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ABSTRACT

An extensive direct numerical simulation (DNS) and
experimental channel-flow database with 45 differ-
ent rough surfaces (Aghaei Jouybari et al., J. Fluid
Mech., 912, 2021) are used to distill principal in-
formation of the rough-wall flow for modeling the
roughness sublayer in a Reynolds-averaged Navier-
Stokes (RANS) framework. Three sublayer models
are compared, including the roughness-specific wall-
function model and the sublayer velocity-profile
model, both introduced by Brereton et al., Phys.
Fluids, 33 (2021), as well as a sublayer body-force
model based on a quadratic drag law. All three mod-
els were constructed using a zero-plane displace-
ment and an equivalent sand-grain roughness, ob-
tained from the roughness database. Predictions of
the friction coefficient are compared with the values
deduced from DNS in channel flows at Reτ = 1000
on four different rough surfaces. Results from all
three sublayer models are in very good agreement
with the DNS results. While the wall-function and
velocity-profile models are well suited to applica-
tions in attached flows at zero or small pressure gra-
dients, the body-force model appears to have sig-
nificantly more potential for application in complex
flows such as those with strong adverse pressure gra-
dients, surface curvature or separation.

INTRODUCTION

The prediction of effects of arbitrarily rough sur-
faces on the mean velocity field in turbulent flow
is a long-standing challenge for turbulence model-
ers and has many practical applications. When con-
trasted with modeling of smooth flat-wall boundary
layers, in which only the tangential viscous stress
µ∂ū/∂y is exerted by the fluid on the wall, this
shear stress is both modified by the flow and sup-
plemented by the roughness-induced form drag force
per unit area, caused by the flow-induced pressure
distribution around each surface roughness element.
The combination of these effects and of any block-

age caused by roughness elements must therefore
be modeled for rough-wall applications. In most of
the modeling approaches developed to date, such as
RANS turbulence closures (e.g. Knopp et al. (2009)
and Aupoix (2007)) and wall-modeled large-eddy
simulations (e.g. Saito et al. (2012)) and Meneveau
(2020)) the surface roughness is quantified by a sin-
gle lengthscale (i.e. the equivalent sandgrain height
ks) within a closure relationship. An empirical cali-
bration is then sought so that predictions made with
the roughness model, together with any other re-
quired turbulence closures, match approximately se-
lected reference data—usually for sandgrain rough-
ness.

One shortcoming of modeling roughness as
a single lengthscale is that, while the model is typi-
cally calibrated to predict the wall shear stress cor-
rectly, the mean velocity profile within the rough-
ness sublayer is not necessarily correct. This poses
challenges, especially for modeling of rough-walled
boundary layers with adverse pressure gradients
where accurate prediction of the mean separation
point is important, or flows with near-surface heat
and mass transfer. Inaccuracy in the modeled ve-
locity solution arises in the sublayer—the region ex-
tending from the deepest troughs of the roughness at
y = 0 to just beyond its crest elevation (or peak-
to-trough height, denoted as kc or k+c in viscous
units)—where the double-averaged linear momen-
tum equation (Raupach and Shaw, 1982)
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contains additional terms II and III compared to its
smooth-wall counterpart. Here, (·) indicates time av-
eraging, ()′ indicates turbulent fluctuation from the
local time averaged value, 〈·〉s signifies superficial
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spatial area averaging, wherein the y-dependent fluid
variable is averaged per unit total planar area, rather
than per unit fluid planar area (i.e. intrinsic spa-
tial averaging, denoted by 〈·〉). The intrinsic and
superficial spatial averaging operations yield differ-
ent averages only at y locations below the roughness
crest kc. 󰁩(·) = (·) − 〈(·)〉 is the spatial heterogene-
ity of a time-averaged quantity, termed the disper-
sive or form-induced fluctuations. Specifically, term
II is the superficially-averaged dispersive stress and
term III is the total forcing of roughness. The stream-
wise component of the roughness forcing 〈fx〉s con-
tains the pressure (−〈∂ 󰁨P/∂x〉s) and viscous drag
(ν〈∇2󰁨u〉s) components induced by roughness. No
general closures for these additional terms have been
proposed. Data from existing DNS of synthetic sand-
grain roughness (Yuan & Piomelli, 2014) showed
that the y-derivatives of 〈u′v′〉s and 〈󰁨u 󰁨v〉s are of the
same order of magnitude within the roughness sub-
layer and are both much larger than their values in
the outer layer. This observation indicates that terms
I-III cannot be ignored within the roughness sublayer
but must be modeled in a rough-wall closure, either
separately or as their combined effect.

The prospect of modeling each of terms I-
III in terms of local flow variables and surface to-
pography for arbitrarily rough surfaces seems most
unlikely. It is because the infinite variety of dif-
ferent surface roughness topographies are associated
with many different effects within the roughness sub-
layer, such as: recirculating flow patterns isolated
from the outer flow, in d-type roughness; recircula-
tion directly behind, and interaction with the outer
flow further downstream of roughness elements in
k-type roughness; modifications of these flow pat-
terns through the mutual sheltering of roughness el-
ements; enhancement of streamwise vortices near
roughness crests; enhanced turbulence production in
the wake of certain roughness elements; enhanced
redistribution/isotropization of turbulent kinetic en-
ergy components in the roughness sublayers; ampli-
fication of turbulent motions by interaction between
the roughness sublayer and outer eddies; and reduc-
tion of turbulence scales by sublayer roughness (Br-
ereton et al., 2021). It follows that, for some ar-
bitrarily rough surface, it is very difficult to antici-
pate which flow phenomena or combinations thereof
might be present in the sublayer, let alone propose
how the turbulent and roughness-induced features of
such a flow might be modeled accurately in terms
I-III. Instead, the most practical technique for mod-
eling flows over surfaces of arbitrary roughness ap-
pears to be to develop a database of flowfields com-
puted by DNS, for flows over many different kinds

of rough surfaces. The database is then used to
infer for different kinds of roughness—often using
machine-learning—the roughness-sublayer velocity
profile 〈ūi〉s found from the DNS solutions to rough-
wall flow. RANS Eq. (1) is then integrated from
the edge of the roughness sublayer outwards, where
terms I-III are almost zero, to determine the rest
of the velocity profile 〈ūi〉s. This approach seems
preferable to trying to infer the forms of models for
terms I-III for a given rough-wall flow and integrat-
ing Eq. (1) over the entire domain to determine 〈ūi〉s.

In this paper, we discuss the construction
of a 45-surface database and the representation of
different rough-wall flows through zero-plane dis-
placement heights and equivalent sand-grain rough-
nesses, which are useful for mapping information
on roughness flow resistance into rough-wall flow
closure models. We also present RANS modeling
approaches in which we model rough-wall flow us-
ing: i) roughness-specific wall functions; ii) veloc-
ity profile models which extend through the rough-
ness sublayer; and iii) a roughness-specific surface-
layer body-force model based on a quadratic drag
law; while modeling the turbulent stresses beyond
the roughness sublayer as their smooth-wall counter-
parts. We conclude by considering the suitability of
such wall functions and drag laws for application in
more complex flows.

DNS DATABASE OF ROUGH-WALL
TURBULENT CHANNEL FLOW

The database was constructed by solving the in-
compressible Navier-Stokes equations by direct nu-
merical simulation in turbulent half-channel flow at
Reτ = uτh/ν = 1000, where uτ =

󰁳
τw/ρ is

the friction velocity and h is the channel half-height.
An immersed boundary method was applied at the
rough wall to enforce fine-grained boundary con-
ditions of no slip/no penetration for the particular
rough-surface geometry chosen, on a non-conformal
Cartesian grid. The concept of minimal-span chan-
nel was used to limit computational cost (Jimenez
and Moin, 1991; Chung et al., 2015). Forty five
different rough surfaces, the surface coordinates of
which could be readily generated computationally,
were chosen to represent sandgrain roughness, si-
nusoidal roughness, arrays of hemispheres on oth-
erwise smooth surfaces, surface elevations described
by random (white noise) Fourier modes, etc. Only
the DNS cases (30 out of 45) that were considered
fully rough were kept for ks modeling. The fully
rough regime was considered to have been reached
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if the value of ks obtained from the roughness func-
tion was such that k+ ≥ 50. Data from 15 other
fully rough flows with different roughnesses, ob-
tained from previous experiments, were added to the
collection. A detailed description of the surfaces and
the way in which they were generated is given by ?.

The number of grid points (nx, ny , nz)
used was 400, 300 and 160 in the respective direc-
tions, with a uniform mesh of sizes ∆x+ = 7.5 and
∆z+ = 6.3 in the x- and z-directions. A stretched
mesh was employed in the wall-normal y-direction
so that the third grid point from the lowest point
(deepest roughness trough) was at y+ < 1 and the
y grid size at the channel center was ∆y+ = 9.5.
In order to carry out DNS simulations of flow over
many different rough surfaces at the lowest reason-
able computational cost, the minimal-span channel
approach (Jimenez and Moin, 1991; Chung et al.,
2015; MacDonald et al., 2017) was adopted. In this
approach, the reduced domain size in the spanwise
direction compromises the accuracy of some outer-
flow statistical measures, but resolves the essential
near-wall turbulence dynamics, mean velocities, fric-
tion velocity and stresses accurately as far from the
wall as y/h ≃ 0.3.

For each kind of roughness considered,
the very different mean velocity profiles were all
found to exhibit log-linearity when shifted by the
zero-plane displacement height d, and so could be
matched to u+ = (1/κ) ln(y+ − d+) +B, where B
is a roughness-specific velocity offset. The equiv-
alent sandgrain roughness ks—a rough-wall flow-
dependent lengthscale—was also deduced for each
roughness, using the experimental correlation: u+ =
(1/κ) ln (y/ks) + 8.5 (Nikuradse, 1933). Thus, for
each kind of roughness, the flow lengthscale ks,
displacement d, velocity offset B, and the multi-
ple roughness topography lengthscales (mean height,
rms height, mean absolute height variance, mean ef-
fective slopes), the surface porosity and the rough-
ness skewness and kurtosis were determined. ? have
shown how deep neural network and Gaussian pro-
cess regression machine-learning methods can be
used to train models to predict ks from the roughness
parameters of a surface, with discrepancies between
the machine-learning model estimates and the origi-
nal DNS data values of ks of less than about 10%, for
any roughness with topographical parameters within
the ranges of the data set. The data and models
are archived at https://github.com/MostafaAghaei,
where interested researchers can evaluate machine-
learning-estimated values of ks in fully-rough flow
from the roughness parameters of their own particu-
lar surfaces.

ROUGHNESS SUBLAYER MODELS

For steady, attached, fully-rough wall-bounded flows
at or close to equilibrium, the DNS database can
be used in several ways to model rough-wall flow.
When the mesh is sufficiently coarse that the wall-
adjacent cell’s center is within the log-linear region,
a conventional wall function can be deduced from
the database for any specific roughness. For finer
grids with multiple cells within the roughness sub-
layer, an algebraic sublayer velocity profile can be
inferred from the database for any particular rough-
ness. It is also possible to model the drag force ex-
erted by the surface roughness through a quadratic
velocity-dependent body force opposing motion in
the wall-adjacent layer of cells, as fx = −αt|u|u,
where the turbulent roughness reciprocal lengthscale
αt is calibrated using the equivalent sandgrain height
ks of the rough surface, as provided by the database.
We present results for each of these models below,
when they are combined with an outer-flow k-󰂃 clo-
sure with finite-volume discretization and a standard
elliptic Navier-Stokes equation solver, typically with
50 to 100 points in the wall-normal direction, for sur-
face roughnesses of the sandgrain type and of very
different types.

Test surfaces

The test surfaces considered to evaluate roughness
sublayer models were: i) sandgrain roughness with
peak-to-trough height in wall units k+c = 90; ii) a
uniformly-spaced array of half-ellipsoids of height
k+c = 90 on a smooth surface; iii) a two-dimensional
sinusoidally wavy surface of height k+c = 60; and
iv) random (white noise) low-order spatial Fourier
modes of height k+c = 120. These surfaces corre-
sponded to cases C37, C17, C30, and C40 respec-
tively in the DNS database. They were chosen be-
cause they were considered to be in the fully-rough
regime at Reτ = 1000 and their different topogra-
phies yielded quite different sublayer velocity pro-
files. The prospect of predicting them by other mod-
eling approaches appears to be remote. The surfaces
are shown in Figs. 1(a) to (d) together with their
DNS-resolved near-surface velocity profiles. In the
present immersed boundary method, the immersed
fluid-solid interface is contained by a marker func-
tion φ(x, y, z) defined as the fraction of fluid vol-
ume in each computational cell. The rough sur-
faces were visualized as iso-surfaces corresponding
to a cell fluid fraction of 0.5, which is expected to
show cell-wise steps if the immersed interface is not
aligned with cell borders (e.g. in Figs. 1(d)). A more
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Figure 1: Inner profile of 〈ū〉+s for flow over four rough surfaces: (a) a simulated sandgrain roughness of
height k+c = 90, (b) a uniformly-spaced array of semi-ellipsoids of height k+c = 90, (c) a two-dimensional
sinusoidally wavy wall of height k+c = 60, and (d) composite of random (white noise) Fourier modes of
height k+c = 120. All cases were at Reτ = 1000, computed by half-channel DNS; (vertical) rough-
ness crest height k+c .
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Table 1: Channel-flow computations of Cf at Reτ = 1000 with roughness-specific wall functions. Cf ob-
tained by DNS is compared with Cf predicted with the wall-function (WF) model and with the wall-function
model when B was found with a machine-learning (ML) procedure. d is defined as the centroid location of
the y profile of roughness forcing 〈f1〉s.

Surface k+c B d+ k+s Cf Cf Cf

DNS WF ML
Sandgrain 90 -3.40 46 109 0.0156 0.0147 0.0145

Semi-ellipsoids 90 -5.40 44 260 0.0216 0.0209 0.0209

Two-dimensional sine wave 60 -2.20 54 64 0.0128 0.0119 0.0118

White-noise Fourier modes 120 -1.50 70 50 0.0116 0.0109 0.0107

sophisticated surface reconstruction from φ than us-
ing the isosurfaces of φ = 0.5 may yield smoother
visualizations but was not attempted.

Roughness-specific wall function

In a velocity wall-function approach, the velocity
at the center of the wall adjacent cell is denoted as
uc(yc) and the grid is chosen to be sufficiently coarse
that yc can be assumed to be within the log-linear re-
gion of a steady, attached flow. The effective viscos-
ity νw to be applied in the cell adjacent to the wall
is set to equate the wall shear stress there, where the
velocity is modeled as locally linear, to that at yc in
the log-linear region, i.e.

τ0
ρ

= νw
ūc

yc
= u2

τ (2)

and
ūc

uτ
=

1

κ
ln(y+c − d+) +B, (3)

so that

νw =
ycuτ

(1/κ) ln(y+c − d+) +B
. (4)

The solver uses the returned value of ūc/uτ at y+c
to refine its estimate of uτ through iteration, or com-
bines Eq. 3 with a model relation between uτ and

√
k

to determine an approximation to ūc/uτ directly. In
this way, the wall shear stress is made to take the
value required by the assumed form of the log-linear
velocity at yc. Consequently the requirement that yc
is no closer to the wall than the inner extent of the
log-linear region places a lower limit on the mesh
size.

Using the DNS-determined values of d+

and B in the wall function for each kind of rough-

ness, coupled with a standard k-󰂃 outer-flow closure,
in a channel-flow computation at Reτ = 1000, agree-
ment to within 7% was found between the DNS-
determined and wall-function (WF) modeled values
of the friction coefficient Cf , shown in Table 1.
Since Cf = τ0/(

1
2ρŪ

2) (where Ū is an outer ve-
locity scale) and the wall-function coefficients were
determined from DNS—to ensure the correct wall
shear—this agreement effectively confirms that, with
the correct rough-wall model, the k-󰂃 closure pre-
dicts the rest of the velocity field, and so Ū , accu-
rately to achieve this agreement. When the values of
B and d+ were determined by providing the rough-
surface values of mean and rms roughness height, ab-
solute height variance, effective slope, etc. as inputs
to a machine-learning (ML) model trained against
DNS results for all 45 different rough-surface flows,
according to the particular values of those roughness
parameters, the prediction of Cf was typically 1% or
2% worse than that when B and d+ were found from
DNS data for each particular rough-surface flow.

The shortcoming of wall-function models is
that they rely on a relation between the wall fric-
tion and flow in a log-linear overlap region which is
found in steady, attached, flat-wall boundary layers;
it may have little relevance to other flows (Wilcox,
1993). It is therefore attractive to explore model-
ing approaches which do not rely on properties of an
overlap layer, but exploit the influence of the rough-
ness sublayer more directly on the outer flow. Two
such approaches are described below.

Roughness-specific sublayer velocity pro-
file
The sublayer velocity profile approach requires an
algebraic model of the roughness-specific sublayer
velocity profile, in wall units. This algebraic model
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Table 2: Channel-flow computations of Cf at Reτ = 1000 with sublayer velocity-profile models. Cf ob-
tained by DNS is compared with the Cf model prediction when the parameters of the roughness sublayer
velocity profile are prescribed from DNS data.

Surface k+c B d+ y+0 y+l CfDNS CfModel

Sandgrain 90 -3.40 46 25 86 0.0156 0.0160

Semi-ellipsoids 90 -5.40 44 0 105 0.0216 0.0228

Two-dimensional sine wave 60 -2.20 54 43 84 0.0128 0.0129

White-noise Fourier modes 120 -1.50 70 50 110 0.0116 0.0121

reflects the effect of a particular roughness on the
roughness-sublayer double-averaged mean velocity
profile. The velocity profile can be determined di-
rectly from a roughness-resolved DNS or obtained
through some correlation based on characteristics
(e.g. lengthscales) of the roughness geometry; the
former approach was employed here. When rescaled
by the inferred friction velocity during a computa-
tion, this partial velocity profile, which typically ex-
tends from y = 0 to the edge of the roughness sub-
layer, yields the sublayer profile of 〈u〉(y). Its gra-
dient is imposed on the relevant terms in the oth-
erwise unmodified k and 󰂃 equations so they will,
when solved, yield reasonable estimates of k and 󰂃
at the edge of the roughness sublayer. The outer
flow is then solved with these values of 〈u〉, k and 󰂃
as boundary conditions at the edge of the roughness
sublayer. The algebraic profile model is determined
from the DNS mean velocity field, shown for four
different roughnesses in Figs. 1(a) to (d). Each sub-
layer profile is modeled as a zone of zero/negligible
velocity, extending from y = 0 to y+0 , blended to the
inner limit of the log-linear region at y+l . The val-
ues of y+0 and y+l are given in Table 2 for each spe-
cific roughness. The blending function was a cubic
polynomial, the coefficients of which were chosen as
the required conditions on 〈u〉+ and d〈u〉+/dy+ at
y+ = y+0 and y+ = y+l . Additional details of this
modeling approach are provided by Brereton et al.
(2021).

It can be seen from Table 2 that the values of
Cf predicted by the sublayer velocity profile model
(given the correct values of y+0 and y+l ) agree with
the DNS-determined values to within about 5%. In
companion predictions of synthetic sandgrain rough-
nesses of heights k+c = 28 and 86, shown in Fig. 2, it
can be seen how the zero-velocity and cubic parts
of the prescribed sublayer profile match the DNS
data, blend smoothly with the outer computed log-
layer, and that the outer-flow k-󰂃 predictions of ū

are in good agreement with the DNS velocity pro-
file data. Thus the specification of the velocity pro-
file across the roughness sublayer from DNS data
for a particular kind of roughness appears to provide
sufficient information to predict the entire boundary
layer with a standard RANS closure. In these test
cases, the values of y+0 and y+l were determined by
inspection. However, they could also be correlated
to lengthscales of the particular roughness geometry
in a machine-learning model, as was done with the
values of k+s (or equivalently B).

Surface-layer body force drag model

The roughness body force 〈fi〉s in Eq. (1) is a pseudo
body force per unit mass which describes the ef-
fects of viscous and form drag within the roughness
sublayer. In fully-developed channel flow, it can be
shown that

τ0 = ρ

kc󰁝

0

〈−fx〉s dy + µ
∂〈ū〉s
∂y

󰀏󰀏󰀏󰀏
0

. (5)

At sufficiently large Reynolds numbers, the contri-
butions of both the explicit viscous term and the vis-
cous part of 〈fx〉s become negligible and the flow is
termed ‘fully rough.’ The simulations of Yuan and
Piomelli (2014), for flow over surfaces made up of
densely distributed ellipsoidal grains, indicate that
the shear of double-averaged velocity ∂〈ū〉s/∂y ≃ 0
at y = 0, as the mean velocity in the lower portion
of the roughness sublayer was almost zero. It follows
that τ0 can then be modeled as the integral of 〈−fx〉s.
Although the 〈−fx〉s profile can be determined from
DNS data and readily modeled for sandgrain rough-
ness, as shown in Fig. 3, its shape is quite irregular
for other kinds of roughness and ill-suited for general
modeling of rough-wall flow (Brereton et al., 2021).

An alternative approach is to model the
volume-averaged effect of the local y-profile of
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Figure 2: Profiles of mean velocities on smooth (u+) and sandgrain rough walls (〈u〉+s ) at Reτ = 1000 (Br-
ereton et al., 2021). The profiles modeled from the sublayer velocity profile approach are compared with
DNS data from rough-wall flows and with the law of the wall for smooth-wall flow. Short vertical lines
indicate the edge of the roughness sublayer.

Figure 3: Distributions of the roughness body force 〈fx〉s across roughness sublayers of a sandgrain rough-
ness with two different crest heights kc.
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Figure 4: Mapping of Cf against αth in turbulent pipe flow at Reτ = 1000 for a quadratic drag body-force
model of roughness, at different values of the wall grid height ∆y/h, where h is the pipe radius.

Table 3: Channel-flow computations of Cf at Reτ = 1000 with a roughness body-force model. Cf obtained
by DNS is compared with the Cf model prediction when the DNS-determined value of ks is mapped to
αt∆y when ∆y/h = 0.0133.

Surface k+s αt ∆y CfDNS CfModel

Sandgrain 109 0.0150 0.0156 0.0168

Semi-ellipsoids 260 0.0980 0.0216 0.0206

Two-dimensional sine wave 64 0.0040 0.0128 0.0131

White-noise Fourier modes 50 0.0027 0.0116 0.0118
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〈fx〉s, or more precisely 〈fx〉s − ∂〈󰁨u 󰁨v〉s/∂y in
Eq. (1), over each wall-adjacent cell in a finite-
volume computation. Vargese & Durbin (2020) have
shown that the quadratic drag model fx = −αt|u|u
can capture this effect, with αt calibrated to produce
the desired wall friction for each kind of roughness—
an approach related to the ‘discrete element’ model
of Taylor et al. (1985).

In the context of a conventional RANS
code, we implement this model by specifying an x-
momentum source term: −αt|u|u, as the average
value of 〈fx〉s across the wall-adjacent cell of height
∆y. In order to estimate the wall shear stress cor-
rectly, a new wall function is applied at the cen-
ter of the wall-adjacent cell, at yc where the x-
velocity is uc. Thus, for the ‘wall function,’ u+ =
(1/κ) ln y+ +B is replaced by

u+ = 1/
󰁳
αt∆y, (6)

so that

uτ = uc

󰁳
αt∆y, (7)

τ0 = ρu2
τ = ραtu

2
c∆y, and (8)

νw = αtycuc∆y. (9)

In this wall-layer model, the new wall function ef-
fectively sets the velocity at the center of the first
cell to u+

c = 1/
√
αt∆y regardless of the value of

y+c , to achieve the desired wall friction, and the mesh
node at y = 0 is set to y = d. The location of yc is
not constrained by any consideration of log-linearity
in an assumed velocity profile. The value of αt is
then calibrated against a roughness measure such as
the equivalent sandgrain scale ks, for a given wall-
adjacent cell height ∆y, as proposed by Varghese
and Durbin (2020). In a more rigorous treatment of
such a body-force drag model, one could include the
effect of the fluctuating velocity on the role of this
body force as an extra production term in the turbu-
lent kinetic energy and dissipation rate equations, as
is done in modeling effects of buoyancy (Durbin and
Pettersson Reif, 2001). It has not been attempted in
this preliminary study.

To calibrate αt for a particular rough-
ness, the value of ks was first determined from the
DNS rough-wall database or its associated machine-
learning model. The Colebrook equation was then
used to express ks as the friction coefficient Cf in
pipe flow. The corresponding value of αt (or αt∆y)
was then found from a mapping of Cf against αt∆y
in pipe flow, computed using the body-force model
described above. The resulting value of αt∆y, at the
chosen grid size ∆y, could then, in theory, be ap-

plied to the body-force model for prediction of any
other near-wall flow. In this calibration, the Cf map-
ping against αt was carried out with a standard k-󰂃
model in turbulent pipe flow at Reτ = 1000, with
the x-momentum source term and the wall function
as specified above, and is plotted in Fig. 4. It can be
seen that the value of αth (where h is the constant
pipe radius) required to achieve a given Cf depends
strongly on the wall grid spacing ∆y except in the
limit of very small roughness. Moreover, the asymp-
totic behavior of these curves at large αth implies
that coarse grids can only be used to model small
roughness effects, and smaller values of ∆y are re-
quired for flow over surfaces of larger roughness.

To test the efficacy of this modeling ap-
proach, the values of ks for each of the four test
roughnesses were substituted into the Colebrook
(1939) equation:

Cf =

󰀥
4 log

󰀫
ks/D

3.7
+

1.255

Red
󰁳
Cf

󰀬󰀦−2

, (10)

and used to determine the corresponding Cf in pipe
flow. From this value, αt∆y was determined from
Fig. 4 at ∆y/h = 0.0133 and used to scale the
drag force model in a channel-flow calculation at
Reτ = 1000 with this grid size. The value of Cf

obtained from this calculation is compared with the
original DNS determination of Cf in channel flow in
Table 3. The agreement is very good—within 7%—
even for the high value of αt required to describe the
semi-ellipsoid roughness. While this technique can
certainly be calibrated to yield accurate predictions
of the DNS-determined values of Cf in a roughness
body force model, further explorations are needed to
determine how accurately mean velocity profiles can
be predicted and whether it is beneficial to distribute
the body force over multiple cells.

For general modeling purposes, an alge-
braic representation of the mapping of Fig. 4 in near-
wall variables, as αt∆y = f(∆y+, k+s , . . . ) is much
more desirable. To this end, a series of RANS calcu-
lations were carried out in channel flow, with a k-󰂃
model with fx as a source term in the x-momentum
equation and the wall function specified as the wall-
layer model of this section. From calculations at Reτ
of up to 2000 and ks/∆y from 0 to 3 on meshes
with different sizes of ∆y, it was found that the
value of αt∆y required to produce the body force
fx = −αt|uc|uc that gave the value of Cf corre-
sponding to ks could be approximated as:

αt∆y ≃ α0∆y + 8 k+s ∆y+(α0∆y)2, (11)
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Figure 5: Comparison between RANS-determined values of αt∆y and the linear ks fit of Eq. 11 in turbulent
channel flow for a quadratic drag body-force model of roughness, at different values of Reτ , ks and wall
grid height ∆y. The solid line represents equality between the model and data.

where α0 = 0.04. A comparison between the αt

model of Eq. 11 and the RANS calculated values of
αt that matched Cf at a given value of ks is shown
in Fig. 5.

It can be seen from Fig. 5 that the values
of αt∆y are in very good agreement with the alge-
braic model of Eq. 11. It is interesting to note that
the effect of the body force is not evident until αt

exceeds α0, and that the dependence of αt on rough-
ness scale k+s appears to be linear over this range
of small roughnesses. The former observation may
be analogous to the observation of hydraulic smooth-
ness at small roughnesses while the latter is consis-
tent with the asymptotic forms of the curves in Fig. 4
at low values of αt. This expression for αt∆y is pre-
sented tentatively for ∆y+ < 15 and k+s < 45. It is
intended to serve as an example of the kind of model
calibration that might be established for αt with con-
siderably more testing. An additive quadratic depen-
dence on k+s appears to be necessary to describe ac-
curately the two largest values of αt∆y in Fig. 5.
The much larger roughnesses depicted in Fig. 1 and
characterized in Table 3 are beyond the limits of ap-
plicability of this linear small-roughness model.

While this surface body force roughness
model has been calibrated and tested in fully devel-
oped duct flows, the exclusively near-surface nature
of the model implies that it may also be equally ap-
plicable to developing flows such as boundary layers
under various pressure gradients. This hypothesis is
currently being tested.

CONCLUDING REMARKS

In this paper, we discuss one use of a database of
the results of DNS of turbulent channel flow for 45
different kinds of surface roughness, for fully rough
flow at Reτ = 1000. These results provide essen-
tially complete details of all aspects of these flows,
which could not be deduced with the same accu-
racy or consistency by other methods. For the pur-
poses of this paper, the information is distilled into
a zero-plane displacement and an equivalent sand-
grain roughness size for each rough surface, as a
preliminary step in developing RANS modeling ap-
proaches for flow over surfaces of arbitrary rough-
ness. Machine-learning techniques have also been
applied to the database to allow for interpolation of
the likely effects of flow over other surfaces with
roughness topography parameters similar to those of
the 45 constituent flows. By developing this database
for so many flows using the same numerical method,
convergence criteria, grid size, etc., much of the un-
certainty that would otherwise arise when calibrat-
ing models against data from multiple sources is
eliminated. Similar approaches could be used to
develop much-needed databases for smaller rough-
nesses, flow in the transitionally rough region, and
flow in adverse pressure gradients.

The capabilities of three different RANS
models for flow over rough walls were explored
by comparing their predictions of the friction coef-
ficient Cf with the DNS-deduced values, for four
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very different large-roughness surfaces, using only
the distilled database information. It was shown
that roughness-specific wall-function and sublayer
velocity-profile models were in very good agreement
(within about 7%) with DNS results. Such mod-
els would be well suited to application in flows over
macroscopically flat surfaces for which it was known
a priori that they remain attached, at zero or small
pressure gradients.

A roughness body-force model, applied
only in the wall-adjacent cell of the mesh, was shown
to be equally accurate in determining the friction co-
efficients of the four test rough surfaces from the dis-
tilled database information. Its dependence on ex-
clusively near-surface quantities implies that it may
be far more general than other models which rely
on an assumption of log-linearity in the mean ve-
locity profile, and for this reason it appears to have
significantly more potential for application in com-
plex flows, such as those with strong adverse pres-
sure gradients, surface curvature, or separation. A
plausible strategy for modeling roughness in this
way would be to: i) determine ks for the surface
of interest, as a function of its roughness dimen-
sions, with the machine-learning model provided
at https://github.com/MostafaAghaei; ii) generate a
mesh in which the height of surface-adjacent cells
was of the same order as ks; iii) select a suitable αt

model (e.g. Eq. 11); and iv) solve the appropriate
RANS equations with standard boundary conditions,
the surface-cell body force fx = −αt|uc|uc as an x-
momentum source term, and the given surface-layer
‘wall function.’
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