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Direct numerical simulation was used to describe the subsonic flow past an array of distributed cylindrical
roughness elements mounted on a flat plate. Solutions were obtained for element heights corresponding to a
roughness-based Reynolds number (Re;) of both 202 and 334. The numerical method used a sixth-order-accurate
centered compact finite difference scheme to represent spatial derivatives, which was used in conjunction with a
tenth-order low-pass Pade-type nondispersive filter operator to maintain stability. An implicit approximately
factored time-marching algorithm was employed, and Newton-like subiterations were applied to achieve second-
order temporal accuracy. Calculations were carried out on a massively parallel computing platform, using domain
decomposition to distribute subzones on individual processors. A high-order overset grid approach preserved spatial
accuracy on the mesh system used to represent the roughness elements. Features of the flowfields are described, and
results of the computations are compared with experimentally measured velocity components of the time-mean
flowfield, which are available only for Re; = 202. Flow about the elements is characterized by a system of two weak
corotating horseshoe vortices. For Re;, = 334, an unstable shear layer emanating from the top of the cylindrical
element generated nonlinear unsteady disturbances of sufficient amplitude to produce explosive bypass transition
downstream of the array. The Re; = 202 case displayed exponential growth of turbulence energy in the streamwise

direction, which may eventually result in transition.

Nomenclature

D = roughness element diameter, 6.35 mm

E; E, = frequency and spanwise wave number of (u — it)>

E; = planar integrated fluctuation energy

f = frequency, Hz

h = roughness element height, mm

I,J,K = -coordinate grid indices in the streamwise, vertical,
and spanwise directions

k. = nondimensional spanwise wave number

l = reference length used for nondimensionalization,
1 mm

Re = reference Reynolds number, p,uqo!/ Lo

Re, = roughness-based Reynolds number, p, ug(h)h/ s

Reg: = displacement thickness-based Reynolds number,
Poolloc8™ [ oo

u,v,w = nondimensional Cartesian velocity components in the
X, y, z directions

ug(h) = value of the Blasius streamwise velocity component
evaluated at &

Xx,y,z = nondimensional Cartesian coordinates in the
streamwise, vertical, and spanwise directions

X; = streamwise location of roughness elements

Xyle = streamwise location of the plate virtual leading edge

= nondimensional theoretical flat-plate boundary-layer
thickness, [(x — xy;.)/Re]'/?

&* = dimensional theoretical flat-plate boundary-layer
displacement thickness

Ny = nondimensional boundary-layer coordinate, y/é

A = nondimensional roughness element spanwise spacing
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w,, w, = streamwise and spanwise components of vorticity
Subscripts

e = evaluated at boundary-layer edge

Superscripts

- = time-mean quantity

! = root-mean-square fluctuating component

+ = law-of-the-wall coordinate

1. Introduction

HE transition from laminar to turbulent flow in a flat-plate

boundary layer is one of the most fundamental and often studied
subjects in fluid mechanics. Although this canonical problem is basic
in nature, it can provide a framework for understanding more
complex and practical situations encountered in modern aerospace
vehicles. One specific aspect of this topic is the role played by
roughness elements in the transition process. When the height of a
roughness element is sufficiently small, the disturbance field that it
generates may consist of very weak fluctuations, and is often
considered to be stationary. The perturbation to a Blasius boundary
layer can result in structures spatially evolving behind the element,
which have an initial region of algebraic growth in the kinetic energy,
followed by exponential decay further downstream. This
phenomenon is commonly referred to as transient growth, and has
several interesting properties. Although transient growth can amplify
certain types of disturbances in the subcritical region of boundary
layers, it is also capable of suppressing the growth of Tollmien—
Schlichting waves, thereby delaying the transition to turbulence [1].
For more sizable roughness elements, large-amplitude disturbances
are produced, leading to a breakdown of the evolving structures and
bypass transition in the region subcritical to Tollmien—Schlichting
wave growth.

A detailed chronological description of attempts to explain both
the physical and mathematical nature of transient growth, may be
found in [2]. This includes a number of investigations which are
based upon various forms of stability analyses.

A number of experimental studies have described behavior that is
consistent with that of transient growth, including examinations of
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distributed surface roughness [3,4] and those of freestream
turbulence [5-9]. Among these, only the work of Breuer and
Haritonidis [5] was performed to compare with transient growth
theories. More recently, a series of experiments [1,2,10-13] for
distributed roughness elements has been conducted to verify several
aspects of the characteristics predicted by transient growth analyses.
In addition, the data collected from these experiments is useful for
corroboration of numerical simulation. This body of work considers
not only the transient growth produced by roughness elements of
small height, but also Tollmien—Schlichting wave suppression and
the initiation of bypass transition for the case of larger elements.

There are few direct numerical simulations which have attempted
to reproduce the flow about roughness elements. The computations
of Joslin and Grosch [14] examined growth characteristics down-
stream of a ‘“shallow” bump, where the configuration and flow
conditions corresponded to the experiment of Gaster et al. [15].
Although results of the simulations were consistent with experi-
mental observations, no quantitative comparisons were made. The
works of Fischer and Choudhari [16,17] carried out computations for
distributed roughness elements that were considered experimentally
by White et al. [2,10-12]. Some aspects of the simulations compared
favorably with the experiments for roughness heights which
produced only transient growth. Modal amplitudes of the streamwise
kinetic energy for these cases, however, were considerably lower
than measurements. Moreover, for a larger roughness height which
resulted in bypass transition in the experiment, transition did not
occur in the simulation. It was suggested by Choudhari and Fischer
[17] that the reason transition did not occur in this situation may have
been due to a lack of sufficient spatial resolution, and/or that the
extent of the computational domain downstream of the roughness
element was inadequate.

Although the studies of White et al. [2,10-12] sought to
investigate the transient growth phenomenon, due to the sensitive
nature of the physical situation, practical limitations of wind-tunnel
experiments may have introduced growing disturbances into the
flow. These limitations include small but finite freestream turbulence
levels, and operating conditions (based upon Re;- ) that may lie in the
unstable regime. Some of these aspects might be clarified by
companion direct numerical simulations, which can also serve to
qualify the measurements. It is the purpose of the present work to
provide computations which correspond to the experiments of [2,10—
12] for the flow over a distributed array of roughness elements. Cases
which exhibited both transient growth and bypass transition in the
experiments are considered. Details of the simulations are described,
characteristics of the solutions are elucidated, and quantitative
comparisons of the computed results are made with the available
experimental data in terms of time-mean velocity components of the
flowfield.

II. Governing Equations and Numerical Method

The governing equations are taken as the unsteady three-
dimensional compressible unfiltered Navier—Stokes equations. After
introducing a curvilinear coordinate transformation to a body-fitted
system, the equations are cast in the following nondimensional
conservative form

a0 0 1 0 1
i(5) rae(rrer) + 0, (6 7e0)

3 1
+8—§(H—EHU)=O (1)

Here ¢ is the time, &, 7, ¢ the computational coordinates, Q the vector
of dependent variables, F,G, H the inviscid flux vectors, and
F,,G,, H, the viscous flux vectors.

Time-accurate solutions to Eq. (1) are obtained numerically by the
implicit approximately factored finite difference algorithm of Beam
and Warming [18] employing Newton-like subiterations [19], which
has evolved as an efficient tool for generating solutions to a wide
variety of complex fluid flow problems. Second-order-accurate,

backward-implicit time differencing was used to obtain temporal
derivatives.

The implicit segment of the algorithm incorporates second-order-
accurate centered differencing for all spatial derivatives, and uses
nonlinear artificial dissipation [20] to augment stability. Efficiency is
enhanced by solving this implicit portion of the factorized equations
in diagonalized form [21]. Temporal accuracy, which can be
degraded by use of the diagonal form, is maintained by using
subiterations within a time step. This technique has been commonly
invoked to reduce errors due to factorization, linearization,
diagonalization, and explicit application of boundary conditions. It is
useful for achieving temporal accuracy on overset zonal mesh
systems, and for a domain decomposition implementation on parallel
computing platforms. Any deterioration of the solution caused by use
of artificial dissipation and by lower-order spatial resolution of
implicit operators is also reduced by the procedure. Three
subiterations per time step have been applied to preserve second-
order temporal accuracy in the present application.

The compact difference scheme which is employed to evaluate
spatial derivatives for the explicit part of the factored form of Eq. (1)
is based upon the pentadiagonal system of Lele [22], and is capable of
attaining spectral-like resolution. This is achieved through the use of
a centered implicit difference operator with a compact stencil,
thereby reducing the associated discretization error. For the present
computations, a sixth-order tridiagonal subset of Lele’s system is
used. The scheme has been adapted by Visbal and Gaitonde [23] as
an implicit iterative time-marching technique, applicable for
unsteady vortical flows. It is used in conjunction with a tenth-order
low-pass Pade-type nondispersive spatial filter developed by
Gaitonde et al. [24], which has been shown to be superior to the use of
explicitly added artificial dissipation for maintaining both stability
and accuracy on stretched curvilinear meshes [23]. The filter is
applied to the solution vector sequentially in each of the three
computational directions following each subiteration. A more
thorough description of the governing equations and complete
details of the numerical method appear in [25], but have been omitted
here for brevity. Application of the subiteration process and use of
the high-order filter scheme, results in solutions with sixth-order
spatial and second-order temporal accuracy.

The aforementioned features of the numerical algorithm are
embodied in a parallel version of the time-accurate, three-
dimensional computer code FDL3DI [26], which has proven to be
reliable for steady and unsteady fluid flow problems, including the
simulation of flows over delta wings with leading-edge vortices [27—
29], vortex breakdown [28,29], direct numerical simulation of
transitional wall jets [30] and synthetic jet actuators [31], and direct
numerical and large-eddy simulation of subsonic [32-35] and
supersonic flowfields [36-38].

III. Details of the Computations

Experimental measurements for the roughness array were
obtained in the boundary layer of a flat aluminum plate that was
polished to a near mirror finish, and is illustrated schematically in
Fig. 1. The plate had an elliptical leading edge and a trailing-edge flap
which was used to control the stagnation streamline. A spanwise
array of cylindrical roughness elements was located a distance
x; =300 mm downstream from the physical leading edge of the
plate. Through the use of a nonlinear least-squares curve fit to the
boundary-layer displacement and momentum thicknesses as a
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Fig. 1 Schematic illustration of experimental configuration.
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function of streamwise position, it was estimated that a virtual
leading edge of the configuration was located 7 mm upstream of the
physical leading edge.

The roughness elements were constructed from circular adhesive-
backed paper labels that could be stacked vertically to provide a
range of desired roughness heights. These labels were 6.350 mm in
diameterand 1.016 x 10~* m thick. Seven and nine layers were used
to obtain element heights of 0.710 and 0.915 mm, corresponding to
roughness-based Reynolds numbers Re, of 202 and 334,
respectively. From a large body of experimental investigations, it
was found that for isolated three-dimensional roughness elements,
the critical value of Re; at which transition should occur is given by
600(h/D)%* [39]. These critical values are 250 for Re; = 202 and
276 for Re, = 334, indicating transition for the taller element only.

The freestream velocity of 12.2 m/s resulted in a reference
Reynolds number of Re = 769.0 and Mach number of 0.055. For
numerical simulations, a value of M, = 0.1 was specified. Spanwise
spacing of the elements was set at approximately three times the
elemental diameter such that A = 19.0. This distance was sufficient
to ensure that each protuberance acted as an isolated element in the
near-wake region [40]. The entire experimental arrangement
consisted of 12 elements to establish predominantly periodic flow in
the central region of the array where measurements were performed.
Thus, for the numerical computations, only a single roughness
element was simulated, and periodic conditions were invoked in the
spanwise direction.

A. Computational Mesh System

An overset mesh system with its origin located at the center of the
roughness element was composed of three distinct topological
regions which are seen in Fig. 2, where for clarity only a fraction of
the total grid points are shown. A primary zone comprising the
majority of the flat-plate region used a nonuniform Cartesian
construct of (713 x 201 x 155) grid points in (/, J, K). The usable
domain size for this region was defined by

—63.5 <x <2125, 0.0<y =50, —-95=<z=<95

@

which does not include the coarse-mesh areas near the upper and
downstream boundaries, which extended to x=312.5 and
y = 110.0. Within the usable region, there were 698 points in the /
direction and 150 in the J direction. For the upstream and
downstream portion of the flowfield, Ax = 0.5, and near to the
roughness element Ax = 0.125. At the plate surface for Re;, = 334,
the minimum vertical spacing was Ay = 0.0183, so that 51 J grid
points were used to define the roughness element. The nonuniform
vertical distribution provided 130 points in the boundary-layer
profile at the inflow plane. A uniform mesh spacing was employed in
the spanwise direction with Az = 0.127.

Within the primary zone, a portion of the grid points forming the
section

—525<x<35.25, 0.00 <y <3.18, —532<7=<532

3

were removed and replaced with a cylindrical topology used to
describe the roughness element. This zone was formed by
(141 x 361 x 145) mesh points in the radial, circumferential, and
vertical directions, respectively, and can be observed in Fig. 2. The
minimum radial grid spacing in this region was 0.0183, and the
circumferential spacing was uniform. Grid points lying interior to the
element geometric boundary were removed. The O-grid construct
about the cylindrical element maintained a minimum radial distance
greater than zero from the origin to preclude the emergence of a polar
axis. This resulted in a circular hole along the y axis for the
cylindrical zone above the top of the roughness element. An auxiliary
(61 x 95 x 61) Cartesian mesh was used to fill the hole, and to
connect the top of the cylinder with the primary zone. The total
number of grid points in the complete mesh system was
approximately 28.8 x 10°. For overset regions connecting the

Fig. 2 Computational mesh system.

respective zones, a minimum five-grid point overlap was enforced in
each coordinate direction to preserve the high-order differencing and
filtering schemes. In addition to the grid system just described, a
coarse-mesh arrangement was also generated by removing every
other point in each coordinate direction from all zones.

B. Domain Decomposition

For parallel processing, the computational mesh system was
decomposed into a series of subzones, which were then distributed
on individual processors of a massively parallel computing platform
(IBM SP4+). Decompositions were constructed to provide an
approximately equal number of grid points in every subzone, thereby
balancing the computational work load among the processors. Faces
at the boundaries of each subzone block were overset into adjacent
domains, such that an overlap of five planes was established.
Although this incurred an overhead due to redundant computation, it
maintained the formal high-order accuracy of both the numerical
differencing and filtering schemes. A vast majority of the grid points
in the overlapping regions of respective subzones were coincident
with those of neighboring subzones. In these situations, no
interpolation was required for the transfer of information between the
subzones. Flow variables in regions of noncoincident overlapped
meshes, however, were obtained from explicit sixth-order accurate
Lagrangian interpolation formulas. This interpolation approach for
high-order numerical solutions has been successfully applied by
Sherer [41] and Sherer and Scott [42] for the computation of fluid
dynamic and acoustic problems, and by Rizzetta and Visbal [34,35]
for direct simulation of transitional turbine blade flowfields.
Automated software [43] was used to identify donor and recipient
grid points in the overlapping domains. Internode communication
among the processors was established through standard message-
passing interface (MPI) library routines [44], which were used to
transfer information between the various subzones of the flowfield at
domain boundaries. A total of 391 processors were employed for the
computations reported here, apart from those performed on the
coarse-mesh system which used 54.

C. Inflow Profiles

Inflow profiles for the dependent variables at the upstream
computational boundary were obtained from a two-dimensional flat-
plate calculation. This computation employed the identical
numerical formulation and vertical grid distribution that was used
for the roughness element simulation. Profiles were extracted at the
streamwise location along the plate which most closely match the
expected theoretical values of boundary-layer, momentum, and
displacement thicknesses based upon the distance of the inflow
boundary from the experimental virtual leading edge. Because not all
three of these quantities could be matched at the same streamwise
position, a least-squares fit was used to determine the optimal
location. The inflow velocity profiles are compared with the Blasius
solution in Fig. 3.

D. Boundary Conditions

Along the upstream boundary, all velocity components and the
density were specified from the two-dimensional flat-plate solution.
The pressure at this boundary was obtained by extrapolation from the
interior domain. At the downstream outflow plane, the static pressure
was fixed at the freestream value, and all other flow variables
were extrapolated from within the domain. The downstream
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Fig. 3 Inflow velocity profiles.

computational mesh was intentionally severely stretched in the
streamwise direction to prevent spurious reflections from the exit
boundary. This technique transfers information to high streamwise
spatial wave numbers, and then dissipates it by the low-pass filter
[45].

On the upper domain boundary, the streamwise velocity
component was specified as freestream u,, and the remaining
variables were extrapolated from below. Excessive vertical grid
stretching in this region, along with application of the numerical
filter, again prevented spurious reflections. For all solid surfaces,
consisting of the plate and side and top of the cylindrical element, the
no-slip condition was enforced along with an isothermal wall and a
zero normal pressure gradient. The specified isothermal temperature
was the adiabatic wall value, and the pressure gradient condition was
obtained with third-order spatial accuracy. Periodic conditions were
applied along the spanwise boundaries, employing a five-grid point
overlap in the z direction to maintain spatial accuracy.

E. Temporal Considerations

All computations were performed using a nondimensional time
step (nondimensionalized using / and u,) of Ar=0.01. The
flowfield was initialized using the two-dimensional flat-plate result,
and allowed to evolve sufficiently in time to remove transients and
achieve an equilibrium state. Because of the low Mach number, this
could require in excess of 2 x 10° time steps for each case. Once
equilibrium was attained, the solution was processed for 2.8 x 10°
time steps during which statistical information was collected. This
duration represented approximately 10 characteristic time units
based upon freestream conditions and the streamwise extent of the
usable domain noted in Eq. (2).

IV. Results for Re, = 202

A. Time-Mean Flowfield

A representation of the time-mean flowfield in the region close to
the roughness element for Re, =202 appears in Fig. 4. Planar
contours of the streamwise vorticity magnitude |w, | and streamlines
comprising the horseshoe vortex system may be seen in the figure.
The horseshoe system is composed of two corotating vortices: a
primary vortex lying close to the cylinder, and a weaker secondary
vortex upstream of the primary and nearer to the plate surface. It is

Fig. 4 Time-mean and instantaneous flowfield for Re; = 202, showing
planar contours of |w,| and streamlines of the horseshoe vortex system.

computation

SASE—

X=15.0
Fig. 5 Time-mean planar contours of the streamwise velocity
component u for Re; = 202.

noted that the most significant contributions to |w,| arise from the
shear layer generated at the surface of the cylinder, rather than from
the vortex system. This is because the horseshoe vortex system is
weak. In this region of the domain, the amplitude of unsteady
fluctuations is very small, so that the figure looks identical for the
instantaneous flowfield.

Planar contours of the time-mean streamwise velocity u, at a series
of streamwise locations, are compared with experimental data in
Fig. 5. Each frame of the figure represents the region defined by

0.0 =n, =4.0, —A/2<z=<4A/2 4)

Contour lines in the figure denote values of 17, where
u=0.1,0.2,...,0.9. The agreement between the computation and
experiment is quite good at both streamwise locations. Additional
comparisons at downstream stations appear in [25]. Similar contours
from the computation alone are found in Fig. 6 at streamwise
locations downstream of those at which measurements were taken.
At the station furthest from the roughness element (x = 200.0), the
flow has not returned to an undisturbed state.

A more detailed comparison of computed u profiles with those of
the experiment is provided in Fig. 7. Profiles are shown at the
centerline directly behind the roughness element (z = 0.0), and at the
periodic boundary between elements (z = A/2). Although it would
appear the time-mean flowfield is approaching the Blasius state
downstream (x = 70.0), that is not really the case. As evidenced by
the contour levels in Figs. 5 and 6, the maximum deviation from a
profile which is uniform in z occurs for z ~ £0.14A. Profiles at this
location for downstream values of x are displayed in Fig. 8, where the
variation from Blasius is obvious.

B. Instantaneous Flowfield

Planar contours of the fluctuating streamwise velocity «’ from both
the computation and the experiment are presented in Fig. 9. The
region represented in frames of the figure corresponds to that of
Eq. (4). The figure indicates that computed levels of u’ are an order of
magnitude lower than those of their experimental counterparts.
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Fig. 6 Time-mean planar contours of the streamwise velocity
component u for Re, = 202.
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Fig. 7 Profiles of the time-mean streamwise velocity component u for
Re; = 202.
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z=0.14X for Re; = 202.
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Fig. 9 Planar contours of the fluctuating streamwise velocity
component u’ for Re; = 202.

Moreover, the numerically predicted values at x = 10.0 are less than
the freestream levels of the experimental configuration used to
collect the measured data [46]. Because the computation is devoid of
any such freestream fluctuations, it cannot be expected that the direct
numerical simulation should agree with the experiment, particularly
near a transitional regime which is sensitive to such disturbances. For
this reason, no further comparisons with the experimental
measurements are made. Computed contours of #’' at downstream
stations appear in Fig. 10. For x = 200.0, «’ begins to approach a
homogeneous distribution in the spanwise direction.

Profiles of u’' are found in Fig. 11. These were taken at the
spanwise location of z = 0.14A, where the time-mean velocity i had
the maximum deviation from the Blasius profile. The figure
illustrates a monotonic growth in the turbulence energy as the flow
convects downstream. Other features of the instantaneous flowfield
are displayed in Fig. 16 of [25].
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Fig. 10 Planar contours of the fluctuating streamwise velocity
component u’ for Re; = 202.
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Fig. 11 Profiles of the fluctuating streamwise velocity component u’ at
z = 0.14A for Re, = 202.

V. Results for Re;, = 334

The case of Re;, =334 was specifically selected because it
exhibited bypass transition to a fully turbulent state. It was believed
that experimental data was available for comparison of time-mean u
and fluctuating u’ velocity components, as well as for turbulent
energy frequency spectra. Unfortunately, due to a miscalibration of
the roughness element height, no experimental data are available at
this Reynolds number [47].

A. Time-Mean Flowfield

A representation of the time-mean flowfield, similar to that of
Fig. 4 for Re, =202, is presented in Fig. 12. In this case, larger
values of |w,| occur in a wider area than those of Re, = 202 because
the shear layer is stronger. The limiting surface streamline pattern on
the plate surface is provided in Fig. 13. This figure illustrates the
well-known diagram for a cylindrical object. All characteristic
topological features of the surface behavior appear in the figure. A

Fig. 12 Time-mean flowfield for Re, = 334, showing planar contours
of |@, | and streamlines of the horseshoe vortex system.
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Fig. 13 Limiting surface streamline pattern on the plate surface
(y = 0.0) of the time-mean flowfield for Re;, = 334.

Fig. 14 Limiting surface streamline pattern on the plate surface
(y = 0.0), planar contours of the streamwise velocity component z and
limiting streamlines at the centerline (z = 0.0), and streamlines of the
horseshoe vortices for the time-mean flowfield at Re;, = 334.

detailed description of these features may be found elsewhere [48],
but is beyond the scope of the present discussion. Features of the
time-mean flowfield near the cylinder leading edge are found in
Fig. 14. At the centerline (z = 0.0), planar contours of u appear
together with particle streamlines. Limiting streamlines are shown on
the plate surface along with the streamlines defining the horseshoe
system. Both the primary and secondary vortices are visible in the
figure.

Figures 15 and 16 display planar contours of the time-mean
streamwise velocity u. These may be compared directly with those of
Figs. 5 and 6 for Re; = 202. Because the element is higher in this
case, the shear layer forming at its surface is stronger, as is the
horseshoe vortex system. Thus the velocity perturbation from
Blasius flow is more substantial, as observed in the figures. At the
downstream region (x = 200.0), the time-mean flow is becoming
uniform in the z direction. Corresponding profiles of u are presented
in Figs. 17 and 18. Also provided in the figures are results from a
computation performed on the coarse computational mesh. At the
centerline z = 0.0 for x = 10.0, a significant region of reverse flow is
evident. The height of the element at this location is equivalent to
n, = 1.43. For the upstream stations (x = 10.0, 40.0), there is

X=40.0
Fig. 15 Time-mean planar contours of the streamwise velocity
component u for Re;, = 334.
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Fig. 16 Time-mean planar contours of the streamwise velocity
component u for Re;, = 334.
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Fig. 17 Profiles of the time-mean streamwise velocity component u for
Re;, = 334.
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Fig. 18 Profiles of the time-mean streamwise velocity component u for
Re; = 334.

relatively good agreement between solutions on the two grids. As the
flow begins to break down and transition to a turbulent state, the
coarse mesh is incapable of supporting the fine-scale structures
which arise. It should be remembered that the coarse mesh contains
only one-eighth the total number of grid points as that of the standard
grid. Nevertheless, the coarse-mesh solution was capable of
predicting transition. As the flow evolves in the downstream
direction, departure from the Blasius profile is apparent.

Profiles of the time-mean velocity u at x = 200.0 are indicated in
Fig. 19. These profiles have been averaged in the spanwise direction,
as the flow was becoming homogeneous in z (see Fig. 16). The lower
left-hand frame of the figure gives the profile in law-of-the-wall
coordinates, where a logarithmic layer is appearing. The upper right-
hand frame compares u to the one-seventh power-law profile. The
figure illustrates that although the flow may not yet have fully
developed at this streamwise location, transition has in fact occurred.
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Fig. 19 Profiles of the spanwise-averaged time-mean streamwise
velocity component z at x = 200.0 for Re, = 334.

Based on the spanwise-averaged time-mean profile at x = 200.0,
mesh spacings in wall units were found to have the values of

Axt=19.1 Ayt =07 Azt =48 5)

which supports the description of a direct numerical simulation.

B. Instantaneous Flowfield

Planar contours of the fluctuating streamwise velocity u’ appear in
Figs. 20 and 21. Compared with similar contours for Re, = 202
(Figs. 9 and 10), amplitudes of the fluctuations are generally an order
of magnitude larger for streamwise stations where x < 100.0.
Beyond x=100.0, transition has occurred and spanwise
homogeneity is approached at x = 200.0. Corresponding profiles
of u’ are found in Figs. 22 and 23 at the centerline z = 0.0 and at the
periodic boundary z = A/2. The growth in turbulence energy is
much more explosive for this case than was apparent for Re, = 202
(see Fig. 11). Profiles at z = 0.0 for x = 10.0 and x =40.0 are
characteristic of transitional flows, whereas those for x > 100.0 are
representative of more fully developed turbulence. The coarse-mesh
solution is seen to poorly capture the transitional region of
development, but compares favorably with the standard-mesh result
further downstream.
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Fig. 20 Planar contours of the fluctuating streamwise velocity
component u’ for Re;, = 334.
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Fig. 21 Planar contours of the fluctuating streamwise velocity
component u’ for Re;, = 334.
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Fig. 22 Profiles of the fluctuating streamwise velocity component z’ for
Re; = 334.
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Fig. 23 Profiles of the fluctuating streamwise velocity component «’ for
Re;, = 334.

Planar contours of the instantaneous velocity components u, v,
and w at the centerline z = 0.0 are displayed in Fig. 24. The vertical
coordinate y in these contours has been stretched by a factor of 3.5 to
enhance visibility of the features. Flow behind the roughness element
is highly unsteady, unlike the situation for Re; = 202 (see Fig. 16 of
[25]). Small-scale structures are apparent for the vertical v and
spanwise w components. The streamwise velocity u indicates an
unstable shear layer arising from the top surface of the cylindrical
element.

Instantaneous contours of the spanwise component of vorticity w,_
along the centerline (z = 0.0, side view) and on the plate surface
(y = 0.0, top view) are presented in Fig. 25. In this figure, both the
vertical y and spanwise z coordinates have been stretched, which is
why the cylindrical element appears ovate in the top view. Near-wall
structures, characteristic of turbulent flows, are visible at the
downstream plate surface in the side view. The unstable shear layer is
also evident immediately behind the roughness element. The top
view showing the plate surface displays the footprint of low-speed
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Fig. 24 Planar contours of the instantaneous streamwise u, vertical v,
and spanwise w velocity components at the centerline z = 0.0 for
Re;, = 334.
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Fig. 25 Planar contours of the instantaneous spanwise component of
vorticity @, at the centerline z = 0.0 and on the plate surface y = 0.0 for
Re; = 334.

Fig. 26 Isosurface of the instantaneous total pressure and instanta-
neous streamlines for Re, = 334.

streaks which are beginning to form in the near-wall region, and
typify turbulent flows.

An instantaneous isosurface of total pressure and streamlines
forming the horseshoe vortex system are shown in Fig. 26. The
streamwise coordinate x has been scaled by 0.5 in the figure, and the
isosurface value corresponds to the shear layer emanating from the
surface of the roughness element. The unsteady shear layer, which
was noted in Fig. 25, is characterized by hairpinlike vortical
structures. This situation may be contrasted with that for Re; = 202
(see Fig. 16 of [25]) where no shear-layer instability was observed.
The hairpin vortices evolve as symmetric (in z) structures
immediately downstream of the element. But as they grow in
strength, they rapidly achieve a more random appearance. The
growth eventually results in transition further downstream.
Instability of the shear layer is exacerbated by its three-
dimensionality, due to the finite spanwise extent of the roughness
element. This process is identical to that which occurs for the flow
past a hemispherical protuberance, which was extensively studied
experimentally by Acarlar and Smith [49]. Breakdown of the
unstable shear layer through the formation of hairpin vortices
appears to be the fundamental route to transition for the case of
Re; = 334. The shear layer does not seem to be greatly affected by
the presence of the horseshoe vortex system, although the interaction
between the two could be important in the complex three-
dimensional flowfield.

Found in Fig. 27 is an instantaneous isosurface and planar
contours of |w,|. The isosurface is meant to portray the three-
dimensional flowfield and is colored by spatial variations in density.
Changes in the density are extremely small as the flow is essentially
incompressible, but the variations are used to highlight geometric
variations in the isosurface. The planar contours illustrate formation
of small-scale structures during the streamwise evolution of
turbulence.

VI. Energy Growth and Spectra

Streamwise distributions of the planar integrated fluctuation
energy E; are seen in Fig. 28. Following the convention of Ergin and
White [47], E; is defined as

Fig. 27 Isosurface of instantaneous |w,| and planar contours of |w,|
for Re;, = 334.
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Fig. 28 Streamwise distributions of the planar integrated fluctuation
energy for Re;, = 202 and Re;, = 334.
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For Re; = 334, the energy rapidly rises and achieves a plateau level
at x &~ 100.0. The coarse-mesh result provides growth which is quite
similar to that of the standard mesh. The Re;, = 202 case has an
exponential streamwise growth, which has not yet attained a plateau
level at the end of the computational domain. At x = 200.0, E; for
Re;, =202 is still an order of magnitude lower than that of
Re, = 334. The log,(E; appears to vary linearly with x for most of
the streamwise extent. The form of energy growth observed here for
Re, =202 was not seen in the investigation of Ergin and White [47].
In those experiments, the energy rose rather rapidly and then attained
an equilibrium level at a fairly low amplitude, which was defined as
transient growth. As pointed out earlier, however, freestream
turbulence levels present in experimental facilities may lead to
somewhat different physical situations.

Frequency spectra of (u — #)? at several streamwise locations are
presented in Fig. 29. At x = 50.0 and z = 0.0, there appears to be a
peak in the spectra at f ~ 1000 for Re, = 334. Thelevelsatz = A/2
are substantially lower, and are lower still for Re, = 202.

Rey=334-2=0.0
- Re =334-z=\2
- Rey=202-7=0.0
- ~5/3slope

Fig. 29 Frequency spectra of (x — u)? at 5, = 2.0 for Re, = 202 and
Re;, = 334.
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Fig. 30 Flat-plate stability diagram.

Amplitudes of E; at z=2/2 and x < 150.0 for Re; =202 are
negligible, and have not been included in the figure. We make special
mention of the fact that amplification in the spectra of Re;, = 202 at
x =50.0 occurs in the range 200 < f < 700. At x = 100.0, the
spectra for Re, = 334 at z = 0.0 and z = A /2 begin to coalesce and
exhibit only broadband contributions, representative of turbulence.
This behavior continues so that when x = 175.0, the spectra at
z=0.0 is indistinguishable from that at z =X/2. Also at this
location, the emergence of an inertial range (—5/3 slope) is evident.

The situation for Re; = 202 is quite interesting. At x = 100.0,
peaks in the frequency spectra which were present at x = 50.0 do not
appear. Further downstream at x = 175.0, however, a peak in the
energy level is observed, which is an order of magnitude higher than
that at x = 50.0. This behavior might be explained by linear stability
theory for the Blasius boundary layer. At x = 50.0, the displacement
thickness-based Reynolds number Rey- is approximately equal to
901. This is beyond the critical value of 420 for which an instability
could possibly occur [50]. The frequency range of peaks in the
spectra at x = 50.0 lie within the unstable region, as indicated by the
stability diagram displayed in Fig. 30. Although the flow about the
roughness element is inherently three-dimensional, and thus
represents a more complex situation than can be addressed by two-
dimensional stability theory, the limiting analysis could provide an
explanation for the observed result.

Character of the spectra for Re;, = 202 at x = 100.0 is perhaps
misleading. The integrated energy E; is monotonically increasing
with downstream distance, as was noted in Fig. 28. It could be
expected that peaks in the frequency spectra would exist at other
spanwise locations. As this behavior was not anticipated, however,
spectral information at additional z locations was not recorded.

Turbulence energy spanwise wave number spectra for Re;, = 334
at two streamwise locations are shown in Fig. 31. These spectra have
been temporally averaged. The figure indicates that resolution in the
spanwise direction was adequate to capture fine-scale structures

102

Fig. 31 Temporally averaged wave number spectra of (u — ) at , =
2.0 for Re, = 334.

arising during transition. It is also seen that an inertial range is
evolving in the spectra.

VII. Summary and Conclusions

Direct numerical simulation was used to describe the flow past an
array of distributed cylindrical roughness elements mounted on a flat
plate. Computations were performed using a sixth-order-accurate
numerical scheme and an overset grid methodology for describing
the computational flowfield. A high-order interpolation procedure
was employed to maintain accuracy at overlapping boundaries of
distinct mesh systems that were used to define the roughness
element.

Numerical flowfields were characterized by a system of weak
corotating horseshoe vortices. For Re, = 202, only low-amplitude
fluctuations were observed in the streamwise domain near to the
roughness element. Because of the absence of any large-scale
unsteadiness, the time-mean and instantaneous flowfields were
similar. Computed planar contours and profiles of the time-mean
streamwise velocity component compared very well with
experimentally measured data. The integrated turbulence energy
was found to display exponential growth in the streamwise direction,
and appeared to be approaching transition at the downstream extent
of the computational domain. This behavior was not observed
experimentally. Energy growth, however, was predicted by two-
dimensional linear stability theory, and the computed result might
indicate an alternate route to transition than that seen in some
experiments.

Rather explosive bypass transition was displayed by the solution
for Re;, = 334. Most of the dominant details of this process were also
captured on a coarse-mesh simulation, thereby establishing
confidence in the computed results. Transition was initiated
downstream of the roughness element, by the breakdown of an
unstable shear layer which formed about the element surface.
Because of the finite lateral extent of the element, a spanwise
instability in the shear layer gave rise to hairpin vortices which
rapidly evolved to a chaotic situation. This course of events did not
appear to be greatly influenced by the horseshoe vortex system,
which seemed to play only a passive role in its development. At the
downstream extent of the computational domain, the flow was
approaching a fully turbulent state.

This investigation indicates that direct numerical simulation can
help contribute to the understanding of flows past roughness
elements and serve as a compliment to experimental measurements.
Future efforts might focus on roughness-based Reynolds numbers
lower than those considered here and attempt to determine the impact
of low-amplitude incoming fluctuations upon the evolving behavior.
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