances
are clearly identified in the zone of flow separations, see Figure 8(b).
These stream-wise perturbations are considerably weakened by the
end-walls, while they induce span-wise elongated disturbances,
see Figure 8(a). The stream-wise perturbations can be found close to
the blade trailing edge for both 2D- and 3D-cascade flows, due to the
favorable pressure gradient in this region, see Figure 4(a).

The numerical results for Cf are compared with the experimental
data of Zierke and Deutsch that were processed with a spline fit or the
solutions of Falkner and Skan.39 More details about these processing
methods can be referred to Refs. 1–5. A slow transition in a long dis-
tance is observed in the experiment, identified by the increase in Cf

from 10%ca to 30%ca. It is expected that the suction employed in the
experiment slows down the transition; however, its effect cannot be
modeled in the simulation. Despite this gap, the results of Cf for the
2D-cascade flow are in good accordance with the experiment, in par-
ticular in the region where the turbulence is fully developed
(x � 30%ca). With end-walls, the predicted Cf is lower than the
experiment because the end-walls induce span-wise elongated vortices
and enhance the flow separation. The numerical results of the 3D-
cascade flow show that, although the mean inlet and outlet velocity
profiles are 2D and periodic near the mid-span, the end-walls still
have significant effects on the transient flow in this region.

For a ¼ �1:5�, the numerical results still indicate a local mini-
mum value of Cf close the leading edge, see Figure 9(b). It corresponds
to a small separation bubble, which can be also found in the contours
of u0t , see Figure 10. This separation bubble nevertheless has not trans-
ited to turbulence. The transition starts at 20%xa for the 2D-cascade
flow and at 30%ca for the 3D-cascade flow, indicated by an increase in
Cf from its local minimum value. This is in accordance with the state-
ment by Zierke and Deutsch that the transition occurs between 3%ca
and 62%ca. However, the experiment shows that Cf still increases
sharply from 50%ca to 70%ca, suggesting that the transition is not

completed upstream of 70%ca. The simulations predict that the transi-
tion is completed at 38%ca for the 2D-cascade flow and at 52%ca for
the 3D-cascade flow. This is consistent with our discussions above that
the suction employed in the experiment slows down the transition.

Figure 10 shows the distinctly different mechanisms of transition
for 2D- and 3D-cascade flows. When the end-walls are considered,
span-wise waves can be clearly seen in Figure 10(a) upstream of where
the transition starts (at about 30%ca). These waves are close to the
Tollmien–Schlichting (T–S) waves; however, they are not completely
2D. Thereafter, the waves become 3D, and the flow becomes fully tur-
bulent. This is a typical characteristic of natural transition.

Without end-walls, see Figure 10(b), we can still observe the
nearly two-dimensional T–S waves upstream of the starting point
of transition (at about 20%xa). These waves are nevertheless
affected by the streamwise elongated disturbances. After the flow
becomes fully turbulent, stream-wise elongated disturbances still
dominate the flow within the viscous sub-layer. This is also differ-
ent from the 3D-cascade flow, which shows strong span-wise
perturbations.

The separation bubble near the leading edge of the pressure sur-
face can still be found at a ¼ 5�. It is identified by a local minimum
value of Cf and leads to the disturbances stretched in the span-wise
direction, see Figure 11. This separation bubble for the 2D-cascade
flow can be also visualized by the iso-surfaces of Q in Figure 11(c).

FIG 10. Contours of the instantaneous tangential velocity perturbation u0t near the
mid-span for a ¼ �1:5�. Results of the 3D-cascade flow (a) are compared with
those of the 2D-cascade flow (b).

FIG. 11. Contours of the instantaneous tangential velocity perturbation u0t over the
pressure surface near the mid-span for a ¼ 5�. Results of the 3D-cascade flow (a)
are compared with those of the 2D-cascade flow (b and c). The vortices identified
by iso-surfaces of Q are shown in (c).
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Similar to the flow for a ¼ �1:5�, the separation bubble does not
result in transition. The transition starts at 37%ca in the 2D-cascade
flow, while it starts at 42%ca in the 3D-cascade flow. The experiment
by Zierke and Deutsch suggested that the boundary layer begins to
transit at 35:1%ca, which is close to the numerical solution. However,
while the simulation of the 3D-cascade flow and the experiment show
that the transition is not completed, the simulation of the 2D-cascade
flow suggests that the transition is completed at 65%ca, downstream of
which the flow separation occurs.

The transition of the 3D-cascade flow still generally follows the
mechanism of natural transition in which 2D T–S waves evolves into
3D instabilities. For the 2D-cascade flow, the Klebanoff distortions,
which are the stream-wise elongated disturbances, can be found
upstream of the starting point of transition, see Figure 11(b). Bypass
transition, in which stream-wise-elongated disturbances are forced by
the low-frequency component of free-stream turbulence, does not
occur because of the low free-stream turbulence intensity in this study.
By contrast, Figure 11(c) shows that the 3D instabilities originate from
the viscous sublayer. Some k-shaped vortices are also identified by the
iso-surfaces of Q. These are the characteristics of the secondary insta-
bility of natural transition in which spanwise-periodic k-patterns
develop on the top of the T–S waves. Figure 12 shows the iso-surfaces
of the instantaneous normal velocity perturbation u0n in which the k-
shaped vortices are identified by the positive streaks of u0n. The numer-
ical results show that the transition is determined by the interaction
between the Klebanoff distortions and the T–S waves. This is in accor-
dance with the DNS study by Zaki.11

D. Flows over suction surface

Figure 13 shows the vortices over the suction surface for
a ¼ �8:5�, identified with the iso-surfaces of Q. For the 3D-cascade
flow, the span-wise vortical tubes start to appear at 42%ca near the
mid-span. This location corresponds to a local minimum value of Cf ,
see Figure 14(a), which indicates where the transition starts.

Figure 15 shows the instantaneous tangential velocity perturba-
tions u0t at the surface 1:5� 10�5 m above the suction surface, which is
in the viscous layer. It can be seen in Figure 15(a) that the flow is lami-
nar upstream of 40%ca for the 3D-cascade flow. Streaks in the span-
wise direction, which are disturbed in the stream-wise direction, can be
found where the transition takes place. They correspond to the vortical
tubes elongated in the span-wise direction in Figure 13(a). Cf reaches a
peak value at 52%ca, suggesting that the transition is completed and the

flow starts to separate. The span-wise elongated vortical tubes break into
three-dimensional vortical structures from this location; however, they
are still strongly stretched in the span-wise direction.

The iso-surfaces of Q for the 2D-cascade flow suggest much
weaker perturbations in the span-wise direction, see Figure 13(b). The
local minimum value of Cf shows that the transition takes place at
41%ca, which is close to the result of the 3D-cascade flow. The transi-
tion is completed at 60%ca, indicated by the peak value of Cf . A flow
separation occurs after the flow becomes fully turbulent. The experi-
ment by Zierke and Deutsch indicated that transition is completed at
70%ca, which is mildly later than the numerical results. Despite this
gap, the numerical results of the 2D-cascade flow are in good accor-
dance with the experiment.

For a ¼ �1:5�, Cf has a local minimal value near the blade lead-
ing edge in both 2D- and 3D-cascade flows, indicating the existence of
a separation bubble. This is in accordance with the experimental
observations. The boundary layer recovers in a very short distance
before Cf reaches a peak value at 3%Ca; and the flow becomes fully
turbulent.

In the 3D-cascade flow, Cf decreases between 3%Ca and
23%Ca due to the relaminarization, which is clearly identified by
the contours of u0t in Figure 16(a). Some weak streaks stretched in
the stream-wise direction, which characterize the Klebanoff dis-
tortions, can be found in this region. Corresponding to this lami-
nar region, Cp at the suction surface has a favorable pressure
gradient from 3%Ca to 10%Ca, see Figure 4(b). Cf rises again at

FIG. 12. Contours of the instantaneous normal velocity perturbation u0n over the
pressure surface near the mid-span for a ¼ 5�. Results of the 2D-cascade flow are
shown.

FIG 13. Iso-surfaces of Qc2=u2m ¼ 50 colored with the velocity component in the
spanwise direction u3 over the suction surfaces for the 3D-cascade flow (a) and
2D-cascade flow (b), a ¼ �8:5�.
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FIG 14. Friction coefficient over the suction surface for a ¼ �8:5� (a), �1:5� (b), and 5� (c).

FIG 15. Contours of the instantaneous tangential velocity perturbation u0t over the
suction surface near the mid-span for a ¼ �8:5�. Results of the 3D-cascade flow
(a) are compared with those of the 2D-cascade flow (b).

FIG 16. Contours of the instantaneous tangential velocity perturbation u0t over the
suction surface near the mid-span for a ¼ �1:5�. Results of the 3D-cascade flow
(a) are compared with those of the 2D-cascade flow (b).
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23%Ca due to the transition. Figure 16(a) shows that the span-
wise elongated disturbances are dominant, so the transition still
generally follows the mechanism of natural transition. The transi-
tion is completed at about 30%Ca, downstream of which the flows
starts to separate.

Similar to the 3D-cascade flow, Cf also decreases between 3%Ca

and 20%Ca in the 2D-cascade flow. However, the flow does not
become laminar completely due to the strong stream-wise elon-
gated perturbations. Figure 16(b) shows the stream-wise elon-
gated streaks in this region evidently. Cf rises again at 25%Ca due
to the transition to fully developed turbulence, then reaches
another peak at 40%Ca, characterizing the starting point of flow
separation. However, Cf does not completely vanish at the suction
surface. This deviates from the experiment which suggests that Cf

becomes zero downstream of 85:8%Ca.
Turbulence over the suction surface becomes stronger for

a ¼ 5�. Two local minimum values of Cf are observed near the lead-
ing edge in the numerical results of both 2D- and 3D-cascade flows,
see Figure 14(c), suggesting that two separation bubbles originate in
this region. The boundary layer recovers in a short distance down-
stream of each bubble, indicated by a sharp rising of Cf . For the 3D-
cascade flows, the turbulence becomes fully developed at 5%ca,
where Cf reaches a peak value. The flow starts to separate down-
stream of 5%ca. The contours of u0t show the disturbances elongated
in the span-wise direction where the turbulence is fully developed,
see Figure 17(a).

In the 2D-cascade flow, the turbulence becomes fully developed
at about 8%ca, indicated by a peak value of Cf in Figure 14(c).
Downstream, stream-wise elongated disturbances dominate the flow,
see Figure 17(b). Compared with the 3D-cascade flow, the boundary
layer of the 2D-cascade flow recovers in a slightly longer distance.
However, the predicted recovery distance is still shorter than the
experiment, which suggests that the turbulence becomes fully

developed at about 15%ca. In addition, the experiment suggests that
Cf reaches a higher peak value and decreases more slowly. Cf vanishes
at about 81:5%ca; this is close to the numerical results of the 2D-
cascade flow. Again, this gap is expected to be due to the reason that
the strong suction used in the experiment suppresses the development
of turbulence. The numerical simulations still cannot represent the
flow dynamics in the experiment near the suction surface for high inci-
dence angles.

E. Wake

The iso-surfaces of Q colored by the span-wise velocity compo-
nent u3 in Figures 7 and 13 show the significant influences of the end-
walls on the passage vortex. They cause the suction-side leg of the
horse-shoe vortex to roll up toward the mid-span [Figure 13(a)] and
the pressure-side leg of the horse-shoe vortex to fall down toward the
end-walls [Figure 7(a)]. This strong span-wise disturbances can be still

FIG 17. Contours of the instantaneous tangential velocity perturbation u0t over the
suction surface near the mid-span for a ¼ 5�. Results of the 3D-cascade flow (a)
are compared with those of the 2D-cascade flow (b).

FIG 18. Instantaneous contours of the velocity component u3 at the plane 31:9%ca
downstream of the trailing edge for a ¼ �8:5� (a) and 5� (b). 3D-cascade flows
(left side) are compared with 2D-cascade flows (right side).
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felt in the wake. Figure 18 shows that, when the incidence angle is
increased from�8:5� to 5�, the span-wise fluctuations in the wake are
further enhanced and shifted away from the suction surface. Without
accounting for the effect of end-walls, the span-wise fluctuations for
a ¼ 5� are considerably under-predicted, see Figure 18(b).

The distributions of the local total pressure loss coefficient xxyz

at the plane 31:9%ca downstream of the trailing edge are shown in
Figure 19. The statistical results of the 3D-cascade flows are almost
symmetric at the mid-span, suggesting that the span-width used in the
simulation is long enough. However, the non-zero zone of xxyz for
a ¼ 5� is considerably thickened in the 3D-cascade flow. The reason is
that, the end-walls lead to strong rolling-up of the flow, which induce
strong fluctuations of the velocity near the mid-span. These fluctua-
tions result in more loss of the kinetic energy; however, they are not
correctly identified in the 2D-cascade simulations. This explains why

the simulations of 2D cascade flows over predict the pressure increase
coefficient Cp2 (Figure 5) and under-predict the total pressure loss
coefficientx (Figure 6) at large incidence angles.

The numerical results for the dimensionless mean stream-wise
velocity t are compared with the experimental data in Figure 20. t is
defined as

t ¼ ue � u1

ue � ucl
; (12)

where ue is the mean streamwise velocity at the wake edge (approxi-
mated as the maximum streamwise velocity in the wake) and ucl is the
mean streamwise velocity at the wake centerline (approximated as the
minimum streamwise velocity in the wake). As is expected, the wake
becomes wider when the end-walls are accounted for, while the numeri-
cal results become closer to the experimental data. Although there is still
a gap in the plane 52:6%ca downstream of the trailing edge, the numeri-
cal results clearly indicate the necessity of considering the effects of end-
walls for validating the numerical results with the experiment.

V. CONCLUSIONS

Since profound experimental data about flows in a highly loaded
compressor cascade were published by Zierke and Deutsch in the late
1980s, very few numerical studies used these data to validate their
numerical results. We have carried out a numerical study to better
understand the flows in this cascade. A 2D-cascade (with periodic
boundary conditions in both pitch-wise and span-wise directions) and
a 3D-cascade (with a periodic boundary condition in the pitch-wise
direction and two end-walls) are considered in the simulation.

For the incidence angle a ¼ �8:5�, the numerical results of the
2D-cascade flow, including the pressure coefficient Cp and friction coef-
ficient Cf at the blade surfaces and the pressure increase coefficient Cp2

and total pressure loss coefficient x in the wake, are in an excellent
accordance with the experimental data. This not only validates the
numerical simulation but also shows that the experiment produces a 2D
and periodic flow successfully by using a strong suction upstream of the
blade leading edge. However, the simulations for a ¼ �1:5� and 5�

over-predict Cp2 and under-predict x in the wake considerably. As a
result, the calculated Cp at the blade surfaces also deviates from the
experimental data. This discrepancy is expected to be due to the strong
effects of the end-walls on the wake.

The flows in the 3D-cascade are simulated to further understand
this problem. The numerical results confirm the strong effects of the
end-walls on the wake. The end-walls induce span-wise elongated vorti-
ces and enhance the flow separation near the mid-span. The calculated
Cp, Cp2, and x for all three incidence angles are in good accordance
with the experimental data. This shows the significance of considering
the effects of end-walls for generating experimental data to validate
numerical simulations. The calculated Cf deviates from the experimental
data. This means that the predicted laminar-turbulent transition near
the blade-surface is still different from the experiment. The reason is that
a strong suction is adopted upstream of the blade leading edge in the
experiment; however, it cannot be accounted for in the 3D-cascade sim-
ulations. This deficiency nevertheless does not affects the accuracy of the
calculated Cp, Cp2, andx significantly. These quantities are not very sen-
sitive to the transition mechanism near the blade surfaces.

The laminar-turbulent transition is studied based on our numeri-
cal results. It is found that, for 2D-cascade flows with a low free-stream

FIG 19. Local total pressure loss coefficient xxyz in the plane 31:9%ca down-
stream of the trailing edge for a ¼ �8:5� (a) and 5� (b). 3D-cascade flows (left
side) is compared with 2D-cascade flows (right side).
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turbulence intensity, the transition for a ¼ 5� on the pressure surface is
determined by the interaction of the Klebanoff distortions and T–S
waves. This is in accordance with the findings of Zaki et al.11 Stream-
wise elongated disturbances that characterize the Klebanoff distortions
are also clearly identified on the suction surface for a ¼ �8:5�.

For 3D-cascade flows, the elongated disturbances are consid-
erably suppressed by the span-wise elongated disturbances, which
are stimulated by the end-walls. These span-wise elongated distur-
bances dominate the transition for a ¼ 5� on the pressure surface
and for a ¼ �8:5� on the suction surface. The transition for 3D-
cascade flows generally follows the mechanism of natural
transition.
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APPENDIX A: HIGH RESOLUTION RESULTS
FOR THE 2D-CASCADE FLOW

Figure 21 shows the pressure coefficient Cp at the airfoil sur-
face for a ¼ 5�. The high mesh-resolution results are almost identi-
cal to the low mesh-resolution results. Both of them are higher than
the experiment.

Figure 22 shows the instantaneous tangential velocity pertur-
bations u0t in a layer, which is 1:5� 10�5 m away from the airfoil

FIG 20. Dimensionless stream-wise velocity t for a ¼ 5� in the plane 5:4%ca (a), 9:6%ca (b), and 52:6%ca (c) downstream of the trailing edge.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 055124 (2022); doi: 10.1063/5.0091128 34, 055124-14

VC Author(s) 2022

https://scitation.org/journal/phf


FIG 23. Pressure coefficient at the airfoil
surface for a ¼ 5� a t 50% (a), 30% (b),
20% (c), and 10% (d) span from an end
wall. The results of the 3D-cascade flow
are shown.

FIG 21. Pressure coefficient at the airfoil surface for a ¼ 5�. The results of the 2D-
cascade flow are shown.

FIG 22. Contours of the instantaneous tangential velocity perturbations over the
pressure surface (a) suction surface (b) near the mid-span for a ¼ 5�. The results
of the 2D-cascade flow are shown.
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surface. The flow dynamics identified the contours of u0t are also
qualitatively similar to those indicated in the low mesh-resolution
results, see Figures 11(b) and 16(b) for comparison.

APPENDIX B: HIGH RESOLUTION RESULTS
FOR THE 3D-CASCADE FLOW

Figure 23 shows that, for the 3D-cascade flow with a ¼ 5�, the
pressure coefficient Cp at the airfoil surface is slightly changed near
the end wall when the number of mesh cells are increased by 3�.
The flow near the mid-span, which is the focus of this study, is
almost independent of the mesh resolution.

Figure 24 shows the instantaneous tangential velocity pertur-
bations u0t in a layer, which is 1:5� 10�5 m away from the airfoil
surface. The flow dynamics identified the contours of u0t are also
qualitatively similar to those indicated in the low mesh-resolution
results, see Figures 11(a) and 17(a) for comparison. Some weak
stream-wise elongated disturbances can be found over the suction
surface; however, the span-wise elongated disturbances are still
dominant.

Figure 25(a) shows that the vortices are sparsely populated
over the pressure surface, suggesting that the turbulence is not fully

developed. However, it is still possible to visualize a few k-shaped
vortices that originate from the viscous sub-layer. These k-shaped
vortices are more evidently identified by the contours of the instan-
taneous normal velocity perturbation u0n [Figure 25(b)] in which
the streaks of positive u0n indicate that the vortices extrude from the
viscous sublayer. The high mesh-resolution results suggest the same
transition mechanism as the low mesh-resolution results.
Therefore, the mesh resolution is sufficient for this study. However,
simulations with a higher mesh-resolution are still needed to inves-
tigate more flow details near the blade surfaces quantitatively.
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