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1 Introduction
The low pressure turbine (LPT) is uniquely designed to provide high aerodynamic effi-
ciency in low pressure ratio operation, to recover exhaust energy whilst minimizing back 
pressure. The flow past LPT is inherently unsteady because of the wake generated behind 
upstream blade rows. It is well documented that laminar-turbulent transition is respon-
sible for the energy loss with various influential parameters, but the effects produced 
by wake dynamics of the upstream blade are essentially striking among them. Although 
considerable knowledge is already obtained in terms of the LPT flow with both the lami-
nar and turbulent flow conditions, the flow over transitional region remains one of the 
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main challenges particularly when considering the wake passing effects of upstream 
blade rows.

Earlier studies on the influence of wake passing on boundary layer development were 
conducted by Pfeil et  al. [1], who investigated how the wake generated by steel bars 
affects laminar to turbulent transition on a circular cylinder. Hodson [2] studied the 
impact of passing wakes on the loss generation process in a LPT and observed that wake 
passing significantly suppresses a laminar separation region. The physics behind lam-
inar-turbulence transition was explored by Mayle [3], and found that turbulent inten-
sity, pressure gradient and wake strength are fundamental factors associated with the 
wake passing. Halstead et al. [4] performed comprehensive tests on a large scale com-
pressor and a LPT to explore the wake passing effects on the onset of transition and 
laminar separation bubble and the existence of the becalmed region. Stadtm and Fottner 
[5] presented a compilation of experimental data on the effects of wake-induced transi-
tion on a highly loaded LPT cascade. Although the underlying flow mechanism is not 
yet completely understood, the wake passing is confirmed to be beneficial and suggested 
to be considered in the design process of modern gas turbines. They further argued that 
for further optimizations, in the next step, one enables numerical simulations detailed 
enough to capture the major effects while being as uncomplicated as possible at the 
same time to be cost-effective.

The high-fidelity computational method can accurately identify the laminar-turbulent 
transition behavior, so that the flow transition simulation of simplified model based on 
high-performance computing has been reported recently in the community of computa-
tional fluid dynamics. However, due to the complex geometrical configuration and fluid 
dynamic environment of LPT blades with complex upstream wakes, so far, a question 
of how to accurately predict the LPT flow associated with the transition development is 
still not well resolved.

On the basis of numerical simulations, a few attempts have been made on the issue, 
but most of the simulations used are the finite difference method or finite volume 
method. For example, Sandberg et al. [6] and Michelassi et al. [7] developed a compact 
fourth-order finite difference scheme to simulate and analyze the influence of upstream 
turbulence on the aerodynamic performance of the cascade; Rai et  al. [8] adopted a 
higher-order upwind scheme to predict the flow transition of low-pressure turbine 
blades. Spectral/hp finite element method has attracted much attention in recent years 
and it has been widely used in solving incompressible and compressible flows [9–11]. 
More recently, Nakhchi et  al. [12] investigates the secondary vortex flows over an 
oscillating T106A blade using a direct numerical simulation (DNS) method based on 
spectral/hp element method. The method employs high-degree piecewise polynomial 
basis functions which results in a very high-order finite element approach. The results 
show that the blade oscillation can significantly influence the transitional flow structure 
and the wake profile. However, the application of high-order spectral element method 
for the aerodynamic performance of low-pressure turbine cascades subject to incoming 
wake in the transition regime has not been reported so far.

It should be noted that most work reported in the literature about the wake passing 
effects on LTP flow focuses their attention on periodicity of incoming wakes. For exam-
ple, Wu & Durbin [13] simulated the flow in the T106 cascade subject to periodically 
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incoming wakes generated by moving cylinder. By DNS simulations, Wissink [14] 
reported that the impinging wakes induce the formation of longitudinal vortices along 
the pressure side of the turbine blade. In the center of the passage between the blades, 
the wake is severely deformed as a consequence of straining and stretching by the free-
stream flow. However, a fundamental question of what are the long-lasting effects of flow 
disturbance from the upstream wake, which is fixed rather than periodically passing, is 
still open to the community in this area.

In this paper, a high-order Fourier-spectral element method is employed to perform 
the numerical analysis on the unsteady flow field of low-pressure turbine cascades with 
and without upstream wake at moderate Reynolds number conditions to evaluate its 
capability for prediction of complex transitional flow behavior in the boundary layer of 
LPT. This paper is organized as follows: In Section 2, the selected numerical methods 
are introduced in detail; in Section 3, the physical model is described with the numerical 
setting introduced; in Section 4, the aerodynamic performance of T106A low-pressure 
turbine blade under two kinds of inflow conditions is quantitatively analyzed; finally, the 
conclusions are summarized in Section 5.

2  Numerical method
The Navier-Stokes equations are used to describe the flow dynamics and written in non-
dimensional form as follows,

where u and p are the velocity and the pressure, respectively. Re = U∞C/υ is the Reyn-
olds number based on the uniform current at the inlet (here, υ is the kinematic viscosity 
of incoming flow and C is the chord length as depicted in Fig. 1). ∇ is the gradient opera-
tor in the inertial coordinate system. The spanwise evolution of the flow is resolved by 
introducing Fourier expansion as the discretisation for the spanwise direction because 
the flow configuration possesses a spatial homogeneity in this direction. The 2D compu-
tational domain is therefore discretized into quadrilateral elements and the high-order 
modified Jacobian tensor-product polynomial shape functions are subsequently imposed 
on each macro-element. The spatial resolution is controlled by varying the order of pol-
ynomial expansion, which is interpolated at the Gauss-Lobatto-Legendre quadrature 
points [15]. A stiffly stable high-order splitting scheme proposed by Karniadakis et al. 
[16], which is also referred to as a velocity correction scheme [17], is employed for time 
integration of the Navier–Stokes equations. The details about this method can refer to 
Karniadakis and Sherwin [18].

3  Physical model and numerical set‑up
The physical model considered is a representative industrial LPT cascade with two 
different incoming flows, as shown in Fig. 1. While uniform inflow condition is con-
sidered in the case I, wake flow behind a small cylinder is generated upstream of the 
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cascade as a wake-type disturbance in the case II. A moderate inflow Reynolds num-
ber of Re∞ = 50,000 (based on inflow velocity U∞ = 1 and chord C = 1) is employed, 
which corresponds approximately to Re2 = 88,450 (based on the mixed-out velocity 
magnitude at the exit measurement plane).

The inflow plane is situated 1.0Cax upstream of the leading edge (LE) for the case 
I, whereas this plane is further moved a distance of 0.5Cax towards upstream direc-
tion for the case II. The small cylinder in the case II is located 0.78C upstream from 
the LE and its diameter is fixed to be 0.02C, therefore the corresponding Reynolds 
number based on the cylinder diameter is Red = 1000, which ensures the cylinder 
wake is fully developed into a regime of turbulence. High order outflow conditions 
[19] are applied to the outflow plane, located 1.5Cax downstream of the trailing 

Fig. 1 Schematic diagram of T106A LPT cascade: (a) Case I under uniform inflow condition and (b) Case II 
under incoming disturbed inflow condition
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edge (TE), while periodic conditions are enforced in the pitchwise and spanwise 
directions.

The Gmsh software [20] is employed for mesh generation and the mesh used 
for case II consists of 20,460 quadrilateral elements in the O-mesh around the 
solid wall of the LTP and 19,002 triangular elements in the unstructured part 
in the domain away from the wall, as shown in Fig.  2. The micro-element mesh 
resolution for the case I is similar to that for case II. A number of 1324 mesh 
points is non-uniformly distributed along the wall surface, which resulted in a 
∆s+ = 0.643 - 6.978. A number of 61 points is distributed along wall-normal direc-
tion in the O-mesh domain, and the corresponding ∆y+ value along the blade 
surface is ranged from 0.06 to 6.5. With close to the trailing edge, where flow tran-
sition is expected to happen, the ∆y+ value is less than 1. The spanwise domain is 
extended for Lz = 0.2C and resolved with Nz = 96 Fourier planes. The resolution 
obtained in the directions along the blade surface, normal to the blade and in the 
spanwise direction is within typical limits recommended for DNS [21], suggesting 
that the turbulent scales of interest can be captured in the current simulations. 
Following the numerical stabilization technique used in [22], for the exponential 
kernel of SVV in the spanwise direction, a diffusion coefficient and cutoff ratio are 
set to a value of 1.0 and 0.6, respectively.

4  Results and discussion
4.1  Pressure and friction on the wall surface

A first comparison of the aerodynamic performance of T106A cascade is quanti-
fied by the analysis of the time- and spanwise-averaged pressure coefficient and skin 
friction coefficients. The static pressure coefficient Cp is defined as: Cp = (p − p2)/
(pt1 − p2), where p, pt1, and p2 stand for the static pressure on the blade surface, the 
total inlet pressure and the outlet static pressure, respectively. Figure  3 shows the 
results subject to uniform and disturbed inflow for the case I and case II with the 
comparison of the results from Cassinelli et al. [23]. As can be seen from the simu-
lation results of the time-averaged Cp distribution in Fig.  3(a), both uniform inflow 

Fig. 2 Mesh of disturbed case II: (a) macroscopic finite element grid distribution of computational domain 
and (b) zoomed in grid near the blade wall
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and disturbed inflow obtain a similar pressure distribution along the pressure sur-
face. It implies that the wake-type disturbance by such a small cylinder has negligible 
impact on the pressure side of the blade. As flow is developed along the suction sur-
face towards the trailing edge, the pressure for the case I is gradually decreased in the 
presence of the favorable pressure gradient, and the pressure is changed into suction 
near the position where s/S0 ≈ 0.2. The pressure coefficient of the suction surface is 
rising toward the trailing edge after reaching a trough value at s/S0 ≈ 0.456. The pres-
sure plateau that appears near the trailing edge indicates that separation occurs in 
the boundary layer and a separation bubble is formed. The results obtained from the 
present work are in good agreement with the numerical results reported by Cassinelli 
et al. [23], with only minor differences in the aft portion of pressure surface. It can be 
seen that the difference of the static pressure coefficient under different inflow con-
ditions is mainly reflected around the leading edge and trailing edge of the suction 
surface, but has little influence on the middle part of the suction surface. For the rear 
side of the suction surface, the pressure on the blade surface recovers rapidly and the 
pressure platform disappears when the wake-type disturbance exists upstream. On 

Fig. 3 The distribution of time- and spanwise-averaged (a) static pressure coefficient and (b) surface friction 
coefficient
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the other hand, the upstream wake-disturbance slightly reduces  the pressure on the 
front portion particularly close to the leading edge.

The skin-friction coefficient of blade is defined as Cf = τw/
(

0.5ρU2
∞

)

 , and its dis-
tribution along the suction and pressure surfaces is shown in Fig. 3(b). For the case 
I, good agreement is observed in the distribution trend of Cf as compared with Cass-
inelli et  al. [23]. For the case II, the skin friction coefficient is distorted along the 
whole blade on both suction and pressure surface. A small secondary recirculation 
bubble found at s/S0 ≈ 0.95 in the uniform inflow case, which is well matched again 
with Cassinelli et al. [23], is disappeared in the disturbed inflow. The incoming flow 
with disturbances energizes the boundary layer of the blade, which leads to an antici-
pated reattachment of the separated boundary layer before the trailing edge. This can 
be proved in the observation that the sign of Cf is changed from negative to positive 
near the trailing edge as compared to the uniform inflow case I. The disturbed inflow 
also modifies the Cf distribution along the front portion of the blade with respect to 
the uniform case I. In particular, the magnitude of Cf is decreased in the front portion 
where favorable pressure gradient dominates the boundary layer. The reason is proba-
bly that the impingement and stretching of streamwise vortices introduces significant 
reducing of pressure on the leading edge of the blade as evidenced in Fig. 3(a).

Fig. 4 (a) Typical locations on the suction side of the blade and (b) Boundary layer profiles for uniform and 
disturbed incoming flow conditions (solid lines: uniform inflow and circle-dot lines: disturbed inflow)
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4.2  Boundary layer characteristics

The time- and spanwise-averaged boundary layer profiles from case I and case II are 
compared in Fig. 4. Ten points were selected along the suction surface of the cascade 
between s/S0 = 0.1 ~ 0.98 and the tangential velocity profile at each point was plotted 
with the perpendicular coordinate n. The profiles match well before s/S0 = 0.60, but it 
starts to deviate from each other at s/S0 = 0.70 and becomes more visible at larger s/S0. 
The boundary layer is detected to be more energetic when it is close to the trailing edge 
for the case of disturbed inflow as compared with that for the case of uniform inflow. An 
injection of extra momentum into the boundary layer therefore results in a shortening of 
separation bubble and reattachment again before the trailing edge, which is in-line with 
the friction coefficient behavior as shown in Fig. 3(b).

The parameters such as shape factor, H, and momentum thickness, θ, highly reflect 
the evolution characteristics of boundary layer of the turbine blade and are linked to 
profile loss estimation [24]. Figure 5 shows their distributions along the suction surface 
of the blade, with the inclusion of the results in Cassinelli et al. [23]. When s/S0 < 0.4, the 
shape factor shows a plateau shape around a value of 2.5, verifying the nature of lami-
nar state in the front portion of the boundary layer. After this point, its value increases 

Fig. 5 (a) Time-averaged momentum thickness distribution comparison; (b) Time-averaged shape factor 
comparison
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gradually along the suction surface and reaches a peak at around s/S0 = 0.94, and then a 
dramatic jump is evidenced for further increase in s/S0, which indicates that flow transi-
tion is triggered in the aft portion of the boundary layer. However, the value of shape 
factor is still greater than 6 at the trailing edge, illustrating that the transition to turbu-
lence is not completed in the boundary layer at this Re. Some numerical oscillations are 
observed at lower polynomial order in the results in Cassinelli et al. [23], however the 
current predictions at the same polynomial order match well with the results at higher 
polynomial order in Cassinelli et al. [23]. The reason is mainly due to the high resolution 
of micro-element used in our simulations. The momentum thickness distribution shows 
an increasing trend along the suction surface, which is again in good agreement with the 
results from Cassinelli et al. [23].

The presence of a small cylinder upstream introduces striking modification in the evo-
lution of these statistics of boundary layer. Since the cylinder’s wake increases the tur-
bulence intensity of incoming flow, the momentum thickness increases rapidly after s/S0 
= 0.54, so that the shape factor does not surge due to the rapid increase of the boundary 
layer thickness after separation, and the boundary layer velocity profile is fuller, which 
has a suppressive effect on the boundary layer separation. At the same time, we can see 

Fig. 6 Wake pressure loss coefficient at (a) x̂ = 0.1; (b) x̂ = 0.25 and (c) x̂ = 0.4
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that the shape factor at the trailing edge of the blade suction surface has dropped to 2 
under the disturbed inflow condition, indicating that the boundary layer has basically 
completed the transition when the blade is subject to wake inflow turbulence.

4.3  Wake profiles

The normalized distance from the trailing edge is defined as x̂ = (x − xTE)/Cax , which 
is depicted in Fig. 1. The profiles of wake pressure loss coefficient, which is defined as 
Wu = (pt1 − pt2)/(pt1 − p2) (where pt1 is the spanwise averaged total pressure at the inlet, 
pt2 is the spanwise averaged total pressure at the outlet, and p2 is the spanwise averaged 
static pressure at the outlet), are extracted by interpolating the time-averaged pres-
sure fields from the unstructured mesh to traverses of equispaced points in the pitch-
wise direction; three extraction planes with streamwise locations x̂ = 0.1, 0.25, 0.4 are 

Fig. 7 Time-averaged streamline and pressure contour: (a) uniform inflow condition; (b) disturbed inflow 
condition
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analyzed in Fig. 6. It can be seen that the pressure loss near the wake of the cascade is 
very obvious under the condition of both uniform and disturbed inflows. The center of 
the wake moves to the side of the suction surface. This is due to the existence of separa-
tion bubbles at the rear of the suction surface. At x̂ = 0.1, the peak deficit reaches the 
maximum value. As x̂ increases, the loss coefficient decreases and the width of corre-
sponding wake increases. A similar trend is detected for the case with disturbed inflow 
at the measured wake positions. More importantly, it is also noticed that the pressure 
loss is visibly reduced for the disturbed inflow case as compared with that for the uni-
form inflow case.

In Fig. 7(a) and (b), we compare the time- and spanwise-averaged pressure contour of 
the cascade under uniform inflow and disturbed inflow conditions. The streamline is also 
given in this image. From the comparison, we can notice that the presence of the small 
cylinder alternates the pressure field around the blade surface. In particular, the wake 
momentum deficit behind the small cylinder slightly reduces the pressure magnitude 
along the pressure surface and the front portion of the suction surface of the blade. Ris-
ing up of the pressure around the trailing edge is also visible in this figure, which is con-
sistent with the pressure coefficient shown in Fig. 3(a). The streamline with the marked 
separation point in the figure shows the formation of the separation bubble on the aft 

(a) (b)

(c) (d)

Fig. 8 Time- and spanwise-averaged Reynolds stress with uniform inflow condition: (a) u’u’; (b) u’v’; (c) v’v’; 
(d) w’w’ 
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portion of the blade, which looks significantly shorter in closed shape in the disturbed 
inflow case as compared with that in the uniform inflow case, which is again in-line with 
the variation of the skin friction coefficient shown in Fig. 3(b).

Figures 8 and 9 show the time- and spanwise-averaged Reynolds stress contours in 
the cascade channel for the uniform inflow and disturbed inflow cases, respectively. 

Fig. 10 Instantaneous isosurfaces of Q-contoured by velocity magnitude: (a) uniform inflow; (b) disturbed 
inflow

(a) (b)

(c) (d)

Fig. 9 Time- and spanwise-averaged Reynolds stress with disturbed inflow condition: (a) u’u’; (b) u’v’; (c) v’v’; 
(d) w’w’ 
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For uniform flow case, Reynolds normal stresses occur in the shear layer behind the 
suction surface of the cascade and reach maximum values in the wake region of the 
blade. Except for the shear layer behind the suction surface and the wake region of the 
blade, the Reynolds normal stresses in other places are close to zero. While in disturbed 
case, due to the high turbulence intensity and strong velocity pulsation of the cylinder’s 
wake, there are also large Reynolds normal stress values in the strip region behind the 
cylinder. The influence of this phenomenon is that the position of Reynolds stress in 
the boundary layer behind the suction surface begins to increase in advance, the area of 
high Reynolds stress is closer to the cascade surface, the wake is filled with fully devel-
oped turbulence, and the area of high pulsation increases. For Reynolds shear stress, 
since the magnitudes of u’w’ and v’w’ are small, we only analyze for u’v’. It can be seen 
that, compared to the uniform flow case, the u’v’ values of disturbed inflow case are 
smaller in the wake region of the blade.

The visualization of the instantaneous flow field is shown in Fig. 10, where the coher-
ent structure is identified using the Q-criterion and rendered in streamwise velocity. The 
effect of disturbed inflow can be qualitatively illustrated in this figure. It can be appreci-
ated that the uniform inflow case sheds coherent large-scale vortical structures from the 
trailing edge, while the disturbed inflow modifies the transition mechanism for which 
the TS wave is no longer available and therefore it prohibits the formation of Karman 
vortex shedding and increases the content of small coherent structures in the wake of 
the blade. Subsequently, the separation bubble is closed before the trailing edge in the 
disturbed inflow case otherwise open in the uniform case, which is very similar to that 
observed in Cassinelli et al. [23].

5  Conclusion
In the present study, a high-fidelity Fourier-spectral element method is employed to 
numerically investigate the aerodynamic characteristics of T106A turbine cascade at 
moderate Re. Two different inflow conditions, including uniform inflow and disturbed 
inflow, are adopted and for the latter a small circular cylinder is placed upstream side 
of the cascade to generate wake turbulence. Basic characteristics of flow separation and 
transition are analyzed in detail and compared for the two cases. The main conclusions 
obtained are as follows:

The numerical results show that the spectral/hp element method can accurately pre-
dict the flow separation and transition performance of low-pressure turbine cascades 
even at lower polynomial order, which is verified in good agreement with the numerical 
results at higher polynomial order in Cassinelli et al. [23].

It is found that the wake-type inflow turbulence due to the presence of small cylinder 
upstream of the cascade provides physical disturbance to modify the flow dynamics in 
the boundary layer of the blade in terms of pressure and skin friction coefficient, bound-
ary layer parameters, wake pressure loss coefficient as well. The turbulence incoming 
flow reduces the skin friction coefficient in the front portion of the suction surface with 
respect to the uniform inflow case. This observation is in contrast with the body-forcing 
disturbance reported in Cassinelli et al. [25]. The probable reason may be the modifica-
tion of the pressure distribution in the favorable gradient region.
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The time- and spanwise-averaged statistics of pressure and Reynolds stress and instan-
taneous wake field also qualitatively reveal the effect of the small cylinder disturbance. 
More importantly, the wake-type turbulence upstream of the blade breaks down the 
transition mechanism rooted in K-H instability before the trailing edge and therefore 
facilitates the boundary layer reattachment and formation of closed separation bubble 
before the trailing edge.

6  Nomenclature
C, Cax True and axial chord length
Cf, Cp Skin friction and pressure coefficient
H Shape factor
Lz Spanwise domain
U∞ Reference speed
Re Reynolds number
x̂,ŷ Normalized axial and vertical distance from the trailing edge
θ Momentum thickness
τw Wall shear stress
F Dimensionless frequency
T Dimensionless period
p Skin static pressure on the blade surface
pt1 Total inlet pressure
pt2 Outlet static pressure
s, S0 Blade surface distance and total distance

7  Acronyms
DNS Direct numerical simulation

LPT Low Pressure Turbine
LE, TE Leading and Trailing Edge
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