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ABSTRACT

Understanding the
topography and its hydraulic resistance is an gy yet
illusive, goal in fluids engineering. Particularlgoorly
understood are the flow conditions at which a gigenface
will begin to show the effects of roughness in them of
increased wall shear stress above that of the bilidadly
smooth wall. This phenomenon is the focus of thesgnt
study. The results from a small scale fully-depeld
turbulent channel flow facility are presented for a
hydraulically smooth wall and three rough surfadgs
sandpaper surface and two types of ship bottomtgain
Experiments were conducted over a Reynolds nunmRey) (
range of 3,200 — 64,000 based on the channel haighthe
bulk mean velocity. The onset of roughness effectairs for
the sandpaper surfacelats ~ 1 orks' ~ 5, and this surface
reaches fully rough conditions lat,s" ~ 12 orks'~ 60. Both
these values di;" and the shape of the roughness function in
the transitionally rough regime agree rather weithwthe
results of Nikuradse (1933) for uniform sand. Thetional
resistance of the two painted surfaces agrees rwithi
experimental uncertainty despite a factor of twifedence in
kms The roughness functions for the painted surfalmesot
exhibit either Nikuradse or Colebrook-type behavigiurther
research is planned in which systematically varmeghness
topographies will be tested. From this work, ih@ped that
the roughness scales that most significantly coutti to the
onset of roughness effects can be identified. Alsoned are
tests in a larger scale turbulent channel flowlitgcto map
out the behavior of a range of roughness types ftben
hydraulically smooth to fully rough flow regime.

INTRODUCTION

Accurately predicting the increase in frictionahgrdue to
surface roughness remains an important goal ofddlui
engineering research. Predictive models have pegposed
for rough-wall flows in the fully rough regime, wigepressure
drag on the roughness elements dominates. Howéver,
frictional drag behavior in the transitionally rdugflow
regime, where both viscous and pressure drag atk bo
significant, is much more poorly understood. Ths
unfortunate since most engineering flows, includitmwvs
over ship hulls and turbine blades as well as flwahsport

typically operate in this regime. An important gtien in the

relationship between a surface’s transitional regime is how smooth is “hydraulicaignooth”.

Understanding the roughness scales that producentet of
roughness effects is important for determining nfacturing
tolerances and polishing levels necessary to pedest
models that remain free of roughness effects. Tisis
especially critical for flows operating at high umeynolds
numbers. Currently, the onset of roughness effaatisamount
of additional drag due to roughness in the tramsitily rough
regime is only reliably known for a few surfacesttihave
been studied in detail. This leaves the frictiatralg behavior
of most surfaces in the transitionally rough regimelear.

The amount of frictional drag due to surface rowggsis
dependent on many surface parameters includinghrmss
height k), shape, and density. A common measure of the
momentum loss due to roughness is the roughnessidan
(AU*) which is the downward shift in the mean velocity
profile when expressed in inner variables. A pibaU* as a
function of the roughness Reynolds numiérs kU, /v, for a
wide range of surfaces (Flack and Schultz, 201d)jcates
three distinct regimes (figure 1). When the rowggm
Reynolds numberk®, is small, the flow is hydraulically
smooth {.e. AU"=0). In this case the perturbations generated
by the roughness elements are completely dampebyotite
fluid viscosity, creating no additional frictiondrag. Ask”
increases, the flow begins to show the effecthefroughness
and becomes transitionally rough. In the transélly rough
regime, viscosity is no longer able to damp outttivbulent
eddies created by the roughness elements and fagrod the
elements, as well as the viscous drag, contriltotédse overall
skin friction. Ask® increases further, the roughness function
reaches a linear asymptote. This asymptotic regiolarge
values ofk’ is termed the fully rough regime. In this regime,
the skin friction coefficient ) is independent of Reynolds
number, and form drag on the roughness elementheis
dominant mechanism responsible for the momentuncitef
the boundary layer. The roughness functions forsatfaces
will asymptote to a universal fully rough line e equivalent
sandgrain roughness height, is used as the characteristic
roughness length scale, as shown in figure 2 (Flac#
Schultz, 2010). The equivalent sandgrain roughhegsht is
the roughness height that produces the same rosghne
function as the uniform sand roughness of Nikurgd883) in
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the fully rough regime. But, as indicated in figut, collapse

in the fully rough regime does not ensure collapsehe
transitionally rough regime.

A number of questions remain regarding the relatim
between the roughness Reynolds number and the meagh
function for a generic surface roughness. Theevalik® (or
k) when the surface roughness ceases to be hydiylic
smooth has been shown to be a function of the noegghtype.
Secondly, the shape of the roughness function ia th
transitionally rough regime varies depending ongrmess
type and is not known for most surfaces. For exangome
roughness types produce roughness functions
monotonically changing slope while others displafieictional
behavior. Additionally, the value &f that defines the start of
the fully rough regime is unknown for most rougtsggpes.
The transitionally rough regime has previously beefined
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Figure 3. Roughness functions for ship bottom gaint
boundary layer measurements

(2007) as 2.5 ks <25 for a similar surface created by
surface scratches. Langelandswkal. (2008) indicate that
the range of the transitionally rough regime is ¢.4" < 18
for commercial steel pipe. Musker and Lewkowic®78)
found that the onset of the fully rough regime hdrom
ks = 17 to 40 for ship-hull roughness.

The objective of the current research is to identhe
roughness scales that contribute to the onset wghmess
effects. Preliminary boundary layer measurement® vaken
to obtain the roughness functions in the transitignrough
regime for ship bottom paint (see Schultz and Fl2€07 for
experimental set-up). The results, shown in figiréndicate
that ship bottom paint does not follow the previgysoposed
roughness functions (Nikuradse, 1933, Colebrook3919
Shockling, et al., 2006). This underscores the need to test a
range of roughness types and the difficulty in tdgimg the
roughness scales that are applicable in the tranally rough
regime. The results also indicate that ship bottpaint
deviates from hydraulically smooth at small valoéks". The
scatter in the results for smal,” also highlights the
uncertainty in determining small changes in skintifsn for
mild roughness in a boundary layer flow. In rougaHw
boundary layer investigations, it is difficult tetgérmine the
wall shear stress to better than +8%. A more ateurethod
of measuring the wall shear stress is necessadet@rmine
the onset of roughness effects, especially forcdse of mild
roughness. Fully developed internal flows in pipasd

with channels allow the determination of the wall stssgss with

greater accuracy using the streamwise pressuréegtad

EXPERIMENTAL METHODS
In order to address the challenge of detectingstinall

as 5 <ks" < 70, based on the uniform sandgrain results of difference in wall shear stress, a fully-develoghdnnel flow

Nikuradse (1933). However, a wide range of val&s been
reported in the literature for other roughness sypé.igrani
and Moffat (1986) report that the transitionallygh regime

facility was constructed. A schematic of the testtion is
shown in figure 4. The channel has a height ofni@, a
width of 80 mm, and a length of 1.6 m. The Reysoaidmber

spans 15 k" < 50 f0r+a close-packed sphere bed. This range range is 3,200 — 64,000 (based on the channel hafghthe
is reported as 3.5 &~ < 30 for honed pipe roughness by pulk mean velocity), providing a variation in théssous
Shockling, et al. (2006) and is given by Schultz and Flack |ength scale of 3.3 — 48n on a smooth wall. The facility has



Figure 4. Schematic of Fullpevelopec
Channel Flow Facility

seven static pressure taps in the fulgreloped region of tl
flow. The differential pressure transducers (GE d&r
LPM9000) have a range of ZB inches water, with &
accuracy of 0.1% of the reading. The flow meter Kagawa
ADMAG AXF) has a range of 0-380 Igmnwith an accuracy ¢
0.2% of reading. The pressure obtaim¢dach locatic is the
average of 3Geconds of collection at 50HThe mean wall
shear stress is calculated from the measured pesgsadien
in the channel, as shown in equation 1.
-_HdP (€]
Y2 dx
Measurements of the streamwise pressure gradiemts the
wall stress to be determined within £1.5%.

Three sides of the channel are permanent and timgh
side is a removable test surfacehe test surfaces investiga
in this study are a smooth walhe same ship bottom pair
(copper and silicone) used ihet boundary layer experimer
and 220 grit sandpapai/hile sandpaper has been extensi
tested, it serves as a good surface for facilitidation. The
ship paints represent mild roughness h extensive
engineering applications. Surface topographicapsnare
shown on figures 5- The surfaces were profiled wia
Veeco Wyco NT9100 optical profilometer utilizing itdlight
interferometry, with sulmicron vertical accurac The surface
statistics ofpeak to trough roughness heigk), root-mean-
square roughness heighk..{), the skewwness ) and
flatness Ku) of the roughness probabilityensity function
(pdf) are listed on table Tthe surface statistics ks and Sk
were previosly used by Flack and Schultz (2010) to pre
the frictional drag on a rough surface in the futiyugh
regime.

RESULTS AND DISCUSSION

Skin friction results for amooth test surfac(figure 8)
demonstrate goodgreement with extant correlations for s
friction in a fully-developed, smootall channel. Figure
shows the skin friction coefficientith a power law fit whict
compares welto the smooth wall power law correlation
Dean (1978)¢; = 0.074Re®% This high level of agreement
important to accurately determine the shear streshe rougt
surfaces. For the rough walls, the wall shear stodstainec
from pressure measurements represents an averagegif
and smooth contributions since only aceface wes covered

Table 1. Rough Surface Statis

Specimen ke (Um) ke (M) B Ku

220-grit SP 212 28.1 0.272 4.09
Copper paint 140 205 -0.070 2.60
Silicone paint 60 10.0 0.127 2.84
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Figure 5 220 grit sandpap
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Figure 6 Copper pair
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Figure 7 Siliconepaint
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0.018 ol with roughness. The smooth wall contribution, medehs!ng
0012 { & 220gritsP the power law correlation, is subtracted from tb&lt with
®  Ship Paint AAAMMAAMAMMA the difference being the rough wall result. Skintion results
0.011 1 Lt for the sandpaper and ship paints are also shoviigtire 8.
0.010 1 The copper and silicone ship paints yielded indggtishable
results within the measurement uncertainty of tmlify. As
0.009 - :
expected from the roughness surface characteristios
0.008 1 sandpaper skin friction deviates from the smootHl &b a
"y significantly lower Reynolds number than the shigings,
0.007 1 Ttaaa,, P . . o
LLE T T resulting in large increases in wall friction. Mucmaller
0.006 - o differences are observed in skin friction for thépspaint as
0.005 6 = 0.0725Re ‘ ‘ ‘ compared with the smooth wall. The ability to meassmall
0.0 1.0e+4 2.0e+4 3.0e+4 4.0e+4 5.0e+d 6.0e+d differences and the overall smoothness of the tesighlight
Re the importance of determining the wall friction rimoa
pressure drop in a channel as opposed to nearbaafidary
Figure 8. Skin-friction coefficients layer measurements. While this facility was corted to
determine the onset of roughness effects, residtprasented
8 over a wider Reynolds number range, indicating finéy
——— Nikuradse Sand RF rough regime for the sandpaper. The accuracy of the
-+++-=+ Colebrook RF b d th £ h ftiltts
7 1 — Fully-rough Asymptote measurements beyond the onset of roughness e e

determined when measurements are taken in a neer leest
section that can achieve higher Reynolds numbetsnaap
the entire transitional regime. This facility isstribed in the
future work section of this paper.

Roughness functionsgU*, for the three surfaces are
shown on figure 9 for a range of roughness Reynolds

numbersks = % Granville (1987) details the method of

determining the roughness function for fully deysd
internal flows, shown schematically in figure 10orFthe

A 220-grit SP 2 . . .
= Ship Paint smooth wall, ,Cfs is plotted vsRey.[c; . A regression is
1(')0 performed on the smooth wall data yielding a poweav
equation. The roughness function is determinedaking the
difference (Eqn. 2) at the sarRey./c
Figure 9. Roughness functions for rough surfaces 5 \/_fz
AU* = f—— /— )
Cfs CfR
where /i is based on the smooth wall equation Aé- is
Smooth Cf fr

Rough determined from the data for the rough wall. Thigtifsn

velocity, U, =\/%, in the roughness Reynolds number is

. calculated from the measured pressure drop.

e o The results on figure 9 show that sandpaper rowghne
function departs from hydraulically smooth & = 5,
consistent with the results of Nikuradse (1933ddiionally,
the shape of the sandpaper roughness functiorfléstional
and closely follows the Nikuradse sand roughnesstion
throughout the entire transitionally rough regiras,the data
reaches the fully rough asymptote. The roughnesstifins
for the copper and silicone ship paint indicate tha onset of
roughness effects occurskgt = 2, with numerous data points
in the low roughness Reynolds number range. Thedary
layer measurements of figure 3 showed this trend,were
not able to accurately capture the point of departiiom
hydraulically smooth.

Rey, (cf 05

Figure 10. Determination afUu*
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Figure 11. Scale-up procedure to determine the
frictional drag coefficient

Schultz (2007) details the similarity methods ustm
determine the overall frictional resistance codédfit, Cr, for
rough wall boundary layer flow over a flat platelefigthL if
the roughness functiomU*, is known. The methodology
incorporates the analysis of Granville (1978, 1987 relies
on outer layer similarity in the mean flow for sntocand
rough walls. A graphical representation of the lisga
procedure is shown in figure 11. Here, the smogtil
overall frictional drag coefficieniCr, is plotted as a function
of log;o(Re) using the Karman-Schoenherr (1932) friction
line, shown below.

2 _1
—= ==In(Re. C
.~ MReCe)

F 3

The rough surface overall frictional resistancefficient for a

known roughness function is determined by dispadie

smooth friction line by a distancAU*x{In(10)]* in the

positive logg(Re ) direction. For a given plate length, a

line of constantL*=LU,v?, which satisfies the following
relationship is plotted.

Lt
Re =—  —
)

2

kN2

(4)

The intersection of this line and the rough surfdice
identifies Cr for the rough plate at a single valueRe for a
given AU*. If this procedure is performed for a full scale
destroyer (DDG-51l «;;=142 m) the copper paint leads to an
increase of 2.0% in the overall frictional drag fficeent, C-

at 15 kts and an increase of 5.6% at 30 kts cordprehe
hydraulically smooth condition.

CONCLUSIONS AND FUTURE WORK

A facility has been constructed that can accuratelect
the point of departure from hydraulically smooth &rough
surface. The sandpaper, with a lakgg andk, demonstrated
the influence of roughness kf =5. The milder ship paints
deviated at lower roughness Reynolds numblkis;2. The

small scale of this facility makes it ideal fortiag a wide
range of rough surfaces. Future tests will incladielitional
mild roughness, including surface deposits and ingitt
Experiments will also be performed on surfaces ehie
roughness density has been systematically charidnesl.will
allow for further understanding of the roughnesalex (i.e.
roughness height, density parameter, moments of the
roughnesspdf) that result in a deviation from hydraulically
smooth. It is hypothesized that the largest elemdatermine
the kK" at which the transitionally-rough regime begins.
Additional experiments are needed to test this thgms.

While it is important to discern when a surface id&®s
from hydraulically smooth, the more important résat flow
modeling is mapping the roughness function throughbe
entire transitionally rough regime. Understandihg shape of
the roughness function (monotonic, inflectionak.)ewithin
the transitional regime is important for predictifg effect of
roughness over a wide Reynolds number range.

Measurements of the roughness function throughloeit t
transitionally rough regime will be obtained usiaglarger
scale channel facility. The channel has a heigi@fmm, a
width of 200 mm, and a length of 4.0 m. The Regrol
number range that can be achieved in this fadsity0,000 —
280,000. The channel has ten static pressure tajte ifully-
developed region of the flow, resulting in wall ests
measurements within +1.5%. The wide range of roeghn
types investigated in the smaller facility will albe tested in
the larger channel, mapping the roughenss funcfrom
hydraulically smooth to fully rough. Both setsexfperiments
will give insight to the overall goal of predictinge frictional
drag in the transitionally rough regime using ajmpiate
scales that are based solely on surface statistics.
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