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A direct numerical simulation (DNS) of flow through a linear compressor cascade with
incoming free-stream turbulence was performed prior to the summer program (Zaki et
al. 2006). The data from the simulation, both time averaged and instantaneous fields, are
analyzed. Due to the incident turbulence and the moderate Reynolds number, laminarto-turbulence transition takes place on both sides of the airfoil.
The pressure surface boundary layer undergoes laminar separation in absence of freestream disturbances. When exposed to free-stream forcing, the boundary layer remains
attached due to bypass transition to turbulence upstream of the laminar separation
point. Examination of the instantaneous fields demonstrates the transition mechanism is
consistent with previous DNS of flat plate boundary layers.
Unlike the pressure side, the suction surface boundary layer separates independent of
the free-stream condition. Upstream of separation, the amplification of Klebanoff distortions is significantly suppressed in the favorable pressure gradient (FPG) region. This
suppression is in agreement with simulations of constant pressure gradient boundary layers. This effect is normally stabilizing with respect to bypass transition to turbulence,
but is unfavorable with respect to separation: downstream of the FPG section, a strong
adverse pressure gradient (APG) on the suction surface of the blade causes the laminar
boundary layer to separate. The separation surface is modulated in the instantaneous
fields by the perturbation jets inside the shear layer. Separation is followed by breakdown
to turbulence and reattachment.

1. Introduction
Boundary layer separation and transition to turbulence are ubiquitous in turbomachinery flows. In fact, many of the recent advances in the design of ultra-high-lift lowpressure-turbine blades were possible due to better understanding of the flow unsteadiness
in turbine passages and of the influence on the boundary layers (Hodson & Howell 2005).
However, the role of transition in compressors has been less explored despite its potential
importance near-stall conditions. Therefore, we have carried out a DNS of transitional
flow through a linear compressor cascade. In this report, the results from that DNS are
presented and discussed in light of previous work.
While full-scale DNS of turbomachinery passages are still not feasible, simulations
of archetypal and simplified flow settings have elucidated many aspects of bypass and
wake-induced transition. Many such simulations, with varying degrees of complexity, were
performed by our group: Wu et al. (1999) carried out a DNS of wake-induced transition
in a flat plate boundary layer. The passing of the wake triggered streamwise-elongated
boundary layer disturbances, which have the appearance of jets, and which became seat
for the subsequent breakdown into turbulent spots. However, between two wakes, the
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boundary layer was insignificantly perturbed and able to recover a calm solution. Wu et
al. (1999) documented the events antecedent to the birth of the turbulent spots. They
observed a Kelvin-Helmholtz type of instability that affects the negative perturbation
jets. A similar mechanism was observed by Jacobs and Durbin (2000), who carried out
DNS of a zero-pressure gradient boundary layer subject to free-stream turbulence. When
a turbulent spot was observed, they restarted their computation prior to spot inception
and recorded the events that lead to breakdown: Backward perturbation jets lift toward
the top of the boundary layer where they are exposed to the free-stream eddies. The
interaction is destabilizing and intermittently results in the birth of a spreading patch of
turbulence.
Also in the context of flat plate boundary layers, Zaki and Durbin (2005) carried out
DNS of “continuous mode transition” where the flow was only perturbed and reached
breakdown in response to forcing by one pair of continuous Orr-Sommerfeld modes. The
vortical modes are one of low frequency and the second of high frequency. The former
penetrates the boundary layer and induces the elongated, amplifying, perturbation jets.
The high-frequency mode, however, only exists in the free-stream because it is sheltered
by the mean shear. The two disturbances interact near the top of the boundary layer and
cause breakdown in a manner similar to that observed by Jacobs and Durbin (2000).
In order to study the effect of pressure gradient, Zaki and Durbin (2006) performed
DNS of continuous mode transition for constant acceleration parameters. The results from
those fundamental simulations will be drawn upon here when discussing the influence of
pressure gradient on the compressor boundary layers.
In addition to the archetypal flat plate setting, Wu and Durbin (2001) performed the
first DNS of a low-pressure-turbine passage with incoming wakes. A second DNS was
performed by Kalitzin et al. (2003) where, instead of the wakes, homogeneous isotropic
turbulence was prescribed at the inflow. Through the passage, the free-stream turbulence
interacts with the boundary layer and transition to turbulence is observed.
The simulation of the compressor passage discussed in this paper adopts a similar
approach to that in Wu and Durbin (2001) and Kalitzin et al. (2003). Only the effect of
free-stream turbulence (and not of migrating wakes) is considered. The main objective
is to explain, in detail, the interaction of the turbulence with the boundary layers on
the pressure and suction surfaces of the compressor blade. The influence of the pressure
gradient plays an important role in this interaction and will be addressed.
The rest of this report is divided into five sections. In the next section, a summary of the
simulation setup is provided, including the characteristics of the free-stream turbulence.
Two subsequent sections discuss, in detail, the boundary layer flows of the pressure and
suction surfaces, respectively. In each of the two sections, the flow behavior is contrasted
in the presence and absence of free-stream turbulence. In addition, the connection to
other fundamental studies of transition in flat plate boundary layers is highlighted. A
summary and concluding remarks are provided in the last section.

2. The simulation setup
A schematic of the computational domain is shown in Fig. 1. The blade geometry
is designated V103 as used in the experiments of Hilgenfeld and Pfitzner (2004). The
simulation Reynolds number, based on the mean inflow velocity U0 and the axial chord
L, is Re=138,500. The simulation setup in Fig. 1 is equivalent to an infinite linear cascade:
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Figure 1. Cross section through the computational domain at midspan.

periodic boundary conditions are applied in the y-direction upstream and downstream
of the blade surface. The periodic regions correspond to x/L < 0 and x/L > 1.
The separation of the top and bottom computational boundaries is one blade pitch,
P = 0.59L. The streamwise extent of the domain is 1.9L. At the inflow plane, x/L = −0.4,
a mean velocity (Uo cos(α), Uo sin(α), 0) is prescribed, where the angle of attack α = 42o .
Inflow perturbations, u0 , v 0 , w0 , can be superimposed to the mean flow at the inlet plane.
Convective boundary conditions are applied at the outflow, x/L = 1.5. Finally, periodic
boundary conditions are enforced in the spanwise direction, the extent of which is 0.20L.
The discretization of the incompressible Navier-Stokes equations is carried out on a
staggered grid with a local volume flux formulation in curvilinear coordinates (Rosenfeld
et al. 1991; Wu & Durbin 2001). Explicit time advancement of the convective terms is
implemented using Adams-Bashforth. The pressure and diffusion terms are treated using
implicit Euler and Crank-Nicolson, respectively.
Initially, a laminar simulation, without inflow perturbations, was carried out on a
coarse mesh comprising 625 × 289 × 9 points in the x, y, and spanwise directions, respectively. The same (x, y) grid, but with increased spanwise resolution of 65 points, was used
for a preliminary simulation with inflow turbulence. This grid is hereinafter referred to
as the coarse mesh. Based on the results from the coarse mesh computation, the grid was
refined in order to fully resolve both the boundary layer on both the pressure and suction
sides. This exercise was particularly important on the suction surface due to the presence
of a thin separation bubble. The fine mesh, composed of 1025 × 641 × 129 points, also
provides higher resolution outside the boundary layers in order to avoid any excessive
decay of the free-stream turbulence. Figure 2 illustrates the final mesh, with only every
8th grid line plotted.
The surface pressure distribution from the laminar, coarse turbulent, and fine turbulent
simulations are shown in Fig. 3. The pressure surface of the blade (top curve) is subject to
an APG from the leading edge till approximately 80% chord, after which the boundary
layer is subject to FPG. The suction surface (lower curve) initially undergoes strong
acceleration up to 20% chord, followed by strong APG that causes flow separation. The
flow reattaches farther downstream, with the separation region extending over nearly
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20% − 25% of the axial chord. The differences between the quiescent and turbulent freestream computations are addressed in the subsequent sections, where the pressure and
suction surface are discussed in detail.
Mean velocity contours are shown in Fig. 4, and correspond to the fine turbulent
simulation. The mean flow monotonic deceleration on the pressure surface is captured in
the figure. The initial acceleration and subsequent deceleration on the suction side are
also shown. The overall deceleration through the passage is 25% of the inflow velocity.
2.1. The free-stream turbulence
In order to prescribe free-stream vortical disturbances at the inflow, a separate DNS of
homogeneous isotropic turbulence was carried out in a periodic box whose vertical and
spanwise extents match the inflow plane of the compressor domain. By invoking Taylor’s
hypothesis, the streamwise extent of the box of turbulence can be regarded as time. Twodimensional planes of u0 , v 0 , w0 can thus be extracted from the turbulent box as a function
of time, and superimposed onto the mean flow at x/L = −0.4 in the compressor DNS.
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Figure 4. Contours of mean velocity magnitude.

It should also be noted that the viscosity of both simulations must match in order to
ensure a short adjustment length for the inflow turbulence once it enters the compressor
computational domain.
The turbulence intensity at the inflow of compressor computational domain was T u =
3.5% of the mean velocity. This value decays to 2.5% at x/L = 0, the position of the
leading edge of the blade. Contours of the turbulent kinetic energy, k are shown in Fig.
5. Since the velocity ratio across the compressor is moderate (Fig. 4), it is expected that
the mean strain would slightly reduce the energy decay rate. This reduction in the decay
rate is clear in Fig. 5, downstream of the leading edge. Past the trailing edge, a higher
decay rate is recovered.
The turbulent fluctuations in the (x, y)− plane can be decomposed into components
tangential and normal to the mean flow. According to such decomposition, the mean
square fluctuations are
u2t = (+u0 tx + v 0 ty )2 ,
u2n = (−u0 ty + v 0 tx )2 ,
where (tx , ty ) is the two-dimensional unit tangent vector,
(u, v)
(tx , ty ) ≡ p
.
u2 + v 2

Both u2t and u2n were evaluated at mid-pitch and are shown in Fig. 6. Upstream of the
blade, both components are nearly identical since the turbulence is isotropic. Through
the passage, the turbulence is distorted. The resulting anisotropy is consistent with the
prediction of rapid distortion theory: the tangential component is higher due to the mean
strain, but the distortion is not significant.
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Figure 6. Turbulence anisotropy in the free-stream.

3. The pressure surface
The Cp distribution on the pressure surface of the blade is shown in Fig. 7. The results
indicate that a mild separation region exists on the pressure surface in the absence of any
free-stream turbulent forcing. In the presence of free-stream turbulence, however, that
mild separation is absent; the boundary layer remains attached throughout the extent of
the pressure surface.
The change in the boundary layer behavior can be better understood by considering the
skin friction, Cf , which is also shown in Fig. 7. Based on the Cf curve from the laminar
computation, the separation bubble spans 0.34 < x/L < 0.59. Farther downstream, an
increase in the skin friction is observed and is associated with the FPG toward the trailing
edge of the pressure surface. In the presence of free-stream perturbations, the boundary
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Figure 7. Pressure coefficient, Cp , and skin friction Cf , along the pressure surface.
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layer transitions to turbulence. Transition onset, defined as the point of minimum skin
friction, takes place at x/L = 0.22, which is upstream of the laminar separation point.
The transitional boundary layer circumvents separation, and transition is complete at
x/L = 0.46.
The mechanism of the boundary layer breakdown can be deduced from the instantaneous flow fields. Figures 8 and 9 show contours of instantaneous perturbations inside
the boundary layer. The perturbations in Fig. 8 are tangential to the mean flow and
those in Fig. 9 are spanwise. The locations marking the onset, Xs , and end, Xe , of the
transition length are also indicated on the figures.
The tangential perturbations in Fig. 8 are elongated in the flow direction and reach
amplitudes on the order of 15% of the free-stream speed. They have the appearance of jets,
and their time-average is known as Klebanoff modes (Kendall 1991), or distortions (Wu
& Choudhari 2003). These perturbations preserve their elongated appearance through
the transition length, and into the fully turbulent boundary layer. As such, they do not
provide a clear distinction between the laminar, transitional, and turbulent regions of the
flow. While they resemble the backward and forward jets in the simulations of bypass
transition by Jacobs and Durbin (2000) for example, a clear breakdown to turbulence
can not be easily identified in Fig. 8. It is, therefore, not possible to characterize the
transition mechanism as bypass based on this figure alone.
The laminar, transitional, and turbulent boundary layer can be more distinctly identified using the spanwise component of the fluctuation (see Fig. 9). Upstream of Xs , the
boundary layer is insignificantly perturbed. In the region Xs < X < Xe , a turbulent spot
is observed and is enclosed by a rectangle in the figure. Examination of a time sequence
of the flow shows that turbulent spots emerge sporadically and spread as they convect
downstream. For X > Xe , the spots have spread and merged together, thus forming a
fully turbulent boundary layer.
Jacobs and Durbin (2000) have suggested that breakdown in bypass transition commences near the top of the boundary layer, when the negative u−perturbations jets are
exposed to high-frequency forcing in the free-stream. This breakdown mechanism was
also verified by Zaki and Durbin (2005) in their simulations of continuous mode transi-
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Figure 8. Contours of the velocity perturbations tangential to the mean flow. The plane
shown is inside the pressure surface boundary layer.

Figure 9. Contours of the spanwise velocity perturbations. The plane shown is inside the
pressure surface boundary layer.

tion. In the current DNS, events preceding the formation of the turbulent spot of Fig.
9 were recorded and inspected in order to identify whether a similar mechanism takes
place. Figure 10 shows profiles of the velocity perturbation vectors at two time instants
that precede the spot in Fig. 9. The plane shown bisects the location of spot inception.
The profiles clearly show that the perturbation vectors are pointed upstream, and have
the appearance of a negative jet. The jet lifts toward the top of the boundary layer,
where it is exposed to the free-stream turbulence. The interaction, which can be seen
at the far left of the lower figure, is destabilizing and initiates breakdown to turbulence.
Therefore, despite the pressure gradient and leading edge, the observed breakdown on
the pressure surface is similar to bypass transition in fundamental studies of flat plate
boundary layers.

4. The suction surface
The Cp distribution on the suction surface of the blade is shown in Fig. 11. The
figure indicates that separation takes place independent of the free-stream condition, be
it laminar or turbulent. The behavior, however, is different among the two simulations
as illustrated by the skin friction, Cf , which is plotted in the same figure. In the case
of a quiescent free stream, two separation bubbles exist: The first extends over 0.45 <
x/L < 0.75, and includes a short region of forward flow. The second separation region
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Figure 10. Profiles of perturbation velocity vectors on the pressure surface at two instants,
showing jets directed upstream, with incipient breakdown.
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Figure 11. Pressure coefficient, Cp , and skin friction Cf , along the suction surface.
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is much shorter in extent, and takes place toward the trailing edge, 0.92 < x/L < 0.95.
Despite the two separation events, the boundary layer remains laminar in the absence of
free-stream forcing.
In the presence of free-stream turbulence, the location of separation onset, x/L ∼ 0.45,
is nearly unchanged. In fact, the Cf curve upstream of this point is almost identical
among the laminar and turbulent free-stream simulations. Differences in Cf only emerge
downstream of separation; In the presence of free-stream turbulence, the extent of the
first separation bubble is reduced by approximately 15%. Reattachment takes place at
x/L = 0.7, and no region of forward flow is observed inside this separation bubble. Also,
the reattached boundary layer is turbulent and, as a result, prevents the second mild
separation event that was observed in the laminar computation.
The persistence of laminar separation on the suction surface despite the free-stream
turbulent forcing raises the following question: Why does bypass transition not take place
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Figure 12. Contours of tangential velocity perturbations in a plane inside the boundary/shear
layer.

upstream of separation and, in a similar manner to the pressure surface, maintain an
attached boundary layer? It should be recalled that transition takes place on the pressure
side at x/L = 0.34, which is nearly 0.1L upstream of the suction surface separation point.
In addition, both blade surfaces share the same free-stream turbulent forcing.
In order to address the above question, we turn to the instantaneous perturbation field
inside the suction surface boundary layer. Figure 12 is a plane view showing contours of
the tangential velocity perturbations. The figure suggests that, on the suction surface,
the boundary layer does not develop strong Klebanoff distortions in the initial 20% of
chord, which corresponds to the FPG region (see Fig. 11).
Wall-normal profiles of the root-mean-square tangential perturbations, u0rms , are shown
in Fig. 13. The profiles are extracted at equidistant downstream locations along 0.05 ≤
x/L ≤ 0.20 on the pressure (pane (a)) and suction (pane (b)) surfaces. Direct comparison
confirms that, within this region of FPG on the suction surface, the Klebanoff distortions
are significantly weaker than their counterpart on the pressure side. This result is consistent with the fundamental simulations of bypass transition in constant pressure gradient
(Zaki & Durbin 2006), where flow acceleration is observed to reduce the amplification
of Klebanoff distortions, and thus stabilizes a laminar boundary layer with respect to
bypass transition. However, in the current setting, the “stabilized” laminar flow separates in the downstream APG section. Had bypass transition taken place, a turbulent
boundary layer might have prevented flow separation.
The work of Zaki and Durbin (2006) also shows that APG enhances the amplification
of Klebanoff distortions. Therefore, it is expected that u0rms intensifies at a higher rate
downstream of x/L = 0.2 on the suction surface. This behavior is captured in the u0rms
profiles in Fig. 14, which are extracted at equal increments over the length 0.25 ≤ x/L ≤
0.45.
The amplitude of the Klebanoff distortions is approximately 8% of the free-stream
mean speed at the separation point, and continues to intensify downstream. These elongated disturbances inside the separated shear layer are therefore substantial and can
become a seat for an interaction with the free-stream disturbances.
While the time-averaged effect of the free-stream turbulence on separation location is
negligible (Fig. 11), the perturbation jets inside the boundary layer alter the instantaneous separation surface. The resulting three-dimensionality of the separation surface is
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Figure 14. Profiles of urms on the suction surface. The profiles are extracted at equidistant
intervals along 0.25 ≤ x/L ≤ 0.45.

illustrated in Fig. 15. Pane (a) shows contours of the tangential velocity perturbations in
a plane near the blade surface. Note that the perturbations change sign inside the mean
separation region because they are computed with respect to the mean flow; a positive
perturbation jet in the forward flow region becomes negative with respect to the reverse
mean flow within the separation region. In pane (b), the instantaneous separation bubble is shown in white, superimposed on the perturbation field. It is clear from the figure
that the separation surface is modulated by the perturbation jets: separation is shifted
upstream in regions of negative jets and downstream due to the positive ones.
A side view of the separated shear layer is shown in Fig. 16, where the velocity perturbation vectors are superimposed on contours of instantaneous spanwise vorticity. The
locations x1 and x2 , marked on the figure, correspond to the mean separation and turbulent reattachment points, respectively. The two frames shown are two instances in time,
separated by 0.1 time units based on the mean inflow speed and axial chord. It is evident
from the figure that the two-dimensional Kelvin-Helmholtz billows dominate other phenomena that might be present. These billows, once detached from the shear layer, break
down due to the forcing by the turbulent free stream.
The influence of the elongated boundary layer disturbances on the instantaneous sep-

30

T. A. Zaki, P. A. Durbin & X. Wu

(a)

(b)

Figure 15. Modulation of the three-dimensional separation surface by the boundary layer perturbations. Light and dark contours correspond to positive and negative tangential disturbances,
respectively. In pane (b), the three-dimensional separation surface (white region) is superimposed
on the perturbation field.

aration surface has now been demonstrated. However, when the average separation location is considered, the influence of Klebanoff distortions is less evident. In order to
quantify this role, we turn to the frequency spectra. Contours of the energy frequency
spectra,
Z ∞
u(t)u(t + τ )eiωτ dτ,
−∞

are shown in Fig. 17. The vertical axis is the non-dimensional frequency, F ≡ 106 ων/Uo2 ,
and the abscissa is the axial distance along the suction surface. Given an (x, F ) pair, the
wall-normal coordinate was swept in search of the maximum energy density, which was
then included in the figure. When computing the spectra, the spanwise-averged velocities
were subtracted in order to uncover the three-dimensional effects.
Figure 17 provides a good summary of many of the results presented to this point.
Proceeding downstream from the leading edge, a distinctly large energy density emerges
at low frequencies for x/L > 0.2. These low-frequency modes are the Klebanoff distortions
that amplify due to the shift from favorable to adverse pressure gradient at x/L = 0.2.
However, the elongated disturbances vanish upon transition to turbulence. Within the
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(a) [t = 0.0]

(b) [t = 0.1]

Figure 16. Side view of the separation bubble on the suction surface. Vectors of velocity
perturbations are superimposed on contours of spanwise vorticity.

breakdown region, high energy levels are observed near F ∼ 100, which is lower than
the laminar two-dimensional shedding frequency F ∼ 180 (recall that two-dimensional
effects, kz = 0, have been subtracted from this figure). Downstream of breakdown, the
broadband turbulence energy decays quickly, except near F ∼ 100, where relatively
higher energy levels persist till the trailing edge.

5. Conclusion
Transitional flow through a compressor passage was computed using DNS. In the
absence of any inflow perturbations, the flow remains laminar and the boundary layer
separates on both blade surfaces. In response to free-stream forcing, the pressure surface
boundary layer transitions to turbulence according to the bypass mechanism. Breakdown
in the current simulation is compared to fundamental DNS of bypass transition in flat
plate boundary layers, and the similarity is highlighted: Elongated perturbation jets,
or Klebanoff distortions, are observed inside the boundary layer. The jets amplify with
downstream distance and their interaction with the high-frequency eddies in the free
stream leads to the formation of turbulent spots.
Despite a free-stream turbulent forcing identical to pressure surface, the suction-side
boundary layer does not undergo bypass transition. Instead, it remains laminar up to the
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Figure 17. Contours of power spectral density.

separation point. The results from the DNS indicate that the initial FPG region of the
suction surface suppresses the amplification of Klebanoff distortions. This observation
is in agreement with the fundamental simulations of flat plate boundary layers subject
to constant pressure gradient. In the subsequent APG portion of the suction surface,
the Klebanoff distortions amplify, but do not reach a sufficiently high amplitude to become seat for secondary instability and bypass transition. Instead, the laminar boundary
layer separates. While the mean separation location seems unaffected by the presence
of free-stream turbulence, the instantaneous velocity fields demonstrate a modulation
of the separation surface by Klebanoff distortions: The separation surface moves downstream in response to forward perturbation jets, and upstream in the response to negative
disturbances.
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