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Aerodynamic Measurements of Regular Depression Roughness

M. J. Baumann¤ and R. J. Kind†

Carleton University, Ottawa, Ontario K1S 5B6, Canada

Three plates roughened with regular arrays of cylindrical and hemispherical depressions were tested in a wind
tunnel to gain insight into the aerodynamic effects of depression roughness. The term depression roughness refers
to con� gurations where the roughness elements are depressions whose plan area constitutes less than about one-
third of the total surface area. The effects of the three depression-roughness con� gurations on law-of-the-wall
parameters were determined. They were found to be much less than that of protrusion roughness of corresponding
cross section. Hemispherical depressions produced greater increases in skin friction than cylindrical depressions of
the same diameter and depth. Flow development along surfaces with depression roughness can be computed using
the same methods used for protrusion roughness, provided that an equivalent protrusion height can be established
for the depressions.

Nomenclature
A, B = constants in logarithmic law; Eqs. (1–3)
As , Axc = plate area associated with each depression

and depression cross-sectionalarea
C = roughness constant; see Eqs. (2) and (3)
C f = skin-friction coef� cient, s w / 0.5 q U 2

d = diameter of depressions
H = boundary-layershape factor
h = depth of depressions
k, ks , keq = roughness element height, standard sand roughness

height, and equivalent-protrusionheight
U = freestream velocity
u, u ¤ = streamwise velocity in boundary layer and shear

velocity ( s w / q )0.5

x = distance from leading edge of plate
y = height above surface of plate
D u = log-law intercept shift; see Eq. (2)
d = boundary-layer thickness
h = boundary-layermomentum thickness
m = kinematic viscosity of � uid
q = � uid density
s w = shear stress in the � uid at y =0

Introduction

S URFACE roughness can seriously degrade the aerodynamic
performance of airfoils, wings, and turbomachinery blading.

The roughness can take the form of protrusions, for example, dirt,
bugs, frost, or ice deposits, or depressions, for example, corrosion
pits. Protrusion roughness has been the subject of numerous inves-
tigations, for example, see Refs. 1–5. On the other hand, there are
almost no data available for depression roughness, that is, where
the roughness elements are depressions whose plan area consti-
tutes less than about one-third of the total surface area. Kithcart
and Klett6 present average skin-friction data for surfaces with ar-
rays of hemisphericaldepressionsbut unfortunatelydo not give any
velocity pro� le data. Choi and Fujisawa7 discuss depression rough-
ness in qualitative terms. This paper presentsdata for three surfaces
with regular arrays of cylindrical and hemispherical depressions
and discusses how this type of roughness can be characterized for
computationalpurposes.
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Background
The effects of roughness on aerodynamic performance can be

predicted if the viscous � ow over the body can be computed. Two
fundamentally different approaches, the correlation approach and
the discrete-element approach, are available for dealing with the
roughness.

The correlationapproachmodi� es the law of the wall or the turbu-
lencemodel in thenear-wallregion.This requirescharacterizationof
the roughnessin terms of its standard-sandheightks or, equivalently,
in terms of the shift that it produces in the logarithmic law-of-the-
wall intercept.For smooth or rough walls the logarithmic portionof
the law of the wall can be written as8

u /u ¤ = A (yu ¤ / m ) + B ¡ D u / u ¤ (1)

The last term is an intercept shift caused by the roughness; for fully
rough � ow it takes the form8

D u /u ¤ = A (ku ¤ / m ) + C (2)

Equation (1) then becomes

u /u ¤ = A (y / k) + B ¡ C (3)

Here, u is the � ow velocity at height y above the wall, u ¤ is the
shear velocity, k is the actual height of the roughness elements, and
A and B are empirical constants whose values, 1/0.41 and 5.0, re-
spectively, have been established from smooth wall experiments.9

Provided that the � ow is indeed fully rough, C has a constant value
for any particular roughnesscon� guration and can be consideredto
characterize the roughness.For example, for standard-sand1 rough-
ness,C has a value of about ¡ 4, as shown by Grigson’s10 reanalysis
of Nikuradse’s data.1 Empirical correlations are necessary to relate
C to the roughnesscon� guration. If the governingdifferentialequa-
tions are to be integratedright from the wall, the turbulencemodel is
modi� ed such that the velocity distribution obtained by integration
satis� es Eq. (3) in the near-wall region (see, for example, Refs. 11
and 12).

The discrete-element approach has been successfully developed
by Taylor et al.13 In their work, the � ow-blockageand drag effectsof
the roughness elements are directly included in the partial differen-
tial equations of continuity and streamwise momentum. The equa-
tions are integrated right from the wall, and the turbulencemodel is
not modi� ed from the smooth-wall version.The roughness is, thus,
modeled directly. Nevertheless, the discrete-elementapproach still
requires a correlation for the aerodynamic drag of the roughness
elements, and so empiricism is not completely avoided.

The present experimental results are analyzed and presented
mainly in the context of the logarithmiclaw of the wall [Eqs. (1–3)].
That is, boundary-layervelocitypro� les measured on the rough sur-
faces are used to determine skin-friction coef� cients C f as well as
D u /u ¤ and C . Some computations were also carried out using the
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Table 1 Roughness and boundary-layer parameters

x = 1.02 m
Plate d , mm h, mm As / Axc h , mm H C f mom C f defect C f Clauser D u /u ¤ ks , mm keq, mm keq / h C

Smooth —— —— —— 2.55 1.39 0.00275 0.00275 0.00275 0 —— —— —— ——
1 (cylinders) 6.35 3.175 10 2.65 1.40 0.00416 0.00415 —— 5.6 § 0.2 0.39 0.72 0.23 ¡ 5.5
2 (hemispheres) 6.35 3.175 12.7 3.1 1.45 0.00458 0.00460 —— 6.9 § 0.1

0 0.62 0.90 0.28 ¡ 4.9
3 (cylinders) 6.35 3.175 100 2.5 1.40 0.00291 0.00290 —— 0.4 § 0

0.1 0.05 0.60 0.19 ——

discrete-elementapproach, to aid in interpreting and extending the
applicability of the results.

Experiments and Data Analysis
The experiments comprised measurements of the velocity pro-

� les at � ve stations along each of three � at PVC plastic plates
into which arrays of small depressions had been milled using a
computer numerically controlled milling machine. The plates were
0.76 m wide £ 1.83 m long, and the arrays of depressions ex-
tended over the entire surface.Plates 1 and 3 had cylindricaldepres-
sions of diameter d = 6.35 mm (1/ 4 in.) and depth h =3.175 mm
(1/ 8 in.). Plate 2 had 6.35-mm-diam £ 3.175-mm-deephemispher-
ical depressions. The depressions were sharp edged and free of
burrs. Both the spanwise spacing between depressions in each
row and the streamwise spacing between rows were 14.20 mm,
center to center, for plates 1 and 2 and 44.91 mm for plate 3.
Successive rows were staggered. Depression positions and depths
were accurate within §0.03 mm. The roughness spacing param-
eter As / Axc thus had values of 10, 12.7, and 100 for plates
1, 2, and 3, respectively.

The experimental and data analysis methods were the same as
those described by Kind and Lawrysyn.14 In brief, the rough plates
coveredthe 0.76-m-wideby 1.83-m-longtest-section� oor of a low-
speed wind tunnel. Test-section height was 0.5 m. A smooth plate
was also tested to verify experimental techniques. The freestream
wind speed U was about 50 m/s for all tests, and the streamwise
pressure gradient was essentially zero. Reynolds numbers based on
plate length and on boundary-layermomentum thicknessat x = 1 m
were about 5.5 £ 106 and 7.9 £ 103 or higher, respectively. A � at-
tened pitot tube was traversed normal to the plate at axial stations
x = 0.31, 0.67, 1.02, 1.37, and 1.72 m from the leading edge of the
plate, along the plate centerline. The exterior mouth height of the
pitot tube was 0.5 mm. Static pressures on the test-section ceiling
were measured and used as a reference to determine dynamic pres-
sures. Velocity pro� les measured 0.15 m to left and right of the
centerlinewere virtually identical to the centerlinepro� les, indicat-
ing good two dimensionality of the � ow.

As described in Ref. 14, skin-frictioncoef� cients C f were deter-
mined in two ways, � rst by using the two-dimensional momentum
integral equation and second by plotting the velocity pro� le data
in the form u / U vs y / d and comparing with the velocity-defect
law for zero-pressure-gradient boundary layers. For the smooth
plate C f was also determined by the conventional Clauser plot-
ting technique.15 The pressure-gradient term was included in the
momentum integral equation and was found to be negligible. In all
cases, the C f values determined by the variousmethods were in ex-
cellent agreement. This supports both the validity of the techniques
and the two dimensionality of the � ow.

Results for C f and other boundary-layerparameters are listed in
Table1. Onlyvaluesat the middlemeasuringstation,x = 1.02 m, are
listed because there was only slight variationalong the � ow, associ-
ated with developmentof the boundary layer.Based on repeatability
checks and on comparison of C f values determined by independent
methods, uncertainties for h , H, C f , D u / u ¤ , ks , keq , keq / h, and C
are estimated at §0.1 mm, §0.1, §0.00005, §0.1, §10%, §2%,
§3%, and §0.2, respectively. In addition there is a bias error on ks ,
dependent on the value chosen for C of standard-sand roughness.

Because (u ¤ / U )2 =C f /2, once C f values were determined, the
velocity pro� le data could be plotted in the form u /u ¤ vs yu ¤ / m .
The intercept shift, D u /u ¤ , of Eq. (1) could then be read directly
off the plots. Figure 1 illustrates the procedure for a typical velocity

Fig. 1 Method for determining log-law intercept shift (plate 1, x =
1:02 m).

pro� le. Ideally D u /u ¤ should have the same value at all � ve mea-
surement stations along each plate because the roughness con� gu-
ration is uniform. In fact, there was a small variation and the values
listed in Table 1 are the averages for stations 2–5, station 1 being
excluded because it was near the leading edge of the rough plates
and the � ow may not have been completely in equilibrium. Upper
and lower boundsof the variationare indicated.Once D u / u ¤ values
are determined, the equivalent standard-sand1 roughness height ks

can be found using Eq. (2). Table 1 lists ks values determined using
Grigson’s10 value of ¡ 4 for C . The value of ks for plate 3 is only
an approximatemeasure because, as discussed later, the � ow is not
fully rough for this case.

The objective of the experiments was to characterize each of the
three tested roughness con� gurations in terms of aerodynamic pa-
rameters that could be used in computationalmodels. Both the cor-
relation and the discrete-element approaches have been developed
only for protrusion roughness. To assess how the present results
for depression roughness � t in with those available for protrusion
roughness, it is useful to determine an equivalent-protrusionheight
keq for the depression roughness elements. This was done by doing
computations with the discrete-elementmodel.

Discrete-Element Computations
The strategy was to compute boundary-layer development over

surfaces roughened by cylindrical protrusions having the same di-
ameter and distributedover the surface in the same way as the actual
depressions,but having a height keq such that the � ow development
over the hypothetical surface was the same as that over the actual
surface.

The computations were carried out using TSL, a Navier–Stokes
code developed for solutionof thin two-dimensional shear layers.16

The equations are in primitive variable form and are parabolized,
allowing use of a fast streamwise marching algorithm.The code has
been veri� ed against available laminar and turbulent � ow solutions.
The discrete element roughnessmodel of Taylor et al.13 was imple-
mented in the code,17 and the Baldwin–Lomax18 turbulence model
was used for the present computations.

Computationswith variousvalues of keq were carried out for each
of the three rough plates. The starting velocity pro� les were those
measured at x =0.31 m. For each plate a value of keq was found
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Fig. 2 Typical comparison between discrete-element calculations and
experiment (plate 2).

that gave very good agreement between measured and computed
boundary-layer parameters at measurement stations 2–5. Figure 2
shows typical results. The values found for keq are listed in Table 1.

The values of ksu ¤ / m were 51, 87, and approximately6 for plates
1, 2, and 3, respectively.The values for plates 1 and 2 are at or above
the valueof about50, commonlyacceptedas the lower limit for fully
rough� ow. Thus,C is expectedto be a constantthatcharacterizesthe
roughness con� guration for each of plates 1 and 2, and the values
can be found from Eq. (2), using keq for k and the experimental
values for D u / u ¤ . The values of C , thus determined, are included
in Table 1. No value is given for C for plate 3 because the value of
about 6 for ksu ¤ / m is far below the limit for fully rough � ow and C
cannot be expected to have a constantvalue for this case.8 The shear
stress on the surface between depressions constitutes an important
fraction of the drag on plate 3, so that in this case C depends on
Reynolds number as well as on the roughness con� guration.

Discussion
The keq values in Table 1 are much less than the depressiondepth

h. This is to be expected because � ow skimming over a hole will
tend to be retarded much less than � ow impingingonto a protrusion
of corresponding diameter and height. For the cylindrical depres-
sions, the ratio keq / h has a value of about 0.2, which implies that
the drag of the cylindrical depressions is about 20% that of cor-
responding protrusions. This corresponds closely with a drag ratio
estimate, 0.19, obtained by using low Mach number data for the
drag of isolated cylindrical depressions19 and protrusions20 having
h / d = 0.5. This � nding enhances the credibility of the present re-
sults and also indicates that for the present range of As / Axc the � ow
over each depression in the roughness array is essentially the same
as that over an isolated depression.

Comparison of the keq value for plate 2 (hemispherical depres-
sions, As / Axc =12.7) with that for plate 1 (cylindrical depres-
sions, As / Axc =10) indicates that hemispherical depressions pro-
duce more drag force than cylindrical depressions of the same
diameterand depth.The � ow in and over depressionsis known to be
very complex,19 and it is quite plausible that hemispherical depres-
sions produce a stronger perturbation to the overall � ow.

The individual depressions in plates 1 and 3 were identical
(6.35-mm-diam £ 3.175-mm-deep cylindrical holes). At 0.72 and
0.60 mm, respectively, the keq values found as outlined earlier are
not, however, identical; in fact, they differ by about 20%, substan-
tially more than the range of uncertainty.This implies that the drag
force associated with individual depressions is somewhat different
for the two plates, being larger for the plate with the denser hole
pattern. This could result from a combination of higher drag force
on individual depressionsand higher shear stress on the surface be-
tween depressionswhen the depressionsare more densely spaced.

If the near-wall mixing length vs y relation does not vary greatly,
the higher C f associated with denser depression spacing implies
larger velocity gradients and, thus, higher velocities near the wall.

Both higher drag force on individual depressions and higher sur-
face shear stress between depressions would be consistent with
this. These effects, particularly the increased surface shear stresses,
would not be captured with complete correctness by the discrete-
element model if the depressionsare simply replaced by equivalent
protrusions as was done in the present computations. It appears
that some further development of the discrete-element method is
required to enable it to more accuratelypredict the effectsof depres-
sion roughness. Blockage effects and y position of the momentum
sink associated with the depressions need to be represented more
appropriately.

The precedingdiscussionindicates that there are some shortcom-
ings in the concept of representingdepression roughness effects by
replacing the depressions by equivalent protrusions. Nevertheless,
an order of magnitude change in the value of the spacing parameter
As / Axc results in only a 20% change in the equivalent-protrusion
height keq . The equivalent-protrusion approach thus has potential
for working fairly well, at least for As / Axc ¸ 10, provided that a
correlationbetween depressiongeometry and equivalentprotrusion
height can be established. In the interim, the following approach
could be used to compute approximate � ow development over sur-
faceshavingcylindricalor hemisphericaldepressionroughnesswith
h / d = 0.5. The keq / h values could be estimated from Table 1 and
used with either the discrete-element or, for fully rough cases, the
correlation method. Once keq / h has been chosen, the inputs for a
discrete-element computation are straightforward. To use the cor-
relation method, an appropriate value of C or equivalent ks must
also be determined.The most straightforwardapproachwould be to
estimate a value for C from Table 1, using log(As / Axc) as an inter-
polation parameter. Alternately, C could be found by using k = keq,
together with the depression diameter and distances between de-
pressions, in the correlation of Simpson.21 This correlation gives
values for C within 1.0 of the experimental values for plates 1 and
2, an accuracyabout three times better than the correlationof Waigh
and Kind22 for these two cases.

The drag coef� cient of cylindrical depressions varies strongly
with their depth-to-diameterratio, h /d (Ref. 19). Indeed, the data in
Ref. 19 vary by a factor of almost 10 for 0.05 · h / d · 1.5 at sub-
sonic Mach number. The results in Table 1 should not, therefore,be
used for h / d values substantiallydifferent from 0.5 unless they are
appropriatelyadjusted. For arrays of cylindrical depressions it may
be satisfactory for some purposes to simply multiply the keq / h val-
ues of Table 1 by the ratio of drag coef� cient for isolateddepressions
having the h / d of interest to that for h /d = 0.5.

Conclusions
Three plates roughened with regular arrays of cylindrical and

hemisphericaldepressionshave been tested in a wind tunnel. Equiv-
alent roughness-elementheightand effecton the logarithmicportion
of the law of the wall have been determined.

The effect of depression roughness is much less than that of pro-
trusion roughness of corresponding cross section. Hemispherical
depressions produced substantially more drag than cylindrical de-
pressions of the same diameter and depth.

In the discrete-elementpredictionmethod, individualdepressions
can be approximately represented by protrusions of some suitable
equivalent height. The equivalent height varies somewhat with de-
pression spacing, indicating minor inconsistencies and a need for
improvement of the model. Moreover, a scheme for determining
equivalent height needs to be developed.
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