Proceedings of ENCIT 2008 12th Brazilian Congress of Thermal Engineering and Sciences
Copyright © 2008 by ABCM November 10-14, 2008, Belo Horizonte, MG

Flow at a separation point over a rough wall
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Abstract. A new data set for turbulent flow over a steep, rough hill is presented. The measurements include detailed
results obtained at the separation point and in the lee of the hill. The experiments are conducted in a water channel for
one particular Reynolds number. The flow conditions and the hill shape are similar to those presented in Loureiro et

al. (Exp. Fluids, 42, 441-457, 2007a) for a smooth surface. As it turns out, the extent of separated flow is observed to
decrease to a shorter length than that recorded by Loureiro et al. (2007a). In all, twelve measuring stations are analyzed
through laser Doppler anemometry. Mean velocity as well as turbulent quantities are presented. To find the wall shear
stress, global optimization algorithms are used. The merit function is defined in terms of a local solution that is shown to

reduce to the classical law of the wall far away from a separation point and to the expression of Stratford at a separation

point. The flow structure at the separation point is particularly discussed.
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1. Introduction

Turbulent separating flow is a research theme of utmost importance. However, the extreme difficulty on the theoretical
treatment of many of its relevant issues means that much still remains to be done. The purpose of this paper is to investigate
turbulent separating flows over rough surfaces. In particular, the paper discusses the structure of the turbulent boundary
layer at a separation point. The solution of Stratford (1959) for the mean velocity profile, the existence of a linear shear
stress region, the validity of the mixing-length hypothesis and the behaviour of the longitudinal third order moment,
for example, are discussed in detail. To the present author’'s knowledge, this is the first time that any such theoretical
discussion is accompanied by strong experimental corroboration.

Indeed, to characterize the sensitivity of separation to wall roughness, one detailed experimental study of separating
flow over a rough, steep hill is presented. The measurements, as originally conducted, include detailed results obtained
at the separation and reattachment points and in the reverse flow region on the lee side of the hill. This is an aspect of
the experimental investigation of flow over hills that has always been known to be deficient. The flow conditions and hill
shape of Loureiro et al. (20@72007) for flow over a smooth surface are here repeated for flow over a rough wall. The
flow Reynolds number is increased ten fold. The separation point is observed to be pushed farther downstream, yielding
a region of reverse flow shorter than that observed for flow over a smooth surface. All experiments were conducted in a
water channel. Measurements were carried out through a two-beam laser Doppler velocimeter to characterize in detail the
regions of attached and reversed flow.

The separation of a flow from a solid wall can be simply explained in terms of the counterplay of the convection and
diffusion of vorticity within the boundary layer. In regions where the flow is strongly retarded, the convective effects
remove vorticity from the boundary at a lower rate than the feeding rate of vorticity from the upstream flow. Therefore,
for the velocity outside the boundary layer to decrease downstream, vorticity must be generated at the wall with the
opposite sense of rotation (negative vorticity). Provided the generation of negative vorticity at the wall is sufficiently large
to overcome the effects of diffusion of positive vorticity towards the wall, a reverse flow region develops over the wall.
This elegant interpretation of flow separation is given by Lighthill (1986).

For turbulent flow, the rates of diffusion increase, implying that much larger adverse pressure gradients can be with-
stood before separation occurs. Increasing the rate of turbulent diffusion by surface roughness is a manner of delaying
or even preventing separation. The qualitative role of wall roughness on flow separation has been abundantly reported in
literature in connection with the so-called drag crisis. Unfortunately, no comprehensive theory — with clear and simple
applicable rules — on rough wall turbulent separation has emerged.

Early experimental studies on wind tunnel flows over rough hills have sought data for locations at or upwind of the
hill top but not in the wake. The main concerns were usually the characterization of flow speedup and the extent of
separated flow. The motivation then was clear, linear theories (see, e.g., Jackson and Hunt 1975; Sykes 1980; Hunt et al.
1988) naturally demanded data on flow over two-dimensional low hills for model validation. Since mean velocity and
turbulence measurements were conducted in wind tunnel facilities using hot- and pulsed-wire anemometers, very often
only qualitative information was given on some characteristics of separated flow. Typical examples are the works of Arya
et al. (1986) and of Britter et al. (1981).

More recently, the modelling emphasis has shifted to numerical schemes that consider the full non-linear time averaged
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equations of motion. The impressive advances in computing power have implied that simulations previously considered
unaffordable have now become routine. Turbulence models ranging from first-order eddy-viscosity through second order
closure schemes have been implemented and tested against a variety of flow conditions (Castro and Apsley 1997; Ying
and Canuto 1997; Hewer 1998; Ross et al. 2004). Even works on much more demanding techniques such as large-eddy
simulations can nowadays be regularly found in the literature (Brown et al. 2001; Allen and Brown 2002; lizuka and
Kondo 2004).

This plethora of numerical data should naturally be accompanied by reference experimental data. Unfortunately, this
is not the case if we consider the separated flow region on the lee of a hill. The existence of regions of reverse flow narrows
down the choice of experimental techniques to those that can discriminate flow direction. Typical choices are then pulsed-
wire anemometry (HWA), laser Doppler anemometry (LDA) and particle image velocimetry (PIV). The works of Kim et
al. (1997) (HWA), of Ishihara et al. (2001) (HWA) and of Ross et al. (2004) (LDA) present wind-tunnel studies on the
flow over steep hills. However, in none of these works values of the friction velocity are given.

The present work, thus, fills this important gap. Reference data are presented to comprehensively characterize the flow
at a separation point. These data is then used to test the classical theories on separating flows.

2. Theoretical background
2.1 Attached and separated flows over smooth walls

For attached flows over smooth surfaces, the asymptotic diagram of the turbulent boundary layer has been shown to
depend on two characteristic length scales: the thickness of the inner, viscous &agidn*(, ux = +/Tw/p) and the
thickness of the outer, defect regia¥).(In fact, the classical two-layered asymptotic theories of Yajnik (1970), Mellor
(1972) and Bush and Fendell (1972) are rendered true provided a small wake velocity deficit occurs. Close to a separation
point, where the wake velocity is large and is identical to zero, a new local scaling velocity needs to be considered.
Goldstein (1948) showed this scaling velocity todg (=((v/p)d.p)'/?) and the local velocity profile to assume a
parabolic shape.

Under large pressure gradients, the velocity profile must be sharply curved at the wall. Since in the immediate vi-
cinity of the wall, the inertial and turbulent terms in the Reynolds averaged Navier-Stokes equations are negligible, the
viscous forces must be comparable with the pressure forces, however sharp the latter might be. Hence, the following local
approximate equation applies

0=—p 0,p+ vd?u. (1)

A double integration gives Goldstein’s solution

w = (20p) "M (Dup)2? + (u2v )z, @

In Loureiro et al. (2007a), Eq. (2) was shown to hold over the entire flow region. In particular, it was usedto find
andod,.p in regions of reversed flow (see, e.g., Fig. 10). Please note tldapas: 0, a linear solution is obtained.

Farther away from the wall, a new distinct region can be identified where the turbulent term gains in importance as
compared to the viscous term. The existence of such region has been thoroughly discussed by Sychev and Sychev (1980),
Durbin and Belcher (1992) and Cruz and Silva Freire (1998). Hence, the local approximate equation reduces to

duw’ = —p~Lo,p. ©))

A first integration gives

—u'w' = (p~'0up)z +ul. “)

Equation (4) provides a second method to findandd, p thorough the direct measurementiéfy’. In particular, in
regions wheré),p — 0, a region of constant'w’ should be identified. At a separation point, wheye= 0, the behaviour
of u/w’ in the fully turbulent region must be linear.

To further integrate Eq. (4) the turbulent term needs to be modelled. Of course, the simplest approach is to consider
the eddy viscosity hypothesis together with the mixing-length model. Then, Eq. (4) can be written as

(32)%(0,u)* = (p~ ' 0up) 2 + 2, (5)
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with sc = 0.4 (von Karman'’s constant).
Two particular cases are admitted by Eq. (5). In regions whgpe— 0, the corresponding solution is the logarithmic
law of the wall (Prandtl’s solution),

w=x'u*lnz+ A (6)

At a separation point{, = 0), the solution becomes (Stratford’s solution (Stratford 1959))

u=23x"Y(p~ta,p)/%2Y? + B. @)

The above equations define a third method to determjrendd, p. Plots ofu against: andz'/2 can be used to find
u, andd,p from the slopes of Egs. (6) and (7) respectively, since, we have seef,4.
The general solution of Eq. (5) has been given in Cruz and Silva Freire (1998), as

w=2x""\/Ay + x u,In ((\/E—u*)/(\/rw—&—u*)) +C, (8)

with A, = p~ 17, + (p710up) 2.

In Loureiro et al. (2007b), Eq. (8) was used as a lower boundary condition in the numerical simulation of separating
flow over a steep, smooth hill. The formulation was shown to perform well in regions of attached and reversed flow. Note
that under the appropriate limit processes, Eq. (8) reduces to Eqgs. (6) and (7). Loureiro et al. (2007b) have also analyzed
in their study the formulations of Mellor (1966) and Nakayama and Koyama (1984).

2.2 Attached and separated flow over rough walls

For flows over fully rough surfaces, the very complex flow patterns that develop around the roughness elements prevent
the lower boundary condition to be specified directly on the contour of the roughness elements. The standard procedure
to avoid this problem is to specify the lower boundary condition at some distance from the wall in a region where the flow
statistics are spatially homogeneous.

Therefore, trivially defined parameters for flow over a smooth wall need a much deeper consideration for flow over a
rough surface. The friction velocity,,., and the wall pressure gradief#,.p).,, are not defined around the contour of the
roughness elements, but, instead, at some distance from the wall where the complex flow around the individual roughness
elements is not apparent anymore. Under particular conditions, provided pressure taps can be fitted around roughness
elements, the method of Perry et al. (1969) can be used tafintihe local pressure gradient, however, has to be found
from chart methods based on the local distribution of mean velocity. Note that both methods are highly inaccurate in
regions of separated flow since the pressure around the roughness elements attains very low values and the existence of a
logarithmic profile — a required condition for the use of chart methods — may not be granted.

The complete destruction of the viscous sub-layer by the roughness elements means that the solution of Goldstein (Eq.
2) does not hold anymore and characteristic scales dictated by the roughness itself must be brought into the problem.

For attached flows, a common practice is to re-write Eq. (6) as

ut = In((z — d)/20), (9)

wherez is the distance above the actual ground surface.

Thus, the specification of the lower boundary condition on rough walls is considered to depend on two characteristic
scales: the roughness length, and the displacement height, Unfortunately, neithet, nor d are directly measurable
quantities, but they depend on the large number of geometric parameters that are needed to characterize the roughness. In
fact, depending on the way roughness elements are packed together these scales might also vary with the flow properties.
Classical discussions on this problem are introduced in the papers of Perry and Joubert (1963) and Perry et al. (1969). For
a recent review on the subject, readers are referred to Snyder and Castro (2002) and Castro (2007).

The solution of Cruz and Silva Freire (1998) — Eq. (8) — is valid for the fully turbulent region of the flow; as such, all
details regarding the wall roughness must enter the problem through the integration pataniatgeneral, in adverse
pressure gradient flows; should depend on,,, 9,.p andz. Also, any proposed functional form f6f must be consistent
with the logarithmic and root-squared solutions under the corresponding timits (0.p)z andr,, < (0p)z.

To recover Eq. (9) from Eq. (8) under the conditign>> (9.p)z, C has to be specified according to

C = »x"lu, [In (4uz/((p_18$p)zo)) -2]. (20)



Proceedings of ENCIT 2008 12th Brazilian Congress of Thermal Engineering and Sciences
Copyright © 2008 by ABCM November 10-14, 2008, Belo Horizonte, MG

The implication is that attached and separated turbulent flows over rough surfaces can be locally represented in the
fully turbulent region by

w=2x""/Ay + 3 tu,In ((\/E — )/ (VA + u*)) + 3¢ My [In (4u?/((p~'0up)20)) — 2] (11)

with A, = p~ 17y, + (p710up) 21, 210 = 2 — d.

This equation will be thoroughly tested in the following sections. However, before we do this, a few comments are in
order.

We have indicated through the previous remarks how relevant wall shear stress data are for the validation of asymptotic
theories. For neutral, attached flows the velocity field is known to exhibit a logarithmic solution that scales with the friction
velocity, u, (= \/74/p). At a separation point, the velocity field follows a square-rooted behaviour, being scalgd by
(=((v/p)d,p)/?). This change in reference velocity has a profound influence on the asymptotic structure of the flow,
and is very difficult to accommodate into a single theoretical framework (Cruz and Silva Freire 1998). Data on the local
behaviour ofu,. andu,, are then largely coveted by researchers for they permit the construction and validation of rational
approaches to the problem.

Unfortunately, the friction velocity is a parameter very difficult to quantify. Loureiro et al. (@08&ve commented
the various possible direct and indirect measurement techniques for flow over a smooth wall. In particular, the difficulties
associated with measurements over curved surfaces were discussed. As it turns out, wall shear stress was evaluated by
fitting procedures that resorted to the near wall behaviour of the velocity profile.

Graphical methods have been used abundantly on the estimation dfor external boundary layers over rough
surfaces this seems to be the only plausible choice together with estimations based on the shear stress profile. Of course
a major drawback of these techniques is the built-in assumptions concerning the nature of the velocity and shear stress
profiles — considered logarithmic and nearly uniform near the wall respectively. However, we have just seen, close to a
separation point, adjustments have to be made to Eq. (9) so that coherent results are obtained. Equation (11), therefore,
cannot have its importance overstated. This equation generalizes of the log-&iaws furnishing a method to find
the two unknown parametets and (p~1d,p) from given mean velocity profiles. Please note that in Eq. ¢1and
d are known parameters which must be determined independently from the undisturbed velocity field. ulodir
(p~'0,p), global optimization algorithms can then be applied on Eq. (11).

Numerical algorithms for constrained nonlinear optimization can be categorized into gradient based methods and
direct search methods. Gradient-based methods use first derivatives (gradients) or second derivatives (Hessians). Direct
search methods do not use derivative information and tend to converge more slowly, but can be more tolerant to the
presence of noise in the function and constraints. Typically, such algorithms only build up a local model of the problems
and they insist on a certain decrease of the objective function, or on a decrease of a merit function which is a combination
of the objective and constraints, to ensure convergence of the iterative process. If convergent, such algorithms will only
find local optima and for that reason are called local optimization algorithms.

Global optimization algorithms, on the other hand, attempt to find the global optimum, typically by allowing decrease
as well as increase of the objective/merit function and consequently are computationally more expensive. Here, four direct
search methods were used to determine the parameters of intesest(p~19,p): Nelder Mead, Differential Evolution,
Simulated Annealing and Random Search.

3. Experiments
3.1 Water channel, model hill and roughness

The experiments were carried out in the same water channel described by Loureiro et a, 20006). The channel
is in the Hydraulics Laboratory of the Civil Engineering Department of the University of Oporto, having a total length of
17 meters. The cross section area is 0.40 m wide by 0.60 m high, and the sides and bottom of the channel are made of
glass and acrylic respectively.

The water pumping system can reach a top volumetric flow rate of 150 I/s. Two pumps are used to keep the maximum
flow rate variation to withint 0.8 %. Screens and filters are used to stabilize the flow and suppress any excessive level of
turbulence. They also control the size of particles in suspension. A magnetic flowmeter is used to measure the flow rate
with an uncertainty of 0.001 I/s. The water level is controlled through a vertical steel gate. In this work, two flow rates
were used: 2.65 and 26.76 I/s.

The hill model was placed 12 m downstream of the channel entrance. A Witch of Agnesi profile shaped the hill
according to the following equation

2 = Hi[1+4 (x/Ly)? "' — Hy, (12)
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whereH (=H, — H,)(= 60 mm) is the hill height and (= 150 mm) is the characteristic length representing the distance
from the crest to the half-height point.

== irw‘; ~'!

Figure 1: lllustration of model hill and details of rough surface. Dimensions are in &ims. height of the roughness
elementsd = displacement height, = distance from the bottom of the roughness elemests; = - d.

The roughness elements consisted of rigid rubber strips 3 mm wide by 3 mm high that were spaced by 9 mm . The
rough surface extended from 1.5 m upstream of the hill top to 1.5 m downstream. The geometric details of the surface are
given in Fig. 1;K is used to denote the height of the roughness elemétit displacement height,the distance from
the bottom of the roughness elements apd- = - d.

Illustrations of the hill and of the roughness are shown in Fig. 1.
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Figure 2: Location of measuring stations (conditions REB,= 31,023). Note the origin of the coordinate system (
ZH).

Measurements were made on the channel centerplane at the positions illustrated in Fig. 2. Regarding conditions
RSB, twelve measuring stations are distributed along the flow over rough surface. The measuring positions were defined
through a flow visualization study. The particular concern was to characterize well the regions of separatéiignd
reversed flows.

3.2 Instrumentation

A two-component Dantec laser-Doppler anemometry system using an Ar-ion tube laser was operated in the forward
scatter mode to measure the mean and fluctuating velocity fields. A Bragg cell unit was used to introduce an optical-
electronic shift of 0.6 MHz. That was necessary to resolve the direction of the flow field and give correct measurements
of near-zero mean velocities. The beams were made to pass through a series of conditioning optical elements to achieve
a small measurement volume and to improve the optical alignment. A front lens with 500 mm focus length was mounted
on the probe to accurately position the measurement volume on the centerline of the channel. Before being collected by
the photomultipliers, the scattered light was made to pass through interference filters of 514.5 nm and 488 nm, so that
only the green and blue lights were received on each photomultiplier, respectively. Table (1) lists the main characteristics
of the laser-Doppler system used. The signals from the photomultipliers were band-pass filtered and processed by a burst
spectrum analyzer operating in the single measurement per burst mode. A series of LDA biases were avoided by adjusting
the strictest parameters on the data processor. The level validation and the signal to noise ratio were 8 and 5 respectively.
For simultaneous measurements of longitudinal and vertical velocities, a coincidence window @fs5086 used. For
the statistics at each point, 20.000 samples were considered.
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Table 1: Main characteristics of the laser-Doppler system.

Wavelength 514.5nm (green) 488nm (blue)
Half-angle between beams 1.604°
Fringe spacing 9,2m (green) 8.4m (blue)
Beam spacing 28mm
Beam diameter 2.2mm

Dimensions of the

measurement volume

Major axis 5.31mm (green) 5.04mm (blue)
Minor axis 149.(um (green) 141.0m (blue)

Typical uncertainties associated with the mean velocity ddig ¥ — are below 0.2% of the free stream velocity,
Us, except in regions of reverse flow, where they increase to about 0.3%. Regarding the Reynolds stress components
—u/u/, w'w, w'w’ — uncertainties were estimated to be 2.3%, 1.8% and 4.2% of the square of the friction velocity of
the undisturbed flow, respectively, increasing to 3.8%, 3.5% and 6.9% in the reverse flow region. For the skewness and
flatness factors for the longitudinal and vertical velocity fluctuations, local relative uncertainties of 3.5% and 13.9% were
associated witt§,, (= u/3/(u2)%/2), S,, (= w3/ (w'2)?/?), andF, (= u/*/(u2)?), F,, (= w'*/(w'2)?), respectively.

4. Experimental results
4.1 General flow pattern

To place the present results into the perspective of the results of Loureiro et al.a2@@7begin this section by
comparing in Fig. 3 the streamlines of both experimental conditions: the smooth wall data of Loureiro et a&) 2007
SS - and the new data sets RSB.

The sensitivity of flow separation to the wall roughness is apparent. In fact, the position of the separation and reattach-
ment points can be promptly identified in Fig. 3. The exact location of these points is explicitly quoted in Table 2. The
larger region of reverse flow is observed to occur over the smooth hill (Fig. 3a). For conditions RSB, the separation point
is slightly displaced downstream and the region of reverse flow is reduced.

Figure 3: General pattern of reverse flow region. a: SS, b: RSB.

Table 2: Position of separation and reattachment pointd fii units.

Conditions Separation Reattachment Length
SS 0.50 5.80 5.30
RSB 1.33 4.63 3.30

4.2 Undisturbed flow conditions

Loureiro et al. (200&) have shown that the mean velocity profiles at stations far upstream of the hill compare to within
5% with the mean velocity profile in the absence of the hill at statipfi = 0. The same percentage was observed to
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hold for the two flows over a rough surface. For this reason, the undisturbed flow properties will be here characterized in
terms of the far-upstream velocity profiles.

To find u., d andz, two methods were used: the graphical method of Perry et al. (1969) and the hypothesis of Prandtl
(1925) that across the wall layer the total shear stress deviates just slightly from the wall shear stress.

In the first method, the raw undisturbed velocity profiles were subtracted by a small value (e.g. 0.1 mm) from their
distance to the wall. Then, a global optimization algorithm was used to find the best logarithmic fit. This process was
progressively repeated — using the same subtraction step — until the curve with the best statistics could be identified.

Characteristic properties of the undisturbed profiles are listed in Table 3, together with the corresponding characteris-
tics of the undisturbed profile of Loureiro et al. (2@)Tor a smooth surface.

Table 3: Properties of undisturbed profile.

Property SS RSB
Stationz/H -12.5 -17.87

Boundary layer thicknesg (mm) 100 100

Displacement thicknesg(, mm) 09 15

External velocity Us, ms™!) 0.0482 0.3133
Friction velocity 0.0028 0.0204
u, (Mms™!) (Clauser)

Friction velocity 0.0023 0.0225
Uy, (MS™) (W/w)

Displacement heightl{ mm) 0.0 20

Roughness lengtlxg, mm) 0.08 0.33

Longitudinal velocity fluctuations 2.50 1.89
atz/6=0.05 (Vu'u’ /u.)

Transversal velocity fluctuations 0.83 1.67
atz/6=0.08 (Vw'w’ /u.)

Reynolds numberKs) 4,772 31,023
Reynolds numberk.,) 0.22 6.65

To evaluate the two-dimensionality of the flow, mean velocity measurements were obtainegianes located 5 cm
to either side of the channel centerplane. When the hill was not in place, the results showed a variation of 2% in relation
to measurements taken at the channel centerplane. In the presence of the hill, such differences in velocity measurements
were of about 3%.

4.3 Longitudinal mean-velocity profiles
4.3.1 General analysis and the applicability of Eq. (11)

The applicability of Eq. (11) to attached as well as separated flows is illustrated in Figs. 4.

The overall agreement between the theoretical predictions and the experimental data was very good upstream of and at
the hill top (Fig. 4). In particular, note the very well defined logarithmic region for positjoid = -17,87. These profiles
correspond to the limit casg, > (9.p), when Eq. (11) must reduce to Eq. (9).

4.3.2 Stratford’s solution

For steady separating turbulent boundary layers, a set of definitions has been advanced in literature to characterize
the different states of detachment. The following convention is normally used: ID = incipient detachment (existence of
backflow 1% of time), ITD = intermittent transitory detachment (backflow 20% of time), TD = transitory detachment
(backflow 50% of time), D = detachment (position whefe= 0). Experimental evidence suggests that TD and D are
located at the same point. Therefore D, a steady parameter, is defined in terms of TD, an intermittent transitory parameter
(Simpson 1996). For this reason, determining the exact wall position where flow separation occurs is not an easy task.

In the present work, the two possible profiles where the condition of detachment can be identife@) @re profiles
z/H =0.73 (RSA) and 1.33 (RSB). They are shown in Fig. 5 together with curve fits given by Egs. (7) and (11). Clearly,
the velocity profile at:/ H = 0.73 does not follow the'/2-law. In fact, the negative value af, indicates this profile to
be in the region of reverse flow. The profileagtd = 1.33, on the other hand, is very well represented by Eqgs. (7) and
(11), which are almost coincident. The verification of Stratford’s solution for a separating flow over a rough wall is an
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Figure 4: Mean velocity profiles upstream of and on the hill top, x-component.distance from the bottom of the
roughness elementd = displacement height.

important result that is rarely discussed in literature.
4.4 Second moments
4.4.1 General analysis

The changes in turbulent second moments or Reynolds stresses are of particular importance. To understand the beha-
viour of turbulence, Kaimal and Finnigan (1994) consider indispensable the concepts of local equilibrium, rapid distortion
and turbulence memory. In particular, they discuss the reaction of the Reynolds stresses to a combination of basic strains
related to flow acceleration, curvature and shear. For a complete discussion on this topic, with access to a quick guide, the
reader is referred to the original source.

The changes in Reynolds stresses are shown in Fig. 6. Upstream of the hill top, in the external flow:fegfafis
as the flow accelerates and shear decreases (Fig. 6). In the near wall region, considering the turbulence production term,
P, = —2u'w'(0U/8z), the large velocity gradients (Fig. 4) give riseifa’ peak values of about 0.03% for both RSA

0.06 T T T T
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- + .
0.04 —
< L J
E
D 0.02 —
+ xH=133
0 Eq.() —
1 I 1 I 1
0.04 0.06 0.08 0.1
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Figure 5: Stratford’s solution.
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Figure 6: Normalized longitudinal Reynolds stress profiles upstream of and on the hilitep: - d, z = distance from
the bottom of the roughness elements, displacement height.
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Figure 7: Shear stress profiles far away and at a separation pgintz - d, z = distance from the bottom of the roughness
elementsd = displacement height.

and RSB conditions. For a smooth wall, Loureiro et al. (2)0@%@corded peak values of about 0.023. On the hill top
u'u' is observed to decrease in the outer region and increase in the wall region for both RSA and RSB conditions. The
trends predicted by Britter et al. (1981) are then verified.

4.4.2 The applicability of Eq. (4), mixing length

Equation (4) establishes a linear relation between ando.p. Thus, far away from regions whefgp is relevant, a
local region where the local shear stress is constant (and approximately eqgéjpstmuld be identified. At a separation
point, in particular, the profile should be linear through origin.

The v/w’-profiles at stations:/H = -17.87 and 1.33 (RSB condition) are shown in Fig. 7. Note that despite the
low resolution (only four to seven near wall points could be measured) regions of constant and linear shear stress can be
recognized.

Since the derivation of Stratford’s solution, Eq. (7), in Section 2 resorted to the mixing length concept, it might be
instructive at this point to assess the validity of this hypothesis. Figure 8 shows graphe’cgainstt = (scz(9, u))?
for positionsz/H = -17.87 and 1.33 (RSB condition). At the separation point, the mixing length relation is observed to
furnish a good representation of the local velocity behaviour providési multiplied by 0.36. Stratford (1959) in his
original work had suggested this value to be 0.66.

4.5 Third moments

Important aspects of the previous discussion can be further enlightened by consideration of the higher order moments
of the fluctuating velocities. In particular, structural information can be extracted without ambiguity from third and fourth
moments (Gad-el-Hak and Bandyopadhyay 1994). The triple velocity products are particularly helpful in separating flow
to understand the diffusion process of the Reynolds stresses.

The skewness factor for the longitudinal velocity fluctuations is defined by
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Figure 8: Mixing length profiles far away and at a separation pgist (27 (0., u))?).
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Figure 9: Skewness factor of longitudinal velocity fluctuations upstream of and on the hiltopz - d, z = distance
from the bottom of the roughness elemenits, displacement height.

S, = B/ (w?)*?, (13)

Equivalent expressions can be written for the other flow properties. A signal with a Gaussian distribution satisfies
=0.

4.5.1 General discussion

For flow over a smooth wall§,, is positive in the near wall region and negative in the external. Flow regions where
S, is positive are associated with acceleration-dominated velocity fluctuations resulting from the arrival of external high-
speed fluid (sweep events) (Gad-el-Hak and Bandyopadhyay 1994). Fernholz and Finley (1996) remark that peak values
ofu// lieinthe range 13 27 (= zu,/v) < 17 so that the extremal values 6y andF,, should also occur in this interval.
In the log region, 2 z* < 500,5, andF,, take on the nearly constant values 0 and 2.8 respectively. The implication is
that over a large flow region the velocity fluctuations should follow nearly a Gaussian distribution. Bandyopadhyay and
Watson (1988) claim that the general qualitative distributionS ahd I’ are the same for flows over smooth and rough
walls, the only significant change being the lower values§ pfithe skewness of the vertical velocity fluctuations) for all
rough surfaces.

The present data show that upstream of and at the hill $gpfollows the canonical behaviour (Fig. 9). Intense
fluctuations are recorded positive near to the wall {.5) and negative in the external regios (—0.75). It is also
apparent that the point of cross-over from positive to negatjvenoves inward as the hill top is approached.

4.5.2 Third order closure model

Several transport models for the third moments have been presented in literature. One of the simplest propositions is
that of Daly and Harlow (1970), who postulate

wuuy = I' 7 w0 (ww;) (14)
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Figure 10: Profiles for the longitudinal third moments far away and at a separation ppintz - d, z = distance from
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Figure 11: The behaviour af, for all three flow conditions.

with 7 = k/e, andI’ = -0.25.

This expression has been tested in Fig. 10 for the longitudinal third moments. Two positions are consjdéred:
-17.87 and 1.33 (RSB condition). Please note the very distinct behavidiyy fafr away and near to a separation point.
We had previously mentioned thatatH = -17.87.S,, reaches a very high value near the wall, dips continuously to a
negative peak value and recovers to zero. At the separation positiampbserved to vary much more violently. Starting
from zero at the wallS,, increases to a maximum value, dips sharply to a negative peak value and recovers quickly again
to about zero. Despite the differences, Eq. (14) is observed to match very well the experiments. The near belsaviour of
is particularly well represented af H = 1.33.

For flow over a rough surface, the multiplying constBiwas found to be 1.1.

4.6 Skin-friction results

The usefulness of Eqg. (11) to find the wall shear stress is illustrated next.

Predictions ofu, are shown in Fig. 11 for both rough surface conditions. Results concerning the smooth-wall flow,
condition SS, have also been included for the sake of theory validation.

The agreement between results provided by Eq. (11) and the smooth wall data of Loureiro et &) i@6Curate
to within 3% even in the region of separated flow. Through the previously described optimization process, Eqg. (11) can
capture all the relevant friction velocity features. The region of rise before the hill top, the position of the separation point,
the length of the separated flow region, the return to equilibrium condition, these are features that are all well predicted
by the present procedure.

The influence of wall roughness is also well modelled. The increase in the undisturbed value®otonditions
RSB as a function of the roughness and of the external flow Reynolds number are in accordance with estimation methods
based on the classical law of the wall. The extent of separated flow is also very well predicted when compared with Fig.
3.

Table 4 shows the results for the separation pojf#f = 1.33. Note that by definition Eq. (7) implies. = 0. The
fitting procedure yield$3 = -0.047103. The agreement between results given by Egs. (4) and (9) is very good. The
discrepancy exhibited by Eq. (7) results from the value-rafsed, the canonical value 0.4.
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Table 4: Skin-friction velocity predictions at the separation peintl = 1.33.

Eq. wu.(ms!) p1d.p(ms?)

(4) -0.0082626 0.095585
(7) 0.0 0.049461
9 -0.008088 0.088580

5. Final remarks

The present work is a necessary complement to the work of Loureiro et al. 2007 that work, flow over a
steep, smooth hill was studied with the purpose of providing reference data for the validation of asymptotic theories and
numerical simulations. Thus, a particular emphasis was placed in the accurate determination of the wall shear stress,
which was evaluated from polynomial fits to the near wall mean-velocity data.

Here, two extra flow conditions were experimentally studied. These conditions contemplated flow over a rough surface
and the same hill geometry but different external flow conditions. Considering the thirteen measurement stations of
Loureiro et al. (200&, 2007b), the complete set of data encompasses 36 stations. This body of data provides a rigorous
account of flows with separation, furnishing reference data that can be used confidently to validate proposed models for
separated flow.

Results on two-component mean flow quantities and higher-order statistical quantities were presented. Data for the
shear and normal components of the Reynolds stress tensor and the distributions of skewness and flatness factors for the
streamwise and vertical velocity fluctuations were thoroughly investigated.

Such a comprehensive experimental characterization of the flow field is rarely seen in literature. In special, an analysis
of the near wall region based on local solutions of the motion equations was carried out, which resulted in local predictions
for the wall shear stress including the regions of reverse flow. No other such work could be identified in literature with
the same content.
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