Turbulent Boundary Layers Over
Surfaces Smoothed by Sanding

Flat-plate turbulent boundary layer measurements have been made on painted surfaces,
smoothed by sanding. The measurements were conducted in a closed return water tunnel,
. over a momentum thickness Reynolds numBeg,) range of 3000 to 16,000, using a
United States Na.VH' Academy, two-component laser Doppler velocimeter (LDV). The mean velocity and Reynolds stress
Annapolis, MD 21402 profiles are compared with those for smooth and sandgrain rough walls. The results
Karen A. Flack indicate an increa'_se in the boundary layer thickne§sahd the integral_len_g_th scales for _

. the unsanded, painted surface compared to a smooth wall. More significant increases in
these parameters, as well as the skin-friction coefficié€dt) were observed for the
sandgrain surfaces. The sanded surfaces behave similarly to the smooth wall for these
boundary layer parameters. The roughness functight) ) for the sanded surfaces
measured in this study agree within their uncertainty with previous results obtained using
towing tank tests and similarity law analysis. The present results indicate that the mean
profiles for all of the surfaces collapse well in velocity defect form. The Reynolds stresses
also show good collapse in the overlap and outer regions of the boundary layer when
normalized with the wall shear stresDOI: 10.1115/1.1598992
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Introduction Clauser[1] argued that the primary effect of surface roughness

as to cause a downward shift in the logarithmic region of the

The importance of rough wall, turbulent boundary layers is we . ! ) p
established. In a large number of engineering applications, fro\'g:neap Veloﬁ'ty ﬁmfyﬁ fgr the bodunflarydiyer. III:odr tsho callddh
pipe flow to flow over a ship’s hull, boundary layers develop oveyPe’ rough walls, the downward s ifaU", called the rough-

surfaces that are rough to an appreciable degree. For this reasdif3s function, correlates wit”, the roughness Reynolds num-
significant body of research has focused on quantifying the effat¢! defined as the ratio of the roughness length séalen the

of surface roughness on boundary layer structure. Numerous ¥C0us length scale;/u,.. The mean velocity profile in a rough
perimental investigations of rough wall, turbulent boundary layet¥all boundary layer is, therefore, given as

have been conducted including the studies of Cla{sgkrHama 1

[2], Ligrani and Moffat[3], Krogstad and Antonig4—6], and Ut==In((y+e)")+B—AU+2w((y+e)/)Il/k. (2)
others. Raupach et 4l7] provides an excellent review of much of K

this work. The majority of these investigations have centered ®fama[2] showed that by evaluating Eqél) and (2) at y=y
flows over simple, well-defined roughness patterns such as transe = §, the roughness function is found by subtracting the rough
verse bars, mesh screen, sandgrains, and circular rods. While wa# log-law intercept from the smooth wall intercej&, at the

of simple roughness geometry is attractive since it is easily deame value of Rg . The roughness function can be expressed as
fined and can be parametrically altered, it is not representative of

most roughness of engineering interest. A notable exception was AU* = /i _ /E 3
the study of Acharya et a8] that documented the effect of sur- n Cs Cil." ©)
face roughness caused by machining, such as that observed on S R

turbine blades. It should be noted that Ed3) is only valid provided the mean

In many cases, turbulent flows evolve over painted surfaces ttvglocity profiles collapse in velocity defect form, given BE],
have been smoothed by sandifegg., sailing hulls and wind and U.—U
water tunnel modejs In a previous study using a towing tank, € :f(X)_ (4)
Schultz[9] documented the effect of sanding on surface roughness u- o

and frictional resistance of flat plates; however, no measuremeg§jjapse of the mean defect profiles for rough and smooth walls is
of the mean and turbulent velocity profiles were made. The pylyngistent with the turbulence similarity hypotheses of Townsend
pose of the present investigation is to document the mean velog%)o and Perry and Lj11] that state that turbulence outside of the
and Reynolds stress proflles_ over these surfaces and com Ugghness sublayéie., the layer of fluid immediately adjacent to
them to smooth and sandgrain rough walls., sandpaper cov- e "roughnessis independent of the surface condition at suffi-
ered surfaces). This should provide a framework from which {Qgngy high Reynolds number. A majority of the experimental
address the similarities and d_lfferences observed in t“rbU|eéUidence seems to support the universality of the defect law. Some
boundary layers on sanded, painted surfaces to those developificant research, however, indicates that surface roughness alters
over smooth and s_andgra_un _surfaces. . the velocity defect profile[4,8], leads to a higher degree of iso-
The mean velocity profile in the overlap and outer region for flopy of the Reynolds normal stresséé,~6], and changes the
smooth wall, turbulent boundary layer can be expressed as  Reynolds shear stress profiles in the outer region of the boundary
layer,[4—6]. Another outstanding issue is the ability to character-
1 ize the roughness functiorAU ™) for a generic surface by a
U'==In(y")+B+2w(y/5)I1/k. (1) physical measurement of the surface roughriksalone.
K The goal of the present experimental investigation is to docu-
Comributed by the Fluids Endineering Division | bication in {GUENAL ment the mean velocity and Reynolds stress profiles on painted
e B et nsSurfaces smoothed by Sanding. These are compared wih profies
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Table 1 Description and roughness statistics of the test surfaces

Ra Rq Ry R,
Specimen (pm) (uem) (em) (um) Description
Smooth NA NA NA NA Cast acrylic surface
60-grit 126+5 1607 983+89 92182 60-grit commercial wet/dry sandpaper
sandpaper
220-grit 30=*2 38+2 275x17 251+14 220-grit commercial wet/dry sandpaper
sandpaper
Unsanded g1 12+1 76+8 717 Unsanded, sprayed polyamide epoxy
60-grit 5+1 4+1 364 32+3 Sprayed polyamide epoxy
sanded sanded with 60-grit wet/dry sandpaper
120-grit 4+1 31 26+2 23+2 Sprayed polyamide epoxy
sanded sanded with 120-grit wet/dry sandpaper

Uncertainties represent the 95% confidence precision bounds

for this particular class of surfaces is made. These results agplied with a spray gun. One surface was tested in the unsanded
compared with the roughness function measured indirectly foondition. One was wet sanded with 60-grit sandpaper. The final
these surfaces by Schuli@] using frictional resistance measuretest surface was wet sanded with 120-grit sandpaper. All the sand-
ments on towed flat plates. ing in the present experiment was carried out by hand with the aid
. of a sanding block using small circular motions. The surfaces
Experimental Facilities and Method were carefully cleaned with water and a soft cloth to remove grit
The present experiments were carried out in the closed circaitd detritus left behind by the sanding process. Further detail of
water tunnel facility at the United States Naval Academy Hydrahe surface preparation is given in Schiy@z. The surface rough-
mechanics Laboratory. The test section is 40 cm by 40 cm in crassss profiles of the test plates were measured using a Cyber Op-
section and is 1.8 m in length, with a tunnel velocity range afcs laser diode point range sengorodel #PRS 40laser profilo-
0-6.0 m/s. In the present investigation, the freestream velocCiyeter system mounted to a Parker Daedal two-axis traverse with a
was varied between~1.0m/s-3.5m/s (Re1.4x10P-4.9 resolution of 5um. The resolution of the sensor isgm with a
X 10°). Flow management devices include turning vanes placegser spot diameter of 19m. Data were taken over a sampling
in th_e tunnel corners and a honeycomb flow straightener in th@hgth of 50 mm and were digitized at a sampling interval of 25
settling chamber. The honeycomb has 19 mm cells that are 15Qy Ten linear profiles were taken on each of the test surfaces. No
mm in length. The area ratio between the settling chamber and Hgring of the profiles was conducted except to remove any linear
test section is 20:1, and the resulting freestream turbulence INGXnd in the trace. A description of the test surfaces along with the

sity in the test section is-0.5%. surface roughness statistics is given in Table 1. It should be noted

The test specimens were inserted into a flat-plate test fiXtUe,, - orror in the calibration used 8] led to a systematic
mounted horizontally in the tunnel. The test fixture is similar to

that used by SchultzL2]. The fixture is 0.40 m in width, 1.68 m undergstimate of the roughness height parameters.' This has been
in length, and 25 mm thick. It is constructed of a high densit mEd'ed. .and the roughness helght parameters given here have
foam core covered with carbon fiber reinforced plastic skins atfen Vverified using a second profilometer.

was mounted horizontally in the tunnel's test section along its Velocity measurements were made using a TSI IFASS0 two-
centerline. The leading edge of the test fixture is ellipticallfomponent fiber-optic LDV system. The LDV used a four beam
shaped with an 8:1 ratio of the major and minor axes. The forwafdirangement and was operated in backscatter mode. The probe
most 200 mm of the plate is covered with 36-grit sandpaper to trplume diameter was-90 um, and its length was-1.3 mm. The

the developing boundary layer. The use of a strip of roughnediscous length ¢/u,) varied from a minimum of fum for 60-grit

was shown by Klebanoff and Dieljll3] to provide effective sandpaper at the highest Reynolds number tou24 for the
boundary layer thickening and a fairly rapid return to selfsmooth wall at the lowest Reynolds number. The diameter of the
similarity. The test specimen mounts flush into the test fixture aquobe volume, therefore, ranged from 3.8 to 18 viscous lengths in
its forward edge is located immediately downstream of the trihe present study. The LDV probe was mounted on a Velmex
The removable test specimens are fabricated from 12-mm thigitee-axis traverse unit. The traverse allowed the position of the
cast acrylic sheet 350 mm in width and 1.32 m in length. Thgrobe to be maintained t&10 um in all directions. In order to
boundary layer profiles presented here were taken 1.35 m dowgilitate two-component near-wall measurements, the probe was
stream of the leading edge of the test fixture. Profiles taken frofieq downwards at an angle of 4 deg to the horizontal and was
0.75 m to the measurement location confirmed that the flow hagisieq 45 deg about its axis. Velocity measurements were con-

reached self-similarity. The trailing 150 mm of the flat plate fixy,cteq in coincidence mode with 20,000 random samples per lo-
tureis a r."o"ab'e tail flap. Th's. was set with the trailing edge up Bl sion. Doppler bursts for the two channels were required to fall
~5 deg in the present experiments to prevent separation at |

; . fhin a 50 us coincidence window or the sample was rejected.
leading edge of the plate. The physical growth of the boundaryln this stl/fdy the skin-friction coefficienC; %r the smlooth

layer and the inclined tail flap created a mildly favorable pressure . .
gradient at the measurement location. The acceleration param Herlface was found using the Clauser chart methg,with log-

(K) varied from 7.4X10°8 at the lowest freestream velocity to aw (_:onstan_ts<=0.41 andB=5.0. For the rough_ ‘.Na”SCf was
2.0x10 8 at the highest freestream velocity. The pressure gra(ﬂptamed using a procedure based on the m(.)d'f'eq Clauser chart
ent did not vary significantly between the test specimens. method given by Pr_erry and lLil_l]. To a_ccomph_sh th.'s‘ the wall

Six test surfaces were tested in the present stU@ple 1). da;ur_n offset was _flrst determined using an iterative _proc_edure.
Three served as controls. One was a smooth cast acrylic surfagd$ involved plottingU/U. versus lii(y+e&)U./v] for points in
The other two were sandgrain rough surfaces; one covered wifl¢ log-law region(points betweeny(+&) " =60 and §+¢)/6
60-grit wet/dry sandpaper and the other with 220-grit wet/dry 0.2) based on an initial guess af obtained using the total
sandpaper. The remaining three test surfaces consisted of acrgifess method detailed below. The wall datum offset was initially
plates initially painted with several coats of marine polyamidtaken to be zero and was increased until the goodness of fit of
epoxy paint manufactured by International Paint. The paint wéisear regression through the points was maximized. This was
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Table 2 Boundary layer parameters for the test cases

C¢x10°
Test U, C;x10°  Total 5 5 6
Specimen Case (ms) Re, Clauser Stress (mm) (mm) (mm) H AUT
Smooth 1 0.94 2950 3.44 3.32 28 3.8 2.9 1.30 —
2 2.60 7020 2.99 3.04 26 3.2 2.5 1.27 —
3 2.99 8080 2.92 2.82 27 3.2 2.5 1.26 —
4 3.58 9680 2.82 2.77 26 3.2 2.5 126 —
60-grit 1 0.93 3720 4.82 4.55 33 5.1 3.7 1.38 4.5
sandpaper 2 2.53 10600 5.04 5.29 33 55 3.9 1.42 7.4
3 3.12 13800 4.87 5.09 33 5.9 4.1 1.44 8.0
4 3.58 16400 4.84 5.13 34 6.1 4.3 1.43 8.3
220-grit 1 0.95 3420 3.52 3.66 33 4.7 3.5 1.36 1.3
sandpaper 2 2.60 8930 3.79 3.90 29 4.3 3.2 1.34 3.9
3 3.07 11000 3.89 3.77 30 4.5 3.3 1.36 4.8
4 3.63 12900 3.85 3.69 30 4.6 3.4 1.36 5.2
Unsanded 1 0.93 3170 3.40 3.31 31 4.1 3.2 1.30 0.3
2 2.50 8080 3.05 3.14 31 3.8 2.9 1.29 0.9
3 3.11 10500 2.94 2.98 31 4.0 3.1 1.29 1.3
4 3.59 11900 2.95 2.87 31 4.0 3.1 1.29 1.6
60-grit 1 0.95 2830 3.50 3.46 27 3.8 2.9 1.31 0.2
sanded 2 2.53 6720 3.07 2.93 27 3.2 2.5 1.27 0.2
3 3.09 8200 2.98 2.78 28 3.2 2.5 1.27 0.4
4 3.52 9260 2.94 2.87 27 3.2 2.5 1.26 0.5
120-grit 1 1.00 2920 3.46 3.43 28 3.9 3.0 1.32 0.0
sanded 2 2.50 7070 3.06 2.93 26 3.2 25 1.26 0.2
3 3.01 9700 2.81 2.65 28 3.8 3.0 1.27 0.2
4 3.69 11400 2.83 2.68 28 3.6 2.9 1.25 0.3

considered the proper wall datum offset. The following formulaveighted to correct for velocity bias, as given by Buchhave et al.
was then used to determii@® based on the slope of the regres{18]. Velocity gradient bias is due to variation in velocity across
sion line,[14]: the measurement volume. The correction scheme of Durst et al.
d(UIU,) 2 [19]was used to correat’. The corrections to the mean velocity

© . (5) @and the other turbulence quantities were quite small and therefore
d(In[(y+e)Ue/v]) neglected. An additional bias error in thé measurements of

For all the test surfaces, the total stress method was also used-#% was caused by introduction of tive’ component due to
verify C;. It assumes a constant stress region equal to the wiielination of the LDV probe.
shear stress exists in the inner layer of the boundary layer. If theThese bias estimates were combined with the precision uncer-
viscous and turbulent stress contributions are added together,t@ifties to calculate the overall uncertainties for the measured
expression foC; may be calculated as the following evaluated afuantities. The resulting overall uncertainty in the mean velocity
the total stress plateau in the inner layer: is =1%. For the turbulence quantities?, v’?, andu’v’, the
2 JU overgl] uncertainti.es. ant.Z%, +4%, and*=7%, res.pectively..The
=S lv——uv'|. (6) precision uncertainties ic; were_cglculated using a series of
Ugl 9y repeatability tests, in a manner similar to that carried out for ve-
locities. These were combined with bias estimates to calculate the
Uncertainty Estimates overall uncertainty inC;. The uncertainty inC; for the smooth

Precision uncertainty estimates for the velocity measuremetjf@lls using the Clauser chart methodig%, and the uncertainty
were made through repeatability tests using the procedure giVBrf-r for the rough walls using the modified Clauser chart method
by Moffat [15]. Ten replicate velocity profiles were taken on botl/aS =7%. The increased uncertainty for the rough walls resulted
a smooth and a rough plate. The standard error for each of fR&nly from th?r extra two degrees-of-freedom in fitting the log
measurement quantities was then calculated for both samples!ay (¢ and AU™). The uncertainty inC; using the total stress
order to estimate the 95% confidence limits for a statistic calci2ethod is=8% for both the smooth and rough walls. The uncer-
lated from a single profile, the standard deviation was multiplid@inties iné, 5*, and ¢ are £7%, +4%, and+5%, respectively.
by the two-tailedt value ¢=2.262) for nine degrees-of-freedom
and «=0.05, as given by Coleman and Steél@]. LDV mea- paciits and Discussion
surements are also susceptible to a variety of bias errors including
angle bias, validation bias, velocity bias, and velocity gradient The experimental conditions for each of the test cases are pre-
bias, as detailed by Edwarfi$7]. Angle or fringe bias is due to sented in Table 2. Significant increases in the physical growth of
the fact that scattering particles passing through the measureniggt boundary layer were noted on the unsanded and sandgrain
volume at large angles may not be measured since several frifigegh surfaces compared to the smooth wall. The average in-
crossings are needed to validate a measurement. In this expergases irs, 6*, andé for the unsanded surface were 16%, 19%,
ment, the fringe bias was considered insignificant, as the beaaw 17%, respectively. The 60-grit sandpaper showed increases of
were shifted above a burst frequency representative of twice tB4%, 70%, and 50%, while the 240-grit sandpaper had increases
freestream velocity,17]. Validation bias results from filtering too of 14%, 36%, and 27% i@, 5*, and 6, respectively. The increase
close to the signal frequency and any processor biases. In generahsured in these quantities compared to the smooth wall for both
these are difficult to estimate and vary from system to system. b the sanded surfaces was within the experimental uncertainty.
corrections were made to account for validation bias. Velocity bidhe skin-friction coefficient determined using the Clauser chart
results from the greater likelihood of high velocity particles movand the total stress methods showed good agreement in this inves-
ing through the measurement volume during a given samplitigation, as the two fell within the uncertainty for all of the test
period. The present measurements were burst transit ticases. The values @f; andu, used in the results that follow were

Ci=2«?

Cs
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0.006 30
All Surfaces — Coles [20] (a) Unsanded Surface
O DeGraaff & Eaton [21)
00054 * . .
0.004 -
. ¢ e
S~
Q™ 0.003 ¥ 9 4e O o0
0.002 10 - e U =10ms
a U,=25mis
0.001 ~ ® Smooth v 120Grit Sanded 5 A U =30ms
O  Unsanded @ 220-Grit Sandpaper o U, =35ms
0.000 A §0-Grit Sanded + 60-Grit Sandpaper = smooth wall log-law
X T T T . . : T 0 . -
4000 6000 8000 10000 12000 14000 16000 18000 ®) 60-Grit Sanded Surface
Re, 25 |
Fig. 1 Skin-friction coefficient versus momentum thickness ®
Reynolds number. (Overall uncertainty in C;: smooth wall, 20 1
*+4%; rough wall, *7%.)
5 15

determined using the Clauser chart method. This method was se- 49 {
lected due to its lower overall uncertainty. Figure 1 pres&hts

versus Rg for all the test surfaces. The smooth wall results of 5 ]
Coles[20] and DeGraaff and Eatdi21] are shown for compari-
son. The present smooth wall; values were systematically
higher than the results of Coles and DeGraaff and Eator 6%
and ~4%, respectively. This may have been due to the elevated 120-Grit Sanded Surface
freestream turbulence intensity in the test facility and a slightly
favorable pressure gradient, both of which would tend to increase
C;. It should be noted, however, that the present results agree
with those of the previous investigations within the combined un-
certainties of the measurements. Tevalues for the sanded and
unsanded surfaces are observed to rise slightly above the smootl
wall curve as Rg increases, however, the increases were still
within the uncertainty of the measurements. The sandgrain rough
surfaces both exhibited a significant increas€jrover the entire
range of Rg. At the highest Reynolds numbe@; was 87%
higher than the smooth curve for the 60-grit sandpaper and was
43% higher for the 220-grit sandpaper.

0 Y T

Figure 2 shows the mean velocity profiles in wall variables for 10 100 (y+g) 1000
all of the test surfaces at the highest freestream velocity. The loci files i I di ¢ h
smooth profile follows the smooth wall log-law well in the over-'9: 3 Mean velocity profiles in wall coordinates for (&) the

lap region. The rough surfaces also display a linear log region t
is shifted byAU™" below the smooth profile. As expected, a tren
of increasingAU* with increasing roughness height is observed.

Sanded surfaces smoother than 120-grit sanded were not tested, ) . ) ) )
because, as illustrated in Fig. 2, the velocity profiles were virtually

collapsed with the smooth profile at this surface finish. However,

ur};anded surface, (b) the 60-grit sanded surface, and (c) the
?f% -grit sanded surface. (Overall uncertainty in U, £7%.)

10 in a previous studySchultz[9]), small but significant differences
All Surfaces —— smooth wall log-law in the overall frictional resistance of towed plates were observed
25 : on smoother surfaces. This implies that a roughness function may
exist for surfaces sanded with finer grit sandpaper, however, they
2 are difficult to measure using velocity profile methods. The mean
] velocity profiles for the sanded surfaces in wall coordinates are
. shown in Fig. 3. Figure 3(aghows the profiles for the unsanded
D 151 surface. An increase is seen XU* with increasing unit Rey-
nolds number, as expected. In FigsbhBand 3(c), a similar trend
10 4 is observed, but the changes AU ™ with increasing unit Rey-
nolds number are very small.
5 e Smooth v 120-Grit Sanded Figure 4 presents the roughness functioht)( versusk™) for
o g;;?f;:n soa ¥ gg‘j‘;'{sf:gm:' all of the rough test surfaces. The Colebrook_—t){mz], roughness
° . . function for naturally occurring roughness given by Grig$28]
10 100 1000 and the Nikuradse-typ&24], roughness function for uniform sand
(v+&)"* given by Schlichtind25] are shown for comparison. The painted
surfaces show good agreemeR?E 0.9) with a Colebrook-type
Fig. 2 Mean velocity profiles in wall coordinates for all sur- roughness function usink=0.39R, . Usingk based on the other
faces at the highest freestream velocity.  (Overall uncertainty in roughness height parameters shown in Table 1 gave similar agree-
U*: smooth wall, +4%; rough wall, *7%.) ment with a Colebrook-type roughness function for these surfaces.

866 / Vol. 125, SEPTEMBER 2003 Transactions of the ASME



10 20
O Unsanded All Surfaces ® Smooth v 120-Grit Sanded
A 60-Grit Sanded /‘V D Unsanded € 220-Grit Sandpaper
v 120-Grit Sanded / A  60-Grit Sanded + 60-Grit Sandpaper
8 { ¢ 220-Grit Sandpaper /+
+  60-Grit Sandpaper / + 15 1
1/ In(1+k°) [23} //
g { ——= Uniform Sand [25] / Q“
S
T 10 4
@
>
N—
5 -
Vi
Y,
» ‘qu-«.“
T 0 T T T T ~
100 0.0 0.2 04 0.6 0.8 1.0 1.2
(y+e)/s

Fig. 4 Roughness functions (AU* versus k%) for the rough Fig. 6 Velocity defect profiles for all surfaces at the highest
specimens. (Overall uncertainty in  AUY, £10% or +0.2 which-  freestream velocity. (Overall uncertainty in (Us—Ulu,:
ever is greater. ) smooth wall, *5%; rough wall, *7%.)

The sandgrain rough surfaces agree well with a Nikuradse-typelocity defect profile for rough and smooth walls as first pro-
roughness function witk=0.75R;. This indicates that for these posed by Clausdr ] and also lends support to the boundary layer
relatively simple roughness geometries a single roughness heigimilarity hypotheses of TownsefdlO]and Perry and Lj11] that
parameter is a sufficient scaling parameter to characterize #tate that turbulence outside of the roughness sublayer is indepen-
physical nature of the surface. Acharya et[8&l have shown that dent of the surface condition at sufficiently high Reynolds num-
for surfaces representative of those on gas turbine blades, a tesgr. Acharya et al[8] also noted good collapse to a universal
ture parameter such as the root mean square deviation in the siafect profile for mesh and machined surface roughness but ob-
face slope angle may be required to serve as an additional scalkegved significant scatter for sand-cast surfaces.

parameter. It should be noted that the effect of changing theThe normalized, axial Reynolds normal stres?(u_z, or

choice ofk on the roughness function for a given surface is 1 ialentlypu’2/7,) profiles for all test surfaces at the highest
simply shift the curve along+ the horizontal axis without changingeastream velocity are presented in Fig. 7. Also shown for com-
its shape, since/u, andAU ~ are determined by the flow. Figure sarison are the results of the smooth wall direct numerical simu-

5 shows the present roughness functions for the painted surfacgg), (DNS) by Spalart[27] at Re,=1410 and the smooth and
along with the results from similar surfaces determined by Schul,tgugh wall experimental results of Perry and [i1] at Re,
[9] using towing tank measurements and boundary layer similarity

; SR 2 :
law analysis. Overall, there is good agreement between the dét;il’ow and 7645, respectively. Good collapsedfu;, profiles

] : IS Observed in both the overlap and outer regions of the boundary
sets and the Colebrook-type roughness functlon_ using gz}yer. This is in agreement with the findings of Perry and11]

=0.39R,. These data indicate that the roughness functions det S
mined indirectly using overall skin-friction resistance measuréa‘-nd Krogstad and Antonisl—6] who also observed no significant

ments and similarity law analysis can provide results that agrggference in the axial Reynolds normal stress profiles for smooth

with those determined directly using the mean velocity profile a?g]d_ rough yvallzs outside of the inner region when they were nor-
was argued by GranvillE26]. malized usingu?. It should be noted that the present results also

The mean velocity profiles in defect for&g. (4)) for all test show good quantitative agreement with those of Perry afddi

surfaces at the highest freestream velocity are presented in FigTe mixed scalingy'?/u,U,) recently proposed by DeGraaff and
The velocity defect profiles exhibit good collapse in the overlapaton[21] based on a smooth wall study was also tried on the
and outer regions of the boundary layer. This supports a universal

Al Surfaces ® Smooth
O  Unsanded

A 80-Grit Sanded

¢ 120-Grit Sanded

¢ 220-Grit Sandpaper

+  60-Grit Sandpaper
~—— DNS, Spalart [27]

O Smooth, Perry & Li [11]
@ Rough, Perry & Li [11])

2.0

B Unsanded Open Symbols from Towing Tank Tests [9] 7
A 80-Grit Sanded
v 120-Grit Sanded

1 In{1+k") [23) ™

0.0 0.2 0.4 0.8 0.8 1.0 1.2
0.01 0.1 1 (y+a)/5

Fig. 7 Normalized axial Reynolds normal stress profiles for all
Fig. 5 Roughness functions (AU* versus k%) for the painted surfaces at the highest freestream velocity. (Overall uncertainty
surfaces. (Overall uncertainty in - AU, £0.2.) in u’zluf: smooth wall, *5%; rough wall, *7%.)
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Fig. 9 Normalized wall-normal Reynolds normal stress pro-
files for all surfaces at the highest freestream velocity. (Overall

uncertainty in Flui: smooth wall, *6%; rough wall, *8%.)

uu?

overlap and outer regions of the boundary layer. This is in agree-
ment with the findings of Perry and [11] who also observed no
significant difference in the wall-normal Reynolds normal stress
profiles for smooth and rough walls outside of the near wall re-
gion when they were normalized usiu@. Krogstad and Antonia

[4—6] noted a large increase irf 2/u® well into the outer region
of the boundary layer for mesh and circular rod roughness. They
attributed this to an increase in the inclination angle of the large-
scale structures, which tended to make the turbulence in the outer
region more isotropic. SchultzZl2] also observed this on flows
over filamentous algae roughness but showed sandgrain roughness
results collapsed well with smooth wall profiles. Further research
is needed to show what surface properties are necessary to pro-
duce these changes in the boundary layer structure. It should be
stated that the present results in Fig. 9 agree within their experi-
24 mental uncertainty with those of Perry and[lil]. The normal-
0.0 0.2 0.4 06 0.8 1.0 1.2 ized, wall-normal Reynolds normal stress {/u?) profiles for the
(y+e)/s unsanded, 60-grit sanded, and 120-grit sanded surfaces are pre-
sented in Fig. 10. The profiles at the three highest Reynolds for all
Fig. 8 Normalized axial Reynolds norr_nal stress profiles for (@  of these surface numbers show good collapse. The lowest Rey-
the unsanded surface, (b) the 60-grit sanded surface, and _ (g) nolds number profiles are slightly below the other profiles in all
the 120-grit sanded surface. ~(Overall uncertainty in  u'*/u?,  cases and show better agreement with the low Reynolds number
*7%.) DNS of Spalar{27].
The normalized, Reynolds shear stressu(v’/ui or equiva-
lently —pu’v’/7,) profiles for all surfaces at the highest
present results. While it provided good collapse of the smootfeestream velocity are presented in Fig. 11. The results of the
wall results, it did not collapse the profiles from the differengmooth wall DNS by Spalaf27], the smooth wall experimental
rough walls as effectively als The normalized, axial Reynolds results of DeGraaff and Eatd21] at Re,=13,000, and the rough
normal stressy’%/u?) profiles for the unsanded, 60-grit sandedwall experimental results of Ligrani and Moffg3] at Re,
and 120-grit sanded surfaces are presented in Fig. 8. The profﬁia%8700 are shown for comparison. Reasonably good collapse of
at the three highest Reynolds numbers for all of these surfadbs —u’v’/u? profiles is observed in both the overlap and outer
numbers show good collapse. The lowest Reynolds number pregions of the boundary layer. This is in agreement with the mea-
files are slightly below the other profiles in all cases. This is prolsurements of Ligrani and Moff48] who also observed no signifi-
ably due to the fact that the momentum thickness Reynolds nuoant difference between the Reynolds shear stress profiles for
ber was relatively low (Rg<3200). Coled20] gives Rg>6000 smooth and rough walls outside of the near wall region when they
to achieve a fully developed, equilibrium turbulent boundarywere normalized usingT Krogstad and Antonig4—6] noted a
layer. Again, the agreement of the present results with the smoQfnificant increase in-u’v'/u2 well into the outer region of the

and rough wall results of Perry and [11] is within the experi- boundary layer for mesh and Ccircular rod roughness. Schify
mental uncertainty. — also observed this on flows over filamentous algae roughness but
The normalized, wall-normal Reynolds normal stres$’{u?>  showed sandgrain roughness collapsed well with smooth wall pro-
or equnvalentlypv’zlrw) profiles for all test surfaces at the high-files. The present results in Fig. 11 agree within experimental
est freestream velocity are presented in Fig. 9. Again, the resultscertainty with those of DeGraaff and Eatf?il] and Ligrani
of the smooth wall DNS by Spaldi27]and the smooth and rough and Moffat[3]. On the roughest surface, the 60-grit sandpaper, a
wall experimental results of Perry and [i1] are given for com- |ocal increase in-u’v’/u? was observed in the inner region of
parison. Good collapse Qf'Z/u profiles is noted in both the the boundary layer. ThIS increase persisted out to a distance of

{c)

120-Grit Sanded Surface

T T T T T
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Fig. 10 Normalized wall-normal Reynolds normal stress for (a)
the unsanded surface, (b) the 60-grit sanded surface, and (c)

the 120-grit sanded surface. (Overall uncertainty in W/uf,
+8%.)

~4k from the wall. Outside of this distance, the profile collapsed

well with the others. The normalized, Reynolds shear stress .0
(—u’v’/uf) profiles for the unsanded, 60-grit sanded, and 120- (g
grit sanded surfaces for all freestream velocities are presented ir 1.0
Fig. 12. Again, agreement within the experimental uncertainty

was observed between the present results and those of the previ 5 If

ous experimental studies.

Conclusion

Comparisons of turbulent boundary layers developing over ¢4
painted surfaces, smoothed by sanding with smooth and sandgrait
walls have been made. An increase in the physical growth of the o,
boundary layer was measured for the unsanded and the sandgrai
roughness. A significant increase@ was also observed for the e
sandgrain surfaces. The change in these parameters for the sande 0.0 0.2 04 0.6 08 1.0 1.2
surfaces was within the experimental uncertainty. The roughness

1.2
All Surfaces ® Smooth
O Unsanded
1.0 A 60-Grit Sanded
v 120-Grit Sanded
& 220-Grit Sandpaper
08 + 60-Grit Sandpaper
—— DNS, Spalart [27)
“‘:-» O Smooth, DeGraaff & Eaton [21]
Sos ’v ® Rough, Ligrani & Moffat [3]
| S
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Fig. 11 Normalized Reynolds shear stress profiles for all sur-
faces at the highest freestream velocity.  (Overall uncertainty in

—u’v’/uf: smooth wall, *8%; rough wall, *10%.)

U, =1.0m's
U, =25m's
U, =3.0nvs
u,=3.5m's
~— DNS, Spalart [27]
O Smooth, DeGraaff & Eaton [21)
@ Rough, Ligrani & Moffat [3}

(@)

oOrpDe

(b)

0.6

120-Grit Sanded Surface

(y+e)/s

functions AU™) for the sanded surfaces measured in this study

agree within their uncertainty with previous results obtained usirigg. 12 Normalized Reynolds shear stress profiles for
towing tank tests and similarity law analysis. The present resulissanded surface,
show that the mean profiles for all of the surfaces collapse well ir20-grit sanded surface.

(a) the
(b) the 60-grit sanded surface, and (c) the
(Overall uncertainty in  —u’v'/u?,

velocity defect form. Furthermore, the profiles of the normalizegt10%.)
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Reynolds stressesi(?/u?, v'?/u?, and—u’v'/u?) for both the Subscripts

smooth and rough surfaces show agreement within experimentainin minimum value
uncertainty in the overlap and outer regions of the boundary layermax = maximum value
These results lend support to the boundary layer similarity hy- R = rough surface
potheses of TownserjdO] and Perry and L[11]. S = smooth surface
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