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1 INTRODUOT ION

In estimating the skin friction drag of airoraft it is cammonly assumed -
that pressure gradients and the geomstry of the flow do not significantly
affect the skin friction, so that experimental results for skin frioction on
flat plates may be used, The development of low drag shapes suitable for
economic supersonic flight has led to types of flows which may be strongly
ihres dimensional in charecter with strong pressure gradients, so that the
use -of flat plate resulis needs further examination,

The calculation of laminar bamdary layers in three dimensional flo, is
adequately oatered for by existing methods (see for example Cooke and Halll),
However most boundary layers oconurring in practioce will be turbulent. Cooke,
in a series of papers2,Jsks5, has omsidored the caloulation of the h of
turbulent boundary layers in three dimensional flow, and has shom6,/ that in
supersonic flow the friotional drag mey be deduced from the boundary layexr
profiles at the treiling edge. The practical use of Cooks's methods is quite
diffioult and tedious. Before boundary layer caloulations ocan bé made the
geometyy of the external flow needs to be known quite acocurately. At present
it is not posaible to caloculate the flow fields about general bodies in any
detall, and experimental investigation of flow fields is both laboriocus and
lengthy. The various assumptions which different workers have made about
velocity profiles and shearing streass distributions have been ocansidered in
sams detail by Cookelt, Those assumptions have all been based on the small
amomt of low speed data avallable, and the validity of their extension to
compressible flow has not been adcquately checked. As an example of the
uncertainty which exists, all the methods which have béen proposed take the
variation of surface shearing strcss along a streanmline to be the sams as in
two dimensional flow, Howevor measurements by Ashkenas and RiddellS showed that
the rate of boundary layer growth (in the stream direction) over a yawed flat
plate was slightly higher than the rate of growth over an unyawed plate, so
that this assumption is only approximately correct. In view of these
uncertainties it seems that, at least until a much greater body of experimental
data is available, some simpler method will give adequate results.

Over the past few years experience in the 8 £t x 8 £t wind tumnel at
Bedford has shown that flat plate formilae are capable of giving quite accurate
estimates of the skin friction drag of models. For two slender wings for which
the overall drag and wave drag are available seperately Evens? has shown that
estimation of friotiom drags by the methods given here are correot within the
experimental acouracy of the other msasurements. Those wings had fairly small
pressure gradients, but even for quite general types of flow the errors are
relatively small. For a partiocular canbered delta wing with fairly strong
pressure gradients and three dimensional effects Winter and Smith10 have shown
that the difference between overall drag and wave drag agreed with estimates
of skin friotion within sbout 10% over a range of Mach mmbers and a fairly
wide renge of inoidence., For more complex types of flow fields and pressure
distributions the use of flat plate formulae may be less acourate, but the
prediction of soale effect may still be sufficiently accurate for many

purposes,



The pressure drag of a modcl is obtained by subtracting the estimated
friction drag from the measured total drag. The total drag of the full scale
aircraft is then obtained by adding the ecstimated full scale friction drag to
the deduced pressure drag. An implicit assumption here is that the pressure
drag of a model does not change with Reynolds number. The possibility of
small changes in pressure drag with change in scale should not be overlooked,
but this effect is not ccnsidered in the present note.

The charts given here were produced in order to make estimating friction
drags a routine matter, and it is felt worth while making them more widely
available. The curves have been calculated for zZerc heat transfer and a
tunnel total temperature of 30°C. They cover Mach numbers up to 5, and
Regnolds ngmbers between 102 and 107 for laminar boundary layers, and between
10° and 10° for turbulent boundary layers., Variations of total tamperature
between 0°C and 60°C have an insignificant effect on the calculated skin fric=~
tion coefficients, and even raising the total temperature to 150°C, as may be
necessary at a Mach nunber of 5 in order to avoid liquefaction of air, changes
the skin friction coefficient (at constant Reynolds number) by less than 3%

The skin friction formulae used are given in Section 3., Section L
describes the charts, and Section 5 describes methods of using the charts. The
charts are strictly applicable only to wind tunnel tests within the above range
of total temperatures. Little ecrror would be incurred, hcwever, by using the
charts for estimation of full scale friction drag at Mach numbers up to about
2.5. Above this speed the higher temperatures encountercd in flight would lead
to signifiicant errors, and in any case heat transfer cffects are likely to
become important in this range of speeds.

2 LIST OF SYMBOLS

Ce local skin friction coefficient
CF mean skin friction cocfficient
M Mach nuniber

Rex Reynolds number based on distance froem effcctive start of boundary layer

Re6 Reynolds nurmber based on momentum thickness of boundary layer
T temperature (degrees absclute)
u velocity

X distance from effective start of boundary layer

6 momentum thickness of boundary layer

B viscosity
P density
T surface shearing stress



Subsoripts

1 free stream conditions

r recovery conditions (i.0. oonditions at wall for sero heat trensfer)
w  wall oonditions

Superscripts _
. intermediate enthalpy oonditions

3 SKIN FRIOPION FORMILAR

Eokarl:" a.ndllonaghm12 have shown that the formulae for skin friotion in
incompressible flow may be used to give the skin friction in compressible flow,
provided the physioal properties of air (density and visocosity) are evaluated
at a point in the boundary layer at a temperature T* corresponding to an
"intermediate emthalpy" i*. For tho low temporaturcs coourring in wind turmels
the specific hoat doos not vary with temperaturo, so that the "intermediate
enthalpy" may be directly replaced by "intermediate temporature”. Thus we have
for Reynolds number

Rﬁ; = "‘ [ ]

T‘Fz' (1)

as the statioc pressure is assumed ommstant through the boundary layer. For the
local skin friction cooffiociont we have

= %:'Of ’ (2)

and similarly for the mean skin friotion ccefficient



L DESCRIPTION OF CHARTS

L.1 Laminar boundary layers

Fram equations (1), (2) anda (4) we have

1

Ty 1B\ b
— — — 2
Cp = T X 0466k (T3 P*) Re,
1
1o\

= 0.66) (=% ﬁ—1> Re ? , (13)

and similarly
1 *% :
Cp = 1.328@—,,,— ﬁ;) Rex"E . (1)

Assuming a recovery i‘ea,c:to:c'12 of 0.85, with the viscosity given by Sutherlands
formula

- 3/2
B = 3.045 x 10 8 <ﬁﬁ) slug/ft sec ’

;
it is found that the factaor [(T1 u*) /(T* p1)]E varics only between 0,967 and

14014 for Mach nunbers less than 5. This facter may reasonsbly be ignored,
as any errors incurred thereby are likely to be less than errors arising from
neglect of pressure gradients and three dimensional effects. Thus we have

1
cp = 0,664 Rex2 ’ (15)
shown in Fig.1, and
1
Cp = 1.328 Re ® , (16)
shown in Fig,2. Equations (12) and (16) give
i
Rea = 0.66!{. Re; P (17)

shown in Fig.3. Substituting (17) into (15) and (16) gives

-1
¢o = Oukhl Reg (18)
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shomn in Fig.), and
Cp = 0.882 Re;1 (19)

shomn in Fig.5. The upper limit of Reynolds numbexr has been taken as 107for
R'x’ as it is unlikely that a laminar boundary layer will exist at any higher

Reynolds mmiber in wind tunnel tests with sero heat transfer.

he2 Twhulent boundary layers
2

For turbulent boundary layers a recovery factor of 0,89 has been assumed 2,
Bquations (1), (2) and (9) give

o - om e[ H =) ], @

which is plotted in Fig.6 at intervals of 0.2 in Mach number from O.4 to 5.0,
and for inoampressible flow (M = 0). For the mean skin friotion coefficient
equations (1), (2) and (7) give

Gy = 0u455 ;—2—[10310 G.—} % Rex) _] Rkt ’ (21)

which is plotted in Fig.7 for the same Mach numbers. From (12) and (21) we
have

. T1 . 1 p'-l -aﬁ
Reg = 0,228 - Re_ | log,q (7% ] Rez>] ’ (22)

which is plotted in Fig.8 for M = 0,1,2,3,4 and 5. By cross plotting fram
Figs.6 and 8 (equationis (20) and (22)] o is cbtained as a function of Beg,

showa in Fig,9. S:I.ndlarly'cr as & funotion of Rey is shown in PFig,10 obtained
by cross plotting fram Figs.7 and 8 (equations (21) end (22)).

Equations (7) and (9), on which Pigs.6 to 10 are based, are empirical
formulae based on a large mmber of low speed experiments, For values of Rez
below 106 the experimental data has a large amount of socatter, and for Rex

below 10° there is very little data availsble (see for example Smith and
Walkerli?), Clearly there is some limit to Re_ below which the use of equatians

(7) end (9) is not Justified. In this oonnecticn Preston'C has suggested that
there exists a minimm value d'Reefora turbulent boundary layer, which he

places at around 320 (for incompressible flow) on the basis of various

- 10 -



experimental results. From equations (7) and (412) this corresponds to
Rex = 0,9 x 10/ Thus it seems reasonable to take Re; = 102 as a lower limit

to the validity of equations (7) and (9). Curves are given on Figs.6 to 10
for Re;“c = 109, It is worth pointing out that the values of Re corresponding

to Re* = 105 (see for example Fig.6) agree quite closely with those that

Van Dr:Lest and Blumer19 found were needed for the establishment of a fully
developed turbulent boundary layer downstream of three dimensional transition
trips.

5 USE OF CHARTS IN ESTIMATING FRICTION IRAG OF WIND TUNNEL MODELS

Measurements on wind tunnel models may be made with boundary layer
transition either free or fixed, and the metheds of calculation will differ
accordingly. If transition is allowed to cccur naturally regions of laminar
and turbulent flow are normally detected by flow visualisation. On the other
hand if transition is fixed (normally near the leading edge) supplementary
flow visualisation tests are not required, These two techniques each have
advantages and disadvantages. If regions of laminar flow are present on the
model the external flow may be different from that ocourring at full scale, as
separations and shock wave/boundary layer interactions may be different. On
the other hand if transition is fixed allowance must be made for the drag of
the tripping device. Evans? has shown that at moderate Reynolds numbers
(5 - 10 x 106 based on mean chord) it is possible to fix transition with only
a small penalty which can be estimated sufficiently acourately.

5.1 Free transition

Transition fronts are usually detected by a sublimation techniquezo.
Before calculations can be made the relationship between the sublimation
pattern and the surface shear needs to be known. It is commonly assumed that
the boundary shown on the sublimation pattern indicates the beginning of the
fully turbulent boundary layer, aend that the flow ahead of this point is
laminar, with a sudden rise in surface shear at this point from the value
appropriate to a laminar boundary layer to that for a turbulent boundary layer
of the same momentum thickness, Tests on a cone reported by Winter,
Scott-Wilson and Davie® 1 have shown that in general this assumption is
incorrect. They show that the sublimation front indicates the end of wholly
laminar flow and is followed by a transition region in which the shear
gradually rises to that characteristic of a turbulent boundary layer. This 22
conclusion is consistent with the type of flow which Schubauer and Klebanoff
have showg to exist in the transition region. Recent tests by Pate and
Brillhart<’ on swept wings show that the sublimdtion front may occur closer to
the middle of the transition region, so that the sublimation pettern may need
different interpretaticns in different types of flows.

The extent of the transition region and the variation of surface shear
through the transition region still need to be known. Dhawan and Narasimhal
have collected and a.na.lysed most of the available information on flow in the
transition regicn, From their Flg.5, it can be seen that the extent of the
transition region is between about z and + of the length of laminar flow

- 11 =



preceding it, so that a rguonable epproximation wouid be to take the length of
the trensition region es /3 of the length of leminar flow preceding it. From
their Figs.12 and 13 it can be meen that 2 reasonsble approximation for the
distribution of local skin friotion is to take a linear inocrease of local skin
friotim ooceffiocient with distance through the transition reglon.

It should be pointed out that the above arguments are derived from
experiments in iwo dimensional flow, where breakiown of laminar flow arises
from smplification of Tollmisn-Schlichting waves. For ihree dimensional flow
(eeg. swept or slender wings) the flow breakiown is more likely to ocour from
instability of the secondary flow in the boundary layer, and the details of the
flow in the transition region may be quite different,

There may be regions on same models where the itrensition region is
extremely short or almost non-existent. If the boundary layer on the body of a
wing-body cambination is turbulent, the boundary layer at the root of the wing
will be contaminatod by lateral spread of turbulence. In these ciroumstances
it would be reasonable to assume that the local skin friotion coefficiemt
inoreases almost instantanecusly from that for a laminar boundary layer to that
for a turbulent boundary layer (of the mamentum thickness). Such regions
:;g ';; found by close examination of transition patterns (seo e.g. Pig.l of

[ ] [ ]

It should be pointed out that at moderate Reynolds numbers (5 to 10
million based on msan chord) the various assumptions which can be made sbout the
trensition region will lead to variations of less then about 3% in the overall
friotion drag.

5.2 PFixed transition

The caloulations for fixed tremnsition are simpler, Tho mamentum thiokness
of the boundary layer at the transition trip may be caloulated from the extemt
of laminar flow ahsad of it. The flow is assumed to beoame fully turbulent at
this point, with the same momentum thickness, and caloulations mey then be con=-
tinued using the turbulent flow charts.

If more acourate results are needed, tho offects of the delay in reaching
a ruJJ..! turbulent boundary layer after a transition trip (see Van Driest and
Blumer!?) may be omsidered. No measurements of local sldn friction immediately
downatream of transition trips have been made, but it would not be unreascnables
to assume a linear growth of local skin friction coefficient with distance, as
assumed for free transition. :

A simple approximation, which gives quite acourate results in general, is
cbtained by ignoring the small longth of laminar flow ahead of the tremsition
trip, and assuming the flow to be turbulent from the lcading edge.

5«3 Detalls of oaloulation

The method of caloulation suggested here.is that which cxperience with
slender wings in tho 8 £t x 8 ft wind tunnel at Bedford (see Refs.9 and 10) has
shom to give acourate results. If the modol has a disorete body (e.g. Model C
of Ref,9) the body and wing are treated separatoly.

- 12 =



() Wings

The wing issplit up into a number of chordwise strips, the variaticn of
transition Reynclds number and chord between neighbouring strips being small,
FProm the extent of wholly laminar flow we obtain 6 2’ the momentum thickness of

the laminar boundary layer at the start of the transition region, from Fig.3.
We also obtain the local skin friction coefficient at this point, Cp s fram
: 1/
Figs.1. Knowing (or assuming) the extent of the transition region, ARex, (which
may be zero), we cobtain the momentum thickness 6JG and local skin friction
coefficient Cp at the end of the transition region by the following procedure.
t 1

(1) Assume a value of momentum thickness 69) at the end of the
transition region.

(2) Find cf(,” from Rég) from FigeJ.
£ t

(3) Assuming a linear growth of cp With distance the mementum equation

may be integrated to give

(2) 1 (1)
et = e&+h cf6+cft Ax ,

or
af2) ! ( (1))
= Re, +—(c, +¢ ARe_ . (23)
8, PIE AN PR x

(4) Repeat steps (2) and (3) until two successive values of Re, agree
t

to the accuracy required,

From this value of Rey we cbtain, from Fig.8, the value, Re_, of the

t : t
effective Reynolds number of the turbulent boundary layer at this point. The
effective Reynolds number of the bhoundary layer at the trailing edge, Rcc s is

cbtained by adding the Reynoclds number based on the length of chord remaining

between the point concerned and the trailing edge, and we obtain Ree from Rec
c

and FPig.8. The mean skin friction coefficient for this strip is then obtained

from
Gy = 205 , (2)

- 13 -



is the msan chord of the strip. The friction drag of the complete wing

whe
is ocbtained by spanwise integration over tho various strips.

B,

The ebove procedurc gives acourate results for wings whose surface slopes
are amall in all directions. Howover some models (e.ge Models A and B of Ref.9)
have a distinot bulge along the centre line, with large surfaco slopes in the
sparwise direction,  For these more acocurate answers may be obtained by
mltiplying the friction drag obtained above by the ratio of wetted area to
planform area., Cautlon should be excroised in applying this correction factar
arbitrerily, as it is likely to glve incorreat results for models with large
surface slopes in the streamwise direction, such as two dimensional wings with
rourd leading edges, If the equation of the wing surface is

g = 5(‘:3’) ’

then the effective wetted area, as far as skin friction drag is concerned, is

given by
s [[dre@a, (25)

where the integraticon is made over the whole surface, and the correction factor
is obtained by dividing Ae by the planfarm area. .

(b) Bodies

The ocaloulation for a body is the same as for a strip of wing, If the
transition front doces not coocur at the same streamwise position arcund the
ciromference of the body little exror is generally incurred by taking e mean-
position, The frictional drag ooceffioient is obtained by multiplying OP from

equation (24) by the ratio of effective body wetted area (from oquation (25))
to reference arca for the model. .

(o) Pins, eto,

The frictiomal drag of fins or any othor campconents over which the flow is
approximately two dimensicnal may be caloulated in the same marmer as for wings.

5«4 Effects of separetions, pressure gredients and 'll:lrmee dimensional effeats

Provided the flow is attached everywhere, and pressure gradients and
three dimensional effects are amall, the above procedure will give skin friotiom
drags acourate to 2 or 3% (see Rof,9). However some aonsideration needs to be
given to estimates of skin friotion in more general flows.

Measurcments of skin friction in the separated flow on the upper surface
of a slender biomnvex oone?d have shown wide variations of looal skin friotion
oocefficlent, suggesting that it would be unwise to rely on flat plate formulas
to better than sbout 10% for the overall friotion drag.

-1&_-



Measurements of skin friction have also becn made on a canbered delta
wing10 with fairly strong pressure gradients and three dimensicnal effccts.
The measurements covered a range of incidence and although the local skin
friction coefficients were at some points on the surface quite different from
flat plate formulae, the integrated friction drag varied only a little with
incidence and was within about 10 of the flat plate estimates,

There may be rcgions on models where the flow is clearly three
dimensionel in chara.gter (eege conical or ogival noses or boat-tailed after-
bodies). Bradfield?® has made a comprehensive survey of measurements of turbu-
lent boundary layers on concs, and concludes that the local skin friction
coefficient on a cone is 18% higher than that on a flat plate at thc same Mach
number and Reynolds number. IFor the range of Reynolds numbers likely in wind
tunnol tests this implies (see Appendix IV of Ref.27) that the mean skin fric-
tion coefficient on a cone is about 7% highcr than that on a flat plate at the
same Mach number and Reynolds number, sc that an epproximete correction for
nose effects should be applied. Usually this cerrection will be found to
be insignificant., The only measurements in converging flow of the type which
ocours on after-bodies seem to be those of Winter and Smith'0. The locael skin
friction coefficients they measured were as low as half the flat plate values
and can be explained, at least qualitatively, by the combined effects of con-
verging flow with an adversc pressure gradient.* In any case any body with a
boat-tailed after-body is likely to have a ccnical or ogival nose., The two
cffects are of cpposite sign and would therefore at least partially cancel, so
that little error should be incurred by assuming that they cancel completely.

6 CONCLUSIONS

Formulae and methods for cstimating the skin friction drag of wind tumnel
models at zero heat transfer have been discussed. Charts arc provided to make
the estimation simple and rapid.

Estimates which have been made over the past fow ycars suggest that if
the flow is attached everywhere, and pressurc gradients and threc dimensional
effects are small, then the estimates may be accurate to 2 or 35%¥ On the
other hand if there are large regions of separated flow, or strong pressurc
gradients or three dimensional effccts the estimates may be in error by 10%»

*Recent tests on a waisted body of revolut:i.on28 have also given low

values of local skin friction coefficient, These results agree moderately
well with theoretical calculations,

**Recent measurements at high Zleynolds nuzribers29 suggest that inteinediate

temperature hypothesis may only correlate compressible and incoupressible skin
friction to within about 54

- 15 -
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