Shear Stress Behavior on Complex Rough Surfaces
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1. Introduction

Computation of shear stressfrom time averaged wind vel ocity profilesiscommon practicein
aeolian research becausetheshear stresscreated by thewind and exerted on thesurfaceisanimportant
control on sediment entrainment and transport. It isgenerally accepted that the shear stress exerted
upon the surface can be determined from application of the Prandtl equation (Prandtl, 1932):

o2 (1)
u k z
where u, = wind velocity at height z(m s?)
u.= wind friction velocity (m s™)
k = von Karman's constant (~ 0.4)
z = height above the surface (m)
Z,= roughness length (m)

The boundary shear stressisrelated to the wind friction velocity through the expression:
to=ru? 2

where t, = boundary shear stress (N m?)
r = air density (kg m?)

The "law of the wall", as embodied in Equation 1, ignores the more transitory effects of
turbulence that areinherent in the flow, and influenced by the bed roughness (Raupach et al., 1980;
Krogstad et al., 1992). Theseimportant characteristicsof turbulenceincludetheburst-sweep” cycle
(Rao et al., 1970) and the dynamic effect of instantaneous changes in shear stress caused by rapidly
changing fluid velocities and directions. Recently, researchers examining saltation dynamics have
shown theimportanceof theseturbulent phenomenain aeolian sand transport (Butterfield, 1991, 1993;
Hardisty, 1993). Theeffectsof theseintermittent processesand theresultant stressesthey createhave
not been directly measured on surfaces of different roughness dimensions.

The purpose of this paper is to examine the surface shear stress behaviour for surfaces of
different roughnessin awind tunnel and to offer an explanation for the observed behaviour in light of
recent advances in understanding turbulent processes.

2. Instrumentation

For thisresearch anewly designed, relatively low cost, drag plate was constructed to measure
the surface shearing stress on representative surface samplesin awind tunnel boundary layer. Figure
1 shows a schematic of the mechanics of thedrag plate. Thedrag plate surface dimensionsare0.3”
1.0 m, with thelong axis positioned paralld to thewind tunnel working section. Basically, theform
isabox construction that can deform to theright or | eft of the perpendicular position along thewind
tunnd axis. Thebox isrestrained from movement by joining oneof thelever framestoaload cell with
asmall length of threaded rod. Theload cell isheld on a platform fixed to the lower base. Thedrag
plate has four levelling feet incorporated into the base plate to ensure that the top plate is balanced



evenly in both axes, eiminating, as much as possible, any torque in the shafts and lever aams. The
system must also be level to eliminate bluff-body drag effects acting on a tilted surface.

Displacement of thetop platerel ativeto thefixed bottom baseistransferred viathelever arm
to thethreaded rod and load cell. Theload cdll produces a voltage changethat is proportional to the
displacement distance. When thetop of thedrag plateisdisplaced horizontally dueto thewind drag,
the spring congtant (1.45"10* N m™) acts to restore equilibrium in the system.

Thed ectroniccomponentsof thedrag platesystemincludeal oad cell (Transducer Techniques,
model GS-150), a 12 volt DC power supply and signal conditioner (Gould Bridge amplifier, model
134312), and an analogueto digital dataacquisition board (Kiethly-Metrabyte, model DAS 1401) in
apersona computer.

Calibration of thesystemwithinthestressrangeof 0to 1.5N m?wascarried out using weights
hanging over aprecision bearing and pulley system to convert their action toahorizontal pull or push
onthedrag plate. Forceper unit areaisobtained by division with thetwo dimensional plan areaof the
top plate(0.3m?). Nosignificant departuresfrom linearity wereapparent (Figure2) inthereationship
between applied weight and voltage output. The coefficient of determination (r?) calculated from the
regression analysisfor the datarepresented in Figure 2is0.9997 with astandard error of +4.13 " 10
N. Thecalibration procedure was donein situ and repeated after each test run. Based on themass of
the top plate and the spring constant of the load cell the natural frequency of the system can be
calculated and was determined to be 8 Hz. The data acquisition system operated at 1 Hz. It is
important to note that neither the period nor the frequency depends upon the amplitude (maximum
displacement) of the vibrating body. They depend only on the spring constant and the mass of the
vibrating body (Tippens, 1978) which was equalised for each test surface by adding mass to the
underside of the top plate.
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Figure 1. Schematic diagram of the drag plate mechanics. Thetest surfaceisfixed to aboard that
isheld in place on the top plate by machine screws.
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Figure 2. A full calibration curve defining the response of the load cell in the drag plate to an
applied force (a hanging weight).

Wind vel ocity and surface shear stress measurementswere madein astraight line, 12 mlong
0.75 m high suction typewind tunnd. Thedrag plate was approximately 10.5 m from theinlet. The
wind profile over thedrag plate was measured with an array of 24 Pitot tubesthat extend 0.13 minto
theair stream, 0.90 m from theleading edge of the drag plate. Additional wind velocity profileswere
measured at 7.2 m, 8.5 m, and 9.8 m from theinlet for each test surface and freestream velocity. A
scanning valve controlled by an A/D board connected to a sensitive pressure transducer (accuracy
0.25% of FSO at 0-5” W.C.D.) selectively samples the dynamic air pressurein each tubefor a2 s
period, sothat afull scan of thewind velocity profilewascompleted every 48s. Thefirst 0.5 sof each
2ssamplinginterval, representing thetimerequiredfor thepressurein thePitot tubelinesto comeinto
equilibrium, was ignored.

A laser scanner was used to measure the surface roughness (Gillies, 1994). The scanner was
based upon an original design by Huanget al. (1988). The scanner consists of alow-powered HeNe
laser, mounted on an X-Y traversing frame, that projectsaparallel beam onto the soil surface (Figure
3). Thereflected laser light from thesoil surfaceisfocused by aconventional 50 mm cameralensonto
alinear photo-diode array mounted at the back of acamera. The high intensity of the reflected laser
spot produces a strong output from the diode array. The optical transducer used in the scanner isa
monolithicsdf-scanning linear 512 e ement photodiodearray (EG& G Reticon, model RLO512GAG).
AccordingtoHuang and Bradford (1992), a512-element array will givearesol ution of approximately
0.1 % of themeasurement range. Thearray ispositioned within the camerabody such that thesensing
elementsliealong the centrdine of thelensin the perpendicular axisand at the planeat which thefilm
would lie.

Therelative position of the laser image along the photodiode array is detected electronically
in three modes: an analogue voltage output, transistor-transistor logic (TTL) and visually on an
oscilloscopedisplay. The TTL digital output of the photodiode is sampled by a digital input/output
(DI1/0O) board (Computer Boards Inc., model CI10-D1024) in aPersonal Computer. Detection of the
diodereceiving the most light energy isaccomplished by circuitry comprised of avoltage comparator
with athreshold detector. The photo-diodewith the highest output on thearray can berelated tothe
surface elevation by trigonometric relationships (Huang et al., 1988). Horizontal resolution of the
scanner is 1 mm with avertical resolution of £0.1 mm.
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Figure 3. The laser scanner used to determine the eevation distribution of the test surfaces. The
installed drag plate is also in view below the scanner. The back cover has been removed to show
the access to the calibration system.

3. Experimental Procedure

Quarried and screened gravelsof nominal sizes25.4, 12.7, and 6.4 mmwereused to createthe
complex rough surfaces. Thematerial wasplacedintoacribof dimensions13°1.75°0.30 mtoadepth
of 0.10 m. Representative samples of the test surfaceswere affixed to the top plate of the drag plate
by gluing the test materia to a board the same size as the plate (1.0~ 0.3 m). To achieve a
representati vesurfaceconfiguration, thematerial waslaid down ontheboard several grainthicknesses
deep, and then set in place by aerosol spray glue. The board with the fixed gravel surface was then
placed on thetop plate of thedrag plate and attached with machinescrews. Oncethetest surfacewas
prepared, the drag plate and wind vel ocity measuring instrumentation were installed, and the wind
tunnel was placed over the surface.

For each test surfacesix different vel ocitieswereused to characterizetherel ationship between
profile-derived shear stressand the shear stress determined from thedrag plate. Each individual test
lasted for 960 seconds and wasreplicated 5times. The 20 wind profilesmeasured during atest were
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subsequently averaged to remove the effects of any unsteady flow in the tunnel that may be apparent
if only asingle profile had been used.

Upon compl etion of atest seriesthegravel surfacewasscanned using thelaser profiler inthree
different locations upwind of the drag plate as well as the drag plate itself. Surface eevation
measurements were taken every 1 mm for a1 mlong transect. A total of 55 transects with 50 mm
between scan lines were taken for each surface roughness sample. Each surface roughness sample
consisted of approximately 50,000 X, Yy, and z co-ordinate pointswithin an areaof 0.3 m? A marker
for the bottom Pitot tube wasincluded in the scan that all owed the heights above the surface at which
the wind vel ocity was measured to be precisaly determined. Since the Pitot tube rake rested on the
topmost surfaceroughnesse ements, the position of the bottom tubewoul d be different between each
surface, which does not allow for measurement of the wind velocity at precisaly the same heights
between surfaces. The height of the bottom Pitot tube varied by afew millimetres between the three
surfaces.

4. Results

The surface elevation characteristics for each test surface, including standard statistical
measures of themean and standard deviation of el evation werecal cul ated for each of thelaser scanner
collected data sets using the method of moments (Krumbein and Pettijohn, 1988). Before analysisof
the elevation data, the data were detrended to remove any slope component that may have been a
function of a systematic levelling error in the laser scanner frame. Figure 4 shows histograms of the
elevation distribution for the three surfaces affixed to the drag plate. The statistical measuresfor the
elevation dataacquired at al the sampling positions, for each of thethree surfaces, aregivenin Table
1

Figure 5 illustrates the general form of the time averaged wind velocity profiles measured in
thewind tunnel, over the drag plate, for each of the gravel bedsfor the range of wind vel ocities used.
Thebasicform of thewind vel ocity profilesillustrated in Figure5 weretypical of thewind tunnd tests
at all measurement positions. On semi-logarithmic axes the profiles are characterized by an upper
straight line segment that begins at some point above the surface extending upwards through the
sampling height. The upper straight line segments appeared to conform to the characteristic form of
the law of the wall (Prandtl, 1932).
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Figure4. Thedevation distribution of thethree surfaces affixed tothedrag plate asdetermined with
the laser scanner.



Surface and Mean Standard Deviation Mode Skewness
Position (mm) (mm) (mm)
1A 134 4.9 14.8 -0.18
1,B? 13.6 4.4 14.0 -0.66
1,C3 12.9 4.0 15.8 -0.65
1, D* 13.0 4.0 14.5 -.38
2,A 8.8 29 8.5 -041
2,B 10.1 3.7 9.5 0.16
2,C 12.6 5.0 13.5 -0.18
2,D 12.3 4.6 14.5 -0.48
3,A 6.2 22 6.5 -0.14
3,B 7.7 34 7.5 0.06
3,C 9.0 3.3 9.5 -0.15
3,D 7.3 2.7 7.5 -0.07

! The drag plate surface, 11.5 m from the wind tunnel entrance.
2 Measurement taken 9.8 m from wind tunnel entrance.
3 Measurement taken 8.5 m from wind tunnel entrance.
4Measurement taken 7.2 m from wind tunnel entrance.

Table 1. Thesurface eevation statistics calculated by the method of moments from measurements
obtained with the laser scanner.

Closetothesurface, bel ow theupper straight segments, thes opeof thevel ocity profilesdepart
from the semi-logarithmic form, and decreases much more rapidly with height within the last few
millimetres above the tops of the roughness elements. This form of velocity profile has also been
observed over rough surfacesin other wind tunnel studies(Raupach etal., 1980; Krogstadetal., 1992).
The zone close to the bed, below the semi-logarithmic profile, is termed the roughness sublayer
(Raupach et al., 1980) in which wakes generated by the roughness e ements complicate the flow and
thevertical profileformisdependent on surfacedefined length scales. Quantitativedescription of this
layer islacking due to the complexity of the flow characteristics, difficulty in measurement and the
uncertainty in defining the appropriate surface scales (Raupach et al., 1980).

Using the law of the wall as a basis for determining the wind borne shear stress requires
identification of theregionswhich correspond totheinertial and roughness sublayersbecausethelaw
of thewall only applieswithintheinertial sublayer (Raupachetal., 1980). Theheight of theroughness
sublayer was estimated from visual examination of the wind velocity profile plots for each test by
noting at which Pitot tube the profile seemed to distinctly depart from the apparent log-linear form
(Figure5).
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Figure 5. Representative wind profiles measured over the test surfaces above the drag plate. The
dotted line demarcates the average height of the roughness sublayer (z,).

Thiscan only givean approximation totheposition of theroughnesssublayer astheincrements
of height measurement for the vel ocity profile aretied to the Pitot tube spacing. The average height
of thediscontinuity in the profiles as determined by the position of the Pitot tubesfor each surfaceand
test position were: surface1, 6.2 mm,; surface2, 5.0 mm; and surface 3, 4.5 mm, in order of decreasing
geometric roughness.

The law of the wall suggests that wind velocity profiles within the inertial sub-layer are
characterized by alogarithmicincreaseof wind vel ocity with increasing hel ght abovetheboundary and,
according to theory, may be described by the relationship defined by the Prandtl equation (Equation
1). A least squares regression was performed on only the data points above the estimated roughness
layer to assess thefit of the wind velocity profile to the Prandtl model and to determine the friction
velocity, u. (ms?). The coefficient of determination (r ) for the velocity and In height relationship
ranged between 0.934t00.996 with an averagevalueof 0.980for theentireseriesof tests. Theprofiles
identified as the inertial sublayer were quite well described by the Prandtl equation in terms of the
statistical fit determined by least squares regression.

Friction vel ocities cal culated from theregression procedurefor each test werefound to cover
arange from approximately u.=0.2 to 1.0 m s*. This range is comparable to friction velocities
measured in the atmosphere (Nickling and Gillies, 1993) as well as for other wind tunnel studies
(McKenna-Neuman and Nickling, 1994; Williams et al., 1994). The friction velocity was also
convertedtoashear stress(t ) using Equation 2 in order to makeadirect comparison with thesurface
shear stress (t) measured with the drag plate.



The surface shear stress measured directly for each of the gravel beds covered arange from
approximately 0.1to 1.0 N m? with theroughest test surface having higher valuesof upto 1.5N m2
Thesevaluesarewithin therangereported by Bradley (1968) who used alarger drag platein thefield
with natural winds. The relationship between the time averaged surface shear stress, t,, and profile
shearing stress, t,,, observed for the three different surface roughness configurations tested in this
research areillustrated in Figure 6. Thebest fit least squaresregression linesarealso shown for each
dataset. Therdationshipsillustrated in Figure 6 arevery strong, and are significant at the 0.01 leve
for all three surface data sets, indicating that surface shearing stress was highly correlated to the
shearing stress in the fluid. However, it is evident from Figure 6 that the relationship between the
profile based shear stress and the shear stress measured directly with the drag plateisnot 1:1 for any
of the surfaces tested.

For surface 1, theroughest surface, theshear stressmeasured with thedrag plateison average
1.59timesgreater than the cal culated wind profileshear stress(t ;). For surface2, thisratio decreased
to 1.42 and for theleast rough surface (surface 3) theratio decreased to 0.86 after removing four data
points from the wind speed profile measurements taken at 7.2 m from thewind tunnel inlet. These
four data point sat apart from the general trend in the datawith t, values that appear to betoo low in
relation totherest of theruns. Thismay haveresulted from thelodging of asmall stonein theannular
gap that restricted the free movement of the drag plate resulting in lower t values.

Based on theanalysisof themechanicsof thedrag plate and acceptance of previousresultsfor
determiningfriction vel ocity withasmilar Pitot tuberakeand thesamepressuretransducer (McKenna-
Neuman and Nickling, 1994; Nickling and McKenna-Neuman, 1994) itisunlikdy that thedifferences
inthe measured shear stressvalueswould bein error by asmuch as40%. For thegrave surfacewith
theleast e evational range (surface3), the percent difference between thedirectly measured drag plate
shear stressand thewind profilederived shear stress, taking intoaccount thepotential sourcesof error,
was probably not significantly different from a one to one relationship.

Duringthewindtunne tests, thedrag platewasobserved to oscill ate (backwardsand forwards)
with short periods of intense movement followed by more subtle movement. Some important
observations of the behaviour of the instantaneous shear stress can be gained by examining the
variability in the shear stress as quantified by its sandard deviation and also by examining the
distribution of stress events during a test.

Figure 7 illustrates the changes in surface shear stress through time as measured by the drag
plate for one series of six increasing freestream velocities for surface 3. Figure 7 shows that
concomitant with an increase in the average surface shear stresswith increasing wind velocity, there
was an increasein the standard deviation (s,;). Thistype of pattern was observed for all thetestsand
may reflect an increase in the turbulent burst sweep cycle that Raupach (1981) found to scale with
increased roughness. In order to quantify the variability in terms of both the flow characteristicsand
ameasure of roughness, bed Reynolds numbers (Re,) were cal cul ated for each test and compared to
the standard deviation of the bed shear stress. The Re, is defined by:

ruH
m

Res -

(3)



where r, = fluid density (kg m?)
u. = friction velocity (m s*)
H = range of height associated with the roughness e ements (m)
m= fluid viscosity (N sm?).
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Figure 6. Thereationship between the shear stress measured on the surface (t ) with thedrag plate
and indirectly from the wind velocity profiles (t,) for the three test surfaces. Different symbols
represent the data for each of thefour positionsat whicht,wascalculated. Thedotted lineindicates
the theoretical 1:1 relationship.

Thefriction velocities used in the bed Reynolds number cal cul ations were obtained from the
wind velocity profiles. ThecalculatedRe, valuesfor thethreegravel surfaceswereall greater than 60
indicating theflow wasdynamically rough (Middleton and Southard, 1984). Therd ationshipsbetween
Re, and the standard deviation of t, for each of the surfaces, combining al thetests, areillustrated in
Figure8. Thedataindicate avery strong linear relationship, significant at the 0.01 confidence level
between Re, andthestandard deviation of t ;for each of thetest surfaces. However, theslopesdefining
the best fit lines are different, which suggests that the variahility in shear stressis both a function of
increasing inertial forcesin thewind, as defined by an increasing Re,, aswell asafunction of surface
roughness. Thevariabilityin shear stressincreased morerapidly with increasing Re, for surfacel that
had agreater elevational rangethan theother two surfaces. Aseevational range diminished between
surfaces 2 and 3, the variability in shear stresswith increasing Re, also decreased.
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Figure8. There ationship between standard deviation of t ;and Re, for each of thetest surfaces. The
dataareplotted at different scalestoillustratetheform of theindividual rel ationshipsthat would beless
apparent if plotted at the same scale.
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Theseobserved rel ationshipssuggest that aphys cal mechani sm associ ated with increasing roughness,
wasin part responsible for the variability in surface shear stress.

In addition to the noted increase in the variability of t, with increasing Re,, the actual
distribution of instantaneous stress also appearsto change with Re,. Figure9illustratesthe changes
intheskewnessof the shear stressdistribution for increasing Re, associ ated with thetest surfaces. For
surfaces2 and 3therewasatrendfor thedistribution of shear stressto becomemorenegatively skewed
with increasngRe,. Thiswasmost clearly shown for surface3. Surface2 showed thesametrend, but
not quite so strongly. It would seem that for these two surfaces an increase in Re, created more
sustained, higher stresseventsthat weredisplacing thedrag plate. The skewnessandRe, datafor the
roughest surface (Figure9a) did not show the samerel ationship that wasfound for the other surfaces.
Theonly apparent trend was for the distribution of shear stressto become more normally distributed
with increasing Re,. The apparent change in the trend for surface 1 may reflect the higher overall
variability in shear stress or results from a mechanical effect whereby the drag plate cannot respond
appropriatdy to the distribution of the stress events when they become sufficiently large. After the
plate was moved forward (in the direction of the wind) by alarge stress event, it triesto recover its
original position under the restoring force of the spring constant. With large forward stresses, the
backwards restoration movement will bethe greatest, which may possibly allow enough inertiato be
gainedtoeffectively createan under responsetothenext forward directed stress. Thisresponsepattern
would mask the effect of the higher frequency stresseventsand effectively normalisethedistribution.
Thisnormalisation of stresseventsat high Re, would al so account for the apparent downward shiftin
the data points for the highest t values in Figure 4a (surface 1). In this case the more normal
distribution of stressmeasurementsresultsin alower mean valuethan would result from adistribution
that is negatively skewed, which may be the reason why these points sit dightly below the expected
relationship.

5. Discussion

The upper portion of the wind velocity profiles measured over the test surfaces were well
defined by thel ogarithmicform with agradient closdly approximated by u./k, which hasbeen observed
for other wind tunnel boundary layers (Raupach et al., 1991). Aswell, adistinct break in dopeclose
to the surface was observed where the streamwise velocity decreased very rapidly. According to
Raupach et al. (1991), thisis expected and defines the roughness sublayer (z,) which isazone close
tothebed, characterised by flowinhomogeneitiescaused by i nteracting wakes shed from theroughness
elements. Laboratory studiesover three dimensional roughness have found that z, isbetween 2h and
5h. Raupach et al. (1980) al so suggested that theheight isinfluenced by alateral or transversee ement
dimension described by:

z,=151+h (4)

where h = dement height mm
| = dement breadth (mm).

Assuming that z, is between 2h and 5h of the 95 percentile of height, z,, should be between 38 and 95
mm for theroughest surface. Using themean grain size diametersasthel, and the mean eevation as
h, the heights of the roughness sublayers predicted from Equation 4 would have been approximately
27.6, 20.4 and 11.8 mm for surfaces 1, 2, and 3, respectively. Even with a generous allowance for
curvature, it does not seem evident from the wind vel ocity profile data that the roughness sublayer
extended to these heights for these surfaces.
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Figure9. Thereationship between the skewness of the shear stressdistribution and Re, for each of
the test surfaces.

Theshallownessof theroughnesslayersisthought toresult from theclosepacked arrangement
of the gravels which is not taken into account in two dimensional models and may result from
skimming type flow as described by Lee and Soliman (1977). The effect of element density has been
noted by Raupach et al. (1980), Garratt (1980) and Wolfe (1993) to reduce the height of z,. The
density effect is related to the wake diffusion effect described by Raupach et al. (1980) which is
enhanced by a more open structure or more sparsely distributed roughness elements. A second
consideration that may explain thethin roughnesssublayersfoundin thisstudy isaform effect working
incombination with the close packed structure. The primary roughness e ement type used in many of
theprevioudy cited studieswerecylindersthat favour thedevel opment of largevorticesthat arepurely
afunction of their form. lversen et al. (1991) found that cylinders shed vortices in the near wake
region, but alsofor cons derabl edi stance downwind compared to bl ock-likeroughness. Thekeyform
parameter in the cylinder istheflat upper surface and the upwind curved surface of the sidewall that
favours vortex formation on the lee sides (Iversen et al., 1991). However, the form of the gravel
particlesused for thetwo roughest beds, inthe present study, aremorestreamlined and asaresult, may
shed smaller and lessvigorouseddiesthat do not effect thevel ocity field asfar abovethe surfaceasdo
cylinders. Consequently, z, may not scaleto the same height for the gravel surfaces. In general, the
wind velocity profiles measured in this research seem to be well represented by the inertial sublayer
(ISL) and roughness sublayer RSL model (Raupachetal., 1991). Although thereissomediscrepancy
in the magnitude of the RSL with respect to previous work, this may be explained, at least to some
extent, by differences in the roughness concentration and the roughness form.
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Traditional boundary layer theory definestherel ationship between the shear stressin thefluid
and the shear stress on the surface by Equation (2). However, thisre ationship has been found to be
in disagreement with the data collected in this study aswell as several others, notably Mulhearn and
Finnigan (1978). That study also utilised adrag plate to measure directly the surface shear stresson
randomly distributed gravel (D =14.5mm). Mulhearn and Finnigan (1978) found that the shear stress
measured directly with the drag plate was 67% higher than the stressin thewind determined by eddy
correation methodsusing hot wireanemometry. Theresultsof Mulhearn and Finnigan (1978) arevery
amilar tothe stressdeficit relationship between the bed and profile shear stressfound in thisresearch
for the roughest gravel surface. The gravel used by Mulhearn and Finnigan (1978) correspondsin
height to approximately the 65 percentile of devation distribution of test surface 1 (14.7 mm).

Accordingtotheargumentsof Raupach et al. (1991) and theresultsof Krogstad et al. (1992),
although thevel ocity profilesabovetheroughness may appear to show ashear stressdeficit, inreality
this can not occur if an inertial sublayer exists. If thisis so, then reasons must be found for the
increased shear stressmeasured with thedrag plate, or conversely, theprofiledeficit must beexplained.

Mulhearn and Finnigan (1978) proposed that the differencein stress measurements could be
explained by the spatial scale of the mean flow variations. They found that closeto arough surface,
therewas considerable variation in surface shear stressand mean velocity, and the horizontal scale of
thesevariationswaslarge. Thishorizontal inhomogeneity in the near surface velocity field was aso
confirmed by Raupach et al. (1980) for arough surface composed of small cylinders of height 6 mm
with diameter 6 mm. No direct stress measurements were taken in that study. They found spatial
periodicitiesin both the horizontal and vertical vel ocity components closeto the roughness e ements
and zones in the eement lees marked by sharp peaks in the horizontal profile and pronounced
downward flow, with upflow occurring between elements.

Raupach et al. (1980) al so distinguish asecond purely mechanical influence on thewind field
close to the roughness which they identify as wake diffuson. In this process vertically directed
vorticity in the mean shear flow istransferred to streamwise directed vorticity, concentrated in the
limbsof horseshoevorticeson theleesides of roughnesselements. Thesevorticesdraw high velocity
fluidintothecentral wakeregion (Raupachetal., 1980). Inanirregular surfacecomposed of different
roughness e ement sizes, shapesand positions, some of the shed vortices should alsointeract directly
with eementsin thedownstream position, perhapsadding tothepositive pressureat thenext obstacle
front and thusincreasingthedrag. For athreedimens onal roughnesseement thelimit of thefar wake
region is approximately 5h, where h is eement height (Taylor, 1988). This streamwise vortical
component acting in the zone near the tops of the e ements may account for some of the additional
stressmeasured with thedrag plate. 1n effect, thisisnot ahorizontal shearing stress, but a bluff body
force that acts on the upwind face of elements.

The bluff body force relationship in itssimplest form is:
Fo=05C,r;AV? 5)

where F =theforceof drag ()
C, = drag coefficient
r, = fluid density (kg m?3)
A = frontal area (m?)
V = velocity (m s?)
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Thissmplerepresentation of afreestream condition will bemuch morecomplicated withinthe
turbulent fluid environment amongst the roughness eements (Raupach et al., 1986), and a
representative model of the forceinteractions has not been worked out. However, some of the basic
physical principlesshould still apply. Theforcethat isgenerated by formsthat are positioned normal
to theflow would|ocally bemuch higher than thehorizontal shearing forceof thewind. Theroughest
surfaceswith thegreatest amount of irregul ar protuberancesprojecting intotheflow may haveahigher
proportion of stressforce attributed to bluff body interaction with the dominant horizontal flow. As
elevational variation declines, the chances of bluff body interaction should decrease as a function of
several scaling properties. There will be areduction in the surface area of individual eements (A)
which reduces the magnitude of F, even holding all other factorsin Equation 5 the same. Also, the
flow will become more uniform and the detailed flow behind individual eementswill be of only very
localised importance, which should raise the overall importance of the horizontal shearing stressin
relation to any additional bluff body drag forces.

The presence of astress surpluson the drag plate compared to thewind shear stressmay also
beattributed to the propertiesof theturbulent flow acting upon it. A largeeement projectingintothe
flow would be a source of bluff body drag in addition to the horizontal shear stress, even in laminar
flow. With the addition of turbulence there is a completely different mechanism for bringing
momentum in theform of coherent high velocity vortices, tothe surfacewhich areafundamental part
of the turbulent flow and are identified as sweeps (Rao et al., 1970). The sweep events may also
provide someof theadditional stressthat appearsasasurplusin thedrag plate measurements. Inthis
research, the 1 Hz shear stress measurements from the drag plate provide an indication of the nature
of theturbulent shear flow closetotherough test surfaces. From analysisof thevariability in theshear
stress, it would appear that in all threetest surfacesthe system becamemuch moreenergeticasthewind
shear increased. It was also observed that the magnitude of the variability in the shear stress
measurementswas linked with theroughnessscale. Thisincreasein shear stressvariability was most
likely a result of increased turbulence intensity close to the rough surfaces. This follows Raupach
(1981) whofound that therel ative magnitude of the sweep component (u¢ > 0, v¢ < 0) increasesboth
with surface roughness and with the proximity to the surface. According to Raupach (1981), this
sweep dominated region delineates the roughness sublayer. The data of Krogstad et al. (1992)
indicated that not only are burst and sweep events stronger and more frequent on rough wall surfaces
in comparison to smooth surfaces, but that their frequency of occurrenceisnearly twice aslarge for
rough versus smooth wall. Krogstadet al. (1992) al so specul ated that the vertical vel ocity spectrum
may scale with roughness.

Thedrag plate data clearly indicate this roughness effect. Increasing surface roughnesswas
related to elevated level s of turbulence intensity as measured by theincreasein standard deviation of
theinstantaneousshear stresswithincreasing Re,. A secondtrendintheshear stressdatacollected for
surfaces 2 and 3 was the distinct change to a more negatively skewed frequency distribution as the
friction velocity increased (Figure 9). This suggests that there was an increase in the frequency of
relativelylarger instantaneousstresseventsasthefriction vel ocity increased which could beindicative
of anincreasing downward directed flow event or sweep. A second process may also beresponsible
for theincreased activity that isrelated totheflow itself. Accordingto Levi (1983), theperiodicity of
the stress generating events scales with a vel ocity term and may follow a universal Strouhal law. In
thisview, thefrequency of theburst sweep cycleshould scalewith theboundary layer thicknessaswel
asthe free stream velocity.
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With the increased frequency and increased magnitude of sweep events occurring on the
rougher surfaces, additional velocity componentsthat arenot horizontal may play aroleinincreasing
the stress measurements on the drag plate. Raupach et al. (1986) examined the higher velocity
moments of the horizontal and vertical velocity and concluded that the solid boundary deflects
downward moving gusts (or sweeps) into horizontal motionsresembling transient wall jets, which if
present, could cause the drag plate to "fed” more stress.

Amongst thegrave roughnessel ementstherearemany facetsof theindividual particleswhich
can potentially beacted upon by vel ocity vectorsapproaching normally tothem. Theflow near thetops
of theroughnessel ementsischaracterised by largeangular excursionsin thevel ocity vectors(Krogstad
etal., 1992) which increasestheprobability that they will interact with theroughnesse ement surfaces
in some approximation of the bluff body model. Although the turbulent environment within the
roughness is different from the freestream and freestream drag coefficients are of little relevance
(Finnigan and Raupach, 1986), never the less some additional form drag should be exerted on the
eements. This effect, if present, should grow in proportion to the magnitude and frequency of
turbulent sweep events. The evidence for increased wall bursting was seen in this research in the
scaling of the standard deviation of shear stress with both roughness and velocity. Krogstad et al.
(1992) confirmed the presence of this process with detailed quadrant analysis of the horizontal and
vertical velocity components over rough surfaces.

According to Krogstad et al. (1992), asroughness declines, thewall bursting process begins
to favour outward flow interactions that move away from the surface. Generally stated, as surfaces
become smoother, the more closaly they approximate the skin friction model of the law of the wall.
Thisgeneral trend wassupported by therel ati onshi psfound between shearing stressmeasured with the
drag plate and indirectly measured from the wind velocity profiles. As elevational relief decreased
between the test surfaces, the shear stress surplus decreased from a maximum of 59 percent for the
roughest surfacetoadeficit of 13 percent for thesmoothest gravel surface. Thedatagenerally showed
a convergence towards unity as the elevational range of the surface declined.

6. Conclusions

Therelationship between irregular surface roughnessform and the shear stress devel oped on
the surface from the applied wind force was found to be very complex. Theroughnessform exerted
astrong influence on the magnitude, aswdl as the dynamic behaviour of the surface shearing stress
measured with thedrag plate. Over therange of wind vel ocities generated within thewind tunnel, the
differencesin u. between thetest surfaceswerenot great and generally fell within therangeof 0.3 to
1.0 m s* asdetermined from the vertical wind velocity profiles. Thereal differencesin thethreetest
surfaces were manifested in the behaviour of thedrag plate. The shear stressdata collected with the
drag plate showed very different responsesfor each of thetest surfacesto basically the samedriving
forceinthewind. Theonly possiblecontrol ontheseresponseswasthedifferencein surfaceroughness
characteristicsaseverything e se other than the dightly changing environmental conditionswereheld
relatively constant.

The roughness effect on shear stress measured with the drag plate was explained as being a
function of the changes in the turbulence activity initiated by increased roughness as well as the
addition of bluff body drag forces.
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