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Abstract

An investigation of surface obstacle geometries for maximizing fluxes over rough

surfaces

by

Simone Houston Stewart

This dissertation presents an experimental investigation of turbulent boundary layer flows

arising over arrays of identical, two-dimensional bluff obstacles, motivated by contempo-

rary engineering and geophysical flow applications. At sufficiently high Reynolds num-

bers, rough-surface boundary layers are primarily parameterized by the geometry of the

individual obstacles, as well as by their spacing s, normalized by the obstacle height k.

When the roughness enhances the turbulent fluxes between the near wall region and the

outer flow, the log-law profile of the mean velocity is shifted closer to the wall. This

shift is empirically determined, and is traditionally encoded by the equivalent sand grain

roughness ks, such that larger values of ks/k represent surfaces that induce greater fluxes,

for a given obstacle height.

Although square bar geometries and their effects on the flow have been studied exten-

sively, arrays consisting of thin, plate-like obstacles have been understudied. For square

bars, it has been demonstrated that, as the spacing decreases below s/k ∼ 7, the flow

enters a different regime with drastically reduced turbulent fluxes, and with values of

ks/k that are over one order of magnitude smaller. However, it is not known whether

plate-like obstacles may delay this transition to smaller spacings, or whether they may

experience a less significant drop in ks/k. This would be highly valuable in applications,

as it would allow obstacles to be more densely packed without sacrificing fluxes between

the obstacles and overlying flow.
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The first part of this dissertation presents a review of the underlying physics for

smooth and rough surfaces before discussing investigations of various roughness geome-

tries, ultimately arguing that plate roughness is understudied. The experimental and

processing methods are then described. Particle-Image Velocimetry in a water channel is

used to obtain time-resolved velocity fields over bar and plate obstacles for 1 ≤ s/k ≤ 10.

It is found that plate obstacles can be packed closer together while still yielding a ks/k

that is one order of magnitude higher than for square bar geometries.
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Chapter 1

Introduction

Rough surface effects on flows have been investigated as early as the 19th century, and

gained notable contributions in 1933 when Nikuradse performed quantitative experi-

ments on sand roughened pipes to determine the resulting friction factors for a variety

of Reynolds numbers, in comparison to available smooth pipe data [1]. In this work,

Nikuradse categorized the the flows into three regimes: (1) where the thickness of the

viscous sublayer is greater than the roughness height k, which yields similar energy losses

to a smooth pipe; (2) where the viscous sublayer is approximately k, resulting in an in-

crease in the total energy loss as Reynolds number increases and more of the roughness

is exposed to the flow; and (3) where the roughness elements protrude through the vis-

cous sublayer, resulting in turbulent flow, and the friction factor is independent of the

Reynolds number [1, 2].

Nikuradse used the parameter ks, the absolute or equivalent sand grain roughness,

to define the roughness used in his experiments, and following previous work by his

mentor Prandtl, expressed a universal law of velocity distribution, the log law, based

on ks for roughened pipes [1]. By 1937, when Schlichting conducted studies on various

roughness geometries in pipes, he noted that the single parameter ks was not enough to
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Introduction Chapter 1

define different types of rough surfaces, and that an additional parameter—the roughness

density Λ, was necessary [2]. This roughness density then led to the later categorization

of surface roughness by Perry et al. in 1969, as d-type or k-type surfaces, a topic around

which research continues to be conducted [3].

Rough surfaces in a variety of flow configurations, from pipes to the hulls of ships, have

been studied due to the importance roughness poses in many engineering problems. Early

experiments on pipe roughness attempted to study pressure losses in water conduits, as

well as enhancing heat transfer [4, 5, 6, 7]. One of the most significant research questions,

still being investigated today, revolves around surface roughness effects on drag. At the

end of Schlichting’s 1937 work in pipes, the author cites the fouling of ship hulls as a

relevant use of the experiments, as accumulated debris on the bottom of a ship can result

in increased drag [2]. In more recent years, methods to reduce the outcomes of this

effect—also called biofouling—continues to be an active area of interest in the ecological

and biological fluids communities [8, 9, 10, 11]. Similarly in this context, using roughness

effects such as “riblets” in turbulent flows to reduce drag across surfaces has become a

widely studied field with mechanical applications for planes and ships [12, 13, 14, 15].

The fact that the fundamental fluid mechanics of rough surface studies are applicable

to so many different fields of interest also invites investigations of different scales. Geo-

physical flows are often studied in the context of rough surfaces, including atmospheric

flows like those over forests or wind farms [16, 17, 4, 18, 19, 20]. In the application

of wind farms and other energy architecture, such as direct air carbon capture (DAC),

the discussion surrounding rough surface obstacle geometry and arrangement becomes

particularly pertinent, as both the costs of materials and land can be affected by specific

geometries and spacings.

As is the case with most investigations in fluid mechanics, that the methods with

which these phenomena are studied can typically be divided into two categories: simu-

2
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lations and experiments, each not without their own limitations. With the rise of more

powerful computing, simulations of rough surfaces in turbulent flow are becoming more

common—the bulk of which are made up largely of Large Eddy Simulations (LES) and

Direct Numerical Simulations (DNS). The accuracy of both types of simulations is of-

ten defined by the fineness of the mesh employed and is therefore limited mostly by

the near wall regions when trying to resolve the flow in the roughness sublayer due to

computational expense [21, 22, 23]. Simulations are often compared to or modeled off

of experiments, and show reasonable agreement. Due to the ease with which certain

parameters can be achieved, like the friction velocity uτ , turbulence intensities especially

in the near wall region, and contribution of shear stress to both form and skin friction

drag, many studies opt to use simulations to investigate rough surface flows [24, 22, 23].

Simulations, while not the method used in this study and therefore not the main focus

of this dissertation, are discussed throughout.

Experiments on rough surfaces have varied greatly in technique since the early in-

vestigations of Hagen, Darcy, Nikuradse and Schlitchting, the latter two who are well

known for characterizing rough surface flows with the equivalent sand grain roughness

ks and roughness density Λ using sand grains and a variety of brass geometries inside

pipes [1, 2]. Most modern roughness experiments take place in a towing tank, channel,

or wind tunnel where the rough surfaces are secured to a solid base or a drag balance

which directly measures the form drag across the surface. Pressure taps have also been

used for this purpose [3]. Researchers have most commonly used hot wire anemometry,

laser doppler anemometry (LDA), or particle image velocimetry (PIV) to achieve mea-

surements of the flow field [25, 26, 27, 28, 29]. Experiments which seek to present more

qualitative data typically use dyes as flow tracers to produce images of flow visualization,

often to accompany quantitative results [30, 25, 31].

While many rough surface geometries have been investigated over time, including

3
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semi-spheres, cones, cubes, and bars, there is a limited amount of investigations centered

around thin plate geometry, despite the geometry’s potential to be useful in a variety

of engineering applications. Several investigations employing simulations have been con-

ducted for plate geometries, each with their own limitations. Reynolds Averaged Navier

Stokes (RANS) simulations relied on the combination of simplified turbulence models

and empericial coefficients, which fail to capture the true behavior of flows around plate

geometry, while DNS employed techniques such as the minimal span channel to navigate

around the limits of traditional DNS grid densities [32, 33, 34]. Experiments conducted

with plate geometry mostly take place in confined channels where the height of the ob-

stacle is a substantial portion of the channel height [35, 30, 36]. When this is the case,

it is unclear whether the described behavior is a result of the plate geometry or the high

blockage ratio. Less confined flows have been studied, though these still took place in

a channel [2, 5]. Ultimately, unconfined boundary layer flows around plate geometries

have not been thoroughly studied, and therefore prove to be a particularly interesting

entry point for investigating turbulent flows over roughness, and is therefore the subject

of this dissertation.

In addition to a broad overview of the underlying physics of smooth and rough sur-

faces, as well as how rough surfaces can be categorized, a qualitative summary of com-

monly measured geometries is given in Chapter 2, further bolstering the argument that

unconfined plate geometry lacks thorough investigation. As such, this geometry is the

focal point of this dissertation. Both qualitative and quantitative experiments were con-

ducted to compare the well studied behavior of square bar geometry to that of plates,

and details of the the experimental set-up, including the structure of the surfaces and

imaging procedures used for both flow visualization and PIV. are provided in Chapter 3.

This chapter also discusses the procedures used to achieve the wall shear and ks values for

each surface so that they may be compared to those previously discussed in the literature
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review. The results of these experiments are presented in Chapter 4, while a discussion

of the resulting analysis and recommendations for future work and applications are made

in Chapter 5.
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Chapter 2

Literature Review

This chapter first establishes the fundamental physics of turbulent flows and then seeks

to give an overview of the information available to date about rough surface flows, the

majority of which have been conducted for square bar geometry in both the d-type and

k-type regime. Through this literature review, it is revealed that there is a substantial

lack of available information on plate geometry in unconfined flows, thus establishing an

entry point for the present study.

2.1 Underlying physics of turbulent boundary layer

flows

2.1.1 Smooth surfaces

Substantial attention in the research community has been given to turbulent flows

over smooth plates, as it makes the most sense to first establish a clear understanding

of the flow physics over a smooth plate before introducing roughness elements. Relevant

scaling parameters vary in influence with respect to distance from the wall. Near the
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wall, important scaling parameters include the friction velocity, defined as uτ = (τ/ρ)1/2

where τ is the tangential wall stress and ρ is the density of fluid. From these parameters

the viscous length scale, also known as wall units ν/uτ , is defined, where ν is kinematic

viscosity. This scaling, which is used to normalize flow parameters, is indicated with a

superscript + [37, 38].

The flow can be categorized into different regions starting at the near wall and moving

outward. Below y+ . 5, where viscosity dominates, is categorized as the viscous sublayer.

The buffer region, ranging from about 10 6 y+ 6 100 is defined by longitudinal streaks,

responsible for transferring momentum from the near wall region to the outer layer [25].

Moving vertically, away from the the wall into the outer region, the thickness of the

boundary layer δ becomes the limiting parameter, and the Reynolds number based on the

bulk flow velocity is written as Reb = U∞δ/ν, where U∞ is the free stream velocity. The

Reynolds number based on friction velocity, can be written as δ+ = Reτ = δuτ/ν. The

viscous sublayer is defined by u+ = y+, but the region above this which is independent

of Re and where viscous effects are negligible, is the logarithmic portion of the mean

velocity profile. This region is defined by the the log law, also known as the law of the

wall,

U+ =
1

κ
ln(y+) + A (2.1)

where the value κ ≈ 0.41 is the von Kármán constant, and the parameter A ≈ 5.1 for

a smooth wall is a value determined by the no-slip condition on the wall [37]. Moving

vertically from the wall beyond the viscous sublayer and buffer region, is the outer wake

region, where the mean velocity distribution deviates from the logarithmic profile and is

thus modeled by incorporating an additional wake function into the log law [37].

Generally the flow can be divided into two regions: the inner layer and outer layer.

Turbulent energy is transported from the wall through eddies resulting from the breakup

7
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of small scale turbulent streaks in the near wall region [25]. This continuous ejection of

fluid from the wall allows for turbulent energy to diffuse into the outer region of the flow.

Then streaks of high momentum fluid in the outer region in turn supply energy to the

wall layers [25].

Townsend’s self similarity hypothesis, also known as the “wall similarity hypothesis”

implies that in a self preserving boundary layer, the flow just outside of the viscous

sublayer is universal, and therefore the same behavior applies to both smooth and rough

flows, which includes the logarithmic region (law of the wall) and the velocity defect law

in the outer region [39]. The relation of the roughness dimension to the boundary layer

height is the governing factor for determining the effect of the roughness on the rest of

the flow. This will be further discussed in Section 2.1.2.

2.1.2 Rough Surfaces

Integral to the characterization of rough surfaces is the parameter k, the roughness

height. In a rough surface flow, the ratio between the boundary layer thickness δ and

roughness height determines if the logarithmic layer survives [37].

If k is too large, it will not only disrupt the viscous sublayer, but the effects of

roughness can be felt across the whole flow [37]. The regions of this flow are detailed

in Figure 2.1, though it should be noted that the vertical direction is not to scale. The

2004 literature review by Jimenez determined that for δ/k < 50− 100 the effects of the

roughness can penetrate into the outer flow, as direct effects of roughness extend 2− 3k

beyond the roughness itself, though some studies argue this region could extend up to as

far as 5k [37, 39].

In this intermediate region directly above the roughness, also called the roughness

sublayer, the specific effects of roughness depend mainly on the geometric characteristics
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roughness 
sublayer

outer
region 

Flow
log 

region

 
"wake"
region

inner 
region

(y > 2-3k,
y/δ < 0.3 )

(2-3k)

(y/δ = 0.3)

(y=δ)

boundary layer

 roughness
height

(k)

(y/δ = 0.1)

(y/δ > 0.3)

overlap 
region

(y/δ > 0.1)

(y/δ < 0.1)

(y+>  50)

Figure 2.1: Regions of rough wall turbulent boundary layer. Note: Vertical direction
is not to scale.

of the roughness itself [40]. Here the Townsend similarity hypothesis previously men-

tioned in Section 2.1.1 is brought into question. We will see in subsequent sections that

the validity of this hypothesis is also dependent on the type of flow being investigated.

During his 1933 experiments on sand grain roughness in pipes, Nikuradse found that

the logarithmic velocity distribution for the mean profile could also be applied to rough

walls, implying the universality of the log law [1]. The resulting relationship, shown

by Equation 2.2, established the parameter ks, also known as the equivalent sand grain

roughness,

U+ =
1

κ
ln

(
y

ks

)
+ 8.5. (2.2)

In their review of hydraulic roughness scales, Flack and Schultz noted that the pa-

rameter ks is not one that can be assigned a priori and therefore must be empirically

determined through the roughness function ∆U+, which represents the downward dis-

placement measuring the difference between the smooth wall and rough wall profiles [41],
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U+ =
1

κ
ln
(
y+
)

+B + ∆U+. (2.3)

For k+ > 50, the roughness function depends on the roughness parameter k+. The

term ks derived from the roughness function, and its wall normalized version k+s , is useful

in the determination of the drag across the surface and correlating roughness effects

between of various types of roughness or across different types of flows [25]. In 1937,

Schlichting determined that the effective roughness ks alone was not enough to describe

the resistance of a flow, but that the roughness density Λ, or the number of individual

roughness elements per unit of area, was also necessary [2]. From this determination

regarding roughness density, two types of flow categorizations arose: d-type and k-type.

D-type roughness

Schlichting found that for spheres, when the packing got closer, the obstacles were

less effective in creating resistance in the flow [2]. In fact, the closest packing of spheres

resulted in a lower resistance than the equivalent sand grain roughness [2]. Prior to Perry

et al. in 1969, d-type roughness was only explored in pipes where the pipe diameter d

was the governing parameter, hence the name [3]. In the flows described by Perry et

al., the near wall velocity distribution was logarithmic but the roughness effect was a

function of d, meaning that the outer flow behavior dominated by length scale d, also

penetrated into the logarithmic region [3]. D-type roughness is characterized by close

packing of roughness elements, which results in the formation of a stable vortex in the

gaps between roughness obstacles, as shown in Figures 2.2 and 2.3.

The presence of these stable vortices and the reattachment of the shear layer from

the top of one obstacle to the next produces a “skimming flow” over the top of the

roughness. This flow, also frequently referred to as “mutual sheltering”, is independent

10
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k

k

p

Flow

Figure 2.2: Two-dimensional illustration of
d-type roughness.

y

xz

Flow

Figure 2.3: Three-dimensional illustration
of d-type roughness.

of k, the height of the obstacles, and eddy ejection to the outer flow is negligible. The

vortices are sustained by the shear stress at the upper edges of the obstacles [25].

For established flows over square roughness elements, the d-type regime occurs for

p/k < 8, where p is the spacing from the leading edge of one obstacle to the subsequent

leading edge. The vortex behavior within the gaps between obstacles varies from flows

at p/k ≈ 2 where the main vortex is stable and two smaller counter-rotating vortices

form in the corners made by the obstacles and the bottom wall, to less stable stretched

vortices at p/k ≈ 4, where flow separation begins to occur at the leading edge of the

obstacle [25].

In these flows, the smaller corner vortices also become larger and a tertiary vortex

develops in the rear corner of the leading obstacle [25]. Whether categorized as “skim-

ming flow” (p/k ≈ 2) with well defined streaks above the obstacles serving as the main

mechanism for turbulence distribution, or “wake interference flow” (p/k ≈ 4), or some-

thing behaving in between, d-type roughness always sees a shear layer reattachment.

This behavior will be further discussed in upcoming sections.

K-type roughness

K-type roughness is defined as such by Perry et al. due to the ejection of eddies

on the scale of k from the gaps between obstacles [3]. Despite the fact that increased

turbulence due to the ejection of eddies can augment momentum exchange between the

11
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k
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p

Flow

Figure 2.4: Two-dimensional illustration of
k-type roughness.

Flow

y

xz

Figure 2.5: Three-dimensional illustration
of k-type roughness.

near wall region and the flow above it, k-type roughness in the outer region far from the

flow still follows the velocity defect law, which means that the effects of the roughness

must wear off in the flow at some distance far from the wall [3, 21].

For k-type roughness, like that depicted in Figures 2.4 and 2.5, the distance between

the obstacles is too great for the shear layer to reattach from one obstacle to the subse-

quent element, which often leads to a reattachment at the bottom of the wall between

obstacles or a free shear layer. The vortices which form in these regions are unstable,

leading to stronger and more frequent shedding into the shear flow above the obstacles

[21]. Due to this interaction, the relationship between the obstacles and inner region

largely depends on the roughness geometry. The overall drag across the surface is also

higher than for d-type roughness. For square-section obstacles this behavior has been

established to occur for p/k ≥ 8. There is a threshold spacing beyond which the drag is

no longer maximized and declines, since the immediate flow does not see the subsequent

obstacle and behaves as if the obstacle was a singular disturbance. These k-type flows

are considered “isolated roughness” [25].

Above p/k ≥ 48, the behavior of the flow is independent of upstream or downstream

effects [25]. In the fully developed regime, the streak patterns found on smooth walls and

in the d-type regime are not observed due to the turbulent mixing in the region directly

above the obstacle [25]. The behavior of this regime is independent of Reynolds number.

This behavior will be further discussed in upcoming sections.
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2.2 Square bar geometry

This section analyzes previous studies involving square bars, grouped by the type of

flow, either channel flow or boundary layer. Within the channel flow grouping, studies

are categorized as either being asymmetrically roughened, where only one rough surface

was utilized, or symmetrically roughened, where both the top and bottom of the channel

were covered with roughness.

The ratio of ks/k can be utilized to describe the resistance created by a particular

rough geometry and its relationship to roughness density or solidity Λ, determined by

Schlichting [2]. Jimenez described the two regimes governed by solidity: one where the

effect of roughness increased with the solidity, which described the ejection of eddies as

the elements become more spaced out from each other, and the other regime where the

effect of roughness decreased with solidity due to the sheltering caused by the roughness

elements being packed so closely together [37]. This parameter will be used to describe

the following studies.

2.2.1 Channel flow

Asymmetrically roughened channel

The channel flows discussed in this section are categorized as asymmetrically rough-

ened, where a plate consisting of square bar geometry is adhered to one side of the

channel, while the other side is smooth, as depicted in Figure 2.6.

The Large Eddy Simulations (LES) conducted by [21] and the Direct Numerical Sim-

ulations (DNS) conducted by [24] and [23] employed periodic boundary conditions in the

streamwise and spanwise direction as well as a constant pressure gradient. Burattini et

al. also conducted experiments in a wind tunnel with brass bars to compare to simulation

results [23]. Reynolds numbers for the flows varied from Reb = 2800− 12, 000 for DNS,

13
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Reb = 3600−13, 000 for experiments, and Reb = 10, 000 for LES. Since these are channel

flows, the Reynolds numbers are based off of h, the channel half height. A wide variety

of p/k were tested, ranging between 2 ≤ p/k ≤ 20.

In Figure 2.7, the parameter ks/k is plotted for each investigation. Each study clearly

classifies the behavior of the flow as either d-type or k-type based on the value of p/k.

It is important to note that in these flows, the roughness height k makes up a significant

portion of the channel half height (0.1-0.2h), which is several times larger than the block-

age limit prescribed in [37], above which the outer layer effects become highly dependent

on geometry.

y

xz

Flow

channel 
half height

h

Figure 2.6: Three-dimensional illustration of an asymmetrically roughened channel.

Leonardi et al. found shear layer reattachment for values up to p/k ≤ 5 [24]. Cui

et al. described this behavior as the flow near the wall “skimming” over the shear layer

with a recirculating vortex isolated from the flow in between the obstacles [21]. In this

regime the mean flow was similar to the mean flow of a smooth wall though the profile

was slightly asymmetric [21, 23]. This relationship implies that, much like for a smooth

surface, there was very little interaction between the roughness sublayer and the outer

flow. This was reflected in the parallel nature of the mean streamlines in the near wall
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region [24]. The mean velocity profiles of experiments and simulations were in good

agreement.

The turbulent intensity of d-type roughness was similar to that of a smooth surface in

magnitude, which is to be expected, though the peaks of intensity were shifted vertically

by a distance k due to the presence of the roughness [21, 23]. Although all flows exhibited

the expected downward shift of the roughness function in the velocity profile, the value

∆U+ was smallest for d-type roughness. In this regime both friction and pressure drag

were significant components of the overall resistance of the surface, and d-type roughness

exhibited more drag overall than a smooth surface, with pressure drag dominating [21].

 
  

2 4 6 8 10 12 14 16 18 20
p/k

10-1

100

101

k s/k

Cui et al. (2003)
Leonardi et al. (2003)
Burattini et al. (2008)

Figure 2.7: Summary of published results for ks/k versus spacing for an asymmetri-
cally roughened channel.

Cui et al. also investigated what is referred to as an “intermediate” region at p/k = 4

where the mean flow was disturbed by the roughness more so than for p/k < 4, but the
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shear layer still remained attached between roughness obstacles. In this regime the con-

fined vortex expanded and the maximum velocity in the mean flow shifted towards the

upper wall [21]. “Intermediate” roughness exhibited slightly higher turbulent intensities

than roughness below p/k = 4, and the locations of the maximum turbulent intensi-

ties were more similar to those associated with k-type roughness, pointing toward some

interaction with the outer layer [21].

The k-type regime was well defined by higher values of ks/k in Figure 2.7 when

p/k ≥ 8, due to shear layer reattachment to the bottom wall rather than the subsequent

obstacle. The ejection of eddies from the spacing between obstacles resulted in a greater

momentum exchange between the roughness and the flow above it, altering the entire

flow [21]. In this regime the maximum velocity was found near the smooth wall [21].

Turbulent intensities for k-type roughness in the cavity were large in the streamwise

direction. This is evidence of the turbulent mixing through which the outer layer flow

penetrates the cavity [21]. The maximum turbulent intensities occurred near the rough

wall due to the larger and more frequent ejection of eddies, though it is not completely

clear if there was a significant dependence on location with respect to the obstacles and

cavity [42, 21]. It should be noted that above a critical value of p/k ∼ 8, the flow pattern

remained significantly unchanged: the flow separated at the top of the obstacle and the

size and strength of the unstable vortices ejected into the flow remained largely the same

[24].

The roughness function was greatest in the k-type regime as expected, but the “in-

termediate” roughness function only differed slightly compared to k-type, which implies

there was an optimal distance where the exchange between the rough surface and and

overlying flow was maximized [21]. For all flows, regardless of experiment or simulation,

k-type roughness resulted in a higher drag than d-type surfaces, which, much like d-type

surfaces, was also largely made up of pressure drag [21, 24, 23]. In some instances the
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drag on the k-type surface was up to four times that of the d-type surface [21].

From these investigations the d-type and k-type regimes can be categorized by their

clear differences in behavior, with the limit for d-type flows existing for p/k < 4. K-type

flow features extend into the outer layer of the flow, but it should again be noted that in

these flows the height of k is a significant portion of the channel half height.

Symmetrically roughened channel

Symmetrically roughened channel flow, where plates with square bar roughness have

been placed on the top and bottom wall of the channel as shown in Figure 2.8, have

also been used to investigate the role of roughness in turbulent boundary layers. This

section explores both experiments and DNS for a variety of Reynolds numbers, though

the references cited herein focus mostly on p/k = 8 where the transition between d-type

and k-type becomes demonstrably clear, as evidenced by the red squares in Figure 2.9

representing symmetrically roughened channel flows up to p/k = 20.

Flow

y

xz

channel 
half height

h

Figure 2.8: Three-dimensional illustration of a symmetrically roughened channel.

Similarly to the asymmetrically roughened channel flows discussed in Section 2.2.1,

the height of the channel in comparison to the roughness height continues to play an im-
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portant role in describing symmetrically roughened flows. In the experiments conducted

by Webb in a pipe and by Bakken et al. in a channel, as well as in the DNS performed

by Ashrafian et al. and Krogstad et al., the height of the square bar roughness on each

side of the channel was under 2% of the total channel height, placing them well within

the limit referenced in Jimenez [6, 39, 43, 44, 37]. Each flow had a constant pressure

gradient in the streamwise direction. For the DNS, periodic boundary conditions were

applied in streamwise and spanwise directions, while no-slip conditions were applied to

all rigid surfaces.

The mean velocity profiles of these flows collapsed with the smooth wall profile in

the outer region of the flow. In the case of Ashrafian et al., the streamlines for the flow

at Reτ = 400 were parallel for the region 3k above the height of the obstacles, which by

most definitions is still within the roughness sublayer (y ≈ 5k) [43]. In this simulation,

categorized as “transitionally rough”, the mean flow never attached to the bottom wall

despite the spacing being p/k = 8. Instead a deformed separation bubble downstream of

each rod was produced, which was the result of lower turbulent intensities and therefore

lower turbulent diffusivity downstream of the element. Ashrafian et al. noted that this

behavior which deviated from typical k-type channel behavior (specifically that discussed

by Leonardi et al. 2003) was due to the significant difference in k+ values between the

two studies [43, 24]. Due to the unstable and elongated nature of the bubble, there was

still momentum exchange with the overlying flow typical of k-type roughness [43]. Each

flow exhibited the characteristic downward shift in ∆U+.

In addition to the mean velocity profiles which were shifted downward in the presence

of roughness, the velocity defect profiles also collapsed in the outer region, indicating

the universality of velocity profiles regardless of surface geometry. The effects of the

roughness were confined to the near wall region for all flows and did not penetrate into

the outer layer, though the effects of the roughness on the sublayer were less pronounced
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Figure 2.9: Summary of published results for ks/k for asymmetrically roughened
(black) and symmetrically roughened (red) channel flows.

for DNS than for experiments [44]. Both Bakken et al. and Krogstad et al. hypothesized

this was due to the fact that the ejections were weaker directly above the roughness due

to low momentum streaks trapped between roughness obstacles [39, 44]. The majority

of the ejections emanating from the roughness were from the separation region which

occurred at the crest of each roughness obstacle [43].

Pressure drag comprised the majority of resistance in these flows, though in the tran-

sitionally rough regime it was unclear whether viscous forces were still important at the

crests of the obstacles [39, 43]. In the outer region, Reynolds stresses were independent

of streamwise location and little variation of second-order turbulence statistics were ob-

served. It is these second-order statistics, which are often the cause of changes in the

outer layer for boundary layer and asymmetrical channel flows [39].
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Symmetrically roughened channel experiments have been performed in the k-type

regime, but unlike the previously discussed asymmetrically roughened flows, these flows

did not exhibit roughness effects in the outer layer. It is possible this difference for

asymmetrically roughened flows was due to the differing drag forces between the rough

and smooth wall, creating asymmetry in the outer layer, or potentially due to the large

roughness height in relation to the height of the channel found in asymmetrically rough-

ened flows [39]. Due to the fact that symmetrically roughened flows proved to have little

to no outer affects, these flows seem to be better candidates for Townsend’s similarity

hypothesis.

2.2.2 Boundary layer flow

There is often contrast between boundary layer and channel flow studies, since in

boundary layer flow the limiting parameter is the height of the boundary layer δ, which

is free to expand downstream. This expansion and associated entrainment produces a

strong wake region, which grows due to the influence of shear stress, and therefore due

to the presence of roughness [39]. Due to the varying results of numerous boundary layer

investigations, it is unclear whether or not the roughness affects the outer layer of the

flow. Boundary layer studies are particularly important to understand, as geophysical

flows and other flows interesting to engineering practices tend to be boundary layer

flows. For the purpose of this review, seven different experimental studies on rough wall

turbulent boundary layers for 1.6 ≤ p/k ≤ 16 across a range of Reτ = 500 − 4000 were

considered. These Reynolds numbers are defined using δ, the height of the boundary

layer. The parameter ks/k is plotted against the spacing in Figure 2.10. It should be

noted here that the results from Bandyopadhyay are not presented in the plot, as ks/k

could not be determined.
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Figure 2.10: Summary of published results for ks/k versus spacing for boundary layer flows.

D-type

Boundary layer flows can also be categorized into d-type and k-type behavior based

on the spacing p/k. D-type flows ranged from those of Bandyopadhyay at p/k = 1.6 to

Betterman’s experiments at p/k = 4.21 [45, 46]. It should be noted that some investiga-

tions, like those of Bandyopadhyay and Keirsbulck et al., categorize the roughness they

investigate as “k-type” for p/k > 1, but for the purpose of this review, these surfaces fit

into the d-type regime since p/k ≤ 4 [45, 27].

The experiments summarized in this section were conducted in either a wind tunnel

or water channel at various free stream velocities U∞, with a streamwise zero pressure

gradient. The surfaces of all the experiments were machined out of various materials

such as copper [46], plexiglass [25], and aluminum [45]. Each setup included a wire trip
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upstream of the surface to ensure a turbulent boundary layer.

The consensus across the d-type investigations by Bandyopadhyay, Keirsbulck et al.,

Liu et al., and Bettermann was that the magnitude of the roughness effects on the

flow was greatest in the near wall region [45, 27, 25, 46]. Liu et al. and Keirsbulck et al.

confirmed in their experiments that the behavior of the d-type flow was the same as what

was exhibited in channel flows, where depending on the spacing of obstacles within the

d-type regime, a large vortex or stretched unstable vortex formed between the obstacles,

caused by shear layer reattachment [25, 27]. This reattachment was maintained by the

sweeping motion of high momentum fluid from the mean flow above the obstacles, which

supplied energy at the wall layers [25]. Keirsbulck et al. reported that these sweep events

dominated the turbulent transport compared to ejection or “bursting” events from the

wall [27].

Bandyopadhyay reported that drag in the flow was reduced by lowering the p/k,

resulting in closely packed roughness obstacles [45]. This claim was in line with the

initial findings of Schlichting, as well as the results of Keirsbulck et al. and Liu et al.,

since the turbulent production and diffusion in the flow was largely due to sweeping

events rather than ejection [2, 27, 25]. All rough surface flows saw good agreement

with smooth wall experiments in the case of mean profiles and velocity defects, with

the canonical appearance of the roughness function ∆U+, which was proof of universal

behavior regardless of roughness type. Liu et al. reported that the roughness function

increased with p/k up to a certain threshold where it reached its maximum and then

declined [25].

In the near wall region, the presence of roughness was important to the flow char-

acteristics, particularly the dominant mechanism of turbulent transport and dissipation.

Smooth walls were characterized by ejection events, while sweep events were typical of

d-type roughness. Despite the differing mechanisms for turbulence transport in the flow
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between a smooth and d-type rough surface within the roughness sublayer, the outer

region remained largely unaffected by the presence of d-type roughness in a boundary

layer flow.

K-type

The experiments in this regime range from those conducted by Volino, Flack, and

Schultz in 2009 and 2011 and Djenidi et al. all at p/k = 8—to experiments conducted

by Djenidi et al. at p/k = 16 [47, 29, 31]. These experiments along with ks/k from Liu

et al. for p/k = 12 are shown in Figure 2.10. All experiments were performed in water

tunnels with a zero streamwise pressure gradient. The transverse bars were all machined

from various materials including acrylic [47, 29] and steel [31]. Each experiment was

performed with a wire trip upstream of the plate to ensure a turbulent boundary layer.

In the experiments, the authors all referenced the Townsend similarity hypothesis

as motivation for the investigations, to see if boundary layer flows showed significant

roughness effects in the outer layer due to altered turbulence production mechanisms

caused by the roughness [31]. The studies found that even for square bar roughness

with significantly different k/δ, outer layer effects persisted in the flow [47, 29]. For the

flows in this section, the k/δ = 0.0062 − 0.1, while the limit given by Jimenez before

the roughness penetrates the roughness sublayer is ≈ 0.025. K-type flow in a boundary

layer is qualitatively similar to that of k-type flow in a channel, where the shear layer

reattaches to the bottom of the wall or does not reattach at all, leading to ejection of

the unstable voritces into the flow. This reattachment began at p/k = 8 and the zones

became more stretched and unstable as p/k increased, until the behavior behind the bar

became independent of the obstacles upstream or downstream at around p/k ≥ 48 [25].

In the regime of p/k = 8, the near wall flow was characterized by unstable quasi-coherent

structures, and when p/k = 12, streaky longitudinal structures were present [31, 25].
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For the experiments of Volino, Schultz, and Flack and Djenidi et al. outer layer

effects were observed due to large “attached” eddies emanating from the wall roughness

[47, 29, 31]. Each experiment resulted in the expected downward shift of the roughness

function ∆U+, which Djenidi et al. found to be at its maximum value for p/k = 8,

while Liu et al. found the maximum value at p/k = 12 [31, 25]. Djenidi et al. claimed

that both drag and ∆U+ depend mainly on p/k and are less sensitive to k/δ [31]. The

square bar experiments conducted by Volino, Schultz, and Flack in 2009 investigated

large bars, where the height of the roughness k penetrated the roughness sublayer. Their

experiments were then repeated in 2011 with k << δ, through which authors concluded

that roughness effects in the outer layer were not just due to the penetration of the

roughness sublayer by the obstacles [47, 29].

The significant contribution of roughness in the outer layer was due to the turbulent

characteristics of the near wall flow. Turbulent intensities appeared in the outer flow,

and Djenidi et al. reported the highest values for p/k = 16 [31]. Volino, Flack and

Schultz hypothesized that the large scale turbulence production was due to the ejection

of attached eddies that extended into the boundary layer. In the case of square bar

roughness, the bar acted almost as a trip to trigger a large disturbance, ejecting the

flow from the roughness sublayer and extending into the boundary layer [47, 29]. In

Volino, Schultz, and Flack’s 2011 investigation, they found that these eruptions from the

roughness sublayer occurred two times as often for small square bars than for cubes and

smooth walls, and up to 6.8 times as often for large square bars [29, 47]. Volino, Schultz,

and Flack noted that these attached eddies extended 40% further into the boundary layer

than the detached eddies produced by smooth surfaces. It is this different mechanism

for turbulence production which is hypothesized to have impacted the outer layer of the

flow, and is dependent upon the type of surface roughness [47].
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2.3 Plate geometry

Although a variety of geometries have been studied, square bar geometries make up

a significant portion of the information published to date. Plate geometries like those

shown in Figure 2.11 and 2.12 are defined by an aspect ratio of d/k, where d is the depth

of the plate and k is the height of the plate. These geometries are much far less frequently

investigated. This section will discuss plate geometry studies and their limitations.

2.3.1 Simulations

A number of simulations have been performed with plate roughness to investigate heat

and momentum transfer. This combination of Reynolds Averaged Navier Stokes (RANS)

simulations and DNS spanned a range of Reynolds numbers, with plate roughness at

varying obstacle height to channel half height k/h, and at a variety of spacings p/k.

It is important to note that simulations employing RANS are not always completely

accurate for turbulent flows, as the solutions to these equations lack a closed form due

to unknown Reynolds stresses [48]. Solving RANS relies on simplified turbulence models

and empirical coefficients, which overall do not explicitly calculate the roughness sublayer

[48, 21]. In the LES performed by Cui et al., authors note that previous reviews of RANS

simulations for surface roughness relied on applying the law of the wall everywhere in

the flow with a specified roughness function based off of empirical data [21]. Ultimately

these studies led to mean velocity profiles which matched experimental data relatively

well, but due to the notable differences in near wall behavior and turbulent kinetic energy

estimates, authors concluded it is not a generally recommended technique [21]. RANS

investigations include those conducted by Yuan for Red = 20, 000 − 70, 000 and Fedele

et al. for Red = 20, 000 − 60, 000, where the Reynolds number is based off of Dh, the

hydraulic diameter [32, 33]. In the case of Yuan’s simulations, the fins were on both
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Figure 2.11: Two-dimensional illustration
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Figure 2.12: Three-dimensional illustration
of plate roughness.

walls with spacing p/k = 5 ∼ 50 and height ratio k/Dh = 0.1− 0.2 [32]. The turbulence

model applied was the K − ε model. Fedele et al. used the sstk − ω turbulence model

to investigate plate roughness on one wall of a channel for height ratios ranging from

k/Dh = 0.02 − 0.06, which may be small enough to retain a log layer, with spacing

ranging from p/k = 2− 20 [33].

Yuan confirmed the appearance of main and minor vortices formed in front of and be-

hind the fin, and concluded that the friction factor was insensitive to changes in Reynolds

number [32]. Fedele et al. observed a break in the viscous sublayer due to the presence of

the roughness and the creation of turbulent eddies starting from the wall and shedding

into the outer layer of the flow due to the flow’s reattachment to the bottom wall [33].

Fedele et al. reported that the maximum effective roughness for the flow occurred at

p/k = 7 for the fins, and that canonical d-type behavior was found at p/k < 4 [33].

MacDonald et al. performed DNS for tall plate geometry with d-type spacing at

Reτ = 395, where Reτ is based off of the channel half height h. These simulations

applied periodic boundary conditions in the streamwise and spanwise direction and the

no slip condition was applied at the impermeable channel walls and the roughness [34].

MacDonald et al. used a minimal span channel as a technique to navigate around the

limitations of DNS grid densities, which restricted the streamwise and spanwise domain

sizes of the channel [34]. Using this technique, MacDonald et al. found that for tall plates
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with deep cavities, the roughness sublayer began 3ks above the crests with a region of

stagnant flow between the bars [34]. This behavior continued as k increased, so authors

concluded that the scale of the roughness sublayer in this instances depended more on w,

the spacing between the bars, and therefore used this parameter to define other elements

of the flow [34].

The authors expanded on the blockage ratio discussion detailed by Jimenez in the

2004 review of square bar roughness, to propose a new recommendation for the separation

scale between the roughness sublayer and the channel half height for plate roughness

[37, 34]. By applying the same approach as Jimenez, where the midpoint of the log layer

was 1
2
0.15h, and given the roughness sublayer, 3ks ≈ 0.63w, must be less than or similar

to the midpoint, MacDonald et al. found the separation scaling recommendation to be

0.63w . 1
2
0.15h or w/h = 1/8.4 [34]. The authors concluded that since plate geometry

flows are better defined by the width between the obstacles rather than the height of the

obstacles that large k/h blockage ratios cannot be used to appropriately define the flow

[34].

The study concluded that the mean velocity results in the near wall region matched

those for conventional channel flow, further proving that the flow mostly depended on

the spacing between bars [34]. For the narrowest gaps between obstacles, the resistance

was a mixture of pressure drag and skin friction, and the authors noted that pressure

drag increased with spacing [34]. The study also showed that there was little momentum

flux through the outer layer and the roughness effects were largely confined to the near

wall [34]. MacDonald et al. asserted that the minimal span channel method of resolving

turbulent flow over roughness was sufficient since an appropriate scaling of the roughness

sublayer and channel half height was determined, and that previous studies showed that

high blockage ratios could still result in outer similarity in d-type flows [34]. This may not

be the case for flows within the regime typically categorized as k-type, and therefore this
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roughness should be further investigated with channel and boundary layer experiments.

2.3.2 Experiments

Highly confined flow

It should be noted that experiments investigating plate geometry often occur in highly

confined channels where the height of the plates is a substantial portion of the channel

half height h. While studies like those mentioned in Section 2.3.1, argue that the outer

layer might not be significant to understanding the effects of plate roughness on the flow,

it remains to be seen in experiments that this is indeed true [34]. Much like for the

square bar geometry, the present study focuses on plate geometry in the regime where

the boundary layer has room to completely develop and the log law can be used to

describe the flow. The following experiments conducted by Braun and Knudsen, Ueda

and Harada, Tindall and Vallis, and Huang et al. are referenced as evidence that plate

roughness has been considered in experiments, but that the confined nature of the channel

should be considered a limitation.

Braun and Knudsen conducted pressure drop measurements in an annular pipe for a

wide range of Reynolds numbers from ReD = 260− 63, 000, with transverse “fin tubes”

made of aluminum washers with copper spacings [35]. Here ReD is based on the equiva-

lent diameter of the pipe. The ratio of the obstacle height to the diameter of the annulus

was in the range D1/D2 = 0.5 − 0.8, which is highly confined. Authors found that in

the turbulent flow regime, the friction factor increased with spacing up to a particular

threshold and then decreased as the spacing continued to increase. The maximum rough-

ness on these surfaces was found at the spacings p/k = 4− 5.5, which would normally be

classified in the transitional regime between d-type and k-type for square bar roughness

[35].
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The experimental work performed by Ueda and Harada documented plate roughness

at a variety of spacings, but here we consider p/k = 2.08, 5, and 8.33. The experiments

were conducted in a wind tunnel, where the fins were mounted on a plate secured to the

bottom of the channel. The obstacle to channel half height ratio for these experiments

was k/h = 0.22− 0.66. Ueda and Harada used flow visualization in a water channel with

aluminum powder to determine the flow patterns for the range of p/k. Similar to square

bar geometries, when plates were placed close together the shear layer reattached from

one obstacle to the next, with vortices developing inside the gap [30]. For small p/k = 0.5,

the flow visualization experiments showed two counter-rotating vortices stacked on top

of one another in the gap between obstacles [30]. As the spacing between obstacles

increased to p/k = 0.8, the flow acted more like a canonical d-type flow around square

bar roughness [30]. At around p/k = 5, the transition between traditional d-type and k-

type roughness was observed for the plate geometry, where one elongated vortex formed

behind the fin. At this spacing between obstacles, the flow did not reattach and any

vorticity in the gaps between fins was able to eject back into the flow [30].

Tindall and Vallis conducted experiments in a water channel with low level turbulence

to study convective mass transfer for the range Reb = 18, 000 − 72, 000, based on the

height of the channel. The experiment consisted of one wall lined with transverse fins

at p/k ≈ 1 and the ratio of obstacle height to channel half height was on the order

of k/h = 1 [36]. Tindall and Vallis observed typical cavity flow behavior between the

fins, with a vortex trapped between the faces of the plates, and found that there was

a gradual decrease in eddy intensity downstream of the leading edge of the plate [36].

They ultimately concluded the highest mass transfer coefficient was due to the impeding

nature of the inner fin wall on the flow [36].

Huang et al. investigated the heat transfer properties of plate geometries for p/k =

2.5− 26 in a closed loop water channel with roughness staggered on the top and bottom
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wall for the range ReD = 4000−20, 000 based on the hydraulic diameter [7]. The ratio of

obstacle height to hydraulic diameter was k/Dh = 0.30 − 1.22 [7]. Using particle image

velocimetry to track the flow through the channel, Huang et al. were able to distinguish

three major types of flow: through flow at p/k = 7.14, where the main flow moved

through the channel without being deflected much by the bars; deflected flow at p/k = 5,

where k/Dh is large and the flow is forced to navigate around the fins; and cell flow at

p/k = 2.5, where the recirculation regions between the fins take up nearly the height of

the channel [7]. Huang et al. concluded that cell flow had the highest turbulent intensity

and vorticity and was able to transport quantities from the wall to the boundary layer,

though this distance is severely limited by the confined nature of the channel flow due to

the staggered bars on both the top and bottom wall [7].

Less confined flow

Regarding plate geometry experiments where the roughness is not highly confined by

the channel, one of the most well documented examples is found in Schlichting’s 1937

experiments, which consisted of a variety of surfaces including “long angles” of several

different dimensions [2]. The long angle experiments were conducted in a fully developed

channel flow, where the obstacle to channel half height ratio was k/h = 0.15. This value

was still small enough to allow for the development of a log law, unlike the previously

discussed plate roughness experiments [2]. Schlichting’s experiments investigated flow

over plates at p/k = 6.6, 12.9, and 18.6. The roughness in these experiments was made

from galvanized sheet iron soldered to the base plate.

Schlichting’s experiments on roughness showed velocity profiles satisfying the log law,

with some scattering in the roughness sublayer due to the influence of the obstacles on

the flow [2]. Schlichting also discussed the influence of roughness obstacle density on

the resistance of the flow, noting that there was a specific spacing at which maximum
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resistance was found, independent of Reynolds number.
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Figure 2.13: Summary of published results for ks/k versus spacing for less confined
plate roughness.

The resistance increased initially as the spacing between obstacles increased, much

like the case for the transition between d-type and k-type obstacles with square geometry.

But at some point, when the spacing between obstacles became too large, the obstacles

were then viewed as individual impediments to the flow rather than a collective, and the

resistance decreased again, similar to what was observed by Braun and Knudsen [2, 35].

Schlichting compared these resistances to those of experiments done in “unconfined” flow,

showing good agreement [2].

The parameter ks/k is plotted with respect to p/k for Schlichting’s experiments in

Figure 2.13. While the maximum ks/k occurs at p/k = 12.9, the results of Schlichting’s

experiments show that for p/k = 6.6 the parameter ks/k = 11.7, which is the highest ks/k
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at that spacing for all geometries considered. The square bar geometries investigated in

Section 2.2 are only starting to transition from d-type to k-type roughness at this value

of p/k, while these experiments show plate geometry might behave as is expected of the

k-type regime at this same spacing. This behavior might imply that a higher ks/k can be

obtained at smaller spacings for plate geometry roughness. Thus, it is worth investigating

plate geometries further in experimental setups where a complete outer layer is able to

form, in order to determine the transition between the d-type and k-type regime.

Also in the regime of less confined flows are the experiments conducted by Savage and

Myers investigating heat and momentum transfer using internal traverse fins in circular

tubes for Reb = 104 − 105. The experiments took place in tubes with an obstacle height

to tube diameter ratio ranging from k/D = 0.041−0.081, the smallest of any experiments

discussed in this section, across spacings p/k = 0.66− 16 [5].

Savage and Myers concluded that pressure drag went to zero and skin friction drag

increased as the spacing between obstacles became smaller [5]. For larger spacings, the

contributions of pressure drag and skin friction varied, while the friction coefficients varied

with the height of the obstacle [5]. The friction coefficient peaked at around p/k = 6.6.

The investigation concluded that, as expected, friction coefficients are independent of

Reynolds numbers for all roughness, wFhich is owed to the dominance of inertial effects

in the system [5].

2.4 Rounded rod geometry

In previous reviews of roughness effects on turbulent boundary layers, many investiga-

tions have grouped rounded rod geometry with square bar geometry. This categorization

leaves little room to investigate the potential differences the blunt or curved geometry

can have on flow parameters. Due to the nature of this review and its focus on two-
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dimensional geometries, it is fitting that rounded rod roughness receive its own section.

The rounded rod experiments discussed in this section were conducted by Krogstad

and Antonia in 1999. The experiments focused on rounded rods with a spacing p/k = 4,

which would be categorized within the traditional d-type regime. The boundary layer

experiments were conducted in a wind tunnel with a zero pressure gradient. Krogstad

and Antonia sought to expand on their previous work from 1992, to explore the effect rod

roughness had on the outer layer of the flow [26]. The investigation reported different

turbulent transport characteristics than for smooth walls, as well as reduced turbulent

energy production, despite the close packing of the rods [26].

The spacing p/k = 4 was chosen based on the mesh wire experiments of Furuya et al.

(1976) because this spacing was found to produce large roughness effects with a higher

wake magnitude than for smooth surfaces [26]. The mean velocity profile showed the

expected downward shift ∆U+ and the velocity defect profile collapsed well with the

smooth wall profile in the outer layer, suggesting that the effects of roughness might be

restricted to the inner layer of the flow [26].

When turbulent characteristics were evaluated, Krogstad and Antonia found that

vertical stresses in the outer layer declined as the wall was approached, evidence that

roughness effects were felt in the outer layer of the flow [26]. The magnitude of Reynolds

stresses were also found to be higher in the outer layer of the flow than for a smooth

wall, ultimately suggesting that the outer flow is sensitive to the wall geometry [26].

The experiments also showed that the mechanisms of turbulent transport away from

the wall also differ based on the geometry of the surface. For this rod roughened surface

Krogstad and Antonia found high speed sweeps dominated the turbulent motion as op-

posed to ejections which were almost non-existent [26]. This pressure drag domination

of surface resistance and turbulent transport mechanisms, resulted in ks/k = 6.06 for the

rods, which was higher than the values found for square bar geometry at the same p/k,
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regardless of channel or boundary layer flow [26].

2.5 Summary

This chapter provided an overview of the flow physics governing turbulent bound-

ary layer flows over smooth and rough surfaces, as well as background information on

previously conducted investigations on three different roughness geometries.

Smooth surfaces in turbulent boundary layer flows set the foundation upon which the

physics of rough surface flows can be described, which is detailed in Section 2.1. The

smooth surface mean velocity profile is defined by the log law or “law of the wall”. For

the outer layer, which deviates from this logarithmic portion, the velocity defect law is

used, and an additional wake function can be incorporated. The flow can generally be

divided into two regions: the inner and outer layers, between which turbulent energy is

transported.

Rough surfaces introduce the parameter k, which is the roughness height of the ob-

stacle. This roughness can effect the flow in the inner and outer regions. The relationship

between the roughness height and the boundary layer height δ or the channel half height

h, is a defining characteristic to determine whether the roughness effects may appear, as

direct effects of the roughness extend 2 − 5k above the roughness obstacles. The rough

surface mean velocity profile is also defined by a logarithmic region with an additional

roughness function ∆U+, which measures the downward shift in the profile. From the

empirically determined value of the roughness function, the effective sand grain rough-

ness k+s can be derived. This value allows the roughness to be related to the drag across

the surface.

Roughness can be split into two different regimes based on the spacing ratio p/k,

where p is the space from the leading edge of one obstacle to the leading edge of the
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subsequent obstacle. These regimes are named d-type and k-type, and both exhibit

different behaviors. D-type roughness is defined by shear layer reattachment from one

obstacle to the subsequent obstacle, forming a stable vortex in the gap between them.

K-type behavior occurs when the shear layer reattaches to the bottom of the wall or

the presence of a free shear layer, resulting in an ejection of unstable vortices from the

gap between obstacles. This review elaborates on the transition between these regimes,

which differs based on the roughness geometry.

Section 2.2 discussed the investigations on square bar geometries, which can be further

categorized as channel or boundary layer flows. Channel flows featured either asymmet-

rically or symmetrically roughened walls. Regardless of the roughened wall type, the

obstacle to channel half height ratio k/h, proved to be a defining factor for whether

the outer layer saw effects due to the presence of roughness. Asymmetrically roughened

walls where the roughness height k was a substantial portion of the channel half height,

showed higher drag for k-type roughness and roughness effects in the outer layer. For

the symmetrically roughened channel flow where the obstacle height k was much smaller

than the channel half height, showed outer layer effects were not present, suggesting the

roughness effects were restricted to the inner layer. For boundary layer flows, the d-type

regime behaved similarly to that of channel flows and turbulent motion was dominated

by sweeping effects with roughness effects felt mostly in the near wall region. In the

k-type regime, outer layer effects persisted, as the turbulent motion was dominated by

ejection of eddies from the near wall into the flow.

Section 2.3 gave an overview of plate geometry roughness, defined by the ratio d/k,

where d is the depth of the obstacle. These investigations were made up of simulations,

both DNS and RANS, as well as experiments–each with their respective limitations.

This section noted that RANS simulations often struggled to explicitly calculate the near

wall behavior for rough surface flows, as these simulations relied on simple turbulence
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models to solve the Reynolds Averaged Navier Stokes equations, which lack a closed

form solution. Plate geometry experiments were largely conducted in highly confined

channels where the obstacle to channel half height ratio k/h was large. The experiments

conducted in a narrow channel, such as those performed by Ueda and Harada, exhibited

a transition region between d-type and k-type behavior with an early transition to stable

k-type behavior at p/k = 5. Confined plate roughness experiments suggested that the

roughness effects experienced in the flow were due to high blockage effects where obstacles

penetrated the inner layer, and the development of the outer layer was restricted by the

top channel wall. The experiments performed by Schlichting in less confined channels

(small k/h) showed evidence of a log law. For the experiments by Schlichting at p/k = 6.6,

the parameter ks/k = 11.7, which was the highest value at that spacing for all geometries

investigated. This implied that where square bar geometry just began to transition from

d-type to k-type, plate geometry may already have been able to achieve k-type behavior.

There remains a substantial dearth of data for plate geometries in boundary layer flows

or flows where the outer layer is allowed to fully develop, which points to an important

entry point of study for rough wall turbulent boundary layer flows.

Finally, Section 2.4 discussed an investigation conducted on rod rounded roughness,

which in past reviews had been lumped with square bar geometries. A boundary layer

study conducted by Krogstad and Antonia at p/k = 4 showed roughness effects in the

outer layer, despite the spacing of the rods having been within the expected d-type regime

for square bars. The parameter ks/k was higher than for square bar geometry at this

spacing, further confirming that roughness categorization has significant implications for

the drag.

Due to the interesting nature of plate geometry flows and the lack of information on

them in boundary layer experiments, the subsequent sections will further investigate this

geometry.
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Experimental set-up and procedure

3.1 Experimental apparatus

3.1.1 Water tunnel

The water tunnel utilized in the present investigation is a flow visualization tunnel by

Engineering Laboratory Design. The tunnel is a closed circuit fiberglass unit consisting of

an acrylic test section, flow section, circulating pump, and variable speed drive assembly.

The water tunnel has flow rate capability less than 0.03 m/s to more than 0.76 m/s,

and is adjusted by regulating the speed of the 1.5 HP AC induction motor, utilizing a

frequency controller. The working fluid for experiments was room temperature water

from the laboratory tap.

Once the tank is filled, the stainless steel 1.5 HP centrifugal pump delivers the water

up through the distribution pipe into the fiberglass inlet plenum. In this chamber, a

plastic honeycomb was added to straighten the flow and is followed by three 60% porosity

stainless steel screens mounted in acrylic frames. Water then flows into the transparent

rectangular acrylic test section with dimensions 15.24 cm x 15.24 cm x 45.72 cm. This
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test section has an acrylic lid which was removed during experimentation. The lower wall

serves as the testing wall where the surfaces were placed. After the flow moves through

the test section, it enters the return plenum and then flows through the return duct,

which has an acrylic face-plate for visibility. The water flows through the return pipe,

where the original tubing including the flow meter valve was replaced with a transparent

pipe.

Measurements were taken at the rear end of the test section, 1-3 obstacles from the

tail end of the surface, in order to ensure a fully developed flow. Since the velocity of the

water tunnel could be varied via the induction motor, a plot of measured flow velocities

was created in order to convert Hertz to meters per second. For each set of experiments,

the velocity of the flow was measured utilizing particle tracking in ImageJ after the data

was taken. The velocities ranged from 0.23− 0.26 m/s for flow visualization images and

0.06 − 0.065 m/s for particle image velocimetry data processing, both of which will be

discussed later in Sections 3.2.1 and 3.2.2 respectively.

3.1.2 Surface geometry

Square bars and plates were created and tested in several iterations in order to find

the optimal design method for experimentation.

Initially the surfaces were designed in Solid Works and then printed using an Object

30 3D printer, which has a 600 dot per inch (dpi) resolution and a ± 200 µm accuracy.

The Objet 30 used Rigur simulated polypropylene SUP705. The base plate upon which

the square bar roughness was mounted had dimensions 0.318 cm x 15 cm x 26.6 cm

(thickness x width x length). The square bar obstacles measured k = 0.169 cm and

spanned the width of the base plate. The base for the plate roughness was printed with

dimensions 1 cm x 15.19 cm x 26.6 cm with a filleted leading edge that measured 2− 3k
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before the leading obstacle and had an 1.1 cm radius. The plate obstacles measured

k = 0.507 cm and thickness d = 0.0845 cm, also spanning the width of the plate. After

the surfaces were printed, they were cleaned of support materials and spray painted

matte black to reduce reflections during experiments. These surfaces were used for flow

visualization and qualitative experimental validation, but the obstacle resolution was not

precise enough to be used in particle image velocimetry (PIV) experiments.

In the second iteration of surface design for PIV, base plates were made of polycar-

bonate with dimensions 0.317 cm x 15.19 cm x 45.72 cm. The base plates were machined

with a filleted leading edge and tapered edge for easy removal. Brass square bar and thin

long angle obstacles both measuring k = 0.48 cm were mounted on top of the base plate,

spanning the width of the base, and secured with epoxy resin. A value important to the

study to consider is the blockage ratio k/h, which for the present study was k/h ≈ 0.03.

The secondary surface in each pair was painted matte black like the flow visualization

surfaces, to prevent laser reflection from interfering with image capture. Experiments

consisted of two base plates fitted with obstacles placed into the tank, one extending

from the inlet plenum into the acrylic test section, and the second flush against the first

spanning the rest of the test section. The use of two plates ensured the flow was tripped

by the leading obstacle on the first plate and was turbulent down stream at the distance

which measurements were taken.

3.2 Imaging procedure

For both of the experimental procedures discussed in this section, the setup of the

apparatus was the same. The 238.4 liter channel was filled with water and seeded with

a mixture of neutrally buoyant plastic particles of diameter 10 µm, Kodak photo-flo to

prevent the particles from sticking together, and water. The seeding solution was created
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with a 10 gram/liter particle concentration. The necessary concentration of particles in

the channel was always less than 1% of the total tunnel volume. For visualizing particle

paths, a less dense seeding solution was necessary than for PIV analysis, in order to

ensure that there were enough particles in each frame to produce long exposure images.

For PIV analysis, dense seeding was utilized to ensure there were enough particles to

perform a three-pass analysis.

The imaging setup for both experimental procedures included a 532 nm pulse-diode

laser by Visible Diode Lasers, set to a constant 5V energy supply. The camera was an

IDS UI-3060CP Rev. 2 machine vision camera with a pixel array of 1936 x 1216 px.

An Edmund Optics VZM 100i zoom macro lens was attached. Both UEye Cockpit and

StreamPix software were used to adjust imaging properties.

3.2.1 Flow visualization

Flow visualization images were taken for two regimes of square bar geometry p/k = 4

and 8, as well as two regimes for plate roughness at p/k = 2 and 4 to better understand

the qualitative structure of the flow. Exposure rates were chosen in StreamPix, both at

6 ms and 25 ms for all surfaces to compare a “short” and “long” exposure respectively.

The camera recorded data at 15 frames per second (fps). For each image, data was taken

for approximately 20 seconds or until there were ∼ 300 frames. The image sequence was

inputted into ImageJ where frames were Z-stacked, or summed in time, to produce a

singular exposure image of the flow for each roughness.

3.2.2 Particle image velocimetry

Particle image velocimetry (PIV) is a technique where seed particles in the flow are

tracked between image pairs in a sequence. By utilizing PIV specific analysis programs,
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parameters of the flow can then be measured from the image pairs. This technique is

useful to deduce velocity fields, Reynolds stresses, and ultimately drag across a rough

surface, which can give more quantitative information about the flow compared to flow

visualization techniques.

The image sequences were taken at a frame rate of 50 fps until ∼ 3600 frames were

taken. The PIV program used in these experiments was the PIVLab Application exten-

sion for MATLAB. Once the sequences were uploaded into PIVLab, a mask was drawn

around the roughness obstacles and applied across the sequence. The analysis utilized

a Fast Fourier Transform (FFT) window deformation algorithm. Analysis consisted of

three passes with window sizes 256, 128, and 64 respectively, with a overlap of 128. In

post processing, the velocity limits were refined and a standard deviation filter and local

median filter were applied.

3.3 Wall shear and ks/k procedure

The procedure utilized herein to compute the wall shear was adapted from the paper

by Kameda et al. which built upon the quantitative studies of square bar roughness

performed by Djenidi et al. in 1999 and Leonardi et al. in 2003 [28, 49, 24]. This

procedure was based off of the establishment of a control volume in the trench between

the roughness obstacles, across which momentum was integrated to achieve the pressure

and viscous (also known as friction) drag coefficients per roughness pitch length. These

coefficients can be summed in order to achieve the local skin friction coefficient. The

equation for the local skin friction coefficient < Cf > per roughness pitch length can be

written as,

< Cf > = 2
τ

ρU2
∞p

= 2
u2τ
U2
∞p

, (3.1)
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where p is the roughness pitch length (= s+ w), illustrated in Figure 3.1, and U∞ is

the free stream velocity. An example of a square bar geometry is illustrated in Figure 3.1,

where the control surface across which the momentum equation is integrated is indicated

by dashed lines. The x-direction is the direction of the flow and the origin of yT marks

the top of the roughness obstacle.

A B

C D

E F

s w

k

x

control surface

y
T

p = s + w

Figure 3.1: Illustration of square bar geometry with control surface indicated by dashed lines.

Utilizing the nodes labeled on the control volume as the limits of integration, the

equations for the pressure drag coefficient < CDP > and viscous drag coefficient < CDV >

are as follows,

< CDP > =

2

U2
∞p

E∫
B

[−UV ] dx+
2

U2
∞p

E∫
B

[−uv] dx +

2

U2
∞p

E∫
B

[
ν
∂U

∂yT

]
dx− 2

U2
∞p

D∫
C

[
ν
∂U

∂yT

]
dx

(3.2)

< CDV > =
2

U2
∞p

B∫
A

[
ν
∂U

∂yT

]
dx+

2

U2
∞p

D∫
C

[
ν
∂U

∂yT

]
dx+

2

U2
∞p

F∫
E

[
ν
∂U

∂yT

]
dx (3.3)
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where yT = 0 is the location of the surface of the roughness.

Kameda et al. used Equations 3.2 and 3.3 to compare the results of their experimental

data to those resulting from the DNS conducted by Leonardi et al., and found qualitative

agreement between the two [28, 24]. The result, as intuitively expected, was that as the

spacing p/k increases, the pressure drag contribution to the wall shear stress increases

[28, 49]. Kameda et al. noted that for p/k > 4, the pressure drag made up almost 100% of

the wall shear stress, with viscous contributions decreasing and ultimately disappearing

[28]. Since the pressure drag contributed the most to the wall shear stress, it is perhaps

useful to be able to estimate the magnitude of the pressure drag coefficient, for which

Kameda et al. provided the following equation,

Dp = O(ρu2`), (3.4)

where ` is the length scale of the separated shear layer. From this equation Kameda

et al. then derived the scaling of the pressure drag coefficient according to Equation 3.4,

resulting in the following,

< CDP > = 2
Dp

ρU2
∞p
∼ 2

ρu2`

ρU2
∞p

= 2
u2

U2
∞

`

k

k

w + b
= 2

u2

U2
∞

`

k

1

p
. (3.5)

Kameda et al. noted that there were two velocity scales which would be appropriate

to utilize in order to find the order of magnitude of the pressure drag coefficient: the

mean velocity of the separated free shear layer given the dynamic pressure, which authors

referred to as US, or the turbulent intensity (urms)S at yT |max as the scale of fluctuation

pressure [28]. Ultimately Kameda et al. concluded that the velocity field of the turbulent

intensity was suitable to use when scaling the pressure drag [28].

In addition to achieving the order of magnitude of the pressure drag coefficient, the
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local skin coefficient < Cf > can be found by summing Equations 3.2 and 3.3. This

means < Cf > can be written as,

< Cf > =< CDP > + < CDV > =

2

U2
∞p

 E∫
B

[−UV ] dx+

E∫
B

[−uv] dx+

E∫
B

[
ν
∂U

∂yT

]
−

D∫
C

[
ν
∂U

∂yT

] dx +

2

U2
∞p

 B∫
A

[
ν
∂U

∂yT

]
dx+

D∫
C

[
ν
∂U

∂yT

]
dx+

F∫
E

[
ν
∂U

∂yT

] dx.

(3.6)

Referencing Equation 3.1 for the local skin friction coefficient, we can now write write

Equation 3.6 as,

2
u2τ
U2
∞p

=

2

U2
∞p

 E∫
B

[−UV ] dx+

E∫
B

[−uv] dx+

E∫
B

[
ν
∂U

∂yT

]
−

D∫
C

[
ν
∂U

∂yT

] dx +

2

U2
∞p

 B∫
A

[
ν
∂U

∂yT

]
dx+

D∫
C

[
ν
∂U

∂yT

]
dx+

F∫
E

[
ν
∂U

∂yT

] dx.

(3.7)

Once the equation is simplified, it is possible to achieve an expression for uτ . With

knowledge of a local uτ , we can now solve the Nikuradse log law from Equation 2.2, which

can be written explicitly to show uτ ,

U

uτ
=

1

κ
ln

(
y

ks

)
+ 8.5 (3.8)

where U is the average velocity. By fitting the experimental PIV data using Equation

3.8, the value of ks, and therefore ks/k can be determined for each surface.
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When fitting the log law, an origin for y must be determined, as the surface roughness

itself displaces the flow upward [38, 4]. Typically this value, also known as the virtual

origin d0, is determined empirically to obtain the best log law fit, but in the investigation

of roughness conducted by Raupach et al. in 1999, the authors specify that d0 is the

mean height of momentum absorption of the surface, and as such, must be constrained

by 0 < d0 < k [38]. It can therefore be found by calculating the centroid of the drag

profile in the roughness [38]. As the resistance for rough surfaces, even at small s/k is still

dominated by pressure drag due to the pressure difference across the cavity, d0 = k
2

for

the present study. To ensure that the virtual origin selected for the present study not only

maximized the quality of the fit, but was also reasonable, the d0 normalized by obstacle

height k for the present square bar geometry data was compared to the frequently cited

square bar data of Leonardi et al. [24]. This will be discussed in the following chapter.
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Results

4.1 Flow visualization

Flow visualization experiments were conducted utilizing the experimental parameters

discussed in Chapter 3 to qualitatively demonstrate the flow around square geometry for

p/k = 4 and 8 and plate geometry at p/k = 2 and 4.

4.1.1 Square bar geometry

To demonstrate proof of concept using the experimental setup, flow visualization

was practiced first on square geometry d-type (p/k = 4) and k-type surfaces (p/k = 8).

Figures 4.1 and 4.2 show the expected d-type square bar behavior, with clear recirculation

regions developing between the obstacles and a shear layer reattaching from the top of

one obstacle to the subsequent obstacle. As discussed in the literature review conducted

in Chapter 2, this reattachment of the shear layer prevents the ejection of attached eddies

into bulk flow.

Similarly to the d-type square roughness, the k-type roughness experiments reflected

the expected results according to the literature. As shown by Figures 4.3 and 4.4, there
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Figure 4.1: Short exposure (6ms)
image of d-type roughness.

Figure 4.2: Long exposure (25ms)
image of d-type roughness.

Figure 4.3: Short exposure (6ms)
image of k-type roughness.

Figure 4.4: Long exposure (25ms)
image of k-type roughness.

is no reattachment of the shear layer between obstacles and the flow is free to eject itself

from the cavity between the obstacles into the bulk flow. From the visualization images

it is unclear how far the attached eddies propagate into the bulk flow, but this will be

discussed in later sections.

These qualitative experiments showed good agreement with both theory and past

investigations of traditional square bar surfaces, thus confirming that the experimental

setup was sufficient for investigating flows around plate geometries.

4.1.2 Plate geometry

Due to the dearth of information on plate geometries in flows that are not highly

confined, the present experimental setup was used to qualitatively demonstrate the flow

around plate obstacles. Two spacings were chosen for the plate geometries, one at p/k = 4
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Figure 4.5: Long exposure (25ms)
image of cavity between plate
roughness spaced p/k = 4.

Figure 4.6: Long exposure (25ms)
image of single plate obstacle
spaced p/k = 4.

and one at p/k = 2.

Due to the well documented d-type behavior of square bar geometry at p/k = 4, this

spacing was chosen for plate geometry visualization so as to establish the threshold for

d-type and k-type behavior for plate geometries. The behavior shown in Figure 4.5 show

that there is no reattachment of the shear layer from one plate obstacle to the subsequent

obstacle, and therefore the attached eddies are ejected from the cavity into the bulk flow.

In Figure 4.6, flows are shown on both sides of one obstacle and while some evidence of

vorticity is found, the plate geometry demonstrates a substantial difference compared to

that of square bar behavior at the same spacing. This change in behavior despite similar

flow conditions is demonstrative of the effect of geometry on flow separation for bluff

body obstacles.

Since the p/k = 4 spacing produced behavior typical of the k-type regime for square

geometry, there must also be a threshold spacing at which typical d-type behavior occurs,

so p/k = 2 spacing was chosen for the second surface. Figure 4.7 shows the recirculation

region between two plate obstacles, indicative of traditional square bar d-type behavior,

and shear layer reattachment at the top of the obstacles with the bulk flow moving

undisturbed above the cavity. In Figure 4.8, a single obstacle is observed with vorticies

developing in the cavity on either side. From this qualitative analysis, it becomes clear
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Figure 4.7: Long exposure (25ms)
image of cavity between plate
roughness spaced p/k = 2.

Figure 4.8: Long exposure (25ms)
image of single plate obstacle
spaced p/k = 2.

that the behavior typical of the d-type regime for square geometry is found at a spacing

p/k = 2 for plates.

This is particularly interesting, as it would imply that plate geometry can be packed

closer together than square bar geometry and still exhibit an ejection of eddies at p/k = 4,

while a new threshold for recirculating behavior is set at p/k = 2. Further quantitative

analysis on these plate geometry surfaces will be discussed in the following section.

4.2 Particle image velocimetry

4.2.1 Comparison of square bar geometry to established base-

line

To establish a frame of reference for the accuracy of the experimental setup and

procedure for deriving values from the PIV data, present square bar results for ks/k at

s/k = 1 − 10 were compared to the oft cited data recorded by Leonardi et al. in 2003

[24]. Leonardi et al. conducted DNS in a channel for a range of spacings, and were able

to directly measure the skin friction, estimate the friction velocity on the surface, and

compute ∆U+ to achieve ks/k [24]. In order to ensure that despite the differing methods

49



Results Chapter 4

0 1 2 3 4 5 6 7 8 9 10 11
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Square bars, Leonardi et al. (2003)

Square bars, present results

Figure 4.9: Plot of d0 values normalized by obstacle height k for present square bar
data and square bars from Leonardi et al. [24].

that the value of ks was accurate, the virtual origin d0 for the log law fit was calculated

for the present experiments and also compared to those of [24] at a range of spacings

s/k, where s is the length of the cavity between obstacles. This plot is found in Figure

4.9, where the virtual origin for the present data agrees well with the [24] data at various

spacings. With confidence that the virtual origin selected for the present data was a

good fit, this origin was applied to the fit for plate geometry as well, and compared to

the present square bar geometry in Figure 4.10.

The collapse of the present data and that of [24] for the fitting of the log law, provides

confidence that the ks values obtained from the present study are accurate. A plot of the

logarithmic scale of ks/k against spacings s/k are shown in Figure 4.11. The plot shows

good agreement between the present boundary layer experiments where k/h ≈ 0.03

and the DNS performed by [24] where k/h ≈ 0.02, despite the differing methods of

investigation and procedures to achieve ks/k.

Since the d-type and k-type regimes for square bars have been well established in not

only previous literature, but also by the flow visualization method detailed in Chapter 3,
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Figure 4.10: Plot of d0 values normalized by obstacle height k for present square bar
and plate data.

it is also worth noting that measurements of stresses in each regime reflect behavior that

is to be expected. This is demonstrated in the plots in Figures 4.12 and 4.13 for s/k = 3

and 6 respectively, where the horizontal dashed line marks the top edge of the obstacle.
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101

Square bars, Leonardi et al. (2003)

Square bars, present results

Figure 4.11: Plot of s/k versus ks/k for square bar obstacles. Filled squares are data
from Leonardi et al. 2003 [24].

At s/k = 3, traditional d-type behavior is evidenced by the Reynolds stresses in

the first plot of Figure 4.12 going to zero moving away from the surface in the vertical

direction. Reynolds stresses are a measure of the turbulent fluctuations in the flow. For
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the companion plot of s/k = 6 in Figure 4.13, these intensities continue to be strong even

away from the wall, which is to be expected for k-type geometries due to the increase in

turbulent intensities. In the middle plot of Figures 4.12 and 4.13, the viscous shear stress

peaks at the top of the obstacle, which follows the literature, as this is the region where

the flow skims the top edge of the bar and the shear layer has ample space to reattach.

For the k-type surface though, the magnitude of this stress is smaller than that of the

d-type surface, as the shear stresses are weaker due to the ejection of eddies from the

surface.
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Figure 4.12: Plots of stresses for square bars at s/k = 3.

Figures 4.14 and 4.15 which plot U+ against the vertical direction y+, offset by the

virtual origin d0, demonstrate the good agreement between the experimental data at both

regimes with the log law, for at least some portion of the region that would be classified

as the roughness sublayer (y ∼ 3 − 5k). In the log law fit employed, the value κ = 0.4.

In comparing the two figures, the canonical downward shift of the log law is visible for
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Figure 4.13: Plots of stresses for square bars at s/k = 6.

both regimes.

The set of contour plots depicting the horizontal velocity U+ and vertical velocity V +

in Figures 4.16 through 4.19, show the good agreement between the behavior of square

bars in the present experiments and the literature. For the d-type regime for s/k = 3

in Figures 4.16 and 4.17, there is some magnitude of velocity in the cavity between the

obstacles, as expected for a regime in which recirculation regions develop. In the k-type

regime for s/k = 6 in Figures 4.18 and 4.19 the magnitude of horizontal velocity is much

lower in the cavity, while the vertical velocity is stronger due to the ejection of eddies

stemming from the lack of shear layer reattachment.

Additional contour plots of the Reynolds stress and voriticity in Figures 4.20 through

4.23 demonstrate behavior expected in each regime. As the Reynolds stresses are a

measure of the turbulent intensity in the flow it is to be expected that the k-type regime

at s/k = 6 would exihibit larger intensities that move further into the flow, as well as
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Figure 4.14: Plot of U+ versus y+ for square bars at s/k = 3.
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Figure 4.15: Plot of U+ versus y+ for square bars at s/k = 6.
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vorticity, which is a measure of the local rotation of the flow. For the d-type regime in

Figure 4.21 the rotation of the flow is especially strong in the cavity between obstacles,

which matches the behavior shown in the literature for square bars.
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Figure 4.16: Contour plot of U+

for square bars at s/k=3.
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Figure 4.17: Contour plot of V +

for square bars at s/k=3.
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Figure 4.18: Contour plot of U+

for square bars at s/k=6.
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Figure 4.19: Contour plot of V +

for square bars at s/k=6.

For the quantitative analysis of square bar geometry, the results including the agree-

ment of values for the virtual origin d0 as well as those for ks/k with previous data from

DNS studies provided confidence that the present study was robust, especially due to

the fact that the investigative method and computational method for calculating ks were

different between the present study and that of the data [24].

In addition to the agreement with the specific study, plots of the Reynolds stresses,

viscous shear stresses, and mean advection agree with the behavior established in the

literature which was discussed in Chapter 2, including the collapse with the log law.

Additional contour plots of horizontal and vertical velocities, as well as Reynolds stresses
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Figure 4.20: Contour plot of
Reynolds stress for square bars at
s/k=3.
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Figure 4.21: Contour plot of vor-
ticity for square bars at s/k=3.
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Figure 4.22: Contour plot of
Reynolds stress for square bars at
s/k=6.
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Figure 4.23: Contour plot of vor-
ticity for square bars at s/k=6.

and vorticity provide further evidence of the behavior expected for square bars in the

d-type and k-type regimes. This behavior will serve as an important reference point for

the behavior of plates at different spacings, that will be discussed in the following section.

56



Results Chapter 4

4.2.2 In comparison to plate geometry

With knowledge that the present experimental and procedural method to achieve ks/k

was validated by its agreement with the data from Leonardi et al., as well as the PIV

data’s agreement with the log law in the expected vertical locations, experiments with

plate surfaces were conducted, with spacings also ranging from s/k = 1 − 10 [24]. The

plate geometry experiments were conducted at various values of k+, shown in Figure 4.24,

and were similar to those of the square bar geometry at each spacing. The respective
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Figure 4.24: Plot of k+ values at each spacing for present square bar and plate geom-
etry data.

ks/k of plate geometries were plotted against those of bars in Figure 4.25, and show that

the behavior of plates can be divided into two regions: (1) s/k ≤ 4 where the plates

produce a larger ks/k than the bars, and (2) s/k ≥ 4 where the plate data begins to

collapse with the bar data, signifying a behavior divide not unlike the traditional d-type

and k-type behavior of square bars. The region of s/k ≤ 4 is particularly worth noting

as it shows evidence of the high momentum transfer from the surface to the overlying

flow, which was indicated initially in the flow visualization for plates. What is perhaps

even more noteworthy about this flow regime is the significant difference in ks/k between
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bars and plates at the same spacing. This demonstrates that plates can be packed closer

together without compromising ks/k, due to the flow separation around this particular

geometry.
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Figure 4.25: Plot of s/k versus ks/k for present square bar and plate geometry data.

Similarly to the bars, stresses were calculated from the plate PIV data across the

investigated range of spacings, two of which are shown in Figures 4.26 and 4.27, with

the horizontal dashed line marking the top edge of the plate obstacle. In comparing

the left most plot of the Reynolds stress for each spacing, the plate obstacles at s/k = 3

clearly yield higher turbulent intensities near the surface and moving vertically away from

the surface, which is evidence of the fluctuations demonstrated in the flow visualization

images. These Reynolds stresses are not only greater than those of the plate geometry

at s/k = 6, but also compared to the square bars at the same spacing, despite the fact

that this spacing is well within the d-type regime for bars. At this spacing, recirculation

regions develop, but there is still a greater ejection of these vortices into the flow than

for bars at this same spacing. Noting the middle plot for each spacing, the viscous shear

stress is also smaller for plates across the top of the obstacle than for the bars, as there

is less surface area to which the shear layer can reattach.
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Figure 4.26: Plots of stresses for plates at s/k = 3.

Much like the U+ versus y+ plots for the bars, the plots shown in Figures 4.28 and

4.29 demonstrate the agreement of the experiments with the log law in the roughness

sublayer. The log law shifts downward as a function of the roughness, as expected, and

much like with the bars, the log law starts further from the surface for higher values of

s/k.

As was the case for the quantitative analysis on the square bars, Figures 4.30 to

4.33 are contour plots of the horizontal and vertical velocities for two plate geometry

regimes, s/k = 3 and 6. The results shown in these figures are in line with those of the

other figures, demonstrating that closely packed plates have higher momentum fluxes

than bars. Figure 4.31 demonstrates the magnitude of vertical fluxes in the cavity as

compared to the mostly negative vertical velocity in Figure 4.33.

Additional contour plots for the Reynolds stresses and voritcity are shown in Figures
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Figure 4.27: Plots of stresses for plates at s/k = 6.

4.34 to 4.37. Again, these figures of the turbulent intensities and magnitude of rotation

in the flow, respectively, further the argument that closely packed plates exhibit higher

fluxes than plates spread further apart (> s/k = 4) and square bars of both regimes.

Figure 4.34 especially demonstrates the high magnitude of turbulent intensities above the

cavity between plates spaced s/k = 3, compared to the magnitude of Reynolds stress in

Figure 4.36 for plates spaced s/k = 6. It is worth noting that due to the vortex shedding

from this particular bluff body geometry, closely packed plates are able to demonstrate

high fluxes and turbulent intensities despite having stronger magnitudes of voriticty, as

evidenced by Figure 4.35.

The vortex shedding behavior that occurs behind a bluff body obstacle due to the

flow separation at the edge, results in a skin friction drag largely made up of the pressure

drag component. This phenomenon occurs independent of Reynolds number, at large

Re, which means that the geometry and spacing based behavior presented in this section
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Figure 4.28: Plot of U+ versus y+ for plates at s/k = 3.
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Figure 4.29: Plot of U+ versus y+ for plates at s/k = 6.
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Figure 4.30: Contour plot of U+

for plates at s/k=3.
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Figure 4.31: Contour plot of V +

for plates at s/k=3.
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Figure 4.32: Contour plot of U+

for plates at s/k=6.
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Figure 4.33: Contour plot of V +

for plates at s/k=6.

should hold under other experimental parameters including increased Reynolds numbers.

The experiments herein demonstrate that the flow separation and resultant vortex shed-

ding on bluff body obstacles is largely dependent upon the geometry of the obstacle, as

plate geometries are able to produce strong vorticies that transport momentum from the

near wall region into the flow, when the boundary layer is given room to freely develop.

The results presented herein of the plate data are the first of their kind reported

for unconfined plate geometry. Good confidence was established by the experiments

also conducted on square bars, their comparison to data established on square bars by

[24], and the agreement of both datasets with the log law behavior typically attributed

to rough surfaces. Overall, due to the small surface area of the top edge of the plate
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Figure 4.34: Contour plot of
Reynolds stress for plates at
s/k=3.
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Figure 4.35: Contour plot of vor-
ticity for plates at s/k=3.
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Figure 4.36: Contour plot of
Reynolds stress for plates at
s/k=6.
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Figure 4.37: Contour plot of vor-
ticity for plates at s/k=6.

geometry which leaves little room for shear layer reattachment, as well as the specific

vortex shedding behavior plates exhibit, the thin-plate geometry can be packed closer

together while still yielding a ks/k that is one order of magnitude higher than for square

bar geometries.

This new information about plate geometries, not only serves as an addition to the

body of knowledge regarding rough surface geometries and their effects on the flow,

but specifically due to the unconfined nature of these experiments, has potential to

impact many engineering applications for roughness in geophysical flows, where space

optimization is of great interest.
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Conclusion

5.1 Discussion of results

Rough surfaces in turbulent flow have been explored through experiments and simu-

lations for a variety of roughness geometries, measured with height k, and spacing p/k or

s/k, in an attempt to better understand the effects of roughness on the flow and how far

these effects extend beyond the near wall region. The behavior of these flows is modeled

by the log law and its roughness variation, allowing the sand grain roughness ks to be

determined. This parameter serves as a measure for understanding the drag across a

rough surface, as well as a universal parameter that can be used to characterize a rough

surface irrespective of its obstacle geometry. Square bar obstacles have been thoroughly

investigated, and exhibit behavior which can simply be divided into two regimes based

on the density of roughness obstacles: d-type and k-type.

The present work has categorized square bar investigations based on the type of

flow: channel (symmetrically and asymmetrically roughened) or boundary layer and

discussed their resulting ks/k for a range of spacings. In rough flows, the blockage ratio

becomes an important parameter, as this ratio between the obstacle height k and the
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channel half height h is often a predictor for roughness effects found in the outer region

of flow. For asymmetrically roughened channels, k-type flows were more likely to exhibit

roughness effects far from the wall due to attached eddies ejecting from the near wall

region and being carried by turbulent transport to the outer region and the same was

true in boundary layer flows, even when the blockage ratio was well below the prescribed

limit.

Unlike square bar geometry, plate geometry has not been widely investigated, save for

some simulations and experiments conducted in channels ranging from confined to highly

confined. The limited information available on the effects of plate geometry on turbulent

flows point to the fact that this geometry could potentially yield a higher ks/k value than

square bars at the same s/k, which the present work sought to investigate further due to

the potential relevance of the geometry in geophysical engineering applications.

Both square bar and plate geometries spanning s/k = 1 − 10 were designed and

produced for flow visualization and particle image velocimetry experiments to investigate

the effect of these obstacles on turbulent boundary layer flows. Flow visualization results

for square bars agreed with the qualitative behavior described in the literature, with clear

distinctions between d-type and k-type regimes. Plate geometries were then investigated

and qualitative analysis revealed that recirculation behavior typical of the d-type regime

occurred at a p/k = 2 for plates, compared to p/k = 4 for square bars, indicating that

plate geometry may be able to sustain flux exchange between the cavities and overlying

flow at smaller distances, allowing for closer packing. Particle image velocimetry was

used to confirm this, first by establishing that ks/k could be achieved successfully for

square bar geometry.

Utilizing a control volume technique to calculate the momentum exchange from the

cavity and overlying flow, the friction velocity uτ was found and the Nikuradse log law

was fitted to the data to find ks. This technique proved successful when the ks/k values
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were compared to previously published data from DNS at the same s/k. Not only were

the ks/k values in line with the established results, but plots of the average velocities and

Reynolds stresses matched the expected outcomes at specific spacings, ensuring that the

experimental method and analyzes were robust.

When the same experiments were conducted and processed using plate geometry, the

resulting plots for ks/k quantitatively distinguished two regimes: s/k ≤ 4 where the plate

geometry produced a higher drag than the square bars, and s/k ≥ 4 where the values

for ks/k begin to collapse and plateau. The difference in drag between the two surfaces

is a result of the vortex shedding behind the obstacle caused by flow separation at the

obstacle’s edge. Since the aspect ratio for the plates was significantly smaller than that of

the square bars, the vortex shedding behavior at smaller s/k results in different turbulent

mechanisms, transporting the flow to the outer region. This behavior as a result of the

bluff body geometry is also Reynolds independent.

The present work established a robust baseline for ks/k for plate geometry, which

prior to the work did not exist in addition to demonstrating the regime at which s/k

results in significant increases to drag for plate geometry.

5.2 Future directions and potential applications

As is the case with square bar geometry, one of the most interesting features of the

plate roughness behavior is the regime shift around s/k = 4 where the differences in ks/k

for square bars and plates stops being significantly different. Suggestions for future work

include further experiments around the spacing s/k = 4 to attempt to approach and

image the transition between regimes. Near this transition point, intermittent switching

behavior should occur, like that found in pipe flow as the Reynolds number is increased.

Using the same experimental setup and PIV techniques, the amount of time the flow
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spends in one regime versus the other could be investigated and the ks/k could be calcu-

lated for each instance. Evidence of the alternating behavior would appear in the change

in ks/k as the spacing between obstacles is very gradually altered. Conducting these

experiments would also continue to add to the limited body of work on plate geometry,

especially if experiments are conducted for a variety of Reynolds numbers.

Perhaps one of the most interesting and timely applications for plate geometry studies

in turbulent boundary layers is that of direct air capture (DAC), which is a net emissions

technology (NET) which filters carbon dioxide (CO2) out of the atmosphere by taking

in ambient air and using chemical processes to separate the CO2. These DACs, while

still in prototype phase and only having been launched in preliminary test stages, are

designed to be scaled up to produce arrays on the order of kilometers. The arrangement

of an array of DACs is similar to the spacing of square bar obstacles on a rough surface,

and the technology will be most successful if the flux exchange between the air in cavities

between DACs and the atmosphere above the array is maximized, so as to draw in the

most CO2 possible.

In addition to the efficiency of the technology itself, low land and material costs are

integral to the success of DACs as a net emissions technology [50]. Therefore it is a

worthwhile to investigate how changing the aspect ratio of current DAC technology to

be more like plate roughness could benefit not only a reduction in material costs, but

also less land usage due to close packing, without sacrificing fluxes.
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