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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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THE MEAN SKIN FRICTION COEFFICIENT FOR A ROUGH FLAT PLATEWITH A
TURBULENT TWO-DIMENSIONAL BOUNDARY LAYER IN COMPRESSIBLE
ADIABATIC FLOW, WITH APPLICATION TO WEDGES, CYLINDERS AND CONES

1 NOTATION AND UNITS
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S British
Ce mean skin friction coefficient, Il j(l) C; dx
Cs local skin friction coefficient, <, / 1/2p1ui
k equivalent sand roughness height (see Table 11.1) m ft
I length of surface under consideration, measured along surface m ft
from virtual origin of turbulent boundary layer
M Mach number
Ry Reynolds number based on k, Ulk/V1
R, Reynolds number based on |, u,l/v,
(R|)crit maximum value of R, for zeroincreasein C due to roughness
u velocity m/s ft/s
u, friction velocity, (t,/p,,) " mis ftls
X distance measured along surface from virtual origin of turbulent m ft
boundary layer
v kinematic viscosity m?/s ft?/s
p density kg/m®  slug/ft3
T, wall shear stress N/m?  Ibf/ft?
Suffixes
c relating to cone flow
w relating to conditions at wall
1 relating to condition at edge of boundary layer
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2. INTRODUCTION

This Item provides data for the mean skin friction coefficient of a perfectly insulated (adiabatic flow) flat
plate with an aerodynamically smooth or, in the more general case, a uniformly rough surface at zero
incidenceinair at Mach numbersfrom 0to 5. The dataare derived with the assumption that fully-devel oped
turbulent flow exists from the leading edge of the plate, which is therefore taken as the virtual origin.

The application of the Item is extended to cover the two-dimensional supersonic flow about sharp wedges,
the axisymmetric flow over cylinders and the axisymmetric supersonic flow over pointed cones by means
of factors applied to the flat plate data.

3. FLOW DESCRIPTION

The flow over aflat plate with a granular-type roughness distributed over the surface at the maximum
density (i.e. with the grains as closely packed as possible) can be divided into three separate phases:

(1) aerodynamically smooth, in which the height of the roughness particles is very much less than the
thicknessof thelaminar sub-layer, sothat the roughnesshasno effect on the skinfriction coefficient,
which has the smooth plate value,

(i) intermediate, in which the heights of the roughness particles are the same order as the thickness of
the laminar sub-layer and in which the skin friction coefficient is dependent on R, and 1/k, and

(@iii)  fully-rough flow, in which the heights of the roughness particles are very much larger than the
thickness of the laminar sub-layer and in which the skin friction coefficient is independent of R,
and isafunction of I/k only.

Near to the leading-edge of aflat plate with uniformly distributed roughness where the boundary layer is
thin the roughness particleswill be large compared with the thickness of the laminar sub-layer and the flow
will be in the fully-rough phase. For given flow conditions R, will be constant and as |, and thus R,
increases the flow will pass into the intermediate phase and thence, if the plate is long enough, into the
aerodynamically smooth phase. In practice, the complete change of phase from fully-rough to
aerodynamically smooth extends over avery large R, range; for example, never more than one change of
phase occurs over therange 10" <R, <10".

ESDU Copyright material. For current status contact ESDU.

4, FLAT PLATE DATA"

Figure 1 presentsdatafor (R, )Cri ¢ asafunctionof I/k and M, . These datawere obtained from the expression

I uk Cy e 2 1.26
R = 1l V) | 3] (L+0178MY (4.1)
w

v

in which (Urk/")w was taken as 4.0 (see Derivation 1) and C; is the smooth plate value of local skin
friction coefficient taken from Item No. 68020.

Figures 2 to 9 each present, for a given Mach number in the range 0<M, <5, data for the variation of

' Throughout thisltem dataare presented with referenceto values of the flow parameters at the edge of the boundary layer. It will berealised
that for the flat plate at zero incidence the flow properties at the edge of the boundary layer can be considered to be identical to those of
the uniform flow upstream when the effects of induced pressure gradients are small, as assumed here.
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mean skin friction coefficient with R, and I/k. The data for M, = O were obtained via the method of
Derivation 6 with the values at very low R, modified by at the most two per cent to blend in to the smooth
platedataderived from the Spalding and Chi method and givenin Item No. 68020. The datafor compressible
flow were derived from those at M, = 0 by means of transformation functions described in Derivation 6
but related to the method of Spalding and Chi.

The chain-dotted line in each of Figures 2 to 9 indicates the boundary between the fully-rough and
intermediate flow phases and was obtained by means of an expression identical to that of Equation (4.1)
inwhich (u, k/v) was taken as 100 (see Derivation 1). In this context C; isthe fully-rough flow value
of local skln friction coefficient derived by a process similar to that previ ously described for mean skin
friction coefficient.

Thelowest curvein each of Figures 2to 9 correspondsto aerodynamically smooth flow and, as such, agrees
with the data given in Item No. 68020.

Although the data have been presented for Reynolds numbers downto R, = 10° it should be pointed out
that thereissomeevidence (Derivation 3) to suggest that aturbul ent boundary layer cannot exist at Reynolds
numbers based on momentum thickness less than a value of about 320, for incompressible flow over a
smooth flat plate at |east. The hatched boundaries on Figures 4 to 9 were drawn on the assumption that this
value holds for aflat plate with uniformly distributed roughness and they were derived by the application
of the previously mentioned compressibility parameters to the boundary obtained for M; = 0.

In order to interpolate in any of Figures 2 to 9 for values of I/k intermediate to those given, it is useful to
plot on the Figure a curve corresponding to an R value calculated from the required values of R, and I/k
viatherelation

R

Rk = m( . (4-2)

Thecurve corresponding to thisfixed valueof R, isdrawnfor arangeof |/k valuesto straddlethat required
and the value of C can then be read off from this curve at the required value of R, .

5. EQUIVALENT SAND ROUGHNESSHEIGHT
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The values of mean skin friction coefficient given in this Item are based on the sand-type roughness used
by Nikuradse in his pipe-flow experiments (Derivation 1). In those experiments the sand was distributed
at maximum density, i.e. theindividual grainswere attached to the surface as close together as possible. In
most practical applications the roughness density is less than this and the roughness itself is not granular.
It is convenient to classify a particular type of uniformly distributed surface roughness in terms of its
equivalent sand roughness height, which is defined as that value of k required to produce the same mean
skin friction coefficient as the actual roughness when used in conjunction with the data of this Item.
Table 11.1, taken from Derivation 5, provides equivalent sand roughness heights for a number of common
surfaces.

It is pointed out in Derivation 5 that experiments have shown that when the surface roughness is
non-uniform, asit islikely to be in practice, the dip in the curve of C against R, (when I/k isfixed) in
the intermediate phase does not occur, and the fully-rough flow value of C is applicable as soon as the
flow departs from aerodynamically smooath.
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6. SUPERSONIC WEDGE FLOW
Since the supersonic flow over a sharp wedge is two-dimensiona and since the flow properties between
the shock and the boundary layer are constant, the data given in the Figures may be applied directly to this
case, provided that the flow properties downstream of the shock are used in the calculation.

7. AXISYMMETRIC FLOW

7.1 Parallel Circular Cylinder
Provided that the displacement thicknessis very much less than the radius (say one per cent) then flat plate
data are expected to apply directly. For checking purposes the displacement thickness may be assumed to
be independent of roughness height, so that the data of Iterm No. 68020 may be used.

7.2 Right-circular Conein Supersonic Flow

As an approximation it will be assumed that the relationship for aerodynamically smooth cones given in
Item No. 68020 applies to cones with evenly distributed granular roughness, i.e.

(Cp), = 105Cp . (7.2)

Equation (7.1) applies when the flow conditions at the edge of the boundary layer on the flat plate and the
coneareidentical (i.e. u; = (ul)c, vy = (Vl)c’ M, = (Ml)c)andwhenthevaluesof | and k areidentical.

Equation (7.1) isonly valid for displacement thicknesses of the order of one per cent or less of the local
radius. For checking purposes the displacement thickness may be assumed to be independent of roughness
height, so that the smooth flat plate data of Item No. 68020 may be used together with the displacement
thickness relationship given in that Item.

8. COMPARISON WITH EXPERIMENTAL DATA

Theavailable experimental datafor the mean skin friction of theaerodynamically smooth flat plateturbulent
boundary layer are correlated by the method of this Item with an rm.s. error of 2 to 3 per cent for
incompressible flow and 9 per cent for compressible adiabatic flow (see Item No. 68020).
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Experimental data for surfaces with evenly distributed granular-type roughness are very few, there being
only two sets, the one obtained from flat plates (Derivation 2) and the other from tests on ogive-cylinders
(Derivation 4). The roughness used in these tests was such that the flow was either in the fully-rough phase
or bordering on it, in the majority of cases. The method of this Item generally underestimates the data of
Derivation 2 (covering the Mach number range 1.62<M;<2.23) by up to about 10 per cent and
overestimates the data of Derivation 4 (covering the Mach number range 0.7 <M, <4.5) by up to about
20 per cent. The data of Derivation 2 are, it isfelt, likely to be the more reliable of the two sets owing to
the problems inherent in the test technique of Derivation 4.
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