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Abstract

An important unresolved issue in fluid mechanicsatcurately predicting the drag on a generic roagiface.
Currently, hydrodynamic tests are required to deilee an equivalent roughness heigkd for a given roughness
geometry. The equivalent height takes into accdbet surface texture and roughness density. Thiknigae is
employed in the widely used Moody [1] diagram whishbased on the results of Nikuradse [2] and Goleb [3].
Using this diagram, a friction factor as a functadrReynolds number can be determined for a naremge of surfaces
whose equivalent roughness heights are listedht@ligaltering the roughness texture or density dotdsult in a
significantly different equivalent roughness scafalditionally, if the specific roughness is not dhe list, a
hydrodynamic test needs to be performed. WhileMioedy diagram is accurate in the fully rough regifoea given
equivalent roughness, some studies [4, 5] have stdigcrepancies in the transitionally rough regifieerefore, the
diagram may only capture the asymptotic behavidhefskin friction in the hydraulically smooth afudly rough flow
regimes. This indicates that a mapping of the ttimnslly rough regime for a wide range of roughs\@eometries,
coupled with detailed measurements of roughnestescés needed to accurately predict frictional gdia the
transitionally rough regime.

The overall goal of this research is to determhme roughness scales that can be used to accupaéglict frictional
drag based solely on surface measurements. Previarksby the present authors has related frictidvsdes to surface
parameters and moments of the surface probabil#tlyilsltion function fdf). Tests in the fully rough regime [6]
indicated that the important predictive scalestheams roughness heighky,), a statistic based on the entire range of
roughness heights, and the skewn&sdf the pdf, a measure of whether the surface has more peaksughs. The
best gauge of departure from hydraulically smoo#s whe peak-to-trough roughness heid)t (ndicating that the
largest roughness scales have the greatest influirec onset of roughness effects [7]. The currapep highlights
work to map out the entire transitionally roughineg, thus determining the onset of roughness effeélce shape of the
roughness function in the transitionally rough negiand the start of fully rough behavior. Thisaccomplished by
taking very accurate pressure drop measurements folly developed channel flow facility. Resultsorfin the
hydrodynamic test are used to relate roughnesgifurscto appropriate scales based on surfacetgtatahtained from
detailed surface profilometry.

A fully developed channel flow facility has beennstructed in which measurements of the streamwissspre
gradient allow the wall stress to be determinechiwitt1% to accurately map the skin friction codffit and the
roughness function throughout the transitionallygio regime (figure 1). The channel has a heigtg.5fcm, a width

of 20.3 cm, and a length of 3.25 m, producing faéveloped channel flow. The Reynolds number rande,000 —
320,000 (based on the channel heightand the bulk mean velocityl,). The facility has ten static pressure taps in
the fully developed region of the flow. The snmedhle of the facility make it ideal for testing &erange of surfaces.
A smooth surface and three grades of sandpaper igsted. A sample surface topographical map fd §at
sandpaper is shown in figure 2. The surfaces wesélled with a Veeco WycoNT9100 optical profiloreetutilizing
white light interferometry with sub-micron verticatcuracy. Surface statistics for all three sandpapre given in
table 1.

The skin-friction is determined from the pressurepdin the fully developed regime between locatiéfd and 1161
downstream of the trip at the inlet to the chaniék skin friction coefficientC;, is shown as a function of Reynolds
number,Re, in figure 3. Also shown for comparison are theerkpental results of Monty [8] and the recent encpir
correlation of Zanourgt al. [9]. The agreement between the present resultshense of Monty is within £1% over the
common range. The agreement with the empiricaletation proposed by Zanowb al. is also within +2.5% foRe,

< 150,000. The rough wall skin friction coefficisrindicate that the facility can be used to discmall differences
in surface roughness. Results indicate that thmartiere from hydraulically smooth behavior occurpmgressively
higher Reynolds numbers for finer grade sandpagérs.facility is also able to capture the entiengitionally rough
regime, with profiles showing fully rough behavigith a constan€; for a wide range dre;,

An alternative presentation of the frictional diaghe roughness functiowl(*) as a function of roughness Reynolds
numberks'=U.kdv (figure 4), whereU, andv are the friction velocity and kinematic viscositgspectively. The
roughness function is defined as the downward $hithe mean flow profiles in the log-law regionhél results in



figure 4 indicate that all three sandpaper surfadiesplay uniform roughness functions with the expental
uncertainty. It should also be noted that theseltg® match the previously obtained roughness fomaif Ligrani &
Moffat [10] based on the uniform sand grain resaoftiNikuradse [2]. For all the present sandpapefases, the onset
of roughness effects occurs kat = 5.5 with transition to fully rough behavior & = 50. The corresponding
Nikuradse uniform sand limits wele” = 5 and 70. Tests are planned in the facility dorange of surfaces of
engineering interest including ship bottom paintiese results will be discussed in the final payet the conference
presentation.
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Figure 3. Skin friction coefficients.
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Figure 2. Surface topographical map of 320 grit sandpaper. Figure 4. Roughness functions for sandpaper roughness.

Table 1. Surface statistics.

Kme (um) | ke (um) | S Ky
220 grit 28.2 309 | 047 358
320 grit 24.8 216 | 0.34] 3.22
500 grit 21.0 178 | -01d 272
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