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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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DRAG DUE TO GROOVESIN A FLAT PLATE WITH A TURBULENT BOUNDARY
LAYER, AT SUBSONIC AND SUPERSONIC SPEEDS

1 NOTATION AND UNITS
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incremental drag coefficient due to groove, based on its
planform area (t x L) and kinetic pressure at edge of boundary

layer

component of C due to skin friction drag on sidewalls of
streamwise groove (see Equations (4.2) and (4.3))

local skin friction coefficient in absence of groove, based on
kinetic pressure at edge of boundary layer (see Item No. 68020)

correlation factor for streamwise grooves (see Equation (4.1))
depth of groove (see Sketch 1.1)
length of groove (see Sketch 1.1)

local Mach number at edge of boundary layer

Reynolds number based on velocity and kinematic viscosity,
both at edge of undisturbed boundary layer, and groove depth, h

Reynolds number based on velocity and kinematic viscosity,
both at edge of undisturbed boundary layer, and distance from
virtual origin of boundary layer to centre of groove, x

width of groove (see Sketch 1.1))

friction velocity (t,/ pw)l/2

angle between major axis of groove and airflow direction (see
Sketch 1.1))

local boundary-layer thickness for which local velocity in the
boundary layer is 0.999 times local velocity at edge of
boundary layer

kinematic viscosity at the wall

density at the wall
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T wall shear stress N/m? | bof /t2

function in Equation (3.1), see Appendix A

function in Equation (3.1), see Appendix A

Airflow direction

Normal groove (B = 90°) Oblique groove Streamwise groove ( = 0°)

Sketch 1.1 Groove Geometry

2. SCOPE OF ITEM

The charts described in Section 3.1 provide amethod of estimating the incremental drag coefficient dueto
sharp-edged, rectangular section grooves normal to the local airflow direction, with aplanform aspect ratio
(L/t) greater than 8. For grooves aligned with the local airflow direction, an estimate of the incremental
drag coefficient is provided by the recommendations of Section 4.

ESDU Copyright material. For current status contact ESDU.

The Item is based primarily on experimental data obtained at RAE, Bedford® for grooves in a flat wall
(corresponding to aflat plate at zero incidence) with aturbulent boundary layer, and isapplicableto airflow
with zero heat transfer and zero pressure gradient. All the grooves tested had the same depth of 3.81 mm
and a groove depth to local boundary-layer thickness ratio of about 0.03 to 0.05 at the test position. The
groove geometry covered in the RAE tests was 1<t/h< 3, whilst the test Mach numbers were 0.2, 0.8,
1.4,2.2and 2.8.

For the RAE tests the grooves were formed in a circular floating-element drag balance, of diameter
368 mm, set into the wind-tunnel wall. The experimental arrangement was intended to represent
two-dimensional flow conditions, the groove ends being formed by the balance housing so that any loads
on the ends were not included in the drag measurement. The drag measured was the load on the groove
itself plus any changes in skin friction on the balance plate less the skin friction corresponding to the area
of the plate removed by the groove, but did not include the effect of drag changes induced downstream of
the plate.
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Testsfrom other Derivations (all confined to low speeds) included the drag on the groove ends and so were
not directly comparable with the tests reported in Derivation 4. These additional data™ 2, have however
been used in an attempt to quantify theinfluence of groove ends (Sections 3 and 4) and the effect of oblique
flow (Section 5).

Table 9.1 summarises the ranges of experimental data used in the derivation of the methods given in this
Item. Outside these ranges the methods may not give satisfactory predictions.

3. GROOVESNORMAL TO THE AIRFLOW DIRECTION
31 Presentation of Data

The incremental drag coefficient for grooves normal to the flow direction may be represented by the
eguation

Cp = (@—¥)C;. (3.1)

Expressionsfor @ (dependent on M, and R,)) and ¥ (dependent on C;) are developed in Appendix A from
the original RAE correlation (Equation (A2.1) of Appendix A) using formulae given in Derivation 5. The
resulting Equations (A2.8) and (A2.9) were then used to derive Figures 1 and 2 respectively. Since all the
data available at both subsonic and supersonic speeds are collapsed by the same expression
(Equation (A2.1)), it is considered unlikely that there would be any peak in drag coefficient at transonic
Mach numbers. Other data supporting those obtained at RAE are given in Derivations 1 and 2. Those
applying to grooves with endsindicate that end effects areinsignificant for values of L/t greater than 8. For
L/t lessthan 8 end effectsbecomesignificant, but there areinsufficient datato provideany coherent guidance
on their magnitude.

Lower limit lines for which the drag given by the chartsis zero are indicated on Figure 1 for three values
of C;; theselines correspond to a calculated roughness Reynolds number (u_h/v,,) of 10 (see footnote to
Equation (A2.1)). For the appropriate values of C; the charts become less meaningful as these lines are
approached, and the drag coefficient should be taken to be zero if a negative value is predicted.

3.2 Accuracy

ESDU Copyright material. For current status contact ESDU.

The ranges of the RAE tests are shown, interms of R, and C; , on Figures 1 and 2. Within these ranges the
difference between the experimental values of C/C;, for the more accurate data’ and estimates obtained
from thisltem are contained within aband of +2 for the subsonic Mach numbersand +1 for the supersonic
Mach numbers.

" These were the data for the larger grooves, with consequently larger drag, for which the scatter in the balance measurements was less
significant.
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