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ABSTRACT

The effects of roughness were considered as part of a NATO Advanced Vehicle Tech-
nology effort titled ” Non-Equilibrium Turbulent Boundary Layers at High Reynolds
Numbers” (NATO AVT-349). This paper comments on the current state of under-
standing of the flow physics and modeling efforts to predict rough-wall boundary
layer behavior. Outer layer similarity to smooth wall flows and Reynolds number ef-
fects are discussed for zero, favourable, and adverse pressure gradients based on the
results of experiments and numerical simulations. Various types of modeling are con-
sidered including Reynolds averaged Navier-Stokes (RANS) models with different
roughness and turbulence models, wall-modeled large eddy simulations (WMLES),
and resolvent models. Current needs and gaps in present understanding are discussed
along with recommendations for future experiments and computations.

1. Introduction

Roughness can have a strong effect in increasing drag. Applications of interest in-
clude naturally occurring flows such as the atmospheric boundary layer and engi-
neering applications such as the flows over aircraft and naval vessels, and the flows
over airfoils and other lifting surfaces, including those in turbomachinery and the
appendages on ships and submarines. Predicting the effect of roughness on bound-
ary layers is, therefore, of great interest and importance. Predictive capabilities are
generally good for canonical, zero pressure gradient (ZPG) boundary layers with ho-
mogeneous roughness, which have been well studied, but less is known about non-ZPG
flows and non-equilibrium cases with changing roughness or pressure gradients. Such
flows are important since canonical conditions occur in only a subset of the flows of
interest.

The existing state of knowledge was discussed in the position paper of Volino et
al. [I]. They noted that the relationship between the roughness function AU (the
downward displacement of the mean velocity profile in inner coordinates, which is
a measure of the increase in drag compared to a smooth wall case), the equivalent
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sandgrain roughness, ks, and the physical geometry of a rough surface, plays a critical
role in any predictive methOdE Modelers tend to assume that relationships between
AU™T and k, found under equilibrium conditions will apply in non-equilibrium flows,
but the accuracy of this assumption has yet to be fully tested or confirmed. They noted
the need for new experiments and simulations under realistic roughness conditions to
advance the physical understanding of rough-wall flows, and noted the challenges of
such work. They also noted the challenges of incorporating improved understanding
into predictive models, and observed that the use of the single parameter kg, which is
current practice, may not be sufficient for strong non-equilibrium conditions and that
other methods may need to be developed.

The present paper presents new developments, questions, and recommendations that
go beyond those of Volino et al. [I]. The work of AVT-349 included physical experi-
ments in multiple facilities, large eddy (LES) and direct numerical (DNS) simulations
of smooth- and rough-wall boundary layer flows, Reynolds averaged Navier Stokes
(RANS) computations, and lower order modeling (resolvent analysis). The objectives
were to build physical understanding of rough-wall boundary layers through the ex-
periments and numerical simulations, and then to use the resulting knowledge and
data sets to test and assess existing models and computational methods. The present
paper presents some of the results of this work, focusing on new findings, shortcomings
discovered in existing methods and knowledge, and recommendations for future work
to address the remaining challenges. We restrict our discussion to two-dimensional
flows, which have been the focus of the great majority of the investigations so far.
The discussion below begins with brief comments on present methods for drag predic-
tion, followed by the findings from experiments and numerical simulations. Roughness
modeling and prediction are then considered, followed by a summary of important
questions and recommendations.

2. Drag prediction using kg

The primary need when considering roughness is to predict the drag penalty. To do
this it is useful to consider what changes and what stays the same relative to smooth
wall boundary layers. For equilibrium ZPG conditions, Townsend [2] indicated that
flow quantities in the outer part of the boundary layer, when normalized using the wall
friction velocity, u., and the boundary layer thickness, d, are similar in smooth- and
rough-wall cases. Differences are observed in the so-called roughness sublayer, which
extends a few roughness heights from the wall. Similarity has been found to be robust
for a wide range of flows and roughness types, as noted in reviews such as Jiménez [3]
and Chung et al. [4]. When similarity holds, well established smooth wall models
for boundary layers can be used for predictive purposes with the roughness effect
entering only through the boundary condition at the wall. For equilibrium ZPG cases,
the roughness effect is typically expressed in terms of kg, which is a hydrodynamic
quantity equal to the height of monodisperse sandgrain that would produce the same
drag penalty as a given rough surface. Given ks one can predict the drag for fully
rough conditions (when the wall friction is due primarily to form drag on the roughness
elements as opposed to viscous shear). Determining ks for an arbitrary rough surface
with geometric roughness height k4, however, is not trivial. Correlations as reviewed
in Flack and Chung [5] and more recently data driven methods such as Jouybari et

1Here we use kg to indicate the geometric roughness height (kj in wall units) and ks (and kJ) to denote the
equivalent sandgrain roughness.



al. [0] are typically used to estimate ks, but these are all a posteriori methods in
the sense that they rely on existing drag measurements for specific surfaces, and it is
sometimes necessary to have estimates for roughness geometries that are outside of the
region of parameter space where these methods can be applied with confidence. This
is illustrated in Figure (1| Different correlations, as portrayed in panels (b)-(d), provide
similar estimates in the parameter-space regions where there is an abundance of data.
(Even so, discrepancies in form among the correlations remain noticeable in these data-
abundant regions, presumably due to the distribution of fitting data.) However, some
biofouling roughness, including barnacles and tubeworms, lie in a region of parameter
space -in this case effective slope E'S and skewness Sk (circled in Figure [1) - which
is relatively unexplored. As a result, the existing methods can provide significantly
different predictions in these regions.
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Figure 1. (a) Roughness geometries in the database collected in [4] (combination of all the fit and test data
in b-d) as a function of their effective slope/frontal solidity and skewness. A posteriori predictions for the
equivalent sand-grain roughness using different data and methods from (b) Chan et al. [7], (c) Forooghi et
al. [8] and (d) Flack et al. [9]. The normalizing quantity ksx is the value for each correlation when ES=0.3
and Sk=0. Figure adapted from [4]

An expansion of the existing database and the inclusion of additional parameters
beyond E'S and Sk could be helpful, but the lack of confidence in a posteriori predic-
tions for undocumented roughness topologies calls for a priori methods that can apply
even when relevant drag data are missing. In order to develop these, we argue that
it is necessary to gain a good understanding of the physical mechanisms that result
in the increase in drag. Such methods may be even more important when considering
transitionally rough and non-equilibrium cases, as will be discussed further below.

3. Experimental studies and numerical simulations

3.1. Non-zero pressure gradients

Experiments were conducted with changing pressure gradients at Virginia Tech (VT)
and the U. S. Naval Academy (USNA) under a range of conditions that included
favourable (FPG), adverse (APG) and zero (ZPG) pressure gradient regions.
Experiments at VT studied a high k; = kqu,/v (>300) regularly-patterned sur-
face of staggered roughness elements under the influence of a family of bidirectional,
continually varying pressure gradients. The study was performed in the hard-wall
configuration of the hybrid-anechoic test section of the Virginia Tech Stability Wind
Tunnel, a low Mach number, high Reynolds number, low turbulence intensity facil-



ity. The pressure gradient family was produced by a 0.914 m chord NACA0012 airfoil
mounted across the full 1.85 m span of the tunnel, displacing repeatable pressure gradi-
ent distributions onto the wall-mounted rough surface consisting of 2 mm high circular
cylinders. Static pressure/pressure gradient distributions, mean velocity profiles, 2D
3-component time-resolved particle image velocimetry (PIV), and fluctuating surface
pressure were measured, in addition to various reference tunnel conditions. Skin friction
over the rough wall was estimated using the modified Clauser method, as described in
Perry & Joubert [10]. This method also provided an estimate of the Hama roughness
function, AU, from which the effective roughness parameter was determined using
Nikuradse’s model, AU = %ln(kj) + 3.5, where & is the von Karman constant taken
to be 0.41. Uncertainty of the k,/k, ratio was determined by iterating the method
through multiple permutations of plausible logarithmic extents which were selected
via a logarithmic-law diagnostic function (see Osterlund et al. [11]). Within the 95 %
confidence interval, the ks/k, was approximately 1.60, constant and independent of
pressure gradient variation. Further discussions of this process and the effectiveness
and sensitivity of this method are discussed in Vishwanathan et al [12]. More details
on the VT experiments can be found in Fritsch et al. [13] as well as Fritsch [14] and
Vishwanathan [15].

Experiments at USNA documented the boundary layer on a wall with mathe-
matically generated random roughness which was fabricated using additive manufac-
turing. The rough surface formed the flat floor of a water tunnel. The ceiling was
adjustable to set the desired pressure gradient in the test section. Baseline cases
were measured with a ZPG along the length of the test section using three differ-
ent inlet velocities. Cases were then documented for three different positions of the
ceiling and the same three inlet velocities. In all of the non-ZPG cases, an initial
ZPG region was followed by an FPG, a second ZPG region where the flow recov-
ered to canonical conditions, and an APG region. In the various cases, the accelera-
tion parameter, K = (v/(U%))((dUs)/dx) where Uy is the local freestream veloc-
ity, varied from —1 x 107% to 2 x 1075. The Clauser pressure gradient parameter,
B = —(Uso0*/u2)(dUs /dz) where §* is the displacement thickness, varied from -1
to 65. The friction Reynolds number, Re. = wu,;d/v, was as high as 4400 in some
cases. Fully rough conditions kI >80 were present for most measurement locations
of most cases. Measurements included two-component velocity profiles acquired with
laser Doppler velocimetry (LDV) at 12 streamwise stations along the centerline of the
test section for each case. Mean velocity, Reynolds stresses, and higher order moments
were documented. Friction velocities were determined from the LDV data using the
method of Volino and Schultz [16], which utilizes the mean streamwise velocity and
Reynolds shear stress profiles. Planar PIV was used to document flow fields in the
streamwise-wall normal and streamwise-spanwise planes at the same 12 measurement
stations for each case. The rough-wall cases are presented in Volino and Schultz [17, [1§]
and a full set of smooth-wall comparison cases are shown in Volino [19, 20]. The LDV
profile data from the smooth- and rough-wall cases as well as the test section geom-
etry and detailed coordinates of the rough surface are available as an entry in the
roughnessdatabase.org at the University of Southampton.

Results from both the VT and USNA experiments indicate that there is Reynolds
number independence for rough wall flows. An example is shown in Figure [2] from
Volino and Schultz [I§]. The largest difference between the rough- and smooth-wall
cases in the figure (in the near-wall Reynolds shear stress profiles at Station 9) is only
slightly outside the experimental uncertainty bands. Reynolds number independence
has been shown in many studies for ZPG conditions on rough walls and is expected



under fully-rough conditions since the drag at the wall is due to form drag as opposed
to viscous shear. The non-ZPG results, therefore, are not surprising, but are new. They
potentially limit the parameter space needed for future work by removing the need to
vary the inflow velocity in experiments and computations.
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Figure 2. Data from moderate pressure gradient cases of [18| showing Reynolds number independence: (a)
mean velocity profiles at stations (St.) 1, 6, 9 and 12 at end of initial ZPG, FPG, ZPG recovery and APG
regions; (b) Reynolds shear stress profiles; (c¢) boundary layer thicknesses. Open symbols from the Uso,o = 0.5
m/s case, solid symbols from the Uso,o = 2 m/s case. Lines show values for corresponding smooth-wall cases
with colours corresponding to quantities in the legend, solid lines for the Us,o = 0.5 m/s case, dashed lines
for Uss,o = 2 m/s case. Figure from [18]

The non-ZPG results from both VT and USNA show that when the freestream veloc-
ity distribution is matched between smooth- and rough-wall cases, which is equivalent
to matching the streamwise variation of K, outer layer similarity largely holds in FPG
regions. In an FPG, [ values remain small because u, tends to be large and boundary
layer growth is reduced or reversed so 0* is typically small. On a smooth wall, a con-
stant K FPG is a sink flow that will approach complete equilibrium in both the inner
and outer boundary layer. The rough-wall cases studied also appeared to approach
a similar equilibrium in the outer region, but they proceeded through the transition
between the ZPG and FPG equilibrium somewhat faster than the comparable smooth-
wall cases. This may have been due to higher turbulent mixing with the rough-wall.
For the cases considered, the boundary layer thickness remained large compared to
the roughness height, but for sink flow conditions with uniform roughness, the ratio of
0/ks becomes increasingly small, so that a true equilibrium cannot be reached. Cases
in which §/ks approaches unity may be of interest in future work. Although not a
condition that would be expected in practice, a case in which %k, decreased in the



streamwise direction such that §/k, remained constant with a constant K FPG could
conceivably be constructed (and would be relatively easy to simulate numerically) and
might be of interest for showing similarities and differences between equilibrium sink
flows on rough and smooth walls.

The APG results show that when the freestream velocity distribution is matched,
outer layer similarity does not appear to hold as large differences were observed be-
tween rough- and smooth-wall cases. In hindsight, this is not surprising since the
boundary layer grows much faster and the skin friction coefficient drops more quickly
on rough surfaces, resulting in much higher S for the rough case. It should also be
noted that the similarity observed in ZPG and FPG boundary layers noted above was
for cases that did not include an upstream APG. When following an APG region,
an immediate return to similarity cannot be expected, as shown in Vishwanathan et
al. [I2]. Rough- and smooth-wall cases from Volino and Schultz [I§] with different
configurations and K values but g of similar magnitude suggest that outer layer sim-
ilarity may hold if the § history is matched. This is only a preliminary conjecture,
however, since cases with the same history were not measured. More work is needed
and recommended to explore this.

There is no evidence from any of the experiments that ks changes with the pressure
gradient. This is an encouraging and useful result, as the assumption of a constant k;
for a given surface is assumed in current modeling methods. It is only a preliminary
result, however, based on the limited data available. There is some preliminary evidence
that the relationship between AU and ks may change as §/ks becomes small. This
can be the case in FPG flows, but Volino and Schultz [17] also observed it under ZPG
conditions and indicated that it may be a concern when 6/ks < 30. This is consistent
with the observation of Jiménez [3] that as §/ks becomes small, the flow becomes more
like that over obstacles than roughness. Still, experiments to determine k; for a given
surface are sometimes done when §/ks < 30, so further investigation of such cases is
recommended.

3.2. Transitionally rough cases

For a given roughness geometry, once the roughness size in viscous units, k7, is large
enough that the surface behaves as fully rough, the evolution of AUY with k7 is
generally understood to become universal (e.g. Chung et al. [4]), at least for equilibrium
ZPG cases. The problem however is that ks needs to be known in advance to define this
universal regime, and the transitionally rough regime itself can be of interest in some
applications. It is, therefore, of interest to understand the non-universal behaviour of
AU™T with roughness size k;‘ up to the point where the fully rough regime sets in, at
which point the ratio ks/k, can be established. This regime has been investigated at
the University of Cambridge (Abderrahanam-Elena et al. [21], Mulchadani and Garcia-
Mayoral [22]), through a set of direct simulations for the VT roughness geometry [13]
as portrayed in Figure |3 in the range k:; ~ 5-60, which for this geometry results in
AU™T = 1-10, thus ranging all the way from the hydraulically smooth to the fully
rough regime.

In the immediate vicinity of the wall, the flow must follow the surface topology,
leading to a component of the flow that is coherent with the roughness geometry, ex-
hibiting a signature of the texture clearly and sharing its length scales. Its intensity
can be characterized well by the dispersive flow, the temporal average of the flow that
exhibits the spatial signature of the texture. The remaining component of the flow,
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Figure 3. Roughness function AUt as a function of the roughness size in viscous units, expressed in terms
of equivalent sand-grain roughness k. Coloured symbols are for the DNSs from [22]. Black symbols and lines
are from Jiménez [3]

which would exhibit no texture signature, is the background, texture-incoherent turbu-
lence. The analysis of the above simulations highlights the importance of the interplay
between the texture-coherent flow and the background, texture-incoherent turbulence,
as previously suggested for superhydrophobic textures in Fairhall et al. [23] and re-
cently corroborated in Xie et al. [24]. Figure {4 portrays spectral density maps for the
three velocity components and shear Reynolds stress for the DNS cases displayed in
Figure [3] showing how the texture harmonics, representative of the texture-coherent
component of the flow interact with the background-turbulence component and modify
it, particularly for intermediate roughness sizes. Due to the non-linearity of the advec-
tive terms, this interaction is broadband in lengthscales, and in the cases portrayed
results in energetic regions arising in the spectral maps at shorter and somewhat wider
streamwise and spanwise lengthscales, compared to smooth-wall turbulence. Work is
currently underway to investigate if the effect of the surface texture can be reduced
to the non-linear interaction between these two flow components, and how this in-
teraction affects the background-turbulence component, not only for the simple case
of slip/no-slip textures of [23] and [24] but also for the more general case of rough
textures. To capture the interaction accurately, it is particularly important to retain
the modulation in amplitude caused by the overlying, texture-incoherent turbulence
on the near-wall, texture-coherent flow, as proposed in [21]. This requires an extension
of conventional triple decomposition [25] to account for the modulation effect.

3.3. Additional cases

Experiments were conducted at the University of Melbourne for ZPG boundary layers
with streamwise strips of roughness with smooth regions between the roughness strips,
as presented in Wangsawijaya et al. [26]. The width of the roughness strips was varied,
and the effect of the spacing on the secondary flows at the interfaces between the
smooth and rough regions was documented. The effects of roughness on scalar trans-
port was investigated using direct numerical simulations of flow over homogeneous
random roughness in a ZPG boundary layer as reported by Hantsis and Piomelli [27].
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Figure 4. Spectral energy densities over the regular roughness of [10] at a plane roughly 4 viscous units above
the roughness tips, from left to right and blue to red for roughness sizes from k:;' ~ 5, 10, 16, 21, 21, 43 and
65. The first four cases were run at Re, = 190, and the last three at Re; ~ 380. Note that simulations for
k:;' =~ 21 were run at both Reynolds numbers. The first row portrays the premultiplied energy spectrum of
the streamwise velocity, the second row that of the wall-normal velocity, the third row that of the spanwise
velocity, and the fourth row the cospectrum of the uv shear Reynolds stress. The shaded contours are for a
reference smooth-wall flow.

An immersed boundary condition was used to model the roughness. These studies
are described in their respective references and are mentioned here because the data
generated were used in the modeling efforts described below.

4. Modeling

4.1. Reynolds averaged Navier Stokes (RANS) computations

4.1.1. Overview of roughness models for RANS

The original proposal to take into account roughness effects was presented by
Wilcox [28] and it corresponds to a change of the w wall boundary condition wy,
that depends on k. This simple model can be applied to the several versions of the
k — w model proposed by Wilcox [29] and to the Turbulent-non-Turbulent (TNT)
version proposed in [30]. However, when applied to the Shear-Stress Transport (SST)
versions of the k — w model [31], B2] its effect is cancelled by the limiter included in
the definition of the eddy-viscosity [33]. An extra damping function is required in the
definition of the limiter of the eddy-viscosity to apply roughness effects in the SST
k — w model with the Wilcox approach [33].

Alternatives to the Wilcox approach that rely on the k& and w wall boundary con-
ditions (k, and w,,) are presented in [34] and [35]. The alternatives presented in [35]
are based on roughness functions with (Nikuradse) or without (Colebrook) an inflex-
ion point in the roughness function for the transitional roughness regime. These three
roughness models can be applied to the SST k& — w models without any modification



of the limiter of the eddy-viscosity definition. Figure [5] illustrates the wall boundary
conditions of k£ and w of these roughness models as a function of ks in wall coordinates.
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Figure 5. k and w wall boundary conditions for the roughness models proposed in [28] 29} [34] [35]

A general technique to include roughness effects in eddy-viscosity models is proposed
in [36]. The technique is illustrated for the k — L model [37]. Its adaptation to the
k—+/kL model [38] is presented in [39]. When compared to the k —w roughness models
mentioned above, the main difference is the change of the calculation of the distance
to the wall that requires a non-zero wall value d,, that depends on k;. The roughness
models based on k,, and w,, can also be adapted to the k — VkL model [39].

Another alternative to the Wilcox formulation is the hydrodynamic roughness length
proposed in [40] for two-layer wall models. An empirical calibration relates k, to AU™
and a hydrodynamic roughness length. The introduced length scale is then used to
modify the turbulence length scale and k boundary condition, thus simulating the
effect of the rough wall.

Roughness models can also be incorporated in the Spalart-Allmaras, one-equation,
eddy-viscosity model [41]. The two proposals presented in [31], [42] change the wall value
of the undamped eddy-viscosity, 7, and shift the distance to the wall by a non-zero
value at the wall d,,. The Boeing proposal [43] uses Neumann boundary conditions at
the wall and a value of d,, that does not depend on the friction velocity at the wall,
but it requires changes in the U transport equation. The Aupoix approach imposes
and d,, at the wall, with both quantities depending on k. The d; function presented
in [43] is different from that given in [42]. As illustrated in Figure [6 the equation
presented in [43] seems to be incorrect, because it gives negative values of d up to
kf = 3.54 and it is clearly below the equation presented in [42] that is close to the
proposal of [30] in the transitional roughness regime.

401 6r
Z 30} Z 4}
< <
=20 =" 2r
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Figure 6. Shift of the distance to the wall d,, as for the roughness models proposed in [36] [31], [42]

There are no roughness models proposed in the open literature for Reynolds-stress



models. Nonetheless, the Wilcox approach [28] can be easily tested in the SSG-LRR—w
Reynolds stress model [44] that uses an w transport equation to determine the dis-
sipation rate. However, it is not clear if extra damping functions, as for the k — w
SST model, and/or the shift of the distance to the wall is required. It seems logical
that a non-linear model, particularly one which could incorporate non-locality, would
produce more accurate and consistent simulation results with better ks matching, but
such hypotheses require further investigation.

4.1.2. MARIN/IST RANS computations

Computations were done at Virginia Tech and in a collaboration between the Mar-
itime Research Institute Netherlands and the Instituto Superior Tecnico of Lisbon
(MARIN/IST). Both groups used two-dimensional steady RANS to simulate the VT
experimental flow cases. Both used the k; value obtained from the experiments for
the rough surface to impose the wall boundary condition. Neither used wall models or
resolved the roughness elements.

The MARIN/IST work is based on previous studies [45], 46} 47, [39] and new simu-
lations of the VT experiments. Several problems were encountered for the comparison
between experiments and simulations: the computational domain suggested for the
smooth wall simulations [48] was used, but there was a clear mismatch between mea-
surements and simulations at the first measured station; the rough wind-tunnel wall
starts at the same location as the simulations, but it extends all the way to the outlet
station, which is not identical to the experiments. Therefore, it is difficult to make a
meaningful comparison between experiments and simulations. Nonetheless, it is pos-
sible to assess the effect of non-equilibrium pressure gradients and scale effects.

The results obtained for flat plate ZPG boundary layers with the several combina-
tions of turbulence and roughness models mentioned above show different trends in
the solutions. In the k& — w models, the Wilcox (with the additional blending func-
tion for the SST versions) [29], Knopp et al. [34] and Colebrook approaches lead to
similar results for the fully-rough regime [47], which are in good agreement with the
Mills and Hang correlation [49]. On the other hand, the Nikuradse roughness model
is more appropriate for the transitional roughness regime [35], 49], where the poorest
results are obtained with the Knopp et al. approach [35, 49]. As expected [35], the
Colebrook approach does not exhibit any inflexion point in the roughness function for
the transitional regime.

Preliminary results obtained for the k—+/kL model [39] show similar trends to those
discussed above for the & — w models. However, the specification of the shift of the
distance to the wall d,, has a significant influence on the results. On the other hand,
up to values of k close to 80, the SSG-LRR—w Reynolds-stress model (RSM) [44]
combined with the Wilcox roughness model [29] leads to very similar results to those
obtained with the same roughness model combined with the SST k£ — w model. For
larger values of k} the solution of the RSM model deteriorates, which can be a con-
sequence of the behaviour of the blending function of the model that depends on the
distance to the wall.

The results obtained in [46] and [47] also show that the increase of ks makes the
slope of the log-law region obtained with the k —w models closer to the expected value
of kK = 0.41, when compared to the smooth wall solution. However, as discussed below,
this effect tends to diminish with the increase of the Reynolds number.

Calculations of the VT rough wall experiments were performed with several com-
binations of the turbulence and roughness models mentioned above. The simulations
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made at the experimental Reynolds number of Re = 2 x 10% showed significant ef-
fects of the pressure gradient on the mean velocity profiles of the wind-tunnel wall
boundary-layer. As for the smooth wall simulations [50], the slope of the log-law re-
gion is strongly dependent on the pressure gradient. Furthermore, in the regions of
largest variation of the pressure gradient parameter, it is hard to define the limits
of the log-law region because, it is troublesome to detect a region with a constant
mean-velocity slope diagnostic function.

As for the smooth wall case [50], the simulations of the Virginia Tech rough-wall
experiments were also performed for a Reynolds number of Re = 10°. The differences
between the solutions obtained with different turbulence and roughness models are
much smaller than those observed at Re = 2 x 10°. Furthermore, the effect of the
pressure gradient on the mean velocity profiles is much weaker than that observed for
Re = 2 x 10°.

4.1.3. VT RANS computations

For the Virginia Tech computations, results were obtained using the CREATE-AV
Kestrel KCFD finite volume solver. Verification and validation efforts of the involved
grids and baseline computational methods are described in Fritsch et al. [48]. A rough-
ness boundary condition was applied to the grids along the same extent as in the exper-
iment using a variety of roughness modeling methodologies. A modified Wilcox-style
condition produced a non-physical asymptote in the roughness function - roughness
Reynolds number relationship, as described in Fritsch et al. [I3]. Modifications to the
wall condition inspired by the work of Aupoix [35] (among others, see, e.g., Knopp
et al. [34]) produced better matching and more robust results at high kI values, as
described in Fritsch et al. [51].

Replicating established rough wall physics, e.g. the log(k}) oc AU relationship
or Townsend’s outer layer similarity, in a RANS environment proves challenging and
it is still open for debate how best to model rough wall physics within the confines
of the RANS equations. The Wilcox-style model of reducing the wall boundary con-
dition dissipation rate of a two-equation turbulence model as a function of k} can
produce reasonable results for small values of kI but these models produce a hori-
zontal asymptote in the log(k}) oc AUT relation that is not observed experimentally
(Figure [7| from Fritsch et al. [51]). Fritsch et al. [13] [5I] hypothesized that this is due
primarily to the conceptual non-physicality of the boundary condition: a reduction in
dissipation is not the physics at play near a rough wall. More success was found by
adapting the model of Aupoix [35] to the Menter SST model [31], which effectively
shifts the wall by some wall distance proportional to ks. A similar modification to the
Boeing-Aupoix-Spalart [43] Spalart-Allmaras (SA) roughness model yielded excellent
agreement with experiment. The SA and SST models were implemented primarily
due to the wide availability and relative computational simplicity of their roughness
extensions and for direct practical application; as these models are the most widely
utilized in industry, they are the most likely roughness extensions to be employed in
a production setting.

It is worth nothing that Knopp et al. [34] observed that the Wilcox model’s perfor-
mance with the Menter SST model for high k" flows improved with mesh refinement
below a first-cell-from-the-wall value of y* = 0.001. This was due to over-activity of
the SST limiter for coarser near wall spacings. The finest mesh in the present study
had a near wall spacing of ¥y ~ 0.08. While this is a very fine spacing for a typical
RANS solution, it is nearly two orders of magnitude higher than the 0.001 suggested
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by Knopp et al.

The wall-shifted-smooth-wall-boundary-layer concept of the rough wall boundary
layer has received support in the literature (e.g. Kays and Crawford [53], and Durbin
and Petterson Reif [54]), but the exact nature is still in question. Fritsch et al. [51]
observed that producing experiment-matching results in a RANS environment required
a different kg value than what was measured for the same case experimentally, and
that this ks value was different for the SST and SA models, as shown in Figure [§| from
Fritsch et al. [51]. The relationships between geometric kg, true ks, turbulence model
ks, and flow physics remains unclear and worthy of future exploration.

One of the most studied aspects of rough wall flows is Townsend’s [2] outer layer
Reynolds number similarity hypothesis. Under this assumption, it can be observed that
a given rough wall boundary layer above the sublayer will collapse on an outer scaling
independent of free-stream Reynolds number. The one-equation SA based roughness
model captures this behaviour well, as depicted in Figure @] from Fritsch et al. [51],
but the two-equation SST version does not. This does not imply that the SA model is
more physically meaningful or accurate than the SST, but it does produce results that
are consistently more in line with experimental observations of rough wall behaviour.

These observations raise several questions about the nature of rough wall flows and
their modeling. Within the limitation of the RANS equations, what precisely is a rough
wall? Results indicate that assuming it is a smooth wall with some finite, non-infinite
specific dissipation as in the Wilcox-style scheme is fundamentally incorrect. A smooth
wall that has been shifted some distance proportional to ks appears to be more valid,
or at least produces more consistent results. Another possibility yet to be explored is
that, under the conditions of wall similarity, the rough wall is essentially equivalent
to a smooth wall with a negative slip velocity of magnitude AU™. This thought is
intriguing as it functions with existing turbulence models without modification to the
modeling parameters, only to the enforced velocity condition at the wall. This would
produce meaningless results in the very-near-wall region, but we already currently
assume this region is meaningless in a rough wall simulation as there are no roughness
geometry or associated local flow effects modeled.

What is the relationship between kg, the associated roughness effect, and the RANS
equations? Current models can qualitatively capture these effects, but require a priori
knowledge of the true AUT to ensure accurate matching, which in many ways de-
feats the purpose of a simulated environment. This is partially due to the complexity
and lack of understanding of the geometry-physics relationships at play and partially
to a lack of understanding of the physics-RANS equations relationship. There is a
great need for modeling strategies that do not require any a priori knowledge of the
roughness function to be sufficiently useful. This could entail more robust strategies
for determining ks from a given roughness distribution, or it could require a rough-
ness modification for a given distribution that goes beyond the equivalent sandgrain
approach.

4.1.4. Further remarks

There are several sand-grain roughness models available in the open literature that
can be combined with eddy-viscosity models and even with Reynolds-stress models.
Although these models have a common background, the vertical shift of the log-law re-
gion AU™, the results depend on the combination of roughness and turbulence model.
The quantitative assessment of the modeling accuracy of the several alternatives avail-
able requires experimental data obtained in conditions that can be replicated in the
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Figure 7. Roughness function as a function of roughness Reynolds number for legacy two-equation and
modern Spalart-Allmaras and Menter SST boundary conditions compared with data of Nikuradse [52]. Figure

from [51]
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Figure 8. Viscous normalized velocity profiles as measured experimentally and as simulated with SA and
SST models using experimental ks and ks tuned to match AU for the ZPG case. Figure from 511

simulations, which is not an easy task, especially using two-dimensional simulations.
Nonetheless, as for the smooth wall conditions, RANS solutions using the turbulence
and roughness models mentioned above are strongly dependent on the Reynolds num-
ber, which makes error assessment a challenging task.

All of the above suggests quite strongly that producing an accurate RANS-based
prediction of drag on a rough surface within an acceptable confidence level is likely out
of reach with the current state-of-the-art and that much further research is required.
For high k} flows, ¢y scales directly with kg, implying that some uncertainty in &
results in a comparable uncertainty in drag, and the a priori uncertainty in an esti-
mated ks will be high, both due to the lack of accurate roughness correlation models
and the observed mismatch in experimental and numerical ks values.

4.2. Roughness models for LES

Wall-Resolved Large-Eddy Simulations (WRLES) do not require roughness models,
as the roughness elements are resolved by the grid. The limitations for DNS/WRLES
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Figure 9. Outer normalized velocity profiles as measured experimentally and as simulated with (a) SA and
(b) SST models with constant ks and increasing free-stream Reynolds number for ZPG case. Figure from [51]

are (1) The Reynolds number, (2) the sample size (i.e. how many roughness elements
are there in the computational domain) and (3) the geometry. Every approach has
shortcomings: body-fitted grids work for very regular roughness (e.g. egg carton, ribs
or cubes). Complicated roughness shapes require suboptimal grids (unstructured, tri-
angular prisms or tetrahedra) that reduce accuracy. Immersed Boundary methods can
be used on regular grids. First-order methods (volume of fluid-based) are acceptable
if there is uncertainty in the geometry definition (sand grain for instance) but if the
geometry is defined more precisely the order of accuracy decreases. The advantages of
WRLES are the access to the flow in the sublayer, and the fact that the drag is known
and can be separated into form and friction components.

In Wall-Modeled LES (WMLES), in which the near-wall is bypassed, on the other
hand, roughness must be included through changes in the relationship used to relate
the wall stress to the outer-layer velocity. The most common approach, in WMLES,
is to assume that the near-wall layer is in equilibrium, and that the velocity satisfies
a logarithmic law, which can be used to obtain the friction velocity given the outer-
layer velocity predicted by the LES. This approach can easily be applied to rough-wall
cases through appropriate modifications of the log law. A generalized form of this
method has recently been proposed by Meneveau [55]. This technique, however, has
difficulties dealing with heterogeneous roughness, in which the equilibrium assumption
does not hold. The response to sudden changes in roughness height is difficult to
predict because local phenomena (sheltering, separation, stagnation, changes in the
turbulent dissipation, etc.) may drive the flow behavior. These phenomena are difficult
(or impossible) to include when the near-wall layer is completely bypassed. Research
in this area is ongoing.

4.8. Lower order (resolvent) models

Resolvent analysis for turbulent flows (McKeon and Sharma [56]) takes as input the
mean state and identifies the amplification properties of the linear Navier-Stokes op-
erator (the resolvent), linearized relative to that mean. The term that is nonlinear in
the fluctuations is considered to be the input forcing to the resolvent. Singular value
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decomposition of the resolvent yields the most dangerous input forcings and the as-
sociated output states (the right and left singular functions, respectively), ranked by
the corresponding gains (the singular values). Details of the analysis are given in, e.g.
McKeon [57].

The resolvent operator is formed with knowledge of the mean field, determination of
which is often the objective of studies of rough walls. In this sense, resolvent analysis
is a useful tool to give insight into the origin of changes to the flow, and the stresses
in particular, relative to smooth wall behaviour (although note that resolvent models
that support the assumed mean field are at least conceptually possible). Considerations
under the AVT study included the importance of mean profile fidelity for resolvent
model, as well as obtaining insight into secondary flows and dispersive stresses as well
as modifications to the background, spatio-temporal fluctuations.

We considered a range of data made available through the AVT; we focus here
on the isolated effects of roughness and the datasets provided by the Melbourne and
Queen’s groups (Wangsawijaya et al. [26] and Hantsis and Piomelli [27], respectively).
The influence of pressure gradient and flow history on amplification identified via the
resolvent is discussed in the companion manuscript on smooth-wall non-equilibrium
turbulent boundary layers.

Self-similarity of the resolvent operator for a self-similar mean field input has been
explored in the context of smooth wall turbulence (Moarref et al. [58]), and the same
concepts apply for rough wall flows in which the outer profile collapses in outer vari-
ables. Resolvent modes and gains are identical to their smooth wall counterparts in
regimes where the mode support is not contaminated by modifications to the mean
profile associated with the roughness sublayer. This has important implications for
Townsend similarity of the turbulent fluctuations and, beyond the linear analysis dis-
cussed here, for the nonlinear sustaining mechanisms of turbulence.

Aspects of the roughness sublayer itself may be represented in a low-order way.
Using resolvent basis functions and a linearized boundary condition, the dispersive
stresses are amenable to low order models of a range of fidelities, for example by
a least squares fit for resolvent mode weights. Figure shows a reconstruction of
the spanwise-varying, time-averaged flow associated with the Wangsawijaya et al. [26]
roughness strips, obtained using resolvent modes obtained from a smooth wall mean
profile at the relevant friction Reynolds number, four harmonics of the spanwise rough-
ness wavenumber and two resolvent modes for each harmonic. The secondary flow in
the core of the channel is very well captured by the resolvent model with eight degrees
of freedom, with an error of generally less than 5%. The largest deviation is in the
near-wall region above the roughness strips, as would be expected due to the linearized
boundary condition.

Secondary flows and dispersive stresses in flows with more complex roughness may
also be represented in a reduced order way, truncating either the wavenumbers asso-
ciated with the rough wall geometry, similar to the approach of Mejia-Alvarez and
Christensen [59], the number of resolvent modes as described above, or both. The
wake-field from the rough-wall channel flow DNS of Hantsis and Piomelli is compared
with resolvent models obtained using a smooth-wall mean flow and 0.0048% and 0.12%
of the total degrees of freedom of the DNS in Figure

The purpose of the previously described examples is to show the potential use of
resolvent analysis in understanding the effects of roughness on wall turbulence. An ob-
vious connection is to the modeling of rough walls in LES and RANS approaches, as
well as to immersed boundary method approaches for rough walls. Depending on the
objective, abstracted representations of the effects of roughness on wall flows and/or
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data-driven reconstructions of flow fields may be of utility for understanding or mod-
eling purposes. A range of specific configurations and questions are under current
consideration; note also the discussion of resolvent modeling of the effects of flow
history in Klewicki et al. [60], which describes the AVT-349 work on smooth wall
non-equilibrium boundary layers.

= 0.02% U,

lative Error

Figure 10. Comparison of the time-averaged streamwise flow in the cross-stream plane from the experiments
of Wangsawijaya et al. [26] over spanwise heterogeneous roughness strips (strips of P-36 grit sandpaper and 2
mm thick cardboard of equal width S = 100 mm) with a resolvent model obtained using four harmonics of the
spanwise roughness period and two resolvent modes per spanwise harmonic. The black strips represent wall
roughness and the white strips show regions of smooth wall. The relative error between the real and modeled
flow are shown in the lower panel. Figure courtesy of Yuting Huang, California Institute of Technology
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Figure 11. Resolvent representations of the wakefield over the rough wall of Hantsis and Piomelli [27] shown in
the left panel. Filtered denotes the streamwise component of the DNS wakefield filtered to remove wavenumbers
not included in the resolvent representation, while u’ in the righthand column is the resolvent reconstruction
obtained using two resolvent modes per spatial wavenumber pair. Figure courtesy of Miles Chan, California
Institute of Technology

5. Conclusions, questions and recommendations

A few conclusions can be drawn from the discussion above, but possibly more im-
portantly, the AVT-349 work raises several questions and suggests recommendations
for future work to improve our understanding of the flow physics of boundary layers
on rough surfaces and the modeling of these flows. Considering the flow physics as
investigated through the experiments and numerical simulations:

e Rough surfaces show Reynolds number independence in the outer-normalized
velocity profile, turbulence statistics and the outer normalized turbulent pressure
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spectrum, at least for fully rough conditions. This appears to be true independent
of pressure gradient.

e Townsend’s outer layer similarity between rough- and smooth-wall boundary
layers appears to largely hold for FPG flows, although the rough-wall cases
appear to proceed toward a new equilibrium faster when the pressure gradient
is changed. Cases with strong enough FPG to cause relaminarization on smooth
walls have not been studied extensively with rough walls. Such cases may be of
interest for future work, both with uniform roughness such that 6/k, decreases
in the streamwise direction and with the roughness height, k,, decreasing such
that 0/k4 remains constant.

e The constant ¢/k, case for FPG, ZPG, or APG boundary layers (with kg in-
creasing or decreasing depending on the pressure gradient) would result in an
“equilibrium” roughness. It is recommended that such surfaces be designed and
tested with various pressure gradients to separate the effects of variable §/k,
from other parameters.

e The conditions for testing similarity between rough- and smooth-wall boundary
layers has not yet been established. Similarity is not observed for APG flows
when the freestream velocity history is matched between smooth- and rough-
wall cases. There is preliminary evidence that similarity might be achieved if
the [ history were the same for rough- and smooth-wall cases. Direct testing of
this through experiments or simulations in which different freestream velocity
distributions are used to achieve matching £ histories for smooth- and rough-
wall boundary layers is recommended. Equilibrium cases with constant 8 and
non-equilibrium cases with increasing 5 are both of interest. Cases approaching
boundary layer separation may be of particular practical interest.

e A given rough surface appears to have a singular value of equivalent sandgrain
roughness height, ks, that is not Reynolds number or pressure gradient depen-
dent. This conclusion is based on limited evidence. It should be investigated in
future work with different pressure gradients.

e The relationship between ks and AU needs further investigation. Of particular
interest are cases that depart from the standard assumptions of fully rough
conditions and large 6/k,q.

e We need a priori methods to determine k4 for any given rough surface. Existing
correlations and data driven methods tend to work adequately for fully rough
conditions when confined to the parameter space for which their curve fits or
machine learning are based. When extrapolated to other parameter spaces or
applied in transitionally rough conditions, existing methods can be insufficient
and often disagree with each other. Physics based models, as opposed to curve
fits, are needed, which will require a better understanding of how different types
of roughness generate drag under different flow conditions. It is recommended
that a family (or families) of equal kg surfaces be designed and tested using
different geometries (to determine if/how to separate ks from geometry and
if/how to compute ks a priori).

Considering the modeling efforts:

e The problem of using a 2D simulation to model a physical experiment is es-
sentially the same for rough-wall cases as it is with smooth walls. For a given
physical geometry, even if the flow in the center of the test section is free of
secondary flows, the presence of side wall boundary layers and corner and junc-
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tion flows in an experiment will affect the pressure gradient. Unless somehow
adjusted to account for these effects, 2D simulations will miss them.

e RANS models produce the best results when using a ks dependent wall shift as
opposed to a reduction in dissipation at the wall.

e [t is recommended that a RANS model using negative wall slip velocities equal
to AUT be built, tested, and validated as an alternative to the wall shift or
reduced dissipation methods.

e In the authors’ opinion, the available data suggest that RANS models can pro-
duce acceptable data, but not at experimental k5. They require ks tuning, which
requires a priori knowledge of the roughness function.

e RANS results depend on the combination of turbulence model and roughness
model used. Models vary in their ability to capture outer layer Reynolds number
independence, with the Spalart-Allmaras model better than the SST model. This
is not necessarily due to how well the models capture the physics. Additional
differences are present for flows in the transitionally rough regime.

e We need to develop a better understanding of the relationship between kg, the
roughness effect, and the RANS equations. Current models can work if AU is
known for a surface, but to be useful, as already stated above, we need physics
based models that do not require a priori knowledge of the roughness function.

e Resolvent models show considerable promise for building understanding and
modeling the effects of roughness on wall turbulence, which aid in the devel-
opment of the types of a priori models needed. Work with resolvent models
should continue. They could conceivably be used to model the effect of a given
rough surface on the flow in a reduced order way.
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