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Boundary-layer flow over a realistic porous wall might contain both the effects of
wall-permeability and wall-roughness. These two effects are typically examined in the
context of a rough-wall flow, i.e. by defining a ‘roughness’ length or equivalent to
capture the effect of the surface on momentum deficit/drag. In this work, we examine
the hypothesis of Esteban et al. (Phys. Rev. Fluids, vol. 7, no. 9, 2022, 094603), that a
turbulent boundary layer over a porous wall could be modelled as a superposition of the
roughness effects on the permeability effects by using independently obtained information
on permeability and roughness. We carry out wind tunnel experiments at high Reynolds
number (14 400 < Re; < 33 100) on various combinations of porous walls where different
roughnesses are overlaid over a given permeable wall. Measurements are also conducted
on the permeable wall as well as the rough walls independently to obtain the corresponding
length scales. Analysis of mean flow data across all these measurements suggests that an
empirical formulation can be obtained where the momentum deficit (AU™) is modelled as
a combination of independently obtained roughness and permeability length scales. This
formulation assumes the presence of outer-layer similarity across these different surfaces,
which is shown to be valid at high Reynolds numbers. Finally, this decoupling approach is
equivalent to the area-weighted power-mean of the respective permeability and roughness
length scales, consistent with the approach recently suggested by Hutchins et al. (Ocean
Engng, vol. 271, 2023, 113454) to capture the effects of heterogeneous rough surfaces.

Key words: turbulent boundary layers

1. Introduction

Flow over porous walls comprises an extensive number of natural phenomena, ranging
from blood vessels to the atmospheric boundary layer (ABL) developing over a
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Figure 1. Illustrations of realistic permeable walls with roughness interfaces: (a) positive and (b) negative
skewnesses. Adapted from Rosti, Cortelezzi & Quadrio (2015).

forest canopy. The latter can be considered as a turbulent boundary layer (TBL) developing
over a porous wall. An example of porous walls, constructed from packed spheres, is shown
in figure 1. Here, both walls approximately have the same permeability (i.e. the inverse of
resistance of a substrate to fluid flows) and some form of roughness: the wall shown in
figure 1(a) has roughness protrusions (positive skewness) above the porous wall, while
in figure 1(b) this roughness interface comprises recesses (negative skewness). Thus, a
realistic representation of a porous wall is both permeable and rough to some extent, and
the effects of both permeability and roughness have to be considered for characterisation
of a TBL developing over such wall.

1.1. Rough walls

The presence of rough walls increases skin friction from that of smooth walls and thus the
time-averaged streamwise velocity of TBLs developing over rough walls (U;", subscript
‘r’ denotes a rough wall; y, wall-normal location) can be written as a downward shift of
the logarithmic region from the smooth wall velocity profile:

1 au

K Vv

] +B— AU = %1n(y+d)+ +B— AU (L1)
The viscous-scaled velocity is defined as U;r = U,/U;, where U; = \/1,,/p is the friction
velocity, T, and p are the wall shear stress (WSS) and the density of fluid, respectively. The
logarithmic profile is defined as follows: « is the von Karman constant, d is the zero-plane
displacement, v is the kinematic viscosity of fluid, and B is the log-law intercept. In
the fully rough regime, the logarithmic shift AU;", also known as the Hama roughness
function (Hama 1954), is defined as

1 ks U 1
AU = ZIn | == +B—BFR=—1nk++B—BFR, (1.2)
r P v K Sr

where k;, is the equivalent sand grain roughness of a rough wall (note that we use different
subscripts throughout this study to distinguish the equivalent sand grain roughness
between different test surfaces: subscripts ‘r’ for rough, ‘p’ for porous, and ‘pr’ for
porous—rough walls) and Brr = 8.5 is the ‘fully’ rough intercept of the velocity profile
of sand grain roughness. It should be noted that the ‘equivalent sand grain roughness’ is a
measure of roughness effect on the flow relative to that of a uniform sand grain roughness
(Nikuradse 1933); it can only be determined by flow measurements. The mean streamwise
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velocity profile of a rough wall in fully rough regime can therefore be written as a function
of its equivalent sand grain roughness:

1 +d
U =-In (yk ) + Br. (1.3)
Sy

1.2. Permeable walls

Earlier studies of TBLs developing over permeable walls involved various types of
such walls, namely: packed spheres (Zagni & Smith 1976), perforated sheets (Kong &
Schetz 1982), bed of grains (Zippe & Graf 1983) and multi-layered walls (Manes et al.
2009). Permeable walls have been found to increase drag (i.e. skin friction coefficient
Cr=2U/ Uso)?, where U is the free stream velocity) from that of solid, impermeable
walls, which is attributed to the increase of dissipation, momentum flux and Reynolds
shear stress on the interface between the fluid and the substrates (Zagni & Smith 1976;
Shimizu, Tsujimoto & Nakagawa 1990). Similar to the rough-wall TBLs, the increase in Cy
of permeable walls is also characterised by a downward shift in the logarithmic region from
that of a solid, smooth wall (Hahn, Je & Choi 2002; Efstathiou & Luhar 2018). Thus, it is
probable that there is a ‘universal’ parameter that characterises permeable walls — possibly
equivalent to the equivalent sand grain roughness for rough-wall TBLs. It was suggested
by Manes, Poggi & Ridolfi (2011) that the logarithmic region of a TBL developing over a
permeable wall scales on permeability K:

1 y+d
U;=;1n<ﬁ>+c1, (1.4)
where U, is the time-averaged streamwise velocity of a TBL developing over a porous wall
(subscript ‘p’ denotes porous wall). Previous studies observed a wide range of magnitude
of ¥ (Breugem, Boersma & Uittenbogaard 2006; Suga et al. 2010; Manes et al. 2011),
which is largely attributed to the low Re at which these studies were conducted and thus
there was not enough separation between the inner and outer layers of the wall-bounded
flows (Manes et al. 2011). A more recent experimental work by Esteban et al. (2022),
conducted at a higher order of magnitude of Re (2000 < Re; < 18 000) observed that
k = 0.39, similar to that of smooth and rough-wall TBLs. It was further hypothesised
by Esteban et al. (2022) that ¢y in (1.4) is an additive constant related to the blockage
effect of a porous substrate, as a realistic porous wall comprises both permeable matrix
and solid substrates (see, for example, figure 1), whose size does not permit the full
isolation of permeability effect (Breugem et al. 2006). This blockage refers to the baseline
drag incurred by the frontal area of a porous substrate and it might be represented by a
roughness function similar to that of (1.2):

+ Lo+
ClzB—AUb =B - ;lnka+B—BFR R (L.5)

where AUZ;F and k,, are the downward logarithmic shift and the equivalent sand grain
roughness due to the blockage of the porous substrate, respectively (subscript ‘b’ denotes
‘blockage’). Inserting (1.5) to (1.4) yields

1 y+d 1 1 y+d
Ut=—-In|~—= )| — —Inkl +Brpg=—1 Brr, 1.6
b k n( «/I_{) K s, 5K k n<ReKksb)+ & (o

where the Reynolds number based on surface permeability, Rex = /KU./v. By
comparing (1.3) and (1.6), the ‘equivalent sand grain roughness’ of a porous wall can
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be defined as
ksp = Rekks,. (1.7)

We note that the characterisation for porous-wall TBLs proposed in this study (using the
framework for rough-wall TBLs) has substantial similarities with that of TBLs and the
atmospheric surface layer developing over vegetation (aquatic and terrestrial) canopies.
Here, the ‘roughness length’ zp (Raupach 1992) is akin to k. Further, it has been
suggested that the vegetation canopy drag coefficient Cp is determined by various canopy
parameters, including but not limited to the canopy solidity, porosity, and its morphology:
canopy height, blade width, stem diameter (akin to the porous substrate size in this study)
and the frontal area (Luhar, Rominger & Nepf 2008; Tanino & Nepf 2008).

In this study, we take the first steps towards exploring the possibility of decoupling
permeability and roughness effects on TBLs. We have constructed three different porous
test surfaces where we maintain the permeability (Reg) but the blockage is systematically
altered by adding roughness onto a given permeable substrate. Detailed hot-wire and
drag-balance measurements are taken for the permeable, rough and the combination of
permeable—rough surfaces over a wide range of Reynolds numbers (ensuring the flow
is in fully rough regime for all cases). We use the experimental data to explore two
different approaches for decoupling the two effects. First, we extend the above-mentioned
framework to include the effects of additional roughness. Second, we use a power-mean
averaging approach proposed for heterogeneous roughness (Hutchins et al. 2023) to find
an equivalent roughness length scale that can capture the combined effect of permeability
and roughness.

2. Experimental set-up
2.1. Facility

Measurements are conducted inside the closed return boundary-layer wind tunnel (BLWT)
at the University of Southampton. The flow passes through a contraction section of 6: 1
ratio before entering the 12 m x 1.2 m x 1 m (length x width x height) test section. The
boundary layer develops over the floor (bottom surface) of the BLWT. A 220 mm long
smooth wall ramp is installed at the end of the contraction section (figure 2(a)@) to match
the thickness of the test surfaces. This ramp marks the inlet towards the test section of
the BLWT and the streamwise datum (x = 0). The boundary layer is tripped by a 8.5 mm
wide, 0.4 mm thick turbulator tape attached on the ramp (figure 2(a)®). The tunnel has
the free stream turbulence level of 6,/ /Uy = 0.1 %, where o, is the standard deviation of
streamwise turbulent fluctuation at the free stream and U, is the free stream velocity. The
BLWT is equipped with a water-cooled heat exchanger, maintaining the flow temperature
variation of 1 % for the longest measurements (17.76 & 0.16 °C within ~8 hours).

2.2. Test surfaces

Five test surfaces are constructed for this study: porous wall (denoted by ‘P’, figure 2(a)®),
two types of rough walls (‘R1° and ‘R2’, figure 2b,¢), and two combinations of rough walls
on top of the porous wall (‘PR1’ and ‘PR2’, figure 2b,c). All test surfaces are assembled on
the bottom surface of the BLWT, downstream of the ramp and trip (figure 2a). The ramp
and test surfaces only cover the first 10.8 m long part of the test section, while the section
from x = 10.8 m to x = 12 m comprises a smooth wall (figure 2a). All measurements
are conducted at a constant x location at a range free stream velocity U, corresponding
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® Smooth wall ramp
® Boundary-layer trip
© Porous wall

@ Rough wall

® FE drag balance

(@® Measurement station
® Smooth wall
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o

(d) Surface (mm) (mm) (=) (x108m?) () (mm) (mm) (mm)

P 15 0.89 097 3.62 - - - -
R1 3.0 - - - 0.73 62 30 4
R2 35 - - - 0.81 70 53 5

Figure 2. (a) Illustration of a test surface laid inside the test section of the BLWT. Combination of
porous-rough test surfaces: (b) porous P-rough wall R1, and (¢) porous P-rough wall R2. (d) Geometric
parameters of P, R1, and R2, where k is the thickness of the surfaces. For P, s is the average pore size of
the foam, ¢ is the porosity and K is the permeability, obtained from Esteban er al. (2022). For R1 and R2, A, is
the open area ratio of the mesh, / is the length of the longway of the mesh, w is the length of the shortway of
the mesh and ¢ is the width of the mesh strand, as illustrated in (c).

to a set of matched friction Reynolds number Re; = §U; /v &+ 1600 (here, § is the 99 %
boundary-layer thickness) between P, R1 and PR1, as well as another set of matched Re,
for P, R2 and PR2. The first set of test surfaces has five matched Re; cases (Re; ~ 14 400,
18 600, 23 400, 27 700 and 33 100), while the second set has four matched cases (Re; ~
14 400, 18 600, 23 400 and 27 700). Details of each test surfaces, including the statistics
obtained from hot-wire anemometry (HWA) and WSS measurements, are given in table 1.
Throughout this study, each test surface is denoted with a symbol (see the last column
in table 1). The same colour denotes surfaces with matched Re; and Reg (within Rex +
10 %), which runs from lighter towards darker colour as Re; and Rek increase.

The porous walls are constructed from sheets of 15 mm thick (1060 < k™ = kU, /v <
2130), 45 ppi (pores per inch) polyurethane reticulated foam. The substrate has the average
pore size of s =0.89 mm (63 < s = sU,/v < 126) and the porosity (i.e. the ratio of
empty volume over total volume) of 0.97. The porosity is comparable to that of sparse
vegetation, ¢ > 0.9 (Luhar et al. 2008), and the pore size is higher than that of the
dense canopy of Sharma & Garcia-Mayoral (2020) (3 < st < 50). The permeability
K =3.62 x 1078 m?, corresponding to 13 < Reg < 27.5 (figure 2d) is obtained using
a ‘Darcy’ flow-type experiment (as in Manes et al. 2011 and Esteban et al. 2022).
A sample of the porous substrate of length L and diameter D is placed inside a circular
duct and subjected to an incoming air of a constant flow rate Q and dynamic viscosity .
Pressure drop over the distance L, Ap, is obtained upstream and downstream of the porous
substrate, and the permeability is defined as K = 4QuL/(n ApD?). Note that unlike kg,
a quantity derived from the flow, K is obtained solely from the property of the surface.
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Case Uy U; Cr $ Re, Re;  Reg kxp ks, ks,,,. ks, kg, Sym.

ms™hH ms™H (x1073) (mm) (x107) (x10%) (= (mm) (mm) (mm) (mm) (mm)

Porous walls

P 19.84  1.06 572 20L11 118 144 13.62 0.57
2545 136 574 19996 152 185 1757 0.45
29.06 1.54 565 20826 176 221 2022 783 — — 039 — O
3546 1.87 559 21127 214 272 2450 0.32 0]
40.05 213 5.67 22125 239 320 2752 0.28 o)

Rough walls

R1 1490 0.86 6.69 23240 0.87 1.33
1993 115 6.70 236.84 1.17 1.82
2520 146 6.67 23938 148 232 — — 1352 — — — A
29.58 1.71 6.69 24378 173 277 A
3521 2.04 6.69 25433 205 342 A

R2 1510 0.89 701 24111 089 1.44
19.74 118 7.09 229.33 118 79 - — 1617 — —  —
2490 149 702 22934 149 227 ¢
29.83 178 713 230.03 178 2.73 ¢

Porous—rough walls

PR1 1728 1.06 748 22541 1.01 1.58 13.32 1.33
2147 131 749 21812 126 192 16.74 1.05
26.04 1.60 760 22793 154 246 2055 — — 1765 — 086 ¢
3149 194 7.60 226.64 1.85 294 24.65 072 %
35.01 217 7.67 229.11 2.05 331 2746 0.64 ¥

PR2 15.06 0.95 794 21942 0.90 141 1227 1.59
19.97 1.26 793 22173 1.20 191 1640 — — 1945 — 119
2520 159 798 22441 1.52 245 20.76 094 3
28.06 1.79 8.00 22296 1.69 271 23.16 0.84

Table 1. Summary of all test surfaces: porous (P), rough (Rl and R2), and porous-rough (PR1 and PR2)
walls. The statistics are obtained from HWA measurements, § is the 99 % boundary-layer thickness. Coefficient
of friction is defined as Cr = 2(Ur/Uoo)2. Reynolds number definitions are Rey = xUxo /v, Rer = §U; /v
and Rex = /KU, /v. Here k; is the equivalent sand grain roughness obtained for all test surfaces: porous
(subscript ‘p’), rough (‘7’), and porous—rough (‘pr’) walls; kg, represents the blockage of the porous substrate
(1.7) and k;,, the equivalent blockage of a porous substrate with overlaying roughness (3.5). The last column
shows the symbol associated with each test surface. Colours denote test cases with approximately matched
Re; and Reg =~ 14 400 and 13 (O, yellow), 18 600 and 17 (O, orange), 23 400 and 20.5 (O, red), 27 700 and
24 (O, purple), 33 100 and 27.5 (O, black).

The rough walls are constructed from two types of diamond-shaped, expanded metal mesh
sheets denoted by R1 and R2 (figure 2b,c). The mesh sheets have the thickness of k = 3
and 3.5 mm (178 < k™ < 476) for R1 and R2, respectively, and the open area A, (ratio of
empty to total area in xz—plane) of 0.73 and 0.81. Both mesh sheets only cover a 1 m wide
portion (in z) of the working section (figure 2(a)@)).

The porous—rough walls are constructed by stacking each of the two rough walls above
the porous wall (figure 2b,c). The effects of rough walls on permeability and porosity of
the porous wall may be considered negligible, as the length scales of the open areas of
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the rough walls (O(10') mm) are two orders of magnitude higher than that of the porous
wall (the pore size O(10~") mm). Details of the relevant parameters regarding the porous
substrate and mesh geometries are given in figure 2(d).

2.3. Hot-wire anemometry

Hot-wire anemometry measurements are conducted for all test surfaces listed in table 1
by traversing the wire in the wall-normal direction y across 35-40 logarithmically
spaced points from the wall towards the free stream. All measurements are conducted
at the centreline of the tunnel at x = 8.8 m from the datum of the tunnel test section
(figure 2(a)®). A modified Dantec 55P05 single-sensor with a boundary-layer type probe
(and an appropriate probe support) are used with a StreamLine Pro constant temperature
anemometer (CTA) with an overheat ratio of 0.8. The sensor is a 5 um diameter, 1 mm
long tungsten wire soldered to the tip of the hot-wire prong, satisfying the recommended
wire length-to-diameter ratio of 200 (Ligrani & Bradshaw 1987) and corresponding to the
viscous-scaled sensor lengths of 57 < [} = [,,U; /v < 145. The output signal is sampled
from the CTA at f; = 30 kHz, yielding viscous-scaled sampling interval of 1.6 <t =
U%/ (fsv) < 10. The sampling time 7, at each measurement point differs between test
surfaces such that the boundary-layer turnover time is maintained at 75Uy /5 > 20 000
to allow convergence of turbulence energy spectra (Hutchins ef al. 2009). The sensor
is traversed to the free stream and calibrated prior to and after each measurement. The
relation between free stream velocity Us, and output voltage of the sensor E, is defined

by King’s law Ego =C+ CQUOCO3 (where C1, Co, and C3 are the King’s law constants).
Temperature compensation is applied to the output signal to account for a slight sensor
drift.

2.4. Wall shear stress measurements

The WSSs of all test surfaces shown in table 1 are measured using an in-house floating
element (FE) drag balance. The balance has a 200 mm x 200 mm FE located at x = 8.6 m
(figure 2(a)®), slightly upstream of the HWA measurement station. A section of each test
surface is cut according to the size of the FE and mounted on top of the FE, leaving a
0.5 mm clearance between the FE and its housing, allowing it to move freely for WSS
measurements. The housing is sealed to prevent airflow into the balance. Measurements
are acquired at fy = 256 Hz with 120 s sampling time for each test surface. Calibration of
the balance is performed before measurements by loading a set of calibration weights to
the balance via a pulley system. The relationship between known calibration weights and
time-averaged output voltage from the balance is obtained by fitting the calibration data
into a first-order polynomial, corresponding to the balance sensitivity of 93.15 mV g~! +
3.2 %.

Figure 3(a) shows the Cr of all tests surfaces as a function of fetch Reynolds number
Rey = xUxo/v. For validation, Cy of smooth walls (2930 < Re; < 12 500) are determined
first using three different methods: (i) direct WSS measurements using the FE drag balance
(@), (i1) fitting velocity profiles obtained from HWA measurements to the composite profile
of Rodriguez-Lépez et al. (2015) (m), (iii) the analytical solution of Monty et al. (2016)
(==). All three methods show a reasonable agreement with each other within &5 % error.

For the rest of the test surfaces P, R and PR, Cy are determined from direct WSS
measurements. Both rough walls (R1 and R2) have higher Cy than that of porous walls,
which increase further as the walls are combined with the porous walls (PR1 and PR2),

as shown in figure 3(a). The logarithmic shift AU(J; rpry @nd ks, ., for each of these
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Figure 3. Panel (a) and inset: Cy as a function of Rey for all test surfaces. Validation of the WSS measurements
with smooth walls (O): fitted to the composite profile of Rodriguez-Lépez, Bruce & Buxton (2015) (H) and the
analytical solution of Monty et al. (2016) (====). The same porous surface measured by Esteban et al. (2022)
(@). Porous wall (ksp = 7.83 mm) at constant ksp /x (—, orange), obtained from Monty et al. (2016). Panel (b)
shows UT as a function of (y 4+ d)™ for matched Re; ~ 27 700, - - - : 1/k In(y + d)* + B. Panel (c) shows

[

AU as functions of k" (white-filled symbols, bottom axis) for all test surfaces (subscripts ‘p’, ‘r’, and ‘pr’)
and Rek (filled symbols, top axis) , - - -: 1/k Ink}" + B — Brg. Legends are shown in table 1. (d) Velocity
defect Ug'o — U™ as a function of (y + d)/8 for matched Re; ~ 27 700. In (b—d), some data are downsampled
for clarity.

surfaces are obtained by fitting the mean profile to a modified method of Rodriguez-Lépez
et al. (2015). The terms in (1.1), including AU, are fitted to minimise the error between
the experimental data and a theoretical profile, with the exception of U, as it is obtained
independently instead from direct WSS measurements. The fit yields k = 0.39 and B =
4.34 £+ 0.08 (consistent with those obtained for TBLs developing over various porous
walls measured by Esteban et al. 2022). The equivalent sand grain roughness for each test

surface (ks< o m) is obtained from the fitted AU(J;’ ropr) via (1.2) from the highest Re case
listed in table 1, which has the longest logarithmic region. Porous wall Cr (‘0’ (yellow) to
‘0’ (black) symbols in figure 3a) is compared to the analytical solution proposed by Monty
et al. (2016) over constant ksp /x=8.9 x 1074 (ksp = 7.83 mm, within 2 % error from that
obtained by Esteban e al. 2022). Additionally, Cr obtained by Esteban er al. (2022) for the
same porous wall at lower x (‘@ symbol in figure 3a) is also compared to the analytical
solution (k,/x = 2.4 x 1073), both showing good agreement with these solutions. We

note that the porous wall in this study has the pore size of s > 63, above the threshold set
by Breugem et al. (2006) (<5 viscous scaling in size, akin to the hydrodynamically smooth
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condition) for full isolation of permeability effect. Present results in figure 3(a) show that
for the baseline porous wall case P (without overlaying roughness R), Cy is invariant to Re,
suggesting that the mechanism for skin friction drag here is dominated by blockage.
Figure 3(b) shows the vertical downward shift in the logarithmic region for all test
surfaces at a matched Re; =~ 27 700 (the highest matched Re; for the PR2 set and second
highest for PR1) from a smooth wall TBL at this matched Re;. This shift, denoted by
AU is shown as a function of k;;p o in figure 3(c) for all test surfaces (white-filled

(p.r.pr)’
contours). The k;;p rpry AT€ obtained from their respective fitted AU(*;7 r.pr) via (1.2). All

collapse to the logarithmic function (1/x)In kjgprpr) + B — Brg (1.2), although this is

given since k; is not obtained independently from AU™. The magnitude of k" (figure 3c)
exceeds the threshold defined by Flack & Schultz (2010), k; = 70, ensuring that all test
surfaces are fully rough and thus AU depends solely on k. It should be noted that
AUT here accounts for the total momentum deficit (from that of smooth wall TBLs)
in both porous and rough walls, and it shows that it is possible to characterise porous
walls with the same framework used for rough-wall characterisation (i.e. logarithmic shift
that scales on k). The effect of permeability on AU™ is shown in figure 3(c) for test
surfaces comprising porous walls (P, PR1 and PR2, filled contours). Although it is clear
that AU is logarithmically scaled by Reg, universality, as shown in figure 3(c) with kg, is
not apparent. This highlights the importance of accounting for the ‘blockage’ effect (1.6).
At high range of Re; tested in this study, the outer-layer similarity is preserved for all
test surfaces (i.e. velocity defect profiles collapse beyond y/§ = 0.2, figure 3d), ensuring
that a given value of &, (for each test surface) can be utilised to predict the drag at higher
Reynolds numbers.

3. Decoupling permeability and roughness effect
3.1. Additional blockage effect
As a roughness interface is added overlaying the porous wall (case PR), (1.7) for porous
walls may be written for the porous-rough walls as
ks, = Rekky,,, (3.1)

Spr

where kg, is the ‘equivalent blockage’ term for roughness overlaying porous walls,
possibly a function of the characteristic length scale of the roughness (i.e. k;,) and the
blockage of the porous substrate ks, . When two substrates have an approximately matched
permeability, then the additional blockage effect can be approximated by kg, /ks, ~
ksp, /ksp. Case PRI has five matched Regx with case P. As the k; for these surfaces are
known from fitting AU™ (§ 2.4), the additional blockage is approximated by ks, /ks, ~
2.25. This is interpreted as the rough wall R1 increases the total blockage effect by
approximately 2.25 times from that of the porous wall.

At this point, the empirical formulation of ks, is unknown. Let the porous wall remain
unchanged and the overlaying roughness effect be represented solely by the rough-wall
characteristic length scale k;, :

ks, = kg, Cks,, (3.2)
where C is a constant. For an approximately matched Reg,

kq
Cr P (3.3)
ks, ks,
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We obtain C = 0.17 £ 5 % for case PR1 (range of C is estimated based on differences in
matched Reg), and further test this formulation for the second roughness PR2. Here, there
are four matched Reg cases (within 10 % difference, table 1). The total blockage effect
increases by approximately 2.5 times from the porous wall (figure 3e), consistent with
the increasing Cr of case R2 from that of R1 (figure 3a). The constant C appears to be
similar to that obtained from R1, C = 0.15 £ 10 % (based on matched Reg differences).
This suggests that the formulation has the potential to be applicable across different cases
and is not dependent on the type of roughness.

3.2. Equivalent homogeneous roughness

A recent study by Hutchins ef al. (2023) suggested that in the fully rough regime, the
drag coefficient Cp of a rough plate of length L is well-described by the power law, Cp
(ks/L)". Further, for a heterogeneous rough wall (i.e. a rough wall constructed from various
patches of homogeneous roughness of roughness length scale kg, covering an area A;), the
equivalent homogeneous roughness length k,p, can be defined as

kopr = |:Z .Xl:k?iAi:| where A = ZAi. (3.4)
=

i=1

In the present study, the drag penalty from all test surfaces can be represented by the
logarithmic shift AU (figure 3b), suggesting the possibility of characterising permeable
walls with the same framework used for rough-wall TBLs. Thus, we might consider
porous—rough walls as simply a combination of two ‘homogeneous roughnesses’ of the
same coverage area overlaying each other. This also assumes that the two different
roughness are ‘sparse’ and the superposition does not lead to new physical mechanisms
that alter the momentum deficit. In this scenario, (3.4) is reduced to

ks, = [K) + K5 117 3.5)

For case PR1, n is obtained by solving (3.5) with the known k; for each PR1, P and R1,
resulting in n = 1.42. The same approach is applied to case PR2, resulting in n = 1.54,
which is relatively consistent with that obtained from case PR1.

It is still unknown, at this point, what the empirical formulation for the roughness effect
is. Present results suggest that it is possibly in terms of an additional logarithmic shift
similar to (1.6). Further, it is still unclear what the empirical relation with the characteristic
length scale of roughness (rough wall k) is. For the two methods tested in § 3, it is neither
understood what the physical interpretations of constants C and »n are, nor whether these
constants are universal for various types of rough walls. We are unable to answer these
questions in this study due to the limited number of test surfaces. However, present results
suggest a promising start towards decoupling permeability and roughness effects.

4. Conclusions and future work

We conduct velocity and drag measurements of TBLs developing over various
porous—rough wall combinations, with the roughness effect systematically varied while
maintaining the permeability effect. Measurements are conducted at relatively high
Reynolds numbers(14 400 < Re; < 33 100), with a set of matched Re; (within 10 %)
and Reg (13 < Rex < 27.5) of each porous—rough combinations. Present results suggest
that the increase in drag over porous, rough, and porous—rough walls is characterised
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by a downward shift in the logarithmic region AU from that of smooth wall TBLs
and that the mean flow follows outer-layer similarity for cases examined at these high
Reynolds numbers (with substantial scale separation). Further analysis shows that AU™
from these surfaces can be characterised by the roughness length scale ks, suggesting the
possibility of characterising porous walls with the same framework used for rough-wall
TBLs. Following the hypothesis of Esteban et al. (2022) and the surfaces tested in the
present study, it is viable that for a porous-rough wall, permeability and roughness
effects are represented by Reg and an equivalent blockage function, respectively, with
the equivalent blockage consisting of the blockage effect from the porous substrate and
additional roughness interface above the porous wall. Present results suggest that the rough
walls increase the blockage of porous—-rough walls by approximately 2.3-2.5 times from
that of the porous wall for both roughnesses tested in this study. We observed that the
additional roughness effect follows Ck;,, where constant C = 0.16 for both rough-wall test
surfaces. Analysis of the same data with the method suggested by Hutchins ef al. (2023)
shows that the effect of porous and rough walls may be decoupled using an area-weighted
power-mean (with n =~ 1.5 for both surfaces) to obtain an equivalent roughness length
for both rough-wall test surfaces. The empirical formulation as well as the physical
interpretation of constants observed in this study requires further data (especially with
walls with a wide range of permeabilities) and should be the focus of future work. This
is perhaps best achieved using numerical simulations where the permeabilities can be
potentially altered by varying the boundary conditions.

Supplementary material. Data published in this article are available on the University of Southampton
repository (DOI: 10.5258/SOTON/D2670).
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