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SUMMARY |

The variation of zero-1ifl drag coefficient with Reynolds number is used
to determine the effectiveness of bands of distributed roughness on two slender
wings at supersonic speeds.

Results show that the roughness height required to ensure fully turbulent
flow up to the position of roughness increases rspidly with Mach number
(M = 1°4 to 2°0) and that the roughness drag penalties may be significant.

Wing planform and camber both 1nfluence roughness effectiveness,

Replaces R, A.E Tech,Note No, Aero 2885 = A.R.C, 2484M.
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1 INTRODUCTION

Anelysis of drag measurements at supersonic speeds is d@if'ficult for
slender wings because the wave drag is often much smaller than the skin friction,
Skin fricetion estamation is hampered by unsteady heat transfer effects on free

flight.models1, even under fully turbulent conditions, and by the difficulty of
attalning fully turbulent conditions on wind tunnel modelsz.

In wind tunnels a fully turbulent boundary layer is usuaelly required over
the complete model and so a band of distributed roughness is applied olose to
the leading edge to fix transitionds4,

The present drag measurements made between September 1961 and January 1962
on two typical slender wings (Figs.1 end 2) show that the heighi of roughness
required to ensure transition at supersonic speeds increcses rapidly with Mach
number, Roughness bands commonly used also have a slgnificant drag penalty
i.e. & drag increment greater than that due to the forward movement of the
transition front,

2 EXPERTMENTAL DETAILS

241 Medels

Figs.1 and 2 show the planforms and some typical sections of the wings
tested, They are Wings 9 and 15 of a larger series and are fully described
in Refs,2 and 5 (Teble 1 gives some important details),

Wing 9 was a machined, steel model. The leading edges were in good con-
dition and the plates covering the balance attachment fitted well, This model
was symmetric,

Wing 15 was mouldedin fibre glass and araldite round a steel core. The
leading edges had several small notches and the plates covering the balance
attachment 4id not fit very well. The surface finish of this model was poor
compared to that of Wing 9. The model was nominally uncambered., However a
non=zero Cmo was detected during stability tests? and subsequent inspection
showed that the podsl was slightly ocambered. A larger uncambered model of this

shape was tested” in the R.,AE., 8 x 8 ft wind tunnel, znd a similar model tested
in free flight1.

2e2 Test conditions

Wings 9 and 15 were tested in the 3 ft supersonic wind tunncl at zero
incidones from M = 14 to 2+0, Table 2 gives the range of totel pressures: the
low Reynolds numbers should be noted,

The first roughness used on Wing 9 was a band of carborundum grains in
aluminium paint, O-50" wide normal to ghe leading edge, as in earliier slender
wing tests in flight1 and wind tunnels®s/, The carborundum was not sieved but
several inspections of sample bands showed that the highest parlicles were
usually:

100 grade: 0O+007"
60 grade: 0-012"
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Subsequently, ballotini* bands O¢50" and 0+15" widc were used, The ballotini
were sieved betwsen the following limits:

Nominal 0:012" daa (0+0083" - 0,0116")
Nominal 0-014" dia (0-0116" - 0-0138")

The ballotini were attached to the models by a thin araldite film, The thick-
ness of a coloured araldite film was easily judged; a typical thickness was
0-002" {0 secure ballotini 0+012" diameter, Ballolini form a very uniform
roughness distribution when seen under a2 microscope whereas even carefully
sieved carborundum grit gives a random roughness height, The ballotini density
was abecut 400-600/sq¢ in.

Only ballotini bands 0+15" wide were usecd on Ving 15,

2.3 Measwurements and accuracy

Lift, pitching moment and axial force were measured on an internal
strain-gauge balance within each model, ILift and pitchang moment were used to
correct for flow asymmetries and the small balance interactions on axial force.
The model base pressure was measured and used Lo correct the axial forece to
free stream static base pressure,

Only the variation of zero lift drag (cD ) with Reynolds number (Rc) is
o]

presented,
The estimated accuracies are:

Wing 9 Gy  0-000L
o]

Yaing 15 CD +Q+0002
o

A more acourate bzl ance was used for Wing 5.
3 RESULTS

In this section the curves of CD vs, R¢ are analysed to derive criteria
o)
for transition omset ard complete iransition ard 1o find the magnitude of the

roughness drag penaltzes,

The Reynolds number for transi tion onset (RE1) is that at which the drag

first shows a marked change in slope (e.g._RE = 0'9 x 10 an Fig.3a), The
Reynolds number for complete transition (Rcz) 1s the lowest value for which the

curves of measured and estimated CD for a completely turbulent boundary layer

o
become ossentially parallel (e.g. RS = 1°5 x ‘106 in Flg.Ba). It iz assumcd
that there is no further forward movement of the transition front for Reynolds
nunbers greater than Rc2 and that the roughness drag is the difference between

the measured and estimated drag coeffacients for these Reynolds numbers,

L

*  Small glass spheres as used by Rogers ct al.g—
-5~



The estimated zero lift drag coefficients are the sum of a friction drag
and a pressure drag. The estimated friction drag is the flat plate value for
RO with zero heat transfer? *, multiplied by the ratio of wetted area to twice
the planform area. The pressure drag was estimated by the slender wing theory
for Wing 2 and measured on a larger model for Wing 15,

2.1 Critical roughness criteria

Fig.3 shows the variation of CD with Reynolds number at constant Mach
o
number for Wing 9 with 100 grade carborundum, Transition onset is sharply

defined at M = 14 but indefinite at M = 1°6. At M = 1°8 and 2°0, C,
o

inoreases slowly after transition onset amd complete transition (RQ) is not

achieved, Hence 100 grade carborundum is inadequate on Wing 9 at XM = 1°8 and
2°0 as Mabey and Tlott? had suggested, and higher roughness is required as Mach
number increases.

Fig.l shows how the roughness height for complete transition movement (the
important praotical question) increases with Mach number on both Tings 9 and 15,

Thesc roughness Reynolds numbers aro based on free streaem conditions (RE1 and

R32) and the roughness height k (i.e. R, = Rc x k/c). The roughness Reynolds

numbers for complete transition movement increase from 800 to 1,000 on Wing 9
and from 900 to 1,500 on Wing 15 as Mach number increases from 1+4 te 2°0,

Meagureoments on Wing 15 in the A.R.A. tunncl1C with three different ballotini
diame ters have confirmed that sz ~ 1,500 at M = 20, This roughness height

inorease with Mach number follows from the inoreased stobility of the laminar
boundary layer at supersonic speeds"1 and becomes morc serious at high super-

soni¢c agpeeds

Fig.4k 8130 shows Van Driests' estimated roughness Reynolds numbers (Ref.13
and Table 3) at which transition moves close to the roughness, Agreement
betuween the se estimates and the measured values for complete transition is
excellent for Wing 9 but poor for Wing 15. These estimates predict e rapid
increase in c¢ritical roughness height with Mach number - an increasc larger than

that given by Braalows3’4 suggestion - that Rk = 600, based on conditions at the
tep of the roughness (Table 3),

The difficulty of fixing transition on Wing 15 compared to Ving 9 is con-
sistent with the variation of roughness effectiveness with planform parameter on
other slender wings tested in the 3 f4 wind tunnel, Roughncss effectiveness
depends on the sweepback angle, which varies more widely along the leading edge
as planform parameter p decrecases. Roughness effectiveness is here related with
the planform parameters.

- - . i e - P

¥ Skin friction calculated by the Prandtl-Schlichting method wiih a Mach
number correction based on intermediate enthalpy.
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Varistion of roughness effectiveness with planform paramgter

Wing P "Laminar bucket" koughness
1 0*67 None M = 1*4 to 2+C
(Ref7) Carborundun
5 058 M = 2°0 only (Ref.14) He1ght 0-007"
9 053 1i =18 and 20 {Ref,2)
15 045 M =1L %o 2°0 Ballotini 0-Ci2" dia
None M = 14 to 20 Ballotini 0-014" daa

(Standard conditions, Table 2)

The variation of xk/k with sweepback angle 1s not sufficaent to explain

this variation in roughness effectiveness,

The wide variation of roughness effectiveness vith planform parameter
indicates that a single roughness cannot be recommended for all wings., The
present results may be used as a guide to the roughness rcguired on 3 ft tunnel
models at low Reynolds numbers but the roughness effecitivencss should always be
checked during accurate drag measurements.

Roughness is more effective on a cambered slender wing than on an uncam-

bered wing of the same planform. Fig.5 compares the variation of CD with

Reynolds number for Wing 15 and two additional cambered wings5 at the attach-
ment ineidence (flow attachment along the leading edge). These cambered wings
have the same planform, thickness dastrabution and roughncss as Wing 15. In
contrast to Wing 15, neither of the cambered wings shows any region of com=
pletely laminar flow at low Reynolds numbers. At hlgher Reynolds numbers the
drag on Wing 15 does not even attain the plateau observed when the roughness s
barely adequate (e.g. Fig.jb), whereas the drag of the slightly cambered wing
has a plateau. The6drag of the heavily cambered gull wing has a maximum at
about Re = 1°2 x 10° and fully turbulent conditions above this Reynolds number,

Camber also impreves roughness effectiveness on ifings 9, 10 and 11 2.
These wings may be arranged i1n order of increasing camber and roughness
effectiveness,

Variation of roughness effectiveness with camber
Wing  Camber "Lamanar bucket" Roughness
9  Uncamberecd At ¥ = 18 and 2-0

11 Slightly At M = 2°0 only Carborundum
cambered height
G-007"
10 Heavily o buckets
cambered

(Standard conditions, Table 2),

-7 =



Camber has also improved roughness effectiveness on scme highly swept

15

wings “.

3.2 Roughness drag penalties

Even at low supersonic Mach numbers, when small roughness ensures com-
plete transition, the measured drag of Wing 9 is aboul 0+0004 higher than the
estimate (Fig.,3). This suggests a roughness drag penalty which 1s Just signifi-
Canto

The highest Mach number (M = 2-0) was selected for ths subsequent rough-
ness tests because the highest roughness is then needed. The results (Fig.é)
show that with 60 and 30 grade carborundum the drag penslty is 0+0008 and
0+0018 respectively, proving that roughness drag increases wath roughness
height, Part of this penalty must come from wave drag btccause shotk waves from
the 30 grade carborundum were clearly visible in the tunnel schlieren,

The magnitude of the roughness drag penalties, even with 60 grade carborun-
dum, indicates that a more refined transition fixing technique is required. One
possible refanement is to replace the irregularly shaped carborundum grit by
spheres. Fig.7 compares the drag measured with 60 grade carborundum and
ballotini of the same roughness height (0-°012"). Although transition onset and
fully turbulent conditions occur at lower Reynolds numbers with carborundum than
with ballotini* there is no drag reduction for the common region of twbulent
flow,

Another possible refinement is to reduce the width of the roughness band.
F1ge8 compares the drag measured with ballotini bands 0+50" and 0+15" wide.
Transition onset occurs at about the same Reynolds number with both bands but
tho arca of turbulent flow initially increases more slowly with the narrower
band althoughsfully turbulent conditions are reached at the same Reynolds number
Re = 1*3 x 107, The drag of the 0°15" band 1s then 0:0008 lower than that of
the 050" band and is about 0+0003 hirher than the estimate, If the roughness
drag xs proportional to the band arca the drag of the 0¢415" band at M = 2-0 is
still about 0-0004. The balance could not discriminate further drag reductions
and so no further tests were made on this model. Some measwrcments on & delta
wing at transonic 3peed58 alsc show a significant drag reduction as the
ballotini band width decreases,

The measured and cstimated drags for Wing 9 wath the 015" wide ballotini
band compared in Fig.9 suggest that at M = 1+4 the small drag penalty does not
vary significantly over a wide Reynolds number range. This contrasts with
measurements on Waing 15 with a 0+04" wide ballotini band in the A.R.A, tunnel ,
vhich show a larger drag penslty increasing with Reynolds number,

For the 3 £t tunnel tests Wing 15 had a ballotini band 0+15" wide. The
results (Fig.10a) show that at M = 1+4 with ballotini 0:012" and 0°044" dia.

g Probably because the carborundum bands have particles larger than the
largest ballotima. (2.2 sbove),



the drag is 0-0007 and 0°0014 higher than the estimate. The drag at M = 2+0
with ballotini 0*014" dia. is 0°0010 higher than the estimate (Fig,10b), Later
and more extensive tests of Wing 15 in the A,R,A. tunnel indicate that the wave
drag at M = 2*0 is about 0°0004 higher than that of the larger model (Ref,10
Fig.9). Hence the probable roughness drag penalty in the present tests at

M = 2:0 with 0*0O14" dia. bellotini 1s still about 0:0006, even with this narrow
band,

Fig.41 shows the variation of roughness drag coefficient (based on rough-
ness band areag with (roughness height)2 for both Wings 9 and 15 at M = 2°0 and
R/ft = 1°4 .10°, Results from tests of Wing 15 in the A.R.A. Tunnell® and the
larger model of Wing 15 in the 8 fi tunnel® are included, The data are limited
but suggest that the roughness drag is proportional to roughness area and
(roughness height)z. A law of this type would explain why a difference in
toughness drag penalty is only just detected in the A.R.A. tests between the
two largest sizes of ballotini,

4 CONCLUSIONS
(1) Tests on two slender wings over the limited supersonic Mach number range
from 1*4 to 2*0 show clearly that higher roughness is needed to produce fully

turbulent conditions as Mach number increases (Figs.3 and k).

§2) The effectiveness of the same roughness varies on different models
Figs.l and 5) so that roughness effeotiveness should always be checked,

(3} The roughness drag penalty at supersonic speeds mey be significant but
can be reduced by reducing the roughness bandwidth (Fig.8).
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CD drag coefficient
k roughness height
M Mach number
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T (ving volume)/(wing area)3/2
A sveepback angle
b roughness band
0 zero 1ift
W wing
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TABIE 1

L

Model details

Wing
2 12
Leading edge ¥y = Sg x(1-+x3- - ) y = 8 x(1'2-2'hx+-2'2x2+ 3x3— 539)
eqguation
Planform p =053 . p = 045
parameter
Thickness T = 00424 T = 00115
parame ter
Semispan/ ST/c0 = 0+25 ST/co = 0+208
root chord
Average chord c = 11°65" ¢ = 10-80"
Reference 2 5
TADLE 2
Test conditions
Mach number Total pressure Standard Condi tions Reynolds No.éft
(1) ("He) , ("He) (R/FE % 107°)
1+3 L -13 1055 1460
14 313 10+40 1460
1+6 4L - 135 1084 1+60
1-8 4 - 130 1158 1+60
20 3 = 142°0 10+ 70 1°35

Tunnel total temperature 20 - 25°C



TABLE 3

ki M

PRt NPT e ae e S

Van Driests formula for effective irippang may be written
R, = 150 (xk/k)1/3 (1 s T i)

and depends weakly on (xk/k). Selection of x is difficult for wings with

curved leading edges but as both Wings 9 and 17 have minimum sweepback A o~ 73°
(sec A = 3+4) a common X = 0+ 34 in. vas assumed,

Typical values

Wing Hgch number Roughness k 3_15
e oy (Height in.) (free strem (Top_of roughness)

9 13 0+007 802 623

1:6 0+007 92 760

0-012 1,000 1,000

15 13 0-042 672 637

240 0-014 950 950

-13 =
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