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Assessment of Two Low-Reynolds-Number k- Models
in Turbulent Boundary Layers with Surface Roughness

Meng-Huang Lu and William W. Liou
Western Michigan University, Kalamazoo, Michigan 49008

DOI: 10.2514/1.30738

The performance of two low-Reynolds-number k-¢ models developed for flows over rough walls is assessed by
simulating the fully developed turbulent flows in rough circular pipes, in rough rectangular channels, and over rough
flat plates. The computational results, including the log-law mean velocity, the skin friction coefficient, the roughness
function, the turbulent kinetic energy, and the Reynolds shear stress, are presented. For the turbulent rough-pipe
and rough-channel flows calculated, the results show various levels of agreement with measured data for both
models. For the turbulent boundary layer, the results obtained by using one of the models agree satisfactorily with the
measured log-law mean velocity profiles and roughness functions. Both models less satisfactorily predict the skin

friction coefficient and the turbulent kinetic energy.

Nomenclature
C; = skin friction coefficient
D = hydraulic diameter
H = channel height
k = turbulent kinetic energy
kg = roughness height
keq = equivalent sand roughness height
k™ = normalized turbulent kinetic energy, k/u?
k& = normalized equivalent sand roughness height,
U Keq/V
ki = normalized roughness height, u k,/v
Re = Reynolds number
Rey = Reynolds number based on momentum thickness
R, = turbulent Reynolds number, k%/ev
t = time
U = mean velocity
U, = edge velocity
U+ = normalized velocity, U/u,
u, = friction velocity
—uv = Reynolds shear stress
—utvt = normalized Reynolds shear stress, —uv/u?
w = channel width
y = normal distance from the wall
yt+ = normalized distance from the wall, u,y/v
AU* = roughness function
8 = boundary-layer thickness
e = dissipation rate of turbulent kinetic energy
0 = momentum thickness
v = kinematic viscosity

L

URBULENT boundary layers developed over rough surfaces
occur in a wide range of flows, such as boundary layers over
naval vehicle platforms, flight vehicles, turbomachinery blades,
pipes, and heat exchangers. They present great challenges and
interests in engineering. Surface roughness influences the flow
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structures in the turbulent boundary layers and can cause the increase
of drag and wall heat transfer [1], which greatly affect the design of
the thermal protection system for spacecraft and hypersonic reentry
vehicles. The effect of surface roughness has been considered in
many experimental studies since Nikuradse [2].

Several reviews on the turbulent boundary layers over rough walls
can be found in the literature [3-5]. Clauser [6,7] and Hama [§]
suggested that the effect of surface roughness on the mean flow was
confined to the inner layer, causing an increase of the skin friction
and the lowering of the log-law mean velocity profile, compared with
that for smooth walls. This log-law velocity downward shift is
referred to as the roughness function AU* for k-type roughness,
such as sand grains and two-dimensional rods [9]. The roughness
function AU for k-type roughness has been found to vary with the
Reynolds number based on the shear velocity and has been correlated
to the equivalent sand roughness k;:l. Clauser [6,7] and Hama [8] also
found that the velocity defect form of the mean velocity in the outer
region is independent of surface roughness. Many other measure-
ments [3,10-13] have provided support to the universality of the
velocity defect law. The collapse of the mean velocity defect profiles
for rough and smooth walls is consistent with the wall similarity
hypothesis of Townsend [14], stating that the rough-wall and
smooth-wall boundary layers would have the same turbulence
structures in the core part of the boundary layer at sufficiently high
Reynolds numbers. Schultz and Flack [11,12] and Flack et al. [13]
measured the turbulent boundary layers over flat plates with different
k-type surface roughness, including packed uniform spheres,
sandpaper, and woven meshes. The results of these studies support
Townsend’s wall similarity hypothesis. However, there are also
measurements that suggest otherwise [15-20]. Krogstad et al. [16]
and Krogstad and Antonia [17,18] conducted a series of works on
comparing zero-pressure-gradient turbulent boundary layers over
the surface roughness of two-dimensional rods and three-
dimensional mesh screens. Keirsbulck et al. [19] measured zero-
pressure-gradient turbulent boundary layers over the rough wall of
two-dimensional square bars. Their results show that the surface
roughness changes the profile of the velocity defect in the inner
region, which results in a higher degree of isotropy of the Reynolds
normal stresses and modifies the Reynolds shear stress profiles in the
outer region of the boundary layer. This indicates that the interaction
of the inner and outer regions of the turbulent boundary layers over
rough surfaces may be important in some cases.

Surface roughness also poses a major challenge to numerical
simulations [21]. Numerical studies of surface roughness have been
performed using direct numerical simulation (DNS), large eddy
simulation (LES), and the Reynolds-averaged Navier—Stokes
(RANS) equations, and in the form of correlations [22—24]. There are
two commonly used methods in DNS and LES to simulate the effect
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of surface roughness. The first approach is to account for the
blockage effect of the roughness element on the flow by adding a
form-drag term in the momentum equation [25-28]. 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 [29-32], in which the no-slip boundary
is prescribed as a body force obtained during the numerical solution.
For the numerical calculation using RANS, the effect of the surface
roughness is modeled. One commonly used approach is adding
form-drag terms in the governing equations to account for the
roughness effect [33-38]. However, the coefficients in the
formulations for the form drag are flow-specific and are set with a
detailed knowledge of the shape and distribution of the roughness
elements, which are not readily obtainable in most engineering
applications. RANS-based calculations have also been performed by
using roughness models that are adapted from the existing turbulence
models developed for smooth walls. Krogstad [39] modified the
damping function of van Driest [40] to reproduce the roughness
function variation for large roughness. For Reynolds numbers
between 10° to 107, Youn et al. [41] employed the standard k-& model
with a wall function to predict the friction factor for flows in
rectangular ducts that are roughened on one side of the duct with ribs.
The rib height varies from 0.01 to 0.04 of the hydraulic diameter of
the duct, and the distance between ribs varies from 10 to 40 times the
rib height.

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 dependency of the
turbulent flow structure on the specific surface geometry. Zhang et al.
[42] proposed a new low-Reynolds-number k-¢ model to simulate
turbulent flow over smooth and rough surfaces by including the
equivalent sand roughness height into the damping functions of van
Driest [40], and Lam and Bremhorst [43]. The results in Zhang et al.
[42] show that the skin friction coefficient and the log-law velocity
shift agree well with the experimental measurements of fully
developed rough pipe and duct flows of Reynolds numbers between
5% 10% and 5 x 107 and roughness heights kg from 0 up to 1000.
Durbin et al. [44] added a hydrodynamic roughness length to the two-
layer k- turbulence model of Chen and Patel [45] for the sand-grain
roughness surface. The numerical formulation was validated for flat-
plate boundary layers with accelerated freestream and the flows
over a backward-facing ramp. Foti and Scandura [46] developed a
new low-Reynolds-number k-¢ model for oscillatory flows over
smooth and rough surfaces based on the smooth-wall turbulence
model of Lam and Bremhorst [43]. The results [46] show that the
model well predicts the wall shear stress, mean velocity profiles, and
boundary-layer thickness for steady and oscillatory flows over a
wavy sea bed.

The low-Reynolds-number k-¢ models of Zhang et al. [42] and
Foti and Scandura [46] are applied in this study. The roughness
modeling terms in both models involve only the equivalent sand-
grain roughness and contain no model coefficients that depend on the
roughness geometry. The model of Zhang et al. [42] has been shown
to well predict the rough-wall log-law mean velocity profiles and the
wall shear stress in rough pipes and channels. However, results for
turbulence properties have not been reported and the model has not
been applied to turbulent boundary-layer flows over rough plates.
The model of Foti and Scandura [46] has been validated for
oscillatory flows over a wavy sea bed. Their model has not been
applied to other types of rough surfaces.

In this paper, the two roughness models are applied to turbulent
flows in rough circular pipes, in rough rectangular channels, and over
rough flat plates. The results of these calculations, and their
comparisons with the corresponding measured data, are presented
and discussed. We focus on the k-type surface roughness because
both models have been calibrated with measurements for k-type
surface roughness. The performance of these two models is first
evaluated by calculating the turbulent flows in these geometries with
smooth walls and comparing the results with the corresponding
measurements and DNS data [47-49]. The fully developed turbulent
rough-pipe and rough-channel flows are then calculated and the

numerical results are compared with the experimental data. For the
turbulent boundary layers over flat plates, different types of surface
roughness, including uniform spheres [12], sandpaper [13], and
mesh screens [10,13], are numerically studied and the results are
compared with the corresponding experimental data.

In the following sections, the details of turbulence models and
numerical methods used in this study are presented. These are
followed by a Results and Discussion section, in which the
simulation results obtained are presented, compared, and discussed.

II. Turbulence Models

The nondimensional incompressible forms of the transport
equations for k and ¢ for the two low-Reynolds-number k-¢ models
studied can be written in a generalized curvilinear coordinates system
£Fas follows:
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where J denotes the Jacobian of the geometric transformation, and
g’? represents the contravariant metric tensor of the geometric
transformation, defined as

gir = ELEL “
S gk

g=o ©
Xi

where x; denotes the Cartesian coordinates, and V/ are the
contravariant components of the mean Cartesian velocity
components U, defined as

Vi=U,E, (6)

The first terms on the right-hand side of Egs. (1) and (2) are the
diffusion terms, and the last two terms represent production and
dissipation terms. The production term G can be expressed as

follows:
1 aU; aU; 2
o= (gt + gt @

where o0y, 0., Cy, C,, and C,, are model constants. For both models,
the values of these model constants are the same as those used in the
standard k-¢ model. That is, 0, =1.0, 0, =13, C, =1.44,
C, =1.92,and C,, = 0.09.

The difference between the two models appears mainly in the form
of the damping functions. The damping functions f,, f;, and f,
proposed by Zhang et al. [42] are described as follows:

fu=1—exp[=(v*/42)*] + fous (®)
Frue = g1 (ke ) exp( =25y /) ©)
=1+ gk )9:2/(1 + y)P (10)

fr=1 —exp(—R%) 1)
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Forasmooth wall, g, (k%) = Oand g, (k;) = 1. Forarough wall, the
extent of the viscous region is reduced due to the enhanced turbulent
mixing. This roughness effect is achieved in Zhang et al. [42] by
including an additional term f, ; to the formulation of the model
damping function f, with a positive-definite roughness modeling
function g, (k). It was also argued that the value of f, for rough-
wall modeling should be lower than that used for smooth-wall
modeling in the near-wall region due to the reduced production of the
rate of dissipation &. Therefore, a second roughness modeling
function g, (kJ,) is used; g, (k) = 1 for a smooth wall (kf; = 0) and
decreases with increasing k. The expressions of the roughness
modeling functions are

gi(kdy) = /kd,/200 (12)

(ki) = exp[—l/(O.l + 1/k;l)] (13)

For the low-Reynolds-number k-¢ model of Foti and Scandura
[46], the damping functions have the following forms:

fu=[1—exp(=0.0160R)*(1 4+ 20.5/R,) + f . (14)

Frus = S{1.0 — tanh[0.15(y* — 5.08)/5]} (15)
fi=1+(0.05/f,) (16)
fr=1- exp(—R$)/(1 + o.ow;) (17)

where R, = k'/2y/v, and S is a function of the equivalent sand
roughness k. The value of S is determined through a calibration
with experimental data [50]. Similar to the model of Zhang et al. [42],
the modification to damping function f, is to obtain the effect of
increased turbulent mixing near the rough wall. The damping
function f, is modified to further decrease the sink terms in the
dissipation rate equation.

In general, both of the models studied here adapt the forms of the
damping functions found in existing low-Reynolds-number k-¢
models developed for a smooth wall by including roughness
correction functions. The roughness effects are modeled through the
use of the equivalent sand-grain roughness kZ; and are not shape-
dependent. For the cases here, the equivalent sand-grain roughness is
provided by their corresponding experimental studies.

III. Numerical Methods

The numerical method used in this study solves the three-
dimensional RANS equations in the generalized curvilinear
coordinates. The velocity components are expressed in Cartesian
coordinates, following a partial transformation approach. The
governing equations are discretized in space on a nonstaggered grid
using second-order approximations. The convective terms in the
momentum equations are discretized by using second-order-accurate
upwind differencing. The pressure gradient and viscous terms in the
momentum equations and the divergence operator in the continuity
equation are discretized by second-order-accurate central finite
differencing. A discrete pressure-Poisson equation is used to enforce
the incompressibility constraint. The formulation of Sotiropoulos
and Abdallah [51], designed to avoid the odd-even decoupling
inherent in the case of nonstaggered grids, was adopted.

The discrete momentum equations are integrated in time using a
four-stage explicit Runge—Kutta scheme. The pressure-velocity
equation is solved using the alternate-direction-implicit approximate
factorization method, to accelerate its convergence, and the Thomas
algorithm. The pressure-Poisson equation is transformed into a
diffusionlike evolution equation. Convergence acceleration
techniques such as local time stepping and implicit residual

smoothing are used to enhance the error damping properties of the
time-marching procedure. This numerical methodology has been
tested for a wide range of laminar flows and turbulent flows with
various turbulence closures [52-55]. The comparisons of the
computed solutions with other numerical results and experimental
data demonstrated their ability to simulate those flows with great
accuracy. The turbulence model transport equations (1) and (2) are
discretized in space and integrated in time following a similar
procedure to that indicated earlier for the momentum equations for
the mean flow. A four-stage Runge—Kutta method is also used to
advance the discrete equations in time.

A. Computational Domains

In this study, the axisymmetric solutions for pipe flows and two-
dimensional solutions for channels and flat plates are sought. The
computational domain for the fully developed turbulent smooth and
rough-pipe flows extends 150 pipe diameters downstream, and only
aquarter of the pipe was simulated. For the fully developed turbulent
smooth and rough-channel flows, the domain extends 150 channel
heights downstream, and only a half of the channel was simulated.
For the turbulent boundary layers over smooth and rough plates, the
value of y™ for the first grid point away from the wall is less than 0.1,
and a hyperbolic tangent stretching function was used in the wall-
normal direction with a grid clustered in the near-wall region.

B. Boundary Conditions

The boundary conditions were specified as follows. The inlet
boundary conditions for the fully developed turbulent smooth pipe
and smooth channel flows are assumed uniform for all variables,
where U =1, V=W =0, and k = ¢ = 107°. For the smooth flat
plates, the Blasius solution was used at the inlet with uniform profiles
of k=0.013 and ¢ =7 [56]. The smooth-wall solutions thus
obtained are then used to initialize the corresponding rough-wall
calculations. On the symmetry boundaries, the mirror-image
reflections for the grid and the flow variables are used for the fully
developed turbulent smooth and rough pipe and 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 zero value for the three
velocity components and the turbulent kinetic energy, and
& =1/Re(0°k/0y*). However, the second-order derivative does
not always guarantee a positive value for the dissipation rate of
turbulent kinetic energy at the wall. It has been proposed [57] to
employ & = 2/Re(k, /y?}) as an approximation to the value of ¢ at the
wall, where the subscript 1 denotes the nearest grid point from the
wall.

C. Grid-Independence Study

For the pipe flows, the numerical grid in the radial 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-independence
study for smooth pipe flow was performed; Fig. 1 shows the
calculated log-law velocity profiles by using both the model of Zhang
et al. [42] (denoted as ZH) and the model of Foti and Scandura [46]
(denoted as FS) with grids of 91 x 61, 55 x 61, and 55 x 81 in the
streamwise and the wall-normal directions, respectively. The
Reynolds number, based on the pipe diameter, is 40,000. The
experimental data of Laufer [47] are also included for comparison.
The computed profiles using the different grids basically collapse for
both the ZH and the FS models, indicating that the turbulent flow
solutions being grid-independent. The 55 x 61 grid is used in all the
pipe flow solutions presented here. The same grid size is also found to
provide grid-independent solutions for channel flows. For the flat-
plate boundary flows, Figs. 2 and 3 show the results of the grid-
independent study using both models with various grid numbers in
the streamwise direction and in the wall-normal direction,
respectively. The grid sizes vary widely between 71 x 150 and
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281 x 150 (Fig. 2) and between 141 x 150 and 141 x 180 (Fig. 3).
Figure 2 shows the surface skin friction distributions, which are
known to be sensitive to numerical grids, and Fig. 3 shows the
computed mean velocity profiles. The results show that, similar to
that observed in the pipe flow grid-independence study, the
numerical code can achieve 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.
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Fig. 2 Grid-independent study for flat plates with grid refinement in
the streamwise direction.
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Fig. 3 Grid-independent study for flat plates in the wall-normal
direction.

The Courant—Friedrichs—Lewy number used in these computa-
tions is 1.5 for the k and ¢ equations. For all the results shown here,
the residuals defined by the summation of differences between the
current and the previous iterations were reduced by at least four
orders of magnitude.

IV. Results and Discussion

The results of calculations are reported in three sections. The first
part presents the results of the application of the two turbulence
models to flows in smooth geometries, including pipes, channels,
and flat plates. The computational results are compared with
measurements and DNS data. The second part compares the
computational results for the fully developed rough-pipe and rough-
channel flows with the corresponding experimental data. The last
part presents numerical investigation of the turbulent boundary
layers over flat plates with different types of surface roughness,
including uniform spheres, sandpaper, and mesh. The computational
results for the skin friction coefficients, the log-law velocity profiles,
and the turbulence profiles are presented and compared with the
available measurements.

A. Smooth Pipe and Channel Flows and Flat-Plate Turbulent
Boundary Layers

The performance of the ZH and the FS models with zero roughness
height was evaluated by simulating the fully developed turbulent
flows in smooth pipes, in smooth channels, and over smooth flat
plates. The FS model with zero roughness height degenerates to the
low-Reynolds-number k-¢ model of Lam and Bremhorst [43],
whereas the ZH model with zero roughness height does not reduce to
any existing low-Reynolds-number k-¢ models. Figure 1 shows that,
compared with the data [47], both models well predict the log-law
velocity in the sublayer and outer layer. The present ZH model result
was verified with that in Zhang et al. [42] and both results show that
the ZH model seems to overpredict in the buffer layer by a maximum
of 8%, compared with the measurements. Figure 4, which compares
the computed and the measured turbulent kinetic energy profiles,
shows that both models overpredict the peak of the turbulent kinetic
energy near the wall, yet capture the trends of the experimental data.

The computational results for smooth channel flows have been
compared with the DNS data [48] at a Reynolds number, based on
channel height, of 13,750 and the results are shown in Fig. 5. Both
models nicely predict the log-law velocity in the sublayer and outer
layer, whereas the ZH model slightly overpredicts in the buffer layer,
compared with the DNS data. The predictions of the turbulent kinetic
energy from both models are in good agreement with the DNS data,
with a slight underprediction of the peak turbulent kinetic energy
near the wall.

5 T T T T

O Laufer [47]
ZH model

————ememin FS model

0 02 04 06 08 1
»/{(D/2)

Fig. 4 Comparisons of the turbulent kinetic energy in smooth pipe
flows.
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Fig. 5 Comparisons of a) the log-law velocity and b) the turbulent kinetic energy in smooth channel flows.

The turbulent boundary-layer flows over smooth plates were also
simulated to assess the performance of both models, and the
experimental results of Klebanoff [49] for Re, = 7700 are used here
for comparison. Figure 2 shows that the calculated skin friction
coefficients are in good agreement with the experimental data. The
computed log-law velocity profiles, as shown in Fig. 3, from both
models also agree well with the measurements in the sublayer and
outer layer, whereas the ZH model slightly overpredicts the velocity
in the buffer layer, compared with the experimental data. The results
of the turbulent kinetic energy and the Reynolds shear stress across
the boundary layer are shown in Fig. 6. The computational results of
the turbulent kinetic energy from both models overpredict the peak of
the turbulent kinetic energy near the wall, yet broadly follow the
trend of the experimental data. It is also shown in Fig. 6b that both
models well predict the Reynolds shear stress in the inner region of
v/8 < 0.2 and generally follow the trend of the experimental data in
the outer region of y/é > 0.2.

B. Rough Pipe and Channel Flows

For the fully developed turbulent flows in rough pipes, the
comparisons of the calculated roughness function AUT with the
experimental measurements of Prandtl and Schlichting [58] and
Colebrook and White [59] in terms of k; are shown in Fig. 7. In the
current calculations, the roughness function AU™ is determined by

AUt = ( 2/Cf)smcmh - (V 2/Cf)rough

= (Ue/ur)amooth - (Ue/ur)rough (18)

Klebanoff [49]
ZH model
6 ——— FS model E
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. .
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=
, .
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0 02 04 06 08 1 12
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It can be observed that the ZH model underpredicts the roughness
functions AU™ more significantly than that of the FS model. The
maximum difference between the predictions and the measurements
is 40% for the ZH model, compared with 12% for the FS model.
The ZH and the FS models were also assessed by simulating the
fully developed turbulent rough-channel flows measured by Zhang
[60] and Bakken et al. [61]. Zhang [60] carried out an experimental
study of turbulent flow in a rectangular channel with aspect ratio
W/H = 5.5, which is covered with 100-grit sandpaper of k.,/H =

15 T T T T T T T T TTT
o e
] Prandtl and Schlichting [58]
(m] Colebrook and White [59] O
ZH model o
—————— FS model ,
10 , 1
+
D
<
5 — -
o 10 10°

+
kg

Fig. 7 Comparisons of the roughness functions at various roughness
heights in rough-pipe flows.
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04F -1
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Fig. 6 Comparisons of a) the turbulent kinetic energy b) the Reynolds shear stress in flat-plate turbulent boundary layers.
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Fig. 8 Comparisons of the log-law velocity in rough-channel flows with
roughness of sandpaper.

0.0061 at a Reynolds number, based on channel height, of 70,909.
Bakken et al. [61] measured turbulent channel flows covered with
two different rough surfaces, including a rod of k,/H = 0.017 and
mesh of k,/H = 0.015. A range of Reynolds numbers, based on
channel height, between 12,000 and 136,000 has been investigated.
The results of Bakken et al. [61] show that in the fully rough regime
(k& > 70), the ratio k,,/k; is about 7.8 and 3.3 for the rod and mesh
roughness, respectively, indicating a much stronger roughness effect
for the rod roughness than for the mesh surface. The computational
results of the log-law velocity compared with the experimental
measurements of Zhang [60] at k3, = 26.6 are presented in Fig. 8. It
can be observed that both models have predicted the correct slope,
but slightly underpredict the roughness function AU™ (about 7%
from the experimental data).

The computational results corresponding to the experiments of
Bakken et al. [61] with a Reynolds number, based on channel height,
of 60,000 with rod roughness of k3, = 834.6 are given in Figs. 9 and
10. For the log-law velocity profile (Fig. 9), both models predict the
correct slope, but underpredict the roughness function AU™. It can
be also found that the ZH model provides fairly good predictions in
the log-law velocity at low roughness kg, yet fails to predict the log-
law velocity at high roughness kZ,. The computational results and the
measured data for the Reynolds shear stress are compared in Fig. 10.
It is shown that the computed profiles for rod roughness from the ZH
and the FS models collapse to the experimental data in the outer
region for y/(H/2) > 0.2, which is consistent with the wall
similarity hypothesis of Townsend [14]. In the inner region of
v/(H/2) < 0.2, the peak level of the measured Reynolds shear stress
profile is lower than the predictions. The reduced peak Reynolds

k=836

m} Bakken etal. [61]

ZH model

s FS model

20 - -1

10*

Fig. 9 Comparisons of the log-law velocity in rough-channel flows with
rod roughness.

k= 8346

. [m] Bakken et al. [61]
& ZH model
X ————— FS model
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0 0.2 04 06 038 1
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Fig. 10 Comparisons of the Reynolds shear stress in rough-channel
flows with rod roughness.

shear stress has been attributed to the local flow acceleration ahead of
and above the rod roughness [61].

The comparisons of the roughness function AU with the
experimental measurements of Prandtl and Schlichting [58] for a
wide range of roughness k; for the fully developed turbulent rough-
channel flows are presented in Fig. 11. The FS model well captures
the trend of the roughness function variation with the roughness
height. However, it underpredicts the roughness function itself. The
underprediction of roughness function for the ZH model is
significant with a maximum of 38% for higher k{,, compared with
about 11% for that by the FS model. The ZH model provides good
predictions of the log-law velocity for low roughness of kJ, < 30.
Note that the difference between the smooth- and rough-wall ZH
models lies in the roughness modeling functions g, (k%) and g, (k).
For cases of a smooth wall, g, (k) = 0 and g, (k&) = 1.

C. Boundary Layers over Rough Flat Plates

The turbulent boundary layers over flat plates with different k-type
surface roughness, including mesh [10,13], packed uniform spheres
[12], and sandpaper [13], with the roughness k;:] of 340, 138, and
100, respectively, were simulated. These experiments were chosen
because the measurements were made in the fully rough regime with
moderate roughness kf, for several different types of surface
roughness.

The comparisons of the computed log-law velocity with that of
Antonia and Krogstad [10], which was conducted at a Reynolds
number, based on the plate length, of 4.62 x 10° with a mesh screen
of ky = 1.38 mm (k, = 4.96 mm) and k3, = 340, are provided in
Fig. 12. The experimental data were measured at Re, = 12, 800. Itis

15 ——7 ——
o e
] Prandtl and Schlichting [58]
ZH model
—rme—e——— FS model o s
10 1
+
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<
5 - -
e}
Tl 10 10°

+
k.

Fig. 11 Comparisons of the roughness functions for a wide range of
roughness height in rough-channel flows.
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Fig. 12 Comparisons of the log-law velocity at Re, = 12,800 in
turbulent boundary layer with surface roughness of mesh screen.

shown that the simulation results of the FS model collapse to the
experimental data for y* < 2500. The ZH model predicts the correct
slope, but it underpredicts the roughness function AU™ by about
45%, compared with the experimental data. The computed turbulent
kinetic energy and the Reynolds shear stress are compared with the
experimental measurements, and the comparisons are shown in
Figs. 13 and 14, respectively. Figure 13 shows that the computed
profiles of k from both models behave similarly for y/§ > 0.3.
However, neither model predicts the turbulent kinetic energy
distribution in the boundary layer. It is shown in Fig. 14 that the
predictions of the Reynolds shear stress from both models are in good
agreement with the experimental data in the outer region for y/§ >
0.5 and generally follow the trend of the experimental data.

The second rough-wall turbulent boundary layer that was
calculated corresponds to that of Schultz and Flack [12] at a
Reynolds number, based on the plate length, of 4.9 x 10% with the
roughness of packed uniform spheres of k= k=
0.96 & 0.04 mm and k, = 138. The experimental study of Schultz
and Flack is among the few available experimental measurements
that provide the skin friction coefficient data. The computational
results of the ZH and the FS models for the skin friction coefficient
are compared and the results are presented in Fig. 15. In the
experimental study, the skin friction coefficient was calculated using
the constant stress method:

2 ou
f—@[v@—uv] (19)

whereas in the current calculations, the skin friction coefficient is
determined directly from the wall shear stress. That is,

5 T T T T T
k=340
Antonia and Krogstad [10]_

IﬂIt‘:b ZH model
——— FS model
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Fig. 13 Comparisons of the turbulent kinetic energy at Re, = 12, 800
in turbulent boundary layer with surface roughness of mesh screen.
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Fig. 14 Comparisons of the Reynolds shear stress at Re, = 12, 800 in
turbulent boundary layer with surface roughness of mesh screen.
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Fig. 15 Predictions of the skin friction coefficients in turbulent
boundary layer with surface roughness of uniform spheres.

C;=2(u,/U,)* (20)

It can be observed from Fig. 15 that the FS model overpredicts the
skin friction coefficient by about 10%, compared with the
experimental data, and the ZH model underpredicts the skin friction
coefficient about 18%. The profiles of the log-law velocity and the
Reynolds shear stress at Rey = 9620 are compared in Figs. 16 and
17, respectively. For the mean velocity, the simulation results of the
FS model are in a good agreement with the experimental data in the
log-law region, whereas the ZH model predicts the correct slope, yet
underpredicts the roughness function by about 42%. The predictions
of the Reynolds shear stress from both models are in good agreement
with the experimental data, except for the inner region of y/§ < 0.2.

The last set of comparisons for the turbulent boundary layers over
rough flat plates is with that of Flack et al. [13] The experimental
measurements were carried out with two types of surface roughness.
They include sandpaper of k;=0.69 mm (k4 =0.515 mm,
kf =100) and mesh of k,=0.32mm (k, =0.69 mm and
k&, = 138) at a Reynolds number, based on the plate length, of
5.1 x 10°. The computational results for the mean velocity and the
Reynolds shear stress, compared with the experimental measure-
ments over sandpaper roughness at Rey = 14,340, are shown in
Figs. 18 and 19, respectively. The mean velocity profile predicted by
the FS model collapses with the experimental data for y* < 2500.
The ZH model predicts the correct slope, yet underpredicts the
roughness function by 40%, compared with the experimental data. It
is shown in Fig. 19 that the predictions of the Reynolds shear stress
from both models are in good agreement with the experimental data
across the boundary layer. For the mesh roughness and
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Fig. 16 Comparisons of the log-law velocity at Re, = 9620 in turbulent
boundary layer with surface roughness of uniform spheres.
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Fig. 17 Comparisons of the Reynolds shear stress at Re, = 9620 in
turbulent boundary layer with surface roughness of uniform spheres.

Rey = 14,120, Figs. 20 and 21 show the computed log-law velocity
and the Reynolds shear stress and their comparisons with the
experimental measurements. The comparisons show the overall
trends being very similar to the case with the sandpaper roughness
(Figs. 18 and 19).

The predicted profiles of the Reynolds shear stress using the ZH
and the FS models are similar, with peak value around 1.0 at about
y/6 =0.05, and both models describe the Reynolds shear stress

30— — T r—
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20
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Fig. 18 Comparisons of the log-law velocity at Re, = 14,340 in
turbulent boundary layer with surface roughness of sandpaper.
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Fig. 19 Comparisons of the Reynolds shear stress at Re, = 14, 340 in
turbulent boundary layer with surface roughness of sandpaper.
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Fig. 20 Comparisons of the log-law velocity at Re, = 14,120 in
turbulent boundary layer with surface roughness of mesh.

reasonably well across the boundary layer. The computational results
of the Reynolds shear stress obtained by using both models also
appear to support the wall similarity hypothesis of Townsend [14].
The FS model better reproduces the log-law velocity profiles. Neither
model predicts the correct U™ at the freestream.

Because both models were developed by modifying the damping
functions of the existing low-Reynolds-number k-¢ models by
including the correlated roughness effect through the use of the
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Fig. 21 Comparisons of the Reynolds shear stress at Re, = 14, 120 in
turbulent boundary layer with surface roughness of mesh.
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Fig. 22 Comparisons of the two roughness damping functions at the
wall.

equivalent sand roughness, we investigated the effect of roughness
damping functions f, , in Eqgs. (9) and (15) for the range of the
roughness kJ; used in this study. The comparisons of the two
roughness damping functions f, ; at y* = O are presented in Fig. 22.
It can be observed that as the roughness k; increases, the roughness
damping functions f, ; at y* = 0 for both models increase as well.
The difference between the two damping functions f,, ; at y* = O is
not significant for roughness kg, less than 30. For large roughness kg,
the values of the wall damping function for both models increase,
with the FS model being significantly higher than that for the ZH
model. In other words, the ZH model is providing less of an effect of
the enhanced turbulent mixing due to roughness than that by the FS
model, especially for large roughness k. This may have caused the
observed underprediction of the roughness function for cases with
high roughness.

V. Conclusions

The performance of two rough-wall low-Reynolds-number k-
models was assessed by simulating the fully developed turbulent
flow in rough pipes, rough channels, and over rough plates, with the
equivalent sand roughness kJ; ranging from 26.6 to 834.6. The
predictions of the two models are examined against the published
experimental measurements. The following remarks can be made
based on the results of the comparisons with the experimental data.

1) The model calculations of the fully developed turbulent flows in
smooth pipes, smooth channels, and over smooth flat plates agree
well with the experimental measurements and the DNS data.

2) The FS model reasonably well predicts the log-law mean
velocity profiles and the roughness function AU for all of the flows
calculated. The predictions of the ZH model of the log-law mean
velocity and the roughness function AU are satisfactory for low
roughness height of k3, < 30.

3) For both models, the predicted Reynolds shear stress profiles
with the equivalent sand roughness k{; ranging from 100 to 834.6
agree with the experimental data, except for the inner region
v/(H/2) < 0.2 of Bakken et al. [61] (channel flow) and the inner
region y/§ < 0.2 of Schultz and Flack [12] (flat-plate boundary
layer).

4) Both models less satisfactorily predict the skin friction
coefficient and the turbulent kinetic energy in the turbulent boundary
layers over rough walls.

5) The ZH model does not accurately predict the roughness
function AU* at higher roughness kg, which, when compared with
the FS model, may have been caused by the insufficient amount of
increase of the damping functions f, in the near rough-wall region.

The results of this study, which examines only flows with simple
geometries, suggest that there is a need for roughness modeling that
can consistently predict the effect of roughness on not only the mean
flow, but also the turbulence quantities in the RANS framework.

Modeling may be developed that includes consideration of the
interactions of the flow structures and roughness. Such physics-
based modeling approaches may lead to more consistent and reliable
predictions of turbulent flows over roughness.
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