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ABSTRACT

The combined effects of unsteady large scale forcing and discrete surface roughness on the boundary layer
development of a low-pressure-turbine like boundary layer is studied by direct numerical simulation using a
high resolution numerical scheme. The results show a decrease in the extent of the separation bubble as well
as the separation position compared with the baseline case without surface roughness and unsteady forcing.
Furthermore, it is found that the effect of the roughness is negligible compared with the effect of wakes.

INTRODUCTION

The energy saving and the fuel emission are of great interest especially for civil and military aviation because
of the increase in fuel prices and environmental reasons. Increasing the efficiency of the low-pressure-turbine
(LPT) blade will reduce the fuel consumption and emissions. Boundary layer losses are the main reason for
the decreasing efficiency. Experiments show that the dominant effect on the boundary layer loss is generated
by the suction side of the LPT blade. During the service operation, LPT airfoils are exposed to different
aerodynamic loadings. For instance, the aerodynamic loading of the LPT airfoils increases during take-off;
that causes a growth of the adverse pressure gradient on the suction side, the boundary layer thickness grows
and a laminar separation bubble size is formed and increases in size as well. The efficiency of the LPT blade
will, therefore, decrease. To increase the blade efficiency, the laminar separation size must be controlled by
active or passive flow control mechanisms [Montomoli et al., 2010].

LPT blades contain complex flow phenomena with unsteady separation due to the adverse pressure gradient
(APG), reattachment, and wake interactions from the previous blade. These factors control the efficiency
of the LPTs. The passive control mechanisms that are investigated in this study, are the wake passing
frequency, the surface roughness and both. Effects of unsteady wakes on very high lift airfoils were investigated
experimentally by [Volino, 2012; Hodson et al., 2005] and many other researchers. These studies show that in
the case of low Reynolds number and very high-lift (aggressive) airfoils, without the wake effect, the boundary
layer separates but does not reattach. Whereas this characteristic of the boundary layer changes when the
wake effect is introduced. For the low wake passing frequency, the boundary layer separates between wakes
then reattachment occurs. In the case of high wake passing frequency, the separation bubble size decreases
significantly since there is not enough time between each wake passing for the separation bubble to regenerate
itself. Overall, these experimental studies reported that the reattachment of the boundary layer is because of
the wakes shed by the upstream rods. Another passive control mechanism of LPT is the surface roughness. The
experimental studies that investigate the effect of roughness height, the location and the type indicate that the
boundary layer development depends on these roughness parameters [Wörner et al., 2002]. Optimum values
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of these variables depend on the flow condition. Therefore, the operation range must be wide enough in the
design of the passive control mechanisms. In the case of low Reynolds numbers and low free stream turbulence,
the laminar separation bubble is suppressed substantially by the roughness effect [Lorenz et al., 2012]. [Zhang
and Hodson, 2005] and [Montomoli et al., 2010] showed that at low Reynolds numbers, the wake passing
frequency is not enough to suppress the large separation bubble. However, the laminar separation bubble size
can be reduced more with using the roughness effect. The wake passing frequency and the roughness effects
were mentioned separately before. Whereas their combined effects are of great interest as well, which is the
focus of this study.

To understand the behaviour of the boundary layer development and the physics of the problem, we initiated a
direct numerical simulation (DNS) study series. We begin with the investigation of the wake interactions [Gun-
gor et al., 2012] and then, the roughness effects [Simens and Gungor, 2013] on the separated boundary layers.
The wake interactions (wake passing frequency, shape factor and intensity) on the low pressure turbine blade
are systematically examined by [Gungor et al., 2012]. It is concluded that the laminar separation and the
turbulent transition are mainly effected by the wake passing frequency but the wake shape and intensity have
little effect on the development of the boundary layer. Results indicate that the wake-passing frequency is
the key parameter to control the separated region, and hence the turbine efficiency. Furthermore, in a recent
study [Simens and Gungor, 2013], we showed the roughness effects on a laminar separation bubble, formed on
a flat plate due to a strong adverse pressure gradient similar to those encountered on the suction side of typical
low-pressure turbine blades. Results indicate that the laminar separation and turbulent transition are mainly
affected by the type, the height and the location of the roughness element, and the separation bubble can be
controlled by positioning the roughness element away from the separation bubble. Our previous studies that
show the individual effect of wakes and roughness on low-pressure turbine type boundary layer flows revealed
an important question. What will happen to the boundary layer development and hence the turbine efficiency
when combining the effects of roughness and wakes?

The purpose of this research is to search for answers to this question, to gain fundamental understanding
of laminar separation bubble behavior and some insight into their control, identify the key parameters for
efficiency, and constitute a database for the academic and industrial studies. For this purpose, we investigate
low-pressure-turbine like boundary layers subject to adverse-pressure-gradient, surface roughness and wakes
using DNS approach.

This paper is organized as follows: after describing the numerical setup we discuss in detail the combined
effect of wake passing frequency and discrete surface roughness on the separated flow. Important statistical
quantities are shown and compared with the unforced flow. Finally, the paper ends with conclusions.

NUMERICAL SETUP

In this study, the low pressure turbine blade modelled as a flat plate with a pressure distribution similar to
suction side of low pressure turbine blades. The flat plate model was validated experimentally on high-lift
low-pressure turbine blade (T106C). Pressure distributions and boundary conditions are taken from [Zhang
and Hodson, 2005]’s experiment. To model the LPT blade on a flat plate a nearly constant suction velocity
was imposed at the upper boundary. Therefore, the pressure distribution along the flat plate is representative
of those in LPTs.

The DNS code solves the incompressible Navier-Stokes equations with forth order compact spatial discretization
for convective and viscous terms, third order Runge-Kutta scheme for time integration and second-order
discretization for the pressure terms. Details concerning the numerical method can be found in [Simens
et al., 2009; Simens, 2009]. The discrete roughness elements are modeled using the immersed boundary
method [Fadlun et al., 2000; Uhlman, 2005]. The wakes are generated by the mean wake deficit created
by a linear row of circular cylinders moving in the y-direction with a non dimensional passing frequency of
St = 1.55, and superimposed at the inflow velocity profiles.

The Reynolds number based on the inflow momentum thickness θ0 = 0.268 mm and the free stream velocity
Uref = 6.3 m/s is Reθ0 ≈ 110. The cost of DNS is highly related with the Reynolds number (for 3D domain
Re(9/4)), however, for our case the Reynolds number (UrefLx/ν = 170, 000) is low enough for an expensive
DNS.

The streamwise, wall-normal and spanwise directions and velocity components are x, y, z and u, v,w, respec-
tively. The simulation domain (Lx × Ly × Lz)/θ0 = 1640 × 468 × 123 is discretized in Nx × Ny × Nz =
1537× 301× 768 collocation points and there are approximately 330 million grid points. All flow structures in
the spatial and temporal space are resolved properly from the smallest scale (Kolmogorov scale) to the largest
scale (integral scale). The grid resolution at the wall is ∆y+ ≈ 0.4, towards to boundary layer ∆y+ ≈ 2 while
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Figure 1: The numerical setup and the instantaneous visualization of the spanwise vorticity in an adverse
pressure gradient turbulent boundary layer. The vortices are coloured with the distance to the wall; blue
(dark) near the wall, and red near the top. Flow is from bottom-left to top-right.

Table 1: Parameters of the adverse-pressure-gradient boundary layer simulations. The case RW0 is
a base uncontrolled simulation by [Simens et al., 2009], used for comparison. The wake parameter
St = fLx

Uref
, is the Strouhal number based on the wake passing frequency, the length of the plate and the

reference velocity at the inlet. The roughness parameters, hr, xr and kr are the height, location and

wavenumber, respectively. The pressure gradient parameter at separation point, Λs =
θ2

s

ν
dUe

dx |s, lies in
the range −0.171 < Λs < −0.083 as suggested in [Thwaites, 1949] for laminar separation. Lb/Lb0 is the
ratio of the length of the separated region to length of the unforced separation region. The momentum
thickness, θ0 is measured at the inflow.

Case St krθ0 hr/θ0 xr/θ0 Reθ Λs Lb/Lb0

RW0 0 0 0 0 110-1600 -0.089 1.0
R3d 0 0.008 0.70 50 110-1022 -0.11 0.512
WSt155 1.55 0 0 0 110-980 -0.118 0.3810
R3dWSt1.55 1.55 0.008 0.70 50 110-895 -0.1168 0.3619

∆x+ ≈ ∆z+ ≈ 2 [Gungor et al., 2012]. No-slip boundary conditions are applied on the wall and the spanwise
direction is treated as periodic. At the outflow plane a convective boundary condition is used, with a minor
adjustment to the exit velocity to ensure global mass conservation [Gungor et al., 2012].

The integration domain along with the instantaneous vorticity contours is shown in Fig. 1. As seen from
the figure this type of flow contains complex phenomena with unsteady separation, reattachment, wakes, and
vortex interactions. Table 1 summarizes the parameters used for the various simulations presented here.

A variable time interval is used, determined by a constant CFL = 0.6 condition. The time interval is ap-
proximately 10.6 µs. So, even though the domain is small, the computations are intense. For example, the
computational time for one wake passing is 7K CPU hours. The velocity field evolved for about 10 wake
passing periods for the initial washout, and statistics are collected for another 10 periods, with a total cost of
140K CPU hours.

RESULTS

Statistics of the velocity are compiled over 10 wake passing periods for the R3dWSt1.55 case. Figure 2
presents the instantaneous streamwise velocity fluctuations for the separate and combined effects of surface
trip and wake passing. The uncontrolled flow is initially laminar, separates, transitions within the separation
bubble, reattaches due to the transition, and develops into an attached turbulent APG boundary layer. The
distributed surface roughness increases the turbulent fluctuations in the turbulent boundary layer and it shifts
the laminar-turbulent transition at some upstream position, as shown in Fig 2b. The forcing, in which all the
turbulent fluctuations except for the mean velocity defect are neglected, triggers the transition of the separated
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(a) (b)
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Figure 2: Streamwise velocity fluctuation (shaded contours) and the zero contour of the streamwise
velocity (lines). The contours are (-0.05,0.1) of the reference velocity. (a) RW0; (b) 3D roughness, R3d;
(c) Wake, WSt1.55; (d) 3D roughness and wakes, R3dWSt1.55.

shear layer, modifies the separated region, and results in a shorter and lower separation bubble (Fig. 2c). The
combined effect exerts different effects at the flow. Both effects decrease the boundary layer losses and hence
the drag forces by reducing the separation length and height of the laminar bubble.

Figures 3 and 4 show the development of the mean flow properties of the rough and wake simulation as a
function of the streamwise location, x/θ0. It is compared with the APG simulation in [Simens et al., 2009],
the wake simulation in [Gungor et al., 2012], and the three-dimensional roughness simulation in [Simens and
Gungor, 2013]. In the unperturbed case, a large unsteady separation bubble due to the adverse pressure
gradient exist. Momentum thickness describes the momentum deficit in the boundary layer. Figure 3 shows
the momentum thickness (normalised by the inflow momentum thickness) as a function of streamwise direction.
It is clear in this figure that in the uncontrolled flow the momentum deficit is high compared to R3d, WSt1.55,
R3dWSt1.55 cases . So, the efficiency of the momentum transfer is high in the flow controlled cases by the
reason of increasing wall-normal mixing and due to accelerated flow of the roughness element as mentioned
previous paragraph. These effects causes high momentum transfer rate.
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Figure 3: Streamwise momentum thickness normalised by inflow momentum thickness. Black: RW0,
Red: R3d, Green:WSt1.55, Blue: R3dWSt1.55. : separated flow, Cf < 0, and : attached
flow, Cf > 0.

The individual and combined effects of discrete surface roughness and wakes can be seen on both ends of
4
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Figure 4: The separated and combined effects of surface trip and wake passing on the mean flow statis-
tics. (a) Zero contour of the streamwise velocity, indicates the location of the separation bubble; (b)
Shape factor; (c) Skin friction coefficient; (d) Maximum turbulent intensity. Black: RW0, Red: R3d,
Green:WSt1.55, Blue: R3dWSt1.55. : separated flow, Cf < 0, and : attached flow, Cf > 0.

the bubble, as shown in Fig. 4a. Not only the reattachment point moves upstream but also the separation
point moves downstream, while the height of the separation bubble is reduced. This is due to a mean
flow deformation by the wake transport of mean momentum towards the near-wall region in the case of the
large-scale wake forcing, and due to accelerated flow in the openings of the three-dimensional roughness
element. The separate and combined effects of surface trip and wake passing on the time averaged shape
factor H = δ∗/θ and the skin friction coefficient Cf = τw/

1
2ρU

2
ref (with τw = µd 〈U〉 /dy|y=0) are compared

in Figs. 4b and c, respectively. It can be seen that the unperturbed case results in a longer region of separated
flow with a flat skin friction distribution and higher values of the shape factor. The large-scale forcing and
roughness alter the boundary layer development, resulting in a significant decrease in the overall displacement
of the separation bubble and length. The streamwise variation of the maximum turbulent intensity, T (x) =

maxy

(
√

1
3

(

u′u′ + v′v′ + w′w′

)

/U∞(x)
)

is shown in Fig.4d. For the controlled cases, the growth of the

disturbances in the initial part of the separated region is slow, whereas they grow much faster in the downstream
part of the separated region. This sudden growth of the streamwise fluctuations triggers a slowdown of bubble
growth due to turbulent energy diffusion and is responsible for the increase in the skin friction.

The turbulent kinetic energy contours shown in Fig. 5 provides a clear view of the turbulent activity around
the separated region. The time-averaged separation region and the boundary layer thickness development are
also indicated in the same plot with thick solid lines. The symbols shown indicate the inflection points in
the velocity profile. The profiles have an inflection point imposed by the APG, which is the precursor of the
boundary layer separation. Flow fluctuations originate on the line of inflection points in the velocity profile.
The line of inflection points is significant for the development of transition and reattachment. with boundary
layer thickness. The wakes and roughness elements give the flow, initially two-dimensional perturbations.
Individual studies on the effect of roughness and wakes show that both modifies the spatial development of
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Figure 5: Turbulent kinetic energy contours (shaded contours), the boundary layer thickness (magenta
lines), inflectional points (red symbols) and the zero contour of the streamwise velocity (white lines). The
contours are nondimensionalized by the reference velocity. (a) RW0; (b) 3D roughness, R3d; (c) Wake,
WSt1.55; (d) 3D roughness and wakes, R3dWSt1.55.

the laminar boundary layer by promoting the transition. And their combined effect is clearly seen in Fig. 5
from the boundary layer thickness lines and Fig. 4d (see the peak points of maximum turbulent kinetic energy
figure). This is because the flow is still laminar. In the region of transition the perturbations become three-
dimensional. By the reason of these effects, in Fig. 5(a to d) maximum kinetic energy level and boundary
layer development move close to the wall.

CONCLUSION

We investigate the low-pressure-turbine like boundary layers subject to adverse-pressure-gradient, surface
roughness and wakes using DNS approach. Results indicate that the laminar separation and turbulent transi-
tion are mainly affected by the combined effects of large-scale forcing and discrete roughness. The separation
bubble can be controlled by positioning the roughness element away from the separation bubble and intro-
ducing the large scale wake forcing. The effect of the boundary layer trip is negligible compared to the wake
effect. As a result, the mean flow statistics show almost similar trends for the unsteady smooth and rough
cases. Further work will extend these studies to lower wake passing frequencies, and focus on optimizing the
large-scale based control.
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