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Assessment of Different Methods for
Drag Penalty Predictions in Rough-Wall L
Boundary Layers

T. Medjnoun, M. A. Ferreira, R. Reinartz, B. Nugroho, J. Monty, N. Hutchins,
and B. Ganapathisubramani

Abstract Accurate predictions of the drag penalty in rough-wall flows require care-
ful characterisation of surface roughness to determine the equivalent sand-grain
roughness height (k). The procedure involves measuring wall-shear stress (z,,) using
direct or indirect methods and analyzing velocity profiles. However, indirect methods
often rely on assumptions whose validity cannot always be guaranteed. In this paper
(partly based on the study [1]), wind tunnel measurements on a realistic rough surface
scanned from a fouled ship hull are carried out to evaluate drag penalty predictions.
Current data enabled the evaluation of k; and associated wake parameters using sev-
eral methods, which were then used for full-scale drag penalty predictions at high
Reynolds numbers, with results showing the drag penalty could vary by nearly 15%
among methods, highlighting the importance of exercising caution when employing
such methods.
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1 Roughness Characterisation

The skin-friction coefficient for a zero-pressure gradient turbulent boundary layer

can be expressed as,
2 1 I1
— =—In(6")+B - AU +2—, (1)
Cr « K

with the superscript “+” denoting quantities non-dimensionalised by the friction
velocity U, and kinematic viscosity v. Assuming the universality of the Von-Kérman
(x and B) constants. Equation 1 can be rearranged to determine an expression for
the roughness function:
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with the superscripts S and R identifying quantities measured over smooth and rough
wall flow conditions, respectively, 3t = Re, being the frictional Reynolds number
while IT represents the wake strength parameter. Equation 2 denotes three main
contributions in the roughness function; changes in (I) frictional drag, (II) frictional
Reynolds numbers, and (IIT) the wake strength parameter. The function governing the
wake in the outer flow is assumed to be universal (i.e. universal form), however, the
wake strength (i.e. the amplitude of the function) can be different between surfaces. If
1% = 113, then there is universal outer-layer similarity, and AU can be determined
by substituting the two different values of T in (2) on top of determining the term I.
If also 87" and 8+° are matched in the presence of universal outer-layer similarity,
then AU reduces to the difference in the frictional drag, and can be obtained from
direct wall-shear stress measurements, without velocity information,

[2 |2
AUt =AUy = |- | = 3)
¢ NG

When velocity and drag information are both available, AU can be determined
from the log-layer of the inner-scaled velocity profile. This is done by essentially
subtracting the log-law from the measured inner-scaled velocity profile such that:

1
W=Ut— (;m(y+ —dH+B- AU*) , 4)

with d* being the zero-plane displacement, considered to be the height at which the
mean drag acts. AU (together with d) is subsequently determined by examining
the optimum fit solution that returns the best plateau that occurs within the overlap
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region. The equivalent sand-grain roughness height k; can then be determined by
exposing the rough surface to different freestream speeds to obtain the variation of
AU as a function of k", using the expression:

1
AU or AUS, = —In(k) — C (5)
K

where, C is an additive constant, determined empirically to be equal to 3.5. Once
AU"/ks are known, the wake strength parameter can be deduced through the
modified-log function W, which quantifies the maximum departure from the log-
arithmic behaviour; IT = «/2 x max(¥).

When drag cannot be directly measured, indirect methods must be employed. In
this study, the first indirect method is the comprehensive shear-stress (CSS) method
proposed by [2], which follows an iterative error minimisation procedure to deter-
mine the friction velocity U, using integral momentum equations - total shear stress
balance together with the law-of-the-wall. The second method assumes the validity
of the outer-layer similarity (OLS) hypothesis implying that both mean and turbu-
lence intensity profiles are similar between the smooth- and rough-wall flows [3].
These different methods are summarised in Table 1.

2 Experimental Methods

Measurements are performed in an open-circuit suction-type wind tunnel at the Uni-
versity of Southampton (as shown in the schematics of Fig. 1). The turbulent bound-
ary layer grows over a flat surface covered with biofouled roughness, with each
tile consisting of some tubeworm and 8 barnacles. The barnacles are spaced 0.23§
mm and 0.466 mm in both x-wise and z-wise horizontal directions, while the max-
imum roughness height is 6% of the boundary layer thickness §. To determine the
aerodynamic roughness lengthscale, wall-shear stress is directly measured using an
in-house floating-element drag balance [4]. The balance is subjected to a series of
nine free stream speeds (U.,) ranging from 9 up to 27 ms~!, with a total of five repe-
titions per velocity. Pre- and post-calibrations were conducted for each configuration
without notable discrepancies. To examine the flow and its homogeneity, velocity
fields are obtained from both planar and stereo particle image velocimetry (PIV) at a

Table 1 Methods used for the current biofouled rough-wall flow case study

Method Wall-shear stress Flow
Direct Drag balance PIV
Equation 3 Drag balance Assumed
CSS Log-law+TSS PIV
OLS Outer-layer similarity PIV
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Fig. 1 a Schematics of the experimental setup of the planar-and stereo-PIV and b a close-up of
the floating-element drag balance with the surface topography of a single repeating unit

similar location to that of the drag measurements (equivalent to 305 downstream the
inlet). All planar and stereoscopic PIV measurements are performed in the (x, y)-
and (y, z)-planes, respectively, at five free stream speeds ranging from 10 up to
25 ms™!.

3 Results: Lab-Scale

Results from direct drag measurements are shown in Fig. 2a and show that the skin-
friction coefficient reaches a constant value, indicating the fully rough regime using
the direct method shown by the invariance of C; as a function of Re,. However,
estimates of the skin-friction coefficient from the OLS method, compared with the
direct drag measurements underestimate C s by close to 10% at the highest Reynolds
number, as opposed to 6% when using the CSS method. The reason for this under-
estimation is primarily due to a lack of collapse in both the mean and turbulence
profiles between the rough and smooth surfaces (not shown for brevity). However, it
is worth noting that for both indirect methods, C s converges weakly towards those
values, as the Reynolds number increases, albeit at different rates.

Now that the friction velocity is determined, the roughness function AU (k)
is subsequently deduced by examining the W profiles. Figure 2b shows the results
from the different methods and reveals that (3) overestimates AU ™ (k,), while the
CSS and OLS methods underpredict AU T (k) as expected. The latter is expected
and is a result of the lower estimated friction velocity, however, the former stems
from the assumption of outer-layer similarity (IT® = IT1%), in (3). This can be further
explained by combining (2), (3) and (5), which results in the following expression:

1 k
HR=HS+—1n( s ) (6)
2 ksDB
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Fig. 2 a Variation of the skin-friction coefficient estimated using different methods for Config 1,
with the smooth-wall data from [5], and the black solid line representing Schlichting’s power-law. b
Variation of the roughness function estimated the direct and indirect methods, with the solid black
line representing the fully rough asymptote

Table 2 Comparison of the aerodynamic parameters results from the direct and indirect
methods

Direct OLS CSS Equation 3
(ks /8 — TIF) (ks /8 — T15) (ks /8 — TIR) (ks /5 — TI5)
(7.53% — 0.38) (5.14% — 0.48) (5.66% — 0.45) (10.5% — 0.55)

Equation 6 shows that if [1% = 15, then k, = k,pp. However, in the present
study, TTR < IT5 (due to lack of collapse in the mean and turbulence profiles between
smooth- and rough-wall flows), then k, < k,pp, whichin turn means AU measured
will be smaller than AU}, determined from (3). As also expected, both OLS and
CSS methods underestimate the roughness functions. Results from using the different
methods are collated in Table 2.

4 Results: Full-Scale Predictions

After determining the aerodynamic roughness parameters, a prediction of the
spatially-averaged frictional drag Cg at high Reynolds numbers Re, (with fixed
U and v but increasing x) can be made for each pair of (ky, IT) results. The pro-
cedure proposed by [6] is employed, and it consists of an integral boundary layer
evolution method based on numerical integration of the skin friction over a given
length of the developing flow, assuming a velocity profile composed of a logarithmic
and wake region (see [6] for more details).

Results of the full-scale prediction method are depicted in Fig.3 and show that
accurate prediction of skin friction remains possible using (k;, IT) determined with
Eq. 3, provided direct drag measurements at laboratory-scale data are available. Equa-
tion 3 results in prediction within 1% to those made by the direct measurements.
However, when indirect drag estimates are used, Cr predictions at high Reynolds
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numbers are systematically underestimated. At a Reynolds number of Re, ~ 10°
(equivalent to a Reynolds number of a 50 m long vessel at full-speed), assuming
outer-layer similarity underestimated the frictional drag by over 12% while the com-
prehensive shear stress method resulted in approximately 6% difference, highlighting
the importance of exercising caution when employing such methods. However, these
differences tend to decrease as the Reynolds number increases, since most of the drag
contributions stem from the changes in the log layer rather than changes in outer-layer
wake.
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