AIAA JOURNAL
Vol. 47, No. 2, February 2009

New Two-Equation Closure for Rough-Wall Turbulent Flows
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A new flow-physics-based modeling of surface-roughness effects is developed for the Reynolds-averaged Navier—
Stokes equations numerical calculations of high-Reynolds-number turbulent flows over rough walls. In the proposed
approach, we model the fluid dynamics of the volume-averaged flow in the near-wall rough layer by using the
Brinkman equation. The porosity can be calculated based on the volumetric characteristics of the roughness, and the
permeability is modeled. The Reynolds-averaged Navier—Stokes equations are solved numerically above the near-
wall rough layer, and a low-Reynolds-number k-¢ model is employed in all regions. In this paper, we present the
computational results, including the skin-friction coefficient, the log-law mean velocity, the roughness function, the
turbulent kinetic energy, and the Reynolds shear stress. The results show that the new rough-wall-layer modeling
approach well predicts the skin-friction coefficient, the log-law mean velocity, the roughness function, and the

Reynolds shear stress.

Nomenclature

=  skin-friction coefficient

Darcy number

effective diameter

=  channel height

permeability

turbulent kinetic energy

roughness height

equivalent sand roughness height

plate length

pressure

Reynolds number

Reynolds number based on momentum thickness
turbulence Reynolds number defined as &%/ v
time

bulk velocity

freestream velocity

superficial average mean velocity

. friction velocity
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AU = roughness function

AV = averaging volume

8 =  boundary-layer thickness

O = thickness of the roughness region

e =  dissipation rate of the turbulent kinetic energy

&g = porosity

v = fluid viscosity

v, = turbulent eddy viscosity

P = fluid density

Subscripts

B = quantity associated with the fluid phase in the
roughness region

1 = quantity associated with the interface
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Superscripts
B =  intrinsic volume average
+ = normalized with inner variables

I. Introduction

UMERICAL simulations of turbulent boundary layers over

rough surfaces present great challenges and interest to many
engineering problems [1] such as boundary layers over naval vehicle
platforms, flight vehicles, turbomachinery blades, pipes, and heat
exchangers. Surface roughness alters the flow structure in the
turbulent boundary layer near the wall and causes the increase of drag
and wall heat transfer. Direct numerical simulation (DNS), large-
eddy simulation (LES), and Reynolds-averaged Navier—Stokes
equations (RANS) have been employed to examine the turbulent
flows over rough surfaces. There are two commonly used approaches
in DNS and LES to simulate the effect of surface roughness. The first
approach accounts for the blockage effect of the roughness element
on the flow by adding a form-drag term in the momentum equation
[2-5]. The coefficient for the form-drag term is determined a priori by
examining the corresponding experimental data. The second is the
body-force/immersed-boundary method [6-9], in which the no-slip
boundary is enforced via a body-force term.

For the numerical calculation using RANS, the averaged effect of
surface roughness is modeled. One commonly used approach is
adding form-drag terms in the governing equations to account for the
roughness effect [10-15]. However, the coefficients in the model
formulations for the form drag are flow-specific [10,13,15]. RANS-
based calculations have also been performed by using roughness
models modified from the existing turbulence models developed for
smooth-wall flows. Krogstad [16] modified the damping function of
van Driest [17] and calculated the roughness function for large
roughness. Youn et al. [18] employed the standard k-¢ model with
wall function to predict the friction factor valid for Reynolds
numbers between 10° and 107 in the rectangular duct with one side
rib-roughened. A method for predicting the friction factor using
existing correlations for smooth and rough walls was developed.

A common approach adopted in the numerical modeling of
roughness is to relate the roughness effects to an equivalent sand
roughness, thereby ignoring any possible dependence of the
turbulent flow structure on the specific surface geometry. Zhang et al.
[19] proposed a low-Reynolds-number k-¢ model to simulate
turbulent flow over smooth and rough surfaces by including the
equivalent sand roughness k; into the damping functions of van
Driest [17] and Lam and Bremhorst [20]. The predictions of skin-
friction coefficient and log-law velocity shift showed good
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agreement with the experimental measurements of fully developed
rough pipe and duct flows of Reynolds numbers between 5 x 103 and
5 x 107 and the equivalent sand roughness kg, from 0 up to 1000.
Durbin et al. [21] added a hydrodynamic roughness length for the
two-layer k-¢ turbulence model of Chen and Patel [22] for a sand-
grain roughness surface. The model was used to calculate the flat-
plate boundary layer subjected to freestream acceleration and
backward-facing ramp flows. Foti and Scandura [23] developed a
low-Reynolds-number k-¢ model for oscillatory flows over smooth
and rough surfaces based on the model of Lam and Brembhorst [20].
The results showed that the model predicted the wall stresses,
velocity profile, and boundary-layer thickness. However, the
implementation of this model requires the equivalent sand roughness
kd, as a model input parameter, which is best determined using
experimental data measured in the same flow. In light of the practical
importance of the surface-roughness effects in many engineering
problems, there is an apparent need to develop predictive modeling
for the RANS type of calculations for turbulent flows over
roughness.

In this paper, a new modeling approach for the wall roughness
effect is presented. The model explicitly recognizes the
inhomogeneous nature of the media (i.e., solid and fluid) in the
roughness region. The dynamics of the fluid flow are filtered through
volume averaging, which gives rise to the Brinkman equation
frequently used in the study of flow through porous media. The
geometry and the formation of the surface roughness are accounted
for through porosity that can be calculated mathematically and
through permeability. The proposed exploratory use of the Brinkman
equation is innovative, because this widely used approach in porous-
medium flow calculations has never been applied to the modeling of
the rough-wall effects on high-Reynolds-number flows.

Without losing generality, in the implementation described in this
paper, the turbulence closure is provided by developing a low-
Reynolds-number k-¢ model based on a turbulence model [24] that is
widely implemented in many RANS solvers. In the following, the
modeling approach, the mathematical formulation, and the
numerical framework will be described. The implementation of the
baseline low-Reynolds-number k-¢ model of Launder and Sharma
[24] is first evaluated by comparing the calculated fully developed
turbulent smooth channel flows and smooth-wall turbulent boundary
layers with DNS data [25] and experimental measurements [26]. The
proposed new rough-wall-layer modeling using the Brinkman
equation is then examined by simulating fully developed turbulent
channel and boundary-layer flows over different types of roughness.
They include the turbulent rough channel flows with the square rod
and the mesh roughness measured by Bakken et al. [27] with the
Reynolds numbers, based on the channel height, of 60,000 and
62,000, respectively. Rough-wall turbulent boundary layers with
surface roughnesses of woven mesh [28,29], cylinder [30], square
rod [31], and perforated plate [32] have also been calculated. The
momentum-thickness Reynolds number for these flows ranges from
4000 to about 14,000. These cases have been used to assess the
present model, as the roughness geometries are well defined and the
flows are considered fully rough, based on the reported roughness
Reynolds number k] ranging between 83 and 150. The calculated
results of the skin-friction coefficient, the mean flow velocity, the
roughness function, the Reynolds shear stress, and the turbulent
kinetic energy are compared with the corresponding experimental
measurements.

II. Modeling Approach

For a turbulent boundary layer flowing over a rough wall, the fluid
is diverted around the roughness elements due to the blockage effect
of the roughness. It can then be argued that one can view the
boundary layer as being made up of two regions. The first is the near-
wall region in which the fluid flow is perturbed by the surface
roughness. The second is a free-flow region in the core part of the
boundary layer. In the roughness near-wall layer, the flow is
essentially being forced to move through spaces that are partially
blocked and partially free to go through. A similar scenario can be

found in porous-medium flows, in which the fluid flows through
pores and openings. Other than the geometric similarities, the two
flows are both viscous-dominated due to the large wetted area with
embedded regions of shear, and the local Reynolds number tends to
be low. The geometric and the dynamic similarities between these
two types of flows are important. It naturally leads to a hypothesis
that one can apply the model equations that have been developed for
one flow to the other flow: in this case, from the porous-medium flow
to surface-roughness flow.

Turbulent flows over a permeable wall have been considered in
many studies [33-39]. The turbulence transport equations in the
porous-medium region and homogeneous-fluid region were derived
by using both volume- and time-averaging processes [33-36]. Silva
and de Lemos [37] numerically investigated the turbulent channel
flows with a permeable wall using the turbulence k- model with wall
function, and DNS was employed in the study by Breugem [38].
Based on the nonlocal form of the volume-averaged momentum
equation, the interface condition developed by Ochoa-Tapia and
Whitaker [40,41] can be applied at the boundary between a porous-
medium and a homogeneous-fluid region as a jump condition in the
stress and a continuous-velocity field. The interface jump condition
of the turbulent kinetic energy was proposed in the study by de
Lemos and Silva [39]. One unique set of transport equations was
applied to both regions. The effects of the Reynolds number,
porosity, permeability, and jump coefficient on the mean and
turbulence fields were investigated.

The Brinkman equation [42] has long been used in studying the
averaged flows through complex porous media numerically [43-50]
and experimentally [51-54]. The Brinkman equation is a generalized
Darcy’s law [55] and by neglecting the Forchheimer term at small
local Reynolds numbers [38] can be written as

(7P ==y L () 4 ¥ () M

where u is fluid velocity, and () denotes the volume average. The
equation accounts for the viscous shear effects, the viscous damping
effects, and the pressure gradient effects in the low-Reynolds-
number region in the porous medium. The solutions of the Brinkman
equation represent the averaged flowfield in a partially blocked
physical space. The Brinkman equation has been used to facilitate the
matching of boundary conditions at the interface between the larger
pores and the permeable medium [43-50]. The matching boundary
conditions at the interface can be the continuity of the fluid velocity
and the pressure between the Brinkman equation and the Navier—
Stokes equations solutions.

In light of the geometric and the dynamic similarities between the
porous-medium flow and the surface-roughness flow, it is proposed
herein to use the Brinkman equation to model the averaged flow in
the surface-roughness layer of the turbulent boundary-layer flow,
and the outer free-flow region of the turbulent boundary layer will be
modeled by the RANS equations. A porous-medium model for
surface roughness was initially proposed by Shukla [56] in tribology.
Tichy [57] applied the model and treated the rough surface as a
porous film in the analysis of the magnetic head flying above the
rotating disk in a hard-disk drive.

In this paper, the development of a modeling framework based on
such an assumed similarity is described. Boundary-layer types of
flows are considered. The flow domain is divided into a rough-wall
layer in which the effects of roughness are modeled and an outer free-
flow region with fluid only. The fluid dynamics of the averaged flow
in the rough-wall layer are resolved by using the Brinkman equation,
and the RANS equations are employed in the outer free-flow region.
For the Reynolds stress closure, a two-equation k-¢ model has been
developed. The model incorporates roughness-related closures to an
existing smooth-wall low-Reynolds-number model [24] and is
employed in both the rough-wall and the free-flow regions. The
porosity that appears in the Brinkman equation is determined based
on the geometry and the formation of the roughness element. An
interface condition [40,41] for the mean velocity and the stresses are
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applied at the interface between the rough-wall and the free-flow
regions.

In the following sections, the details of the mathematical
formulation and the numerical methods used in this study are
presented. These are followed by a section in which the simulation
results of the new rough-wall-layer modeling using the Brinkman
equation are presented.

III. Mathematical Formulation

An incompressible turbulent boundary layer is considered to
develop over a surface-roughness region with rigid roughness that is
distributed periodically, as shown in Fig. 1. The rough-wall layer,
over which the turbulent boundary layer develops, is considered to be
thin in comparison with the thickness of the turbulent boundary
layer, or 5 < 8, and undeformable. The local Reynolds number of
the flow in roughness region is small. An interface exists between the
rough-wall layer and the fluid region.

To incorporate the fact that a typical volume of space can be only
partially occupied by fluid in the rough-wall layer, the volume-
averaged method [58] is used. The method can be used to derive
differential equations for multiphase systems in an averaged sense.
The volume-averaged filter provides a spatial smoothing and allows
the resulting equations to be valid in the entire domain. As a result of
the spatial smoothing, the volume-averaged flow contains negligible
variations on the scale smaller than the averaging volume. For the
current applications, the detailed flow around the individual
roughness element is not resolved. For a fluid property ¢ associated
with the fluid phase B, the intrinsic average can be defined as

1
b= dV 2
W' =xy [, ¢ @

Similarly, the superficial average can be defined as

1
(p) = N /A ) @dV 3)

where AV represents volume occupied by the fluid phase in the
averaging volume AV. The volume fraction of the fluid phase is
generally used as a measure of the porosity eg of the porous medium
defined as

AV,

The fluid property ¢ can be defined as the sum of the intrinsic
volume average and a deviation ¢":

o= (p)f +¢ 5)
The time-averaged value of a fluid property ¢ associated with the
fluid is given as

¢ = lim — odt 6)

where T is the integration time interval. The instantaneous property
can be defined as the sum of the time average and the fluctuating
component ¢':
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Fig. 1 Sketch of the present flow model.

p=¢+¢ @)
It is easy to show that (@) = =(p),¢" =¢",and ¢” = ¢"
[36].
The volume-averaged theorem [58] can be used to relate the
volume average of a spatial derivative to the spatial derivative of the
volume average:

() = ¥le) + 5, [ moaa ®

where A; represents the interface area and n is the surface normal
vector.

A. Free-Flow Region

In the free-flow region with homogeneous fluid, the dimensionless
volume- and time-averaged governing equations for the mean flow
can be written in a generalized curvilinear coordinates system &/ as

follows:
0o (1. .
a{u;) 9{u;) <_) 3 1 g'” d(i;)
o TV e =S {(Re*'“)'i'asp}
(10)

where the Reynolds number Re is defined as U,L /v for boundary-
layer flows and as U, H /v for channel flows, J is the Jacobian of the
geometric transformation, and g/? represents the contravariant
metric tensor of the geometric transformation defined as

gr = g8 (11
RI2)

-]

= (12)

where x; represents the Cartesian coordinates, and V/ are the
contravariant components of the mean Cartesian velocity
components (it; ), defined as

Vi = ()&, 13)

The turbulent kinetic energy k and the dissipation rate of the
turbulent kinetic energy ¢ are given as

l —
kzi(u.u.) (14)

1 [ou) ou
=—(—— 15
Re <8x ;0x j> (13)
The transport equations [24] for k and ¢ are

0k 9 (1 g ok
+Vagf Jagj Re+6k T +G—e—D (16)

e e d 1 v, g”? oe €
- 2 = o4 t)ys 77 e
otV 5 Jagf{(Re+a)J }+C1f'kG

2
—czfz‘%+E a17)

b= Cufur (18)
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2 3vk\2
D="—"|[& "= 1
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The production term G in Eqs. (16) and (17) can be expressed as
follows:
1 a(u;) a{u;) 2
G=- 11 gk I gk 21
i gt + en

The value of the model constants are o, =1.0, o, =1.3,
C,=144,C,=1.92,and C,, = 0.09.

The damping functions f,, f}, and f, proposed by Launder and
Sharma [24] are

fu=exp[-3.4/(1 + R,/50)?] (22)
fi=1 (23)
fa=1—03exp(—R?) 24)

B. Roughness Region

In the surface-roughness region with thickness §, the analytical
solution of the Brinkman equation for a boundary-layer flow with
constant porosity can be found [38]:

(@) =(U,—Ud)-exp[ eﬁ/Da-u—«sB)} ‘U,

(v) = /Da/eg w {1 —exp|: eg/Da - (y—SB)]}

_

3 c(y=138p) -V, (26)
X

d(P)

U,=—Re-Da-
dx

@7

where the Darcy number Da is defined as K/L? for boundary-layer
flows and as K/H? for channel flows (therefore, in the roughness
region, the streamwise flow component decays exponentially toward
the impermeable lower wall), and U; and V; are the slip velocity
components in the streamwise and the wall-normal directions,
respectively. The slip velocity at the interface will be determined by
coupling with the free-flow region solutions via the interface
conditions that will be discussed later.

The dimensionless volume- and time-averaged governing
equations for the disturbances in the roughness region with constant
porosity and permeability can be written in a generalized curvilinear
coordinates system &/ [24,33-37]. The model equations are

a_k+ivj%—‘]i L_FVﬁ ﬂ% +lG
at ey 08 TOE |\Re o) T 0EP) e

—e—D—F{i) (28)

ad 1_.0 a 1 v P9 1
B

at ey 98 08 \\Re ' o.) J 0&r
el —E- i) (29)
2f2 3% i\U;
O — (30)
™ " Re-Da i
V.
t,g:i 31)

It should be noted that applying the time- and volume-averaged
operators in different sequences can lead to different turbulence
governing equations [33-37]. Defining the turbulent kinetic energy
in a porous-medium flow is still an open question. Pedras and de
Lemos [59] showed that the turbulent kinetic energy obtained by
applying the time-averaged operator on top of the volume-averaged
operator does not account for all of the turbulent kinetic energy
associated with flow. Although there are differences in the turbulence
governing equations obtained by using the two different approaches,
the same final closure models for these equations can be reached
when considering their respective turbulent kinetic energies (i.e.,
k=1 (uju}) and k =1 (u;) (u;)’ [35,36)). In the present model, the
model equation for the turbulent kinetic energy k and its dissipation
rate ¢ are Egs. (28) and (29), with k and ¢ defined in Eqs. (14) and
(15), respectively. Except for the drag-force F;-related terms, the
model equations are the same as those used in the free-flow region.
The drag force F; has its origin in the volume-averaged Navier—
Stokes equations [60]. As has been frequently invoked in porous-
medium studies, the Forchheimer correction tenor [60] is assumed to
be negligible, because the local Reynolds number of the flow in the
roughness region is considered to be small [38]. The last term on the
right-hand side of Eq. (28) represents the work done by the drag
force. The drag-force term in Eq. (29) has been obtained by a simple
scaling of the corresponding term in Eq. (28). As a result, the
coefficient C; is a model constant; it was set at 0.11.

For the permeability K, a widely used correlation [58] in porous-
medium flow studies is employed. The resulting Darcy number Da
can be written as

32
eﬂa’p

Da=——F""-—
“T180(1 —¢p)?

(32)

C. Interface Region

For the flow involving a wall roughness and an unobstructed free-
flow region, an interface is identified between the free-flow and the
roughness regions. The interface conditions developed by Ochoa-
Tapia and Whitaker [40,41] assumed a jump relation for the intrinsic
stresses and a continuous superficial velocity across the interface. In
this study, the interface conditions [37,38,40,41] are adopted for the
averaged flow properties, and the turbulence model quantities k and &
are assumed to be continuous [37]:

(ﬁ”roughness = (ﬁ)|free flow — UI (33)
1 3 (ir) 1 3 (ir)
(eﬂ ‘Re - Utﬁ) ay roughness (Re * vt) ay free flow
1 B:
=|— 4
(Re + Vx) Do U; (34)

(5)|mughness = (1_)> |free flow — VI (35)
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(L)
roughness Re ' ay

free flow

_ (Rie + u,) - 5;_)5 v, (36)
1/8(P)lroughness = (P) ltee iow 37

k |r0ughness = klree flow (38)

€l roughness = €lfree flow (39)

where f, and B, are the tangential and normal stress jump
parameters, respectively. The value of stress jump parameters might
be chosen to accommodate engineering flows over porous media.
The results of de Lemos and Silva [39] showed that a negative
tangential stress jump parameter gave results that agreed with the
experimental data for the turbulent kinetic energy at the interface. In
this study, we use 8, = —1 and B, = 5. The constants were set based
on generally accepted values. They have not been selected or
optimized for the calculation results shown here.

To form a closure model, the effective diameter parameter dp and
the thickness of the roughness region 6 need to be provided. We
propose to relate dp with the height of physical roughness k. This
provides a direct link between the physical length scale and that
needed for the modeling. The proposed expression satisfies the
length-scale constraint that d» is small compared with & [58] and has
the following form:

d,=(1- 8/3)38/23/% (40)

Similarly, the thickness, or the height, of the roughness region &5,
in which the effects of the surface roughness are modeled, should
also be related to the height of the actual roughness. In this work, the
following form is used:

8p = (1 — ep)egk, (41)

For all of the cases presented in this paper, the correlation gives the
heights of the modeled roughness regions that are lower than those of
the log-law layers. This conforms with the use of the Brinkman
equation in the modeled roughness region in the present modeling
framework.

In summary, in the current k-¢ formulation of the Brinkman
equation modeling approach, the model equations are developed
based on an existing smooth-wall turbulence model, and roughness-
related model parameters are introduced. The parameters are C; in
Eq. (29), dp in Eq. (40), and § in Eq. (41). For the present model, the
flow domain is divided into a roughness region in which the effects of
roughness are modeled and a free-flow region with fluid only, as
shown in Fig. 1. The fluid dynamics of the averaged flow in the
roughness region are determined using Eqs. (25) and (26), and the
turbulent quantities needed for closure are resolved using Egs. (28)
and (29). The mean flow and turbulent characteristics in the free-flow
region are resolved using Eqs. (9) and (10) and Eqs. (16) and (17),
respectively. The interface conditions [Eqgs. (33-39)] enforced the
continuity of velocity, pressure, and turbulence properties and the
stress jump condition at the interface between the roughness and the
free-flow regions. The interface slip velocities thus obtained are then
used to determine the averaged flow [Eqgs. (25) and (26)] in the
roughness region for next iteration.

IV. Numerical Methods

The numerical method employed in the study by Lu and Liou [61]
has been used to solve the dimensionless RANS equations in the

generalized curvilinear coordinates. The governing equations are
discretized spatially on a nonstaggered grid by using second-order
approximations (e.g., second-order-accurate upwind differencing for
the convective terms and second-order-accurate central finite
differencing for the viscous terms). Temporally, a four-stage explicit
Runge—Kutta scheme is used. This numerical methodology has been
tested and validated for a wide range of laminar flows and turbulent
flows with various turbulence closures [61-64].

The mean flow and the turbulence modeling equations are solved
in a weakly coupled manner. The Courant-Friedrichs—Lewy number
used in these computations is 1.5 for both the k and ¢ equations. The
numerical solution process was regarded as converged with a four- to
five-order-of-magnitude decrease of residuals.

A. Computational Domains

In this study, two-dimensional solutions for channel and flat-plate
flows are sought. The computational domain corresponding to the
fully developed turbulent smooth and rough channel flows extends
150 channel heights downstream. The flows are assumed to be
symmetric along the centerline. For the turbulent boundary layers
over smooth and rough plates, the computational domain extends
one plate length downstream. For all of the cases calculated, the
resulting thicknesses of the modeled roughness region §; are below
the log-law region (§} < 30).

B. Boundary Conditions

The boundary conditions were specified as follows. The inlet
boundary conditions for the fully developed turbulent smooth
channel flows are assumed uniform for all variables, in which
() =1, (v) =0, and k = & = 1075, For the smooth flat plates, the
Blasius solution has been used at the inlet with uniform profiles of
k =0.013 and ¢ = 7 [61]. The smooth-wall solutions thus obtained
are then used to initialize the corresponding rough-wall calculations.
As for the symmetry boundaries, the mirror-image reflections for the
grid and the flow variables are used for the fully developed turbulent
smooth and rough channel flows. For all cases, the exit boundary
condition is imposed by assuming zero streamwise diffusion. At the
outer boundary of the flat plate, the turbulent boundary layer assumes
the corresponding freestream conditions. The wall boundary
condition is a zero value for all variables: that is,
() = (V) =k=¢e=0.

C. Grid-Independent Study

For the channel flows, the numerical grid in the wall-normal
direction is generated by using a hyperbolic stretching function. The
grid clusters near the inlet and is stretched using a hyperbolic
stretching function toward the exit in the streamwise direction. A
grid-independent study for smooth channel flow has been performed,
and the results are shown in Fig. 2. Figure 2 also shows the calculated
log-law velocity profiles by using the present rough-wall-layer
modeling with zero roughness-region thickness (6 = 0) on grids of
91 x 141, 55 x 141, 91 x 181, and 55 x 181 in the streamwise and

30—

o) DNS data [25]
=== §5x141 (LS)
§5x141 (Present)
----- 91x141 (Present)
2} o S 55x181 (Present)
————— 91x181 (Present)

1 1 1
10° 10’ 10°
+

¥
Fig. 2 Grid-independent study with grid refinement in the wall-normal
direction.
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the wall-normal directions, respectively. The Reynolds number,
based on the channel height, is 13,750. The DNS data [25] are also
included for comparison. Note that for a smooth wall, the present
model naturally reduces to the baseline model of Launder and
Sharma (LS) [24]. The computed profiles using the different grids
collapse, indicating that the turbulent flow solutions are grid-
independent. The 55 x 141 grid is used in all of the channel-flow
solutions presented here. For the flat-plate boundary flows, a
hyperbolic tangent stretching function has been used in the wall-
normal direction with a grid clustered in the near-wall region. The
value of y* for the first grid point away from the wall is less than 0.1.
The grid clusters near the inlet and is stretched using a hyperbolic
stretching function toward the exit in the streamwise direction.
Figure 3 shows the surface skin-friction distributions, which are
known to be sensitive to numerical grids, and Fig. 4 shows the
computed mean velocity profiles. The grid sizes vary between 71 x
150 and 281 x 150 (Fig. 3) and between 141 x 150 and 141 x 180
(Fig. 4). The results show that the numerical code achieves grid-
independent solutions for the flat-plate turbulent boundary layer. The
turbulent flat-plate boundary-layer flow results presented have been
obtained by using the 141 x 150 grid.

V. Results and Discussion

The results are reported and discussed in three sections.
Section V.A presents the calculation results of the present model with
zero roughness-region thickness (8§ =0) in fully developed
turbulent smooth channel flows and smooth-wall turbulent boundary
layers and their comparisons with the corresponding DNS data and
experimental measurements. Results for fully developed rough
channel flows and turbulent boundary layers over different types of
surface roughness are presented in Secs. V.B and V.C. The results
shown include the skin-friction coefficient, the roughness function
variation, the mean velocity, and turbulent quantity profiles. When
appropriate, the results are also compared with previous solutions
[61] obtained by using the model of Foti and Scandura [23].

A Klebanoff [26]

A —imimimim 141x160 (LS)
51 71x150 (Present) 7
_____ 141x150 (Present)
“ A e 281x1560 (Present)
o 4T
A
. fay
O 3F A“AA A

Rex10°

Fig. 3 Grid-independent study for flat plates with grid refinement in
the streamwise direction.

30 — T — T T T
A Klebanoff [26]
—imimimim 1413150 (LS)
141x150 (Present)
et 141x180 {Present)
20 - Rey = 7700 ]
s
10 i
05 |1 * ‘IZ = I3 0
10 10 10 10 e

+

¥
Fig. 4 Grid-independent study for flat plates.

A. Smooth Channel Flows and Smooth-Wall Turbulent Boundary
Layers

For the fully developed turbulent smooth channel flows, the
computational results are compared with the DNS data [25] at a
Reynolds number, based on the channel height, of 13,750. As was
mentioned earlier, in this case, the present low-Reynolds-number k-¢
model naturally reduces to that of the LS model. The comparisons of
the log-law velocity and the turbulent kinetic energy are shown in
Figs. 2 and 5, respectively. Itis shown in Fig. 2 that the predicted log-
law velocity profile collapses with that of the LS model and agrees
well with the data. The calculated turbulent kinetic energy agrees
well with that from the LS model.

The turbulent boundary-layer flow over a smooth plate is also
calculated. The experimental results of Klebanoff [26] for Rey =
7700 are used here for comparison. Figure 3 shows that the calculated
skin-friction coefficients are in a good agreement with the
experimental data. The computed log-law velocity profiles shown in
Fig. 4 also agree well with the data in the sublayer and outer layer.
The results of the turbulent kinetic energy and the Reynolds shear
stress across the boundary layer are shown in Fig. 6. The present
results agree well with those obtained by using the LS model.

B. Rough Channel Flows

The fully developed rough channel flows of Bakken et al. [27] are
calculated. Two different rough surfaces (Fig. 7) [i.e., mesh
roughness of kf = 83 (kf, =273.9) and square-rod roughness of
ki =107 (kj, = 834.6)] were examined. The Reynolds numbers,
based on the channel height, are 62,000 and 60,000 for the mesh and
the square-rod roughness, respectively. The porosity is calculated
based on the volumetric characteristics of the roughness. The total
stress method is used to determine the friction velocity u,. This
method assumes that a constant-stress region exists in the inner layer
of the boundary layer; that is,

1)
-[=%

1/2
, - )] @)
where (1'v) represents superficial average Reynolds shear stress.
The calculated distribution of the log-law velocity, the Reynolds

shear stress, and the turbulent kinetic energy across the channel are
shown.

1.  Mesh Roughness

For the type of mesh roughness [27] shown in Fig. 7a, the porosity
can be readily calculated with a given square-pattern center spacing A
and width b:

_%:(x—b)n—b)-ks:[l_b]z )

=AY A Ak, py

For Bakken et al. [27], k, = 0.015H, A = 0.12H, and b = 0.02H.
The resulting porosity and Darcy number are 0.694 and
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Fig. 5 Comparisons of the turbulent kinetic energy in smooth channel
flows.
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Fig. 6 Comparisons for a smooth-wall turbulent boundary layer: a) turbulent kinetic energy and b) Reynolds shear stress.

Fig. 7 Sketch of surface roughness: a) mesh and b) square rod.

8.498 x 107'°, respectively. The computed log-law velocity and the
Reynolds shear stress, comparing with the numerical predictions
from Foti and Scandura (FS) [23] and the measurements are shown in
Figs. 8 and 9, respectively. Figure 8 shows that the present model
well predicts the log-law velocity profile. The FS model predicts the
correct slope, but underpredicts the roughness function AU™.
Figure 9 shows that the calculated Reynolds shear stress profiles
from both models agree with the experimental data in the outer region
of y/(H/2) > 0.2. In the inner region of y/(H/2) < 0.2, the peak
level of the measured Reynolds shear stress profile is lower than the
predictions. The reduced-peak Reynolds shear stress has been
attributed to the local flow acceleration ahead of and above the mesh
roughness [27]. In the current calculations, the roughness function

AUT is determined by
AU+=(‘(2/Cf) _(‘/2/(:/")

and the skin-friction coefficient from the present model is calculated
using the following expression in the constant total stress layer:

_ 1 d(u) —
Cp= 2|:EW_ (u'v ):|

(44)

smooth rough

(45)
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Fig. 8 Comparisons of the log-law velocity in rough channel flows with
mesh roughness.

2. Square-Rod Roughness

For the square-rod roughness [27] shown in Fig. 7b, the porosity
can be readily calculated with a given center-to-center spacing A:

CAVy Mk —kok) |k

= = 1-5%
NARNT:

Ak, py (46)

where k; = 0.017H and A = 0.136H for Bakken et al. [27]. The
resulting porosity and Darcy number are 0.875 and 1.539 x 1071°,
respectively. Figure 10 shows the calculated log-law velocity
profiles. It can be observed that the log-law velocity profile predicted
by the present model agrees well with the experimental data. The FS
model predicts the correct slope, yet it underpredicts the roughness
function AU™. The computational results of the Reynolds shear
stress and the turbulent kinetic energy, comparing with the numerical
predictions from the FS model and the measurements, are shown in
Figs. 11 and 12, respectively. The Reynolds shear stress profile
calculated by using the FS model agrees better with the data than that
from the present model for the outer region of y/(H/2) > 0.2. Both
models underpredict the turbulent kinetic energy as reported by the
experimental data (Fig. 12).
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Fig. 9 Comparisons of the Reynolds shear stress in rough channel flows

with mesh roughness.
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Fig. 10 Comparisons of the log-law velocity in rough channel flows
with square-rod roughness.

C. Turbulent Boundary Layers over Rough Plates

The turbulent boundary layers over a flat plate with different types
of surface roughness were calculated. They include woven mesh
[28,29], cylinder [30], square rod [31], and perforated plate [32]. The
roughness Reynolds number & ranges between 94.6 and 150. Based
on the geometry of the roughness elements and their formations
provided by the corresponding experimental measurements, the
porosity &4 for these different types of surface roughness vary from
0.398 to 0.898. Comparisons of the log-law velocity, the Reynolds
shear stress, and the turbulent kinetic energy across the turbulent
boundary layers are shown.

1.  Mesh Roughness

For the mesh roughness [28] of k, = 1.38 mm and k] = 94.6
(k& = 340) shown in Fig. 13, the porosity is calculated with the
given square-pattern center spacing A and wire diameter d,, using the
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Fig. 11 Comparisons of the Reynolds shear stress in rough channel
flows with square-rod roughness.
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Fig. 12 Comparisons of the turbulent kinetic energy in rough channel
flows with square-rod roughness.

following formulation:

AVy Doohk,—20r-d/4-0)]

m-d2)2
= = 1— w
NANT

Aok, Ak,

47

where A = 3.18 mm and d,, = 0.69 mm for Antonia and Krogstad
[28]. The resulting porosity 5 = 0.83 and Da = 6.30 x 10~'3. The
experiment study was conducted at a Reynolds number, based on the
plate length, of 4.62 x 10°, and the data were measured at
Rey =12, 800.

A comparison of the calculated log-law velocity with that by using
the FS model and the experimental measurements is provided in
Fig. 14. It is shown that the results of the present model agree
satisfactorily with the experimental data in the log law and the outer-
layer regions. The difference in the skin-friction coefficient between
the present calculations and the measurements is about 4.5%,
compared with about 15% for that by the FS model. The computed
Reynolds shear stress and turbulent kinetic energy are shown in
Figs. 15 and 16, respectively. The Reynolds shear stress profiles
calculated by both models agree with the experimental data and
broadly follow the trend of the experimental data, as shown in
Fig. 15a. The present model employed an interface condition [40,41]
that characterizes the slip velocity at the top of the modeled
roughness region by a jump of the velocity gradient across the
interface. This results in a discontinuity of the Reynolds shear stress
at the interface. Figure 15b shows a close-up of the Reynolds shear
stress distribution in the near-wall roughness region. The modeled
interface is located at y/§ = 0.004, and the calculated streamwise
slip velocity is U = 0.48. Except for nearing the interface, the
present model describes a much-reduced turbulent momentum
transport in the modeled roughness layer, compared with that using
the FS model, which essentially maintains the same level of the
Reynolds stress in the roughness region. Turbulent fluctuations are
mostly dampened in the roughness region. It is reasonable to expect
that this damping effect, as is reflected in the present model results,
lessens near the interface in which the flow motion is far less
restricted. It is shown in Fig. 16 that both models less satisfactorily
predict the turbulent kinetic energy across the boundary layer.

0 0

& D
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ALI ] Ugl_’

Fig. 13  Sketch of woven-mesh roughness.
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Fig. 14 Comparisons of the log-law velocity at Re, = 12,800 in

turbulent boundary layer with woven-mesh roughness.
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Fig. 15 Comparisons of the Reynolds shear stress at Re, = 12, 800 in turbulent boundary layer with woven-mesh roughness.

2. Woven-Mesh Roughness

For the woven-mesh roughness [29] of k, = 1.40 mm and k" =
150 (k3, = 370), similar to that shown in Fig. 13, the porosity is
calculated using Eq. (47) with A/d, = 4.58 [29]. The resulting
porosity e5 = 0.829 and Da = 8.943 x 10~". The experimental
study by Flack et al. [29] was conducted at a Reynolds number, based
on the plate length, of 2.7 x 10°, and the data were measured at
Rey = 9110. The computed mean velocity and the Reynolds shear
stress are shown in Figs. 17 and 18, respectively. It can be observed
that the mean velocity profiles predicted by both models agree well
with the experimental data in the log-law region. The present model
provides the better prediction in the outer region than that of the FS
model. The simulation results of both models show that the Reynolds
shear stress profiles generally follow the trend of the experimental
data and are in good agreement with the data across the turbulent
boundary layer.

3. Cvylinder Roughness

For the cylinder roughness [30] of k, = 1.52 mm and & = 128
shown in Fig. 19, the porosity can be calculated using square-pattern
center spacing A and cylinder diameter d, as

7-d2/4
-

CAVy [hehek—med?/Aek)

_2V_ !
N7 Ahk,

(48)

For A = 5.486 mmand d. = 1.98 mm [30], the resulting porosity
€5 =0.898 and Da =7.853 x 107*. The experimental study by
George and Simpson [30] was conducted at a Reynolds number,
based on the plate length, of 4.82 x 109, and the data were measured
at the half-spacing A location directly behind the cylinder. The FS
model was not carried out for comparison, because the equivalent
sand roughness kJ;, which is a FS model parameter, was not provided
by George and Simpson.
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Fig. 16 Comparisons of the turbulent kinetic energy at Re, = 12, 800
in turbulent boundary layer with woven-mesh roughness.
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Fig. 17 Comparisons of the log-law velocity at Re, = 9110 in turbulent
boundary layer with surface roughness of mesh.

It is shown in Fig. 20 that the simulation results of the present
model agree with the experimental data in the log-law region at
Rey = 13,789. The calculated freestream U™ is slightly lower than
the measurement. As the data were taken directly behind a cylinder
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Fig. 18 Comparisons of the Reynolds shear stress at Re, = 9110 in
turbulent boundary layer with surface roughness of mesh.

Fig. 19 Sketch of cylinder roughness.
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roughness, a small reverse-flow region is measured. The computed
Reynolds shear stress and the turbulent kinetic energy are shown in
Figs. 21 and 22, respectively. It can be observed from Fig. 21 that the
predicted Reynolds shear stress profile agrees well with the
experimental data in the region in which y/§ > 0.1. For the turbulent
kinetic energy (Fig. 22), the calculated distribution is less
satisfactory. The measured Reynolds shear stress and turbulent
kinetic energy profiles show enhanced peaks near the top of the
cylinder roughness.

Arguably, the shear-production mechanism associated with the
flow around a roughness element is generally captured in the present
modeling approach in an (volume) average manner.

4. Square-Rod Roughness

For the square-rod roughness [31] of £, = 3 mm and k" = 150,
similar to that shown in Fig. 7b, the porosity is calculated using
Eq. (46) with A = 10 mm [31]. The resulting porosity 4 = 0.7 and
Da = 1.334 x 107'2. The experimental study by Keirsbulck et al.
[31] was conducted at a Reynolds number, based on the plate length,
of 3.94 x 10°, and the data were measured at Rey = 8549. The FS
model was not carried out for comparison, because the required
equivalent sand roughness kg, was not provided by Keirsbulck et al.
[31]. The computed mean velocity and the Reynolds shear stress are
shown in Figs. 23 and 24, respectively. The mean velocity profile
predicted by the present model agrees well with the experimental
data in the log-law layer region and in the outer-layer region. The
predicted Reynolds shear stress profile from the present model is in a
good agreement with the experimental data for the region of
v/8 > 0.6. The measured peak Reynolds shear stress level is lower
than that calculated and decreases at a faster rate toward the wall than
reported for other types of roughness in boundary layers [28—30].

5. Perforated-Plate Roughness

For the perforated-plate roughness [32] of k, = 0.9 mm and k7 =
122 (kg = 149) as shown in Fig. 25, the porosity can be calculated
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Fig. 20 Comparisons of the log-law velocity at Re, = 13,789 in
turbulent boundary layer with surface roughness of circular cylinders.
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Fig. 21 Comparisons of the Reynolds shear stress at Re, = 13, 789 in
turbulent boundary layer with surface roughness of circular cylinders.
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Fig. 22 Comparisons of the turbulent kinetic energy at Re, = 13,789
in turbulent boundary layer with surface roughness of circular cylinders.
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Fig. 23 Comparisons of the log-law velocity at Re, = 8549 in turbulent
boundary layer with surface roughness of square rods.

using the square-pattern center spacing A and the circular hole
diameter d,, as
. =AVﬂ=n~d§/4~kS=7t-d,21/4
N7 A2

(49)

where A = 2.81 mm and d;, =2 mm [32]. The resulting porosity
€p=0398 and Da =3.3487 x 1075, The experiment was
conducted at a Reynolds number, based on the plate length, of
4.44 x 10% and is among the few available experimental
measurements that provide the streamwise variation of skin-friction
coefficient. For the experimental study [32], the skin-friction
coefficient is calculated using Eq. (45), which is also used in the
present model to determine the skin-friction coefficient. The skin-
friction coefficient for the FS model is determined directly from the
wall shear stress. The computed streamwise development of the skin-
friction coefficients are presented in Fig. 26. The present model well
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Fig. 24 Comparisons of the Reynolds shear stress at Re, = 8549 in
turbulent boundary layer with surface roughness of square rods.



396 LU AND LIOU

flow A

N ===y §
O O @& )_,x

[ z

ks

Fig. 25 Sketch of a perforated plate.

predicts the skin-friction coefficient changes in the streamwise
direction. For example, the differences between the predictions and
measurements are about 4% for the present model at Rey, = 11, 460
and about 19% for the FS model. The profiles of the log-law velocity
at Re; = 11,460 are compared in Fig. 27. It is shown that the
predictions from the present model agree well with the experimental
data in the log-law and the outer-layer regions. The predicted profile
from the FS model collapses to the experimental data in the log layer
but diverges from the data in the outer layer.

In the preceding, the present model results for seven different
rough-wall cases have been shown. The results were compared
individually with those reported in the corresponding experimental
studies. To provide an overall comparison, the calculated roughness
functions for all of these different cases are plotted in Fig. 28 versus
their equivalent sand roughness k¢, and are compared with Prandtl
and Schlichting [65]. The roughness functions predicted by the
present model agree well with Prandtl and Schlichting over the entire
range of kJ; calculated. In addition, in the region in which the k{, for
the rough channel flows overlaps with that for the rough boundary
layers, the predictions consistently agree with Prandtl and
Schlichting. This is an encouraging observation for the present
modeling approach as, unlike the FS model, kJ; is not a model
parameter in the present model formulation. It indicates that the
present modeling approach that explicitly accounts for the geometry
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Fig. 26 Predictions of the skin-friction coefficients in turbulent
boundary layer with surface roughness of a perforated plate.
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Fig. 27 Comparisons of the log-law velocity at Re, = 11,460 in
turbulent boundary layer with surface roughness of a perforated plate.
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Fig. 28 Comparisons of the roughness functions in terms of equivalent
sand roughness heights.

and the formation of the roughness element can lead to more
consistent and reliable predictions of the mean flow.

VI. Conclusions

A new flow-physics-based surface-roughness model is developed
for the Reynolds-averaged Navier—Stokes-equations numerical
calculations of the high-Reynolds-number turbulent flows over
rough walls. Based on the results reported, we can conclude that the
present model well predicts the skin-friction coefficient, the log-law
mean velocity, and the roughness function for the calculated fully
developed turbulent rough channel flows and the rough-wall
turbulent boundary layers over different types of surface roughness.
The proposed roughness modeling approach explicitly takes into
account the effect of the formation and the topographical
characteristics of the roughness and resolves the fluid dynamics of
the averaged flow in the roughness region using the Brinkman
equation. The results show that for the case presented, the new
physics-based modeling approach can lead to a consistent and
reliable modeling of the mean flow for a wide range of roughness
types. A two-equation formulation has been adopted for turbulence
modeling in the current implementation. In principle, other forms of
turbulence closure modeling (for example, second-order Reynolds
stress models) can also be adopted to the proposed rough-wall-layer
modeling framework.
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