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ABSTRACT 

High-resolution particle velocimetry (PIV) measurements 
were conducted to explore turbulent flow overlying idealized 
permeable walls. The measurements successfully captured the 
overlying flow as well as the flow within the pore spaces with the 
specific goal of investigating the flow interactions across the 
permeable interface. A refractive-index matching (RIM) 
technique was employed to gain full optical access to the near-
wall and subsurface flow and a number of idealized wall models 
were fabricated by casting acrylic. The permeable walls consisted 
of two and five layers of cubically packed uniform spheres 
(d=25.4mm), which provided 48% of porosity. In addition, an 
impermeable rough wall with identical topography was 
considered as a baseline of comparison in order to explore the 
structural modifications imposed by the permeability in the near-
wall region. First- and second-order velocity statistics at two 
specific locations provided a quantitative assessment of such 
modifications of the local flow. A double-averaging approached 
(Nikora et al., 2007) allowed investigation of the global 
representation of the flow and to assess conventional scaling 
parameters. 

 
 

INTRODUCTION 
Turbulent flow overlying permeable walls is encountered in a 

wealth of environmentally- and industrially-relevant systems 
across seemingly disparate fields of science and engineering. 
Particularly in natural systems, permeable interfaces are 
ubiquitous across a broad range of scales (Ghisalberti, 2009), 
spanning from small-scale biological interfaces (Khakpour and 
Vafai, 2008) to large-scale geophysical systems such as alluvial 
river beds (Best, 2005, Blois et al., 2012) and aquatic and 
atmospheric canopies (Raupach et al., 1996, Nepf, 2012) in which 
turbulence is actively involved in morphodynamic as well as 
environmental processes. However, despite the critical 
technological and social implications of these flows and decades 

of research focused on developing representative theoretical and 
numerical models, the physics of permeable-wall turbulence 
remains poorly understood.  

A wall-bounded turbulent flow system that includes a 
permeable wall can be subdivided into two distinct flow regions, 
separated by a porous interface. The first is the surface (or free) 
flow, which overlies the interface. The second is the subsurface 
(or pore) flow, which occurs through the permeable wall. While 
the near-wall surface flow can be turbulent, deep within the 
subsurface, the flow tends to be laminar and can be described by 
Darcy’s law (a balance of viscous and pressure forces). A region 
must exist between these two extremes where the flow undergoes 
a transition from turbulent to laminar across the permeable 
interface. This region, termed the “transitional layer,” is marked 
by significant momentum and energy exchange and is the focus 
of increasing scientific interest. While the near-wall surface flow 
is similar to that of a boundary layer overlying an impermeable 
surface, wall permeability introduces new characteristic scales 
and complex flow mechanisms promoted by the slip and 
penetration conditions at the permeable interface.  

Alluvial river beds, which are the inspiring systems of this 
work, can be modeled as permeable walls with a rough interface. 
Due to the presence of significant subsurface flow through the 
uncohesive grains (hyporheic zone), the near-bed flow is 
conceptually different from the canonical notion of flow over an 
impermeable rough wall. The near-bed hyporheic flow is driven 
by the interplay between the roughness (i.e. grains at the bed 
interface protruding into the free flow) and the permeability 
(interstitial fluid-filled spaces in the porous structure). The 
current effort explores the differences in turbulent flow overlying 
an idealized highly permeable rough wall which mimics a coarse-
grained river bed and an impermeable wall of identical 
topography. 

Wall permeability drastically enhances the friction factor at 
the permeable interface compared to flow over impermeable 
surfaces. Zagni and Smith (1976) performed pitot-tube 
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measurements in an open channel flow over a permeable wall 
constructed of spheres. They reported that the friction factor (f) 
over the permeable wall was higher than that produced by an 
impermeable wall of identical topography. A similar effect was 
also reported by Kong and Schetz (1982) and Zippe and Graf 
(1983). This increase in f is likely associated with the enhanced 
energy dissipation across the permeable interface owing to 
momentum exchange between the pore flow and the free flow. 
More recently,  several investigations demonstrated that the 
increment of the friction factor is accompanied by modifications 
of the near-interface flow structure.  The degree of wall porosity 
and the wall thickness are key parameters in controlling such 
modifications as they alter the intensity of the interactions 
(Breugem et al., 2006, Suga et al., 2010, Manes et al., 2011). 
Breugem et al. (2006) performed direct numerical simulations 
(DNS) of turbulent channel flow with varying permeability. In 
their approach, they were able to control the interface 
characteristics (i.e. topography). Using numerical artifacts, they 
maintained smooth-wall conditions in order to avoid unwanted 
roughness effects and noted the disappearance of quasi-
streamwise near-wall streaks when the wall porosity was high 
(φ=95%). Despite the technical challenges in replicating this 
observation experimentally, Suga et al. (2010) and Manes et al. 
(2011) performed measurements of flow over a layer of foam. 
Their results corroborated the notion that wall permeability 
induces structural modifications of the turbulent boundary layer. 
Such modifications include the shape of the velocity profiles as 
well as the statistical distribution of turbulent events. 

One of the most controversial aspects of the flow over 
permeable walls is the existence of Townsend’s hypothesis of 
outer-layer similarity (Townsend, 1980) in the free flow. For 
example, Breugem et al. (2006) reported that such a condition 
was not achieved in their simulations, owing to the weakened 
wall blocking effect of the permeable wall with the highest 
porosity. On the other hand, more recent laser Doppler 
anemometry (LDA) measurements in an open channel flow with 
a foam type porous bed (Manes et al., 2011) showed self-
similarity in the outer layer for both the mean and turbulence 
intensity profiles. Manes et al. (2011) attributed the occurrence of 
this outer-layer similarity to the relatively higher Reynolds 

number (Re) of their experiments coupled with the much higher 
ratio between shear penetration depth and the boundary layer 
thickness as compared to that of Breugem et al. (2006).  

Exploring turbulent flow above and within a porous bed is 
challenging both numerically and experimentally. One of the 
major experimental challenges is that physical and optical access 
to the pore space is almost always limited. Optical diagnostic 
methods such as particle image velocimetry (PIV) could be used 
in combination with transparent porous walls; however, optical 
aberrations due to light refraction at the solid-fluid interface 
introduce unacceptable measurement bias. To overcome these 
challenges, a technique known as refractive index matching 
(RIM) was employed in the current investigation. Accurate index 
matching between the working fluid and the transparent 
permeable wall model allowed unaberrated optical access to both 
the near-wall flow and the flow within the porous subsurface.  

The goal of the current study is to experimentally explore the 
role of permeability in the surface-subsurface turbulent 
interaction across the interface of a packed bed. For this purpose, 
two individual questions were set to systemically fulfill the 
investigation: 1) How does wall permeability impact the surface 
flow and modify the overlyinfg boundary layer? And 2) How do 
the surface and subsurface flows interact across the wall 
interface? In answering these questions, it is necessary to examine 
the geometrical aspects of the packed bed that can play a role into 

Figure 1. Schematic representation of wall models 

Figure 2. Schematic illustration of (a) PIV experimental setup, (b) two spanwise measurement locations, and (c) the length scales 
associated with the virtual origin offset (dashed-line) 
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the interface dynamics. Wall models considered herein are an 
impermeable smooth wall, an impermeable rough wall, and 2- 
and 5-layer permeable rough walls, with the surface topography 
of the later three being identical (see Fig. 1). These wall models 
allow the effect of wall permeability as well as the wall thickness 
to be highlighted in the current experiments.  

 
 
METHOD 

All experiments were performed in the RIM flow facility at 
the University of Notre Dame (Blois et al., 2012) as illustrated in 
Error! Reference source not found.(a). The test section is 2.5m 
long and has a cross-sectional area of 0.11m (width) by 0.22 m 
(height). For each experiment, a wall model with uniform 
characteristics was fixed at the bottom of the test section over its 
entire length. The cross section of the free flow was kept constant 
(0.11 by 0.11m) by arranging the top side of the wall (i.e. wall 
interface) at the same elevation for all cases.  

All wall models were cast using an acrylic resin (RI = 1.498 
at 25°C). The basic geometrical element of the idealized wall was 
a sphere (25.4 mm diameter). In constructing the wall models, 
three main geometrical parameters were considered: i.) wall 
porosity, ii.) wall roughness and iii.) wall thickness. The models 
are schematically presented in Figure 1. Spheres were packed in a 
cubic arrangement and the porosity of all permeable cases was 
48%.  

For the rough-wall cases, the roughness height, k, was 
uniform and equal to the radius of the spheres (k = 12.7 mm). The 
thickness of the boundary layer, δ, was approximately 50 mm. 
This provided, a relatively large roughness height to TBL 
thickness, δ/k ~ 4. While this low-submergence flow condition 
( (2 5)k kδ< < −  by definition of Nikora et al. (2001) ) 
produced a rather low spatial scale separation, it remains relevant 
to a broad range of environmental flow processes. The solid 
phase was rendered invisible by immersing it in an aqueous 
solution of sodium iodide (NaI, RI~1.495 at 25°C) and by fine-
tuning its RI through adjustment of fluid temperature. 

High-resolution 2D PIV measurements in the streamwise–
wall-normal (x–y) plane were performed at two spanwise 
locations (one is along the crest top of the roughness, and the 
other is along the trough between neighboring spheres) as 
depicted in Error! Reference source not found.(b). A double-
averaging method (Nikora et al., 2007) was used to combine these 
two data sets and obtain a global representation of the flow to 
characterize the flow parameters. The experimental parameters 

based on double-averaged flow quantities are summarized in 
Table 1.  

 
 

RESULTS 
The first objective was to estimate the location of the virtual 

origin (or zero-plane displacement, d) and the friction velocity 
(uτ), which are utilized for data normalization and comparison. 
Due to the low-submergence flow condition investigated herein, 
the accuracy of the outer length scale ( ) /y d δ+  is sensitive 
upon the estimation of the virtual origin. Herein, d was estimated 
by best-fitting the logarithmic region of the double-averaged 
velocity profile. For the impermeable rough-wall cases, d is 
located at an elevation of about 0.21k below the crest top. This 
value is consistent with previous studies employing the same 
cubic-packed array of hemispheres (Grass et al., 1991, 
Bomminayuni and Stoesser, 2011). The virtual origin of the 5-
layer permeable rough wall case, instead, resides at 
approximately 0.3k below the crest top, which is lower than that 
of the impermeable rough wall case due to the relaxation of the 
no-penetration boundary condition.  

The turbulent boundary layer thickness, δ was estimated as 
the distance between the virtual origin and the location where the 
double-averaged profile reaches 99% of the free stream (see 
Error! Reference source not found.(c)). The modified Clauser 
chart method was used to estimate uτ (Perry and Li, 1990). A 
validation based on the total stress method was also performed, 
and the difference in the friction velocity between the two 
methods is within 5% for all cases. The roughness sublayer is 
determined following Cheng and Castro (2002), as the elevation 
where the standard deviation of the double averaged Reynolds 
shear stress profile falls below 5%. By this definition, the upper 
boundary of the roughness sublayer is 0.6δ, 0.6δ and 0.2δ for the 
impermeable, 2-layer and 5-layer permeable rough wall cases, 
respectively. 

After estimating the virtual origin, the impact of permeability 
on the near-wall flow is explored by investigating the local flow 
over three wall models with the same topography but different 
permeability (i.g. impermeable, 2-layer, and 5-layer permeable). 
For the sake of clarity, the term ‘local’ flow is used herein to refer 
to a streamwise-averaged flow along a given spanwise position 
(crest or trough). The study of the local flow for the permeable 
wall carries with it a particular importance. While the boundary 
conditions at the crest region are the same as an impermeable 
surface (no slip and no penetration), the trough region has an 
open permeable interface between the surface and subsurface 

Table 1. Experimental parameters based on double-averaged flow quantities 

 k  
 

k +  d  
 e

U  δ  uτ  Reτ  Reθ  Symbol 

 (mm)  (mm) (m/s) (mm) (m/s)    
Smooth    1.02 25.5 0.0360 880 2,730 ✽ 
Impermeable Rough 12.7 382 2.7 0.59 46.6 0.0337 1,430 3,540 ○ 
Permeable Rough (2-layer) 12.7 398 2.7 0.61 47.8 0.0345 1,500 3,600 ◇ 
Permeable Rough (5-layer) 12.7 344 3.8 0.44 56.6 0.0298 1,530 3,340 □ 
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flow region, allowing non-zero vertical flow. Error! Reference 
source not found.(a)-(c) show the local mean velocity profiles 
for three walls: impermeable, 2-, and 5-layer permeable rough. 
For all wall cases, the mismatch between the two local profiles is 
clearly visible, indicating the spanwise heterogeneity of the flow 
induced by the cubic-packed arrangement. The thickness of the 
roughness sublayer can be estimated as the location where the 
convergence of the local profiles occur. Our results suggest that 
the thicker the wall, the thinner the roughness sublayer. The mean 
flow on the crest region for all different walls is independent of 
the permeability and the wall thickness, indicating that the 
thinning of the roughness sublayer is controlled by the surface-
subsurface momentum exchange processes that are concentrated 
at the trough. 

The local near-wall turbulence is also considerably influenced 
by both permeability and wall thickness. The root-mean-sqaure 
(rms) profiles of the local wall-normal velocity fluctuations in 
inner scaling are presented Error! Reference source not 
found.(d)-(f). The impermeable smooth wall case is included for 
comparison. The permeability effect is clearly noted on both the 
crest and trough regions of the 2- and 5-layer cases in the near-
wall region. A significant increase in fluctuations is observed in 
the trough region owing to the open permeable interface along the 
trough side where momentum and scalar exchange occurs. The 
wall thickness also plays a crucial role to modify the near-wall 
turbulence structure. The crest region for the 5-layer case 
undergoes a reduction in stress close to the wall, while the 2-layer 
case behaves in the opposite way showing an increase in stress. 
This opposite behavior for the 2-layer permeable wall is due to 
the fact that the no-penetration boundary condition is not 
sufficiently relaxed as compared to that of 5-layer permeable 
wall. In this regard, the structural behavior of the local wall-
normal fluctuations for the 2-layer permeable wall is more similar 
to the impermeable rough wall showing a strong spatial 

heterogeneity in the near-wall region. The 5-layer case, on the 
other hand, has better flow homogenization close to the wall due 
to the deeper wall thickness, resulting in a thinning of the 
roughness sublayer. For the trough case of the 5-layer permeable 
wall, a strong secondary peak near the wall is observed. Thus, our 
results indicate that the permeable wall with a deeper wall 
thickness induces a more energetic vertical exchange of 
momentum, energy, and scalars through the permeable interface 
as compared to the one with a shallow wall thickness. 

Despite a significant impact of the permeability and the wall 
thickness on the near-wall flow structure, local flow quantities 
(i.e. mean velocity and Reynolds stresses herein) for current wall 
models show a good collapse in the outer region on that of the 
impermeable smooth wall. For instance, the velocity defect form 
for each wall case (not shown herein for brevity) has an excellent 
agreement with the impermeable smooth wall profiles after the 
upper boundary of the roughness sublayer. Furthermore, the local 
wall-normal Reynolds stresses presented in Figure 2(d)-(f) 
display a similar behavior in structure to the impermeable smooth 
wall case in the outer region independent of permeability and wall 
thickness. This similarity is consistently found in other Reynolds 
stress components. These observations are in contradiction with 
the classical notion of outer-layer similarity. As reported by 
Jimenez (2004), a δ/k threshold for the scale separation resulting 
in the wall-similarity is 40 or more, which is much larger than the 
one in the current flow conditions (δ/k~4). However, recent 
studies revealed statistical evidence of wall-similarity both in the 
mean and turbulence structure with various large three-
dimensional roughness with δ/k much lower than 40 (Connelly et 
al., 2006, Singh et al., 2007, Amir and Castro, 2011, 
Bomminayuni and Stoesser, 2011). Moreover, for the flow 
overlying a permeable wall, the presence of wall similarity is also 
reported by Manes et al. (2011). Therefore, we speculate that the 

Figure 2. Local mean velocity profiles of (a) impermeable, (b) 2-layer permeable, and (c) 5-layer permeable rough wall. The rms of 
local wall-normal fluctuations of (d) impermeable, (e) 2-layer permeable, and (f) 5-layer permeable rough wall. The crest case is red, 
and the trough case is blue. The vertical dashed-line represents the upper boundary of the roughness sublayer. 
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Figure 3. Contour map of (a) instantaneous streamwise velocity 
field superimposed with streamlines, (b) the corresponding 
instantaneous streamwise fluctuation field superimposed with 
fluctuation vectors, and (c) conditional average of uj‘ given by 
v‘>0  at the permeable interface. The trough region of the 5-
layer permeable rough wall is considered herein. 

influence of permeability coupled with the surface roughness is 
confined within the roughness sublayer. 

To explore the flow interaction between the surface and 
subsurface flows, the instantaneous streamwise velocity and 
fluctuation fields are examined for the 5-layer permeable rough 
wall at the trough region (see Error! Reference source not 
found.(a) and (b), respectively). Here, the y origin resides at the 
crest top and the y-coordinate is normalized by the roughness 
height, k. The streamlines in Error! Reference source not 
found.(a) show a clear upwelling flow from the pore space into 
the free flow region. This event is associated with low-
momentum fluid (u’<0) above the interface, while high-
momentum fluid is prevalent below the interface. This 
observation indicates that the low-momentum fluid, seen to 
induce a large-scale ejection event, accelerates the pore-space 
flow. These jets of fluid into the surface flow region, cause a 
momentum deficit of the near-wall flow compared to the rough 
impermeable wall case. In contrast, when the down-welling flow 
occurs and turbulence penetrates into the pore space, high- and 
low-momentum fluid are dominant in the surface and subsurface 
flow region, respectively (not shown herein for brevity). Our 
findings suggest that near-interface surface and subsurface flow 
are thus negatively correlated. 

To statistically investigate such flow interactions across the 
wall interface, conditional averaging was carried out using linear 
stochastic estimation (LSE). Error! Reference source not 
found.(c) displays a contour map of the conditional average of uj’ 
given a v’>0 event near the permeable interface (x/k = 6 and 
y/k = -0.75). The contour map shows that the upwelling event 
across the wall interface is statistically consistent with low- and 
high-momentum fluid in the surface and subsurface flow regions, 
respectively. Similarity, the occurrence of down-welling flow 
across the permeable interface comes with the dominance of 
high- and low-momentum fluid in the surface and subsurface 
flow regions, respectively. These statistical observations support 
a previous study (Breugem et al., 2006) which reported a link 
between the penetrating flow across the permeable interface and 
the transporting fluid in the surface flow region with respect to 
the sign of the fluctuationing velocity component. Based on the 
statistical evidence from the current conditional averaging, it can 
be thus inferred that the large-scale structures in the surface flow 
regions modulate the structures in the subsurface pore flow. 

 
 

CONCLUSION 
High-resolution 2D PIV measurements coupled with the RIM 

technique have been conducted for impermeable and permeable 
walls. Using idealized wall models, representing impermeable 
and permeable rough walls with identical topography, the impact 
of the permeability and wall thickness on the flow interaction 
across the permeable interface were investigated.  As expected for 
the cubic-packed arrangement of spheres (hemispheres), spanwise 
heterogeneity was found in the near-wall flow field over both the 
impermeable and permeable walls. Surface roughness seems to 
have a prevailing influence. However, permeability plays a 
crucial role to homogenize the flow, diminishing the spatial 
heterogeneity and thus thinning the extent of the roughness 
sublayer.  

Wall permeability increases the near-wall stress along the 
trough region by allowing mass and momentum exchange across 
the interface. Despite the spatial heterogeneity induced by the 
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surface roughness and wall permeability, the flow over the 
current wall models showed a reasonably good agreement with 
the smooth-wall flow in the outer layer.  Finally, instantaneous 
events of upwelling and down-welling flow across the permeable 
interface were captured, offering insight into the dynamics of the 
flow interaction between the surface and subsurface flows. Our 
data suggest that near-interface surface and subsurface flow are 
negatively correlated. The conditional averaging further confirms 
that low-momentum surface flow is associated with high 
momentum pore flow and upwelling across the interface and vice 
versa.  Thus, it is likely that the free-flow structure actively 
modulates the flow within the pore space in a consistent manner. 
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