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ABSTRACT
The effect of non-equilibrium pressure gradients and

roughness on the behavior of turbulent boundary layers are in-
vestigated. In this experimental study, a family of systemat-
ically varying non-equilibrium pressure gradients was gener-
ated from the pressure field of a NACA 0012 airfoil over both
smooth and rough wall surfaces. The rough surface consisted
of 2 mm tall, staggered, circular cylindrical elements produc-
ing flow conditions that were in the fully rough regime. The
behaviors of the velocity field were measured using a custom
Pitot-probe rake and time-resolved particle image velocime-
try (TR-PIV). The results show that the primary effect of the
roughness is to increase the magnitude of the outer layer pa-
rameters. History effects, due to the changing pressure gra-
dients, are apparent in the integrated boundary layer parame-
ters indicating that rough and smooth wall flows are affected
by both local and historical flow conditions. It is shown that
indirect skin friction methods are sensitive to regression fits
of the mean velocity profiles. Within the uncertainty of these
empirical methods, the effective sandgrain roughness param-
eter appears to remain constant with streamwise and pressure
gradient flow development, thus supporting the wall-similarity
hypothesis for non-equilibrium rough wall flows.

INTRODUCTION
Turbulent boundary layers are omnipresent in a wide

range of practical applications, such as over an aircraft wing
or marine vehicle body. A wide range of studies have estab-
lished a fundamental understanding of uni-directional pressure
gradient flows (e.g., De Graaff & Eaton (2000); Joshi et al.
(2014)). However, aside from use in controlled laboratory en-
vironments, these simple flows are just the building blocks for
flows of practical interest. Real flows are susceptible to com-
plex conditions impacted by both roughness and bi-directional
pressure gradients (i.e., pressure gradients that switch sign).
Surfaces in engineering application are usually not considered
to be hydrodynamically smooth either due to macroscopic de-
fects in the surface finish or due to naturally occurring rough-
ness such as dirt, ice, or biofouling. Roughness can contribute
to drag, unwanted vibrations, and noise, which can negatively
impact the operation and design of vehicles. However, these
flows are more difficult to model; thus improving the current
array of knowledge for flows in non-equilibrium conditions is
a relevant field of interest.
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Figure 1. Staggered, circular cylindrical roughness configu-
ration used in this study; s = 6.93mm, d = 3.14mm, kg = 2mm.
Inset shows features of a cylindrical element.

To understand the concept and behaviors of flows in non-
equilibrium, it is useful to first establish what is considered to
be a flow in equilibrium. Equilibrium conditions are idealized
states in which flow properties are only dependent on local
flow conditions, and the evolution of mean velocity and tur-
bulence quantities with streamwise position can be collapsed
by scaling on the basis of self-similarity (Devenport & Lowe
(2022)). In a non-equilibrium turbulent flow, the local flow
conditions are now also dependent on the history of condi-
tions that the flow has experienced. In studies of smooth wall
turbulent boundary layers induced by pressure gradients of
changing signs, Fritsch et al. (2020) and Vishwanathan et al.
(2021) have shown the impact of history effects on the fluctu-
ating pressure and velocity features downstream of the pres-
sure gradient switches. These are evidenced by a streamwise
delayed response of the integrated boundary layer parameters
and mean turbulence statistics with respect to the location of
the pressure gradient switch.

For non-equilibrium rough wall flows a key question is the
validity of the wall-similarity hypothesis, a concept first intro-
duced by Townsend (1980), which suggests that on certain ve-
locity parameter scalings, the boundary layer regions, outside
of the immediate roughness vicinity, collapse to the equivalent
conditions in a smooth wall flow. (Jiménez (2004)) refined
the criteria for wall-similarity to specify roughness height (kg)
limitations with respect to either the effective sandgrain rough-
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ness (ks) or the boundary layer thickness (δ ). A number of
studies (i.e., Raupach et al. (1991); Flack et al. (2005); Perry
& Joubert (1963); Schultz & Flack (2005))have shown that for
roughness sizes less than a certain factor of the boundary layer
thickness (the exact factor varies between authors, but is typi-
cally taken as δ/ks ≥ 40) roughness effects remain contained
within the vicinity of the roughness sublayer, thus satisfying
the question of wall-similarity. But enough studies, such as
that by Aubertine & Eaton (2005), suggest that the current cri-
teria for wall similarity is insufficient, and additional parame-
ters relating to the pressure gradient conditions are necessary.
As a majority of these studies have been conducted in equi-
librium flow conditions, an evaluation of the wall-similarity
hypothesis in non-equilibrium rough wall flows is needed.

The present work aims to understand the behavior of
high Reynolds number wall-bounded turbulence induced un-
der a systematically varying family of pressure gradients and
discuss its compounding effects with roughness. In partic-
ular, investigations of the wall-similarity hypothesis of non-
equilibrium rough wall flows are made and traditional ana-
lytical methods to determine roughness parameters are scru-
tinized. This experimental work largely uses the results
from mean and instantaneous velocity fields measured using
time-resolved particle image velocimetry (TR-PIV), a custom
boundary layer rake, and other measures of mean flow condi-
tions.

EXPERIMENTAL FACILITY
All measurements discussed in this paper were conducted

in the Virginia Tech Stability Wind Tunnel (VT SWT), which
is a closed-circuit facility. The empty tunnel freestream tur-
bulence levels vary between 0.01% and 0.023% depending on
the flow speed, owing to seven turbulence reducing screens in
the settling chamber. The test section extends 7.32 m and has
a square cross section 1.85 m on edge. The test section side
walls consist of 0.61 m length modular square aluminum pan-
els that are carefully levelled to produce a continuous bound-
ary layer flow surface. The boundary layer is tripped 3.58 m
upstream of the test section entrance and by the first measure-
ment plane, is close to 51 mm thick in smooth wall and 62 mm
thick in rough wall configurations. These panels are arranged
in a grid pattern that can be removed and replaced with pan-
els with custom instrumentation and wall conditions. The data
discussed in this paper were measured at a Reynolds number
per meter of 2.18 million based on the inflow freestream ve-
locity, which at the time of the rough and smooth wall experi-
mental studies was between U∞ = 33−36 m/s.

ROUGHNESS GEOMETRY
A portion of the rough surface used in this study is shown

in Figure 1. The surface entails a staggered pattern array of
circular cylindrical elements that have a roughness height of
kg = 2 mm and diameter of 3.14 mm and are periodic on a
0.61 m x 0.61 m pattern (corresponding to the size of the re-
movable test section panels). As shown in the test schematic in
Figure 2, the rough wall starts at the test section entrance and
extends 5.43 m downstream covering the entire port side test
section wall. The elements are spaced s= 6.93 mm apart in the
streamwise direction, and half this distance in the spanwise di-
rection. The roughness elements were fabricated from epoxy
using HDPE molds that were CNC milled with insets in the
element shape. The mold was then overlaid on an aluminum
test section panel and vacuum bag sealed for 24 hours of cure

time. For ease of fabrication, the cylindrical element tips were
tapered by 1o. Given current skin friction estimates computed
from regression fits of the rough wall law of the wall, the
roughness Reynolds number ranges between k+s = 243−488.
Thus, this flow is in the fully rough regime.

MECHANISM FOR WALL PRESSURE GRADI-
ENT

A 0.914 m chord NACA 0012 airfoil, swept to both pos-
itive and negative angles of attack, generated a systematically
varying family of closely two-dimensional pressure gradients
on the test section walls. The airfoil quarter chord was posi-
tioned at x = 3.45 m and y = 0.925 m with respect to the coor-
dinate origin. Figure 2 shows a top-down schematic, of the test
section configuration. The magnitude of the pressure gradient
was computed using the Clauser pressure gradient parameter
defined as β = (∂ p/∂x)δ ∗/τw, where δ ∗ is the displacement
thickness. In this experiment the pressure gradients were mild
(i.e. no relaminarization nor separation), and ranged between
−0.8 < β < +0.78. Because of the nominally symmetric air-
foil and test section, both of the side walls experience the same
flow families. However, for ease of measurement access, the
boundary layer wall of interest considered in this study was the
“port” side wall corresponding to the lower wall in Figure 2.
The boundary layer wall experiences both an adverse and fa-
vorable pressure gradient. It should be noted that this is not an
airfoil experiment; the airfoil is simply used as a mechanism
to induce the pressure gradients.

Figure 3 shows the distribution of β , on the instrumented
portion of the center streamline on the boundary layer wall of
interest. A comparison of the rough and smooth wall pressure
gradient distributions is shown in solid and dashed lines, re-
spectively. At positive angles of attack the boundary layer wall
experiences an APG which switches to a FPG at a streamwise
location approximately adjacent to the airfoil quarter-chord.
The opposite phenomena are experienced by the wall when the
airfoil is at negative angles of attack. The β distributions show
a systematic set of pressure gradients. Upstream of x = 3.45
m these vary from mildly favorable at negative angle of at-
tack to mildly positive at positive angle of attack, and are very
similar for the smooth wall and rough wall boundary layers.
Downstream of this station, the pressure gradients switch sign
and the rough and smooth wall flows start to show markedly
different behavior, with significantly greater positive beta ex-
cursions for the rough wall.

MEASUREMENT SYSTEMS
The two sidewalls of the test section were equipped with

82 static pressure taps each. The taps were carefully flush
mounted to the inner wall/roughness substrate and had a 0.1
mm inner diameter. The mean surface pressure distributions
were measured using an Esterline 9816/98RK pressure scan-
ner with a range of ± 10” H2O and a 32-channel DTC Initium
scanner with a range of ± 4” H2O. The reference pressure was
measured as the ambient pressure in the control room.

A custom 30-Pitot probe boundary layer rake was used to
measure the mean velocity profiles at the streamwise locations
indicated by the black stations labeled on Figure 2. The probes
extend 178 mm from the wall, a sufficient length for capturing
the full rough and smooth wall boundary layer thicknesses.
The probe ports were connected to a 20” H2O pressure range
DTC ESP 32HD pressure scanner. Bernoulli’s equation for
stagnation pressure was used to extract the velocity boundary
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Figure 2. Top-down schematic of the test section. Boundary layer wall of interest is the “port” wall, seen here as the lower wall,
which was either in smooth or rough wall configuration. Measurement locations of the boundary layer rake and TR-PIV are indicated
in vertical black and green lines, respectively.
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Figure 3. Streamwise variation of the Clauser pressure gra-
dient parameter, β , as a function of the NACA 0012 angle
of attack shown at the boundary layer rake measurement lo-
cations. Solid lines are the rough wall, dashed lines are the
smooth wall. Vertical dashed lines indicate locations of the air-
foil leading and trailing edge, respectively. Vertical solid lines
indicate the locations of the TR-PIV measurements. Color leg-
end is used for subsequent figures unless otherwise noted.
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Figure 4. Momentum thickness variation with streamwise
distance and NACA 0012 angle of attack. Solid line is rough
wall, dashed line is smooth wall.

layer profile from the wall. All mean velocity profiles and inte-
grated boundary layer parameters discussed in this paper were
measured using the boundary layer rake.

Time-resolved PIV measurements were made at two
streamwise planes corresponding to the upstream and down-
stream locations of maximum pressure gradient, occurring ap-
proximately at x = 2.62 m and x = 4.05 m. The TR-PIV mea-
surement locations are labeled in green in Figure 2 and in-
dicated by the vertical solid lines in Figure 3. The smooth
wall measurements were made in planar 2D, two component
configuration in which 10,000 realizations were recorded in
double-frame mode at a sampling rate of 12.5 kHz. The rough
wall measurements were made in a stereoscopic 2D three-
component configuration, in which 24,839 time realizations
were recorded at a 1 kHz sampling rate. Further informa-
tion regarding the specifics of the PIV hardware system can be
found in Vishwanathan et al. (2021). The camera and lens con-
figurations resulted in spatial resolutions of 2.50 mm for the
smooth wall and 2.25 mm for the rough wall. The conversion
from raw image to velocity field was completed in LaVision’s
DaVis10 and then the data were post-processed for statistics
in MATLAB. All turbulence stress profiles discussed in this
paper were measured using the TR-PIV system.

BOUNDARY LAYER DEVELOPMENT
Figure 4 shows the streamwise and pressure gradient de-

pendent progression of the momentum thickness θ for the
rough and the smooth wall. As expected, the effect of the
roughness is to increase the magnitudes of the integrated
boundary layer parameters. Although a similar functional
trend of pressure gradient response is seen in both the smooth
and rough wall flows, the slope of the curves appears to be
steeper for the rough wall, indicating that in addition to the ab-
solute thicknesses, the rate of the boundary layer growth is in-
creased due to the pressure drag from the roughness elements.
At positive angles of attack, the naturally occurring flat plate
boundary layer thickness is exacerbated due to the presence of
the initial APG flow. This is followed by a decrease in growth
rate after the flow has transitioned to the FPG downstream of
the airfoil quarter chord. At negative angles of attack, the flow
is initially accelerated due to the FPG. This is followed by flow
deceleration and an increase in the boundary layer growth rate
due to the transition to APG. The integrated boundary layer pa-
rameters for the rough wall also show a crossover downstream
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Figure 5. Mean velocity profiles normalized on inner coordi-
nates for rough (solid colored lines) and smooth (dashed lines)
configurations at (top) x = 2.62 m and (bottom) x = 4.05 m.
Solid black line is the Spalding curve (Spalding (1961).)

of the pressure gradient transition, a behavior already observed
in previous studies of the smooth wall by Fritsch et al. (2020)
and Vishwanathan et al. (2021), a behavior that is attributed to
a delayed response to the upstream flow history.

MEAN VELOCITY PROFILES
Figure 5 shows mean velocity profiles for both the rough

wall and smooth wall at x = 2.62 m (before the pressure gradi-
ent sign change) and at x = 4.05 m (after the pressure gradient
sign change). The varying pressure gradient magnitudes cause
the wake strength to increase with progressive streamwise lo-
cations. The effect of the roughness is to increase the shear
velocity, thus causing a downward shift of the mean velocity
profiles, which appears as the extra term, ∆U+ in the law of the
wall for rough wall flows. The rough wall mean velocity pro-
files in Figure 6 are normalized on outer coordinates. Under
this normalization, the mean velocity deficit due to the impacts
of the initially APG (red curves) become apparent, especially
at the x = 4.05 m station (see bottom set of mean velocity pro-
files in Figure 6). At this condition, the mean velocity gradient
is decreased, and the logarithmic region develops a dip in the
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Figure 6. Logarithmic-law diagnostic function used to select
the logarithmic region for regression fit methods to determine
skin friction from mean velocity profiles; (top) x = 2.62 m and
(bottom) x = 4.05 m.

profile shape, a deficit that is larger when the upstream APG
magnitude is higher. The slope of the logarithmic region is
decreased which introduces sensitivities to the mean velocity
regression fits used to indirectly determine skin friction. Al-
though not shown here, Vishwanathan et al. (2021), saw sim-
ilar velocity deficit trends in the smooth wall mean velocity
profiles as well.

REYNOLDS STRESS PROFILES
Streamwise Reynolds normal stresses for locations before

and after the pressure gradient switch (i.e. x = 2.62 m and
x = 4.05 m, respectively) are shown for both the rough and
smooth wall in Figure 7. Conditions at the most adverse, fa-
vorable, and nominally zero pressure gradient conditions are
plotted (α =+12o,10o,0o, respectively). Due to limitations of
the TR-PIV camera field of view with respect to the boundary
layer thickness at x = 4.05 m, the full wall-normal turbulence
stress profile was not captured. At x = 2.62 m, the turbulence
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Figure 7. Reynolds streamwise normal turbulence stress
plotted on inner-outer coordinates for the rough ( ) and smooth
wall (+); (top) x = 2.62 m and (bottom) x = 4.05 m.

stress magnitudes for the initially APG flow are higher than
when the flow is initially in the FPG. This trend reverses after
the pressure gradient sign switch as the flow approaches the
station at x= 4.05 m. In both the rough and smooth wall flows,
the Reynolds normal stress is increased as the flow switches
from a FPG to an APG (blue curves), and decreased as the
flow switches from an APG to a FPG (red curves). However,
a secondary peak becomes more prominent in the red profiles
at x = 4.05 m. It appears that the near-wall turbulence pro-
duction, which was instigated at the earlier streamwise station,
is diffused away from the wall as the flow approaches the sta-
tion at x = 4.05 m, resulting in the intensified second peak.
This response to the pressure gradient is observed in both the
rough and smooth wall Reynolds streamwise normal stresses.
Outer-layer similarity appears to be demonstrated in the flow
plane at x = 2.62 m evidenced by a collapse of the smooth
and rough wall turbulence stress profiles in the region outside
of the roughness sublayer. It is hypothesized that the wall-
similarity actually extends further into the boundary layer, but
is obscured by an under measurement of the stresses due to the
relatively coarse spatial resolution of the TR-PIV cameras.

WALL-SIMILARITY OF THE ROUGH WALL
FLOW

As direct measurements of wall shear stress are not al-
ways feasible, particularly with rough wall flows, empirical
methods, such as mean velocity profiles fits and momentum
integral analyses to determine skin friction from velocity field
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Figure 8. Effective sandgrain roughness parameter (ks) nor-
malized by roughness height (kg) computed from a regression
fit of the mean velocity profiles. (Top) the selected logarithmic
region is custom to each flow condition, and (bottom) the loga-
rithmic region is taken to be between 8680 < yUe/ν < 21270.

data have often been used in the literature instead. It is com-
monly agreed that these methods inherently have their flaws
and result in high uncertainty for the computed shear veloci-
ties, uτ (Aubertine et al. (2004)). However, in the absence of
direct measurements and with the acknowledgement of these
uncertainties, these methods can still provide an estimate of
the shear stress in the flow. Their validity in a non-equilibrium
flow environment is yet to be thoroughly evaluated. In the
present study the regression fit method by Perry & Joubert
(1963) is used to estimate skin friction from the mean velocity
profiles. In this method, the law of the wall for rough walls is
rearranged in terms of the velocity normalized on the bound-
ary layer edge velocity, Ue, such that the slope and intercept
of the curve are functions of the skin friction and roughness
parameter, ∆U+. Then, the effective sandgrain roughness is
computed from the following relation:

∆U+ =
1
κ

ln(k+s )−3.5

Where κ is the von Kármán constant and is taken to be 0.41.
Like many mean velocity fit methods, the resulting skin

friction depends on the selection of the logarithmic region,
which relies upon on engineering judgement. In an attempt
to provide quantitative feedback on the selected region used
for the regression fits, the logarithmic law (log-law) diagnostic
function, introduced for the smooth wall by Österlund et al.
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(2000), was used. Due to the independence of the roughness
function parameters from wall-normal position, the rough wall
form of log-law diagnostic function remains the same as that
of the smooth wall:

Ξ =

(
yU∞

ν

)
d(U/U∞)

d(yU∞/ν)

Figure 6 shows the log-law diagnostic function for flow
conditions before and after the pressure gradient switch. The
logarithmic region is considered to be within the region of con-
stant Ξ, and provides the basis for selecting the points used in
the mean velocity regression fits. By varying the number of
logarithmic points, it was shown that the resulting skin fric-
tion, and by extension the roughness parameter, was sensitive
to the selection of the logarithmic region. In this analysis, the
number of points in the regression fit was varied and a cor-
responding ks was recomputed. The number of permutations
for points considered was limited to only include points taken
from the near-wall to the furthest point with constant Ξ. A 95%
confidence interval using a Student’s t-distribution is plotted as
the error bars on Figure 8. This figure shows a variation of the
normalized ks on the roughness height kg depending on the se-
lected logarithmic region. The location that appears to have
a higher sensitivity to this log-region selection is the location
immediately after the flow has switched from APG to FPG,
which can be attributed to the more pronounced mean veloc-
ity deficit that reduces its logarithmic shape. However, despite
a lower than expected estimate of the uncertainty, there is no
discernible functional dependence of the local or historical ef-
fects on the normalized sandgrain roughness parameter. This
suggests that the effect of the roughness is contained within
the roughness sublayer and that the non-equilibrium flow fea-
tures do not impact the roughness function. Thus, within the
uncertainty of the empirical method used to determine the
skin friction, the ks/kg ratio appears to remain constant with
pressure gradient, and the wall-similarity hypothesis for non-
equilibrium rough wall flows is supported.

CONCLUSIONS
An experimental study of non-equilibrium turbulent

boundary layers over rough and smooth surfaces was con-
ducted in the Virginia Tech Stability Wind Tunnel. A NACA
0012 airfoil was used as a mechanism to induce a system-
atically varying family of pressure gradients on the bound-
ary layer walls. Mean and instantaneous measurements of
the velocity field were made using a boundary layer rake and
time-resolved particle image velocimetry. The trend of the
momentum thickness variation with streamwise development
and non-equilibrium pressure gradient is very similar between
the rough and smooth wall flows. However, the effect of the
roughness is to increase the boundary layer magnitude and
growth rate. Streamwise normal turbulence stresses show an
increase in the outer layer energy after the pressure gradient
switch, presumably due to an outward diffusion of turbulence
produced in the near-wall at an upstream station prior to the
pressure gradient sign change. Indirect methods to determine
skin friction, specifically using regression fits of the mean ve-
locity profiles, show high sensitivity of the selected logarith-
mic region on the computed shear stresses. Despite the inher-
ent uncertainties of such methods, the wall-similarity hypoth-
esis appears to be valid in a rough-wall non-equilibrium flow.
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