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This rerort discusscs the elfcct of a single spanwise wire
upon the dovmstream position of houndary-laycr lransition. Arguments,
based on physical reasoning, lead in the sinmplest case to experimental
results being expressible in terms of two-dimensionless groups. The
effects of free-stream turbulence, pressure gradient and Mach number
upon transition very clese to the wire are separately discussed.
Transition downstream of the wire is also investigated and a criterion
is advanced for the largest protuberance in the form of a wire that,
in a specified way, does not ¢ffect transition.

1o Introduction

Interest in the off'ect of a protuberance upon boundary-layer
transition is largely due to the desire 1o provoke transition at a
specified position on wind-tunnel wodcls and to the need to know the
biggest protuberance that has no offcect upon the position of transition.

Transition can be cffected by & single wire fixed te the
surface and aligned transverscly to the flow, This method has the
advantages of easy and reproducible manufacture and alsoc provides a
simple model for experiment and enalysis. It 1s this means of provoking
transition that is discussed here.

2. Transition at the Wire-Zero Pressure Gradient - Incompresgible

Plow - Low Streau 1 Tuf ulence

2.1 IExisting criteria

Several criteria have been given for the wire diametor k,
necessary to advance transition to the wire pesition in incompressible
flow.

Fage and Preston investipgatcd the effect of such a wire
upon transition on a body oi rcvolution' and as a result suggested

the critical value,
u%°k .
~Zem = 400, eon(1)
v
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Eliminating { - between these two expressions leads to,
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y=0
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Substituting from Fage and Preston's criterion, equation (1) gives,

RNIEY

R, = 35R7, oo (3)

*x

which is, with slight dilference in *the constani, the criterion due
. . o a ; s 5
to . C. Goarner as quoted by Pankhurst and HolderD,

Alternatively noting that

Tu"e)(g ie
Ry = =e=- = 5007 RZ
b]
we v ]CK

. ) . ' . P
and substituting into couation (3) leaus to,

- 17 2 2
Ré0 = 047 g Rk

Zhich %ppears to be the criterion given graphically by Bryant and
arnert-,

Tani and Hama gavc7, as tohe reosult of cxperiments on a

flat plate, a criterion which can be cxvressed,

Uk

1

we- =z R, = 90RP,
< X,

v k

. co ] .
Foge and Preston's roecults have been internretcd by Bryant
and Dutson® to give bthe criterion

"
1

Anscombe quotes some resulis duc to Taviscon”, which are found +to
apvroximate to

L = 1 500 .
N . ‘g - . L 10 . .
Potter gives a correlation of experimental results =~ which results in
R, = 730

whilst Tani and Sato's aralysis  gives the value

I{. = 840 °

u *k
- - s - \ . . K
Taus there arc Lacically the three criteria, ==-- = constant,
v
Rk = constant, and Toanl aad Hawma's criterion. However it is readily
4%

verified that the eleven differcnt versions guoted can give greatly
differing valucs Tor tie necussary wire diamcter.
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A criterion is now derived which is found to be of the form

Rk = constant; qualificd, howover, by the mcaning of the statement that

transition occurs at the wire position.

2.2 Reasoning lcading to present criteria

Consider the flow along a flat plate, when transitior is so
much advanced by the presence of the wire that it is predominantly due
to the wire and ncgligibly due to "natural" causes, such as tunnel
turbulence. Furtherucre it is postulated that the boundary-layer flow
downstream of the wirc depends mainly on the flow conditions at the
wire and is little affected by its previous history.

Hence onc writes,

(XT—Xk) = fi (k) 6k)

where Xq and x, are distances from the plate leading cdge of the
positions of transition and of the wirc, and 6k is the boundary-laycr

thickness immediatcly behind the vire. Or by dimensional analysis,

% L g ( _k_‘) (5}
k 6k

If & is the boundary-layer thiclkness at the wire position in the
abscnce of the wirc, thon similarly,

Il

So s (k, 61{)

Then substitution into equation (5) gives,

X=X k
Ik g < ) voo(6a)

s /
or replacing &y by &5, the displaccment thickness,

XX, /¥
TR L g ( _-> . ees(6D)

&6

This latter step is only permissible in the incompressible
flow casc; for in the later discussion we exclude the density p as a
variable affecting the problem and in the compressible flow case usc
of the displacemcnt thickness introduces p as a further variable.

Provided that thcre is no intceraction with a supersonic
mainstrcam flow, the effcct of modcrate ldach number M, upon
equation (6a) might be small; for though & increases rapidly with If
the boundary-laycr profile when scaled to a common valuc of O is

not greatly distortcd. So as fm > X equation (6a) might be little
J9 BS .
affectcd. We can also writc‘“,

o 5. 270
i = ~-'-"§_ ocn(7n~)
b R.A

K X.k

*The convention, used in Ref. 12, of putting y = 8o when uk/U = 0995
is adopted. -



and for incompressible flow,

8o 12721
R cea(7D)
Xk P“i
Ue Xl
where R = e
! v

and C dis a function of lach nunber. Substituting cquation (7a) into
equation (Ga) gives,

1
'DL"Z R“’Z

K < ok X

R e RE)

X, / 5 27C — 2270 x,_ -

Assuming that the unimown function in cquation (5a) can be written in
the [orm,

I 1 \:’1
£y (’~- Voo ok ) e (9)
\ Ogp / \\ 60 /
then equation (8) becones
;X R,ca, -k R:g,i -'l.q R, 1 n
N el el B g el
\ox, / 527C x, 5°27C t_.ﬁx£ 5e27C !

Now the experimental results illustrated in Pig. 3 of Ref. 7 show that
for incomprussible flow, x./x  is inﬂeppnucnt cof . depending only

™7k
upon U and k. Thus
n = -1
9" o '\"‘"/4
. XT . ~/ i )
I e : 2+ (40)
X R

This gives the result that bransition occurs at the wire,
waere Xp = X, when R, = oo, whilct a plot of 1/ﬂ against

YT/kk should give a linear variatio Also, {er any specified
value of XT/kP the variation of Rk with Mach number is such that
Ry = C®* x constant. eee (1)

2.3 Experimental support for prescnt criterion

Tais forn of corrclation is illuctrated by a plot in Fig. 1

¢ somc of the resulte of Refe 7 Tor a flat nlate and in ﬂlb. 2 of
some of the results of Ruede 1 For an o‘loymmetrlc body. LHoth trese
sets of resulbsy nurt¢cu*wrly'thc latter, lend support to the result

that as X > X then 1 J? -~ Jo Yl lavber results also support
the predicted lincar variation but in both cuescz there is a kink at
o valuc of XT/XF in the region of 1+1;  the slone of the curve

changing/



changing but regaining the lincarity at highcer valucs of xn/&i. This
4

. o
might be cxplained by the results of Licpmann and Fila 7 and of Tani and

Sato''. The former invectigated, in detail, the flow pattern behind a
seni-circular wire., Their results showed that the wake behind the
wire could take up eithcr of two distinct shapes dependent upon the
Reynolds numbcr.  The change appearcd to take place at cbout
/
/% > el
/¢ ke

Tani and Sato, in their experinents, werc also able %o
distinguish between two types of flow. In one, ftransition occurrcd in
the laminar boundary layer whilst still separa tud from the upper surface
of the wire, whilst in the other transition occurrcd in the boundary
layer acvnstrc'w of where it rcuttachvd to the plate suriacc.  The
dividing point botween the two rlgines appearcd ot about
1/Rk = 1:33 <107+, Thus this chaonge of {low vattern mighl be

expected to wifect equation (3).
sitions given in Fig. 1 were deduced from
obscrvations with o surfoce 31tot tubb. 1t secms likely fron
insneetion of Licpmann and Fila's results1d that, Tor the first linear
portion of the curve from thc point Xp o= X SuCh a method would

The transition pos

give a position slightly downstrecam of where the scpasrated layer
rcattached to the surface; whilst Jor the sccond linmear portion of the
curve beyond the change in slope 1t would give a position corrcsponding
to the beginning of transition. the othcer hand the transition
positions given in Pig. 2 were ObSchCd by usc of dye filaments in a
water flow. The kink in this curve might correspond to the division
of flow régimes obscrved by Tani and Sato.

The term "transition at the wire", as uscd here, can now be
given its neccessary qualification. A cholce of wire Reynolds number has
to be made such that the ouwpamhluv longth of the walke is sotisfactordily
small. Foge and Preston 1 adopted the valuces occurring at the sharp
kinks in their curves. These discontinuitices do not adpear in Tani
and Hame's result (Fige 1) and so values are taken from an extrapolation
of the second lincar portion of tho curve to the point Xp 5 K. This

illustrated by the points "AY in Tipgs. 1 and 2.

. . 14 \ . .
Dryden hes pointed out * that the proolem involves the five
variables, XT, X k, U and v which can be described by two
A

fundamental units.  Henes the problem is controllcd by threc dimensionless
groups. In his original anelysis of' the resulis of Tanil, Hama and
Nituisi'® Dryden was able to corrclete using the groups R, and  k/8&.

In fact for thesc results only two groups arc involved because for the

experiments Xp was o constant thus reducing the variables to four in

nunbcr and hcnece the dinensionless groups to two. Thus these results
arc also found to correlate just as well on the present basis using Rk

+ : ) . o
and XT/Xk . Smith and Clutter have since obscrved that for five
variables o third dimensionless group is significant in a plot of RX

and k/8¢ (Ref. 3). .

In/

bem  me mE e em o em M e MM e e e Am v s e ST e G am e e e we e e e e mm e e me em e =

*The three cxperimentally determined points corrcsnord to valucs of

Rk of 756: 7"5—5’} anl C‘Zxd .

+Hm, s s A . .
TThere is no AdfTiecuity here if the vardsbles arc chosen as being U,

v, Iy XT/}:“; R being a constant,
L
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3 . . 16 .
In the later results of Tani, Iuchi and Yanamoto = which were
for a low turbulence flow, X is reintroduced as a variable. Tven

though Tive variables are again involved it is found thet correlution

was obtained on the present basis of using only Rk and Xm/ky. This
L 4

is illustrated in Fig. 3 where except {or two points whose special

significance is discussed later, all the values lie on onc curve. The

third dimensionless group could be taken as k/xk and correspondingly

nurbercd values are abttached to the points. No systematic variation
with k/x is apnarent and so the problem is reduced to one in two
k PP

dimensionlcess groups.

From ihe extrapolation in Fig. 3 we thus have that when
Xp = X 1/Rk = 4«21 ¢« 10° or Rk = 826,

24 Effect of wire on boundary-layer thickness

e ;s

The corresponiing valucs of the boundary-layer momentum
thickness immediately tehind bhe wire are of interest. For, expressecd
as a Reynolds number RO , and with transition at the wire they becone

k
values of the transition Reynclds number RG . Following Preston's
17 L
enalysis @ values of RB cen be computed. IHe points out that the
k
drag of a wire adds 1o the downstream momentum thickness by an amount

2
ARV
N

\ v/

2
where the drag coefficient CD he quotes from the work of Sacks1u as
having the experimental value of 0-75. ithout the wire the momentum
thickness has the value

G veo(12)

MBS

LR =

9 k

i

1
Reo = [0} -L_\_;') & .on(13>’
k
Thus immediately behind the wire,
2
l s .
RG = 8 RZ + %'CD! EE ) Rk‘ eeo{14)
k “k \ T i
L . ; 20 oy .
In the usual boundary-layer nomenclaturce  , uk/U = 1 and ' 1is a
function of m wvhere here,
T} = --f. oo-(15)
RZ
k
ml, Re - =%
LIYAs el o e * 12~ c f:2
i 7 D
Tk '
= f(’r})n 000(16)
This is plotted in Fig. L with an auxiliary scale of R~ vwhen R = 826,
k
The results given in Fig. 3 show thet R, = 826 for the range
j— -
0°67 ¢ R, 2 5 1°34 whilst further results given by Schubauer and

*x
Klebanoff%/
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Klobanoff4 and analysed by Potter1o cxtend this range to 2°4. The

mininum valuc of RG occurs when the wirc is right at the leading edge,
L
ie.ee, when R = 0. If R = 826 right up to this point then tho
{ A
corrcsponding minimum R, = 309. This valuc is closc to the value
T

of 220 which has been suggestcd by Prcston17 as being the minimum
possible value of R@ for a fully developed turbulent boundary laycr.

There is thus evidsnce that for transition at the wire Rk = §26 for

the rangs O <R < 1-53 - 1P .
k

Therce is o difficulty, roevealed in Pig. L, where R can
have the same value for three values of R . In view of the later

discussion it does not seem likely that this would occur in practice.
It nay be thot CD does not renein at the value of 0+75 cover the full

ronge of this curve.t

There remains the question as to what occurs as R increcascs
k
beyond the value 1°53 + 1P up to the point where natural transition
takes place. Preston has suggestcd17 thaet as well as increasing the
boundary-layer thickness o wire adds a distvurbance to the {low. if we
regard ARG as being indicative of this disturbance, we can, using the

value R, = 826, plot LR

e against RG . This is donc in Tig. 5.

T
4

0

The results of Ref. 16 which were plotted in Fige 3 were obtoincd in a
low turbulent flow for vwhich natural transition took placce ot
R = 1070, Fig. 5 shows that at this point ARG has o valuc of 9+7.

Thus if Rk = 826 over the wholc range of R as the wirc position
- k
1

15 moved toveords that for naturasl transition then R@ rises to 1070;
m
T

at vhich point lRe = 9°7 thougn the vire is still ahead of the natural

tronsition point.  From this point orwards if transition is =till to
Juet occur at the wirc then R@ stays at the valuc 1070 vwhilst AR8
m
L

and corrcspondingly R, , dccreasc to zero. There is support for this

suggeetion from the data for transition dowmstrcam of the wire which is
to bo discusscd later. Tucrce is also an intercsting perallel case in
the er’loct of free—~strcanm turbulence upon transition where the

bcheaviour is similar. This is shown also in Fig., 5 wherc values of the
tuwbulcnee u'/U  as taken from Gazcley's roview 7 end scalcd by the
factor 4250, arc plottcd ageinst R A similar o¢ffcet is anparcnt in

9.°
T
that vwhen R@ is achicved u'/U still has a finite value.
NT

3./

s chtaincd from cxzporiments in o turbulent boundory

- am e ww s mm sw  mw e e em  am e mm e e em e e mm ms am em ea b G e we e Am e me —— e e

this valuc of CD

layer with circulor cylinders ol diameter up to 1/Gth of +the boundary-
layer thicknuss. For « 1/7th power profilc this is for valucs of uV/U
up to O«75. This vclocity ratio in o lominar boundary layer occurs when
M = 25,
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3. Transition at the Wire - Zero Precssure Gradient - Incompressible
Blow - High-Strean Turbulence

The present analysis, suggesting that whern transition is
cffected only by the wire, then resvlts can be expressed by the two
groups Rk and XT/kk, has been supported by tue experiments of Tani,

Iuchi and Yanamoto. Further experiments by them with a stream of

turbulence u'/U for which R6 = 500, suggest thot not only does the
mn
new variable u'/U affect the valuc of Rk but that the third

dimensionless group becomes significant. This is shown in Fig. 6.

Taking the third group as I/x,_, and appreciating thce paucity of the
FAS -

data, there is evidence of distinct curves for differing values of k/’{.
In addition there is a considerablc decrcase in the valuc of R} {for
AV
transition at the wire. TFage ond Preston's results, obtuirnced in a
strcam for which R, = 490, also showed a lowering of Rk below the
UNT )
non~turbulent valuc of 826.

For the low turbulence flow RO = LGS0 corresponds to a
T
valuc of ARO = bhk. Supposc we regara this valuce of AR9 2s bcing
indicative of a constant disturbance supplicd by the Trec-sirean

turbulences  Then comparcd with the low turbulence casc, and at any

particular value of R, , the wire now has to supply a szaller
Yo
disturbance in the form of =z ARO lessened by the amount bl. Suchr a
displaccd curve is shown in Fig. 5. Values of ARO and R, couputed
)
from Fage and Proston's results are, with onc excerntion, scen to form a
plausible extrapolation to tihis curve.™

Values computed from the results of Fige 6 arc also shown in
Fig, b. Only onec out of tuc bthrec results is in agrccment with the
theorctical curve. A difficulty with both thesc and the TPage and Preston
recults is that therce is evidence, from a variation in RU » of a

T b
Ly

k3

variation in free-stream turbulence with tuwincl spcud.
The cffect of the third dimensionlcss groupn upon the valu

C
of RP when XT/kP = 1°0 is illustrated in Fig. 7, wherce the resulls
34 e

of Fage and Preston and of Tani, Iuchi and Yanomoto are plotted.  The
former being for the flow past an axisymmctric body with a rounded nosc
and the latter for the flew over o flat plate, X hes not the sume

significance in both cascs and so the third disensionlcss group was
o¥ /S
choscn as 68 /k.
There is cvidence from this scanty data that as the wire
1s moved towards the nose, R, :nds towards 860 which is closc wo the
k
lov—-turbulcnce valuc, This also mecans that the corrusvonding minimum
value of RO’ which occurs at the nosc, has the valuc of 322; aiain
. s e 17
a figurc close to the miniuwum suggested by Preston /°

bes/

The curve is not cxtrapolatcd beyond the point shovm for it then gocs
beyond the range of probable certainty of th. veluc of CD°
Sce previous footnoto.,
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b, Transition Downstrean of the Wire

Therc have been several suggestions advanced for corrclating
the experimental results for transition occurring downstrean of the
Wire. Potter has suggested o rolation?O which can be writien,

1

A B

% 750 \ x, /

whilst Tani and Sato11 suggest in effect,

1
-~ 2
1 1 / X, \
- - e K o ) .
R 840 x /
k I

. ey .. o1 .
Tani, Hame, and Mituisi have suggcsted a corrclation > which can be
cxpressed,

-1/8 L
L5 (3
Rk 90 Xk

The first two of these arc plottcd in Fig., 3 and arc scen to give high
values comparcd with the cxperimental vealucs for Llow-turbuleace flow.
The third is seen to ineclude the third dimensionless group which can be
taken as R and thus is faulty on this scorc.

The previous arguments advanced to explain both the lincar
variation of 1/Rk against XT/Xk and also the fact that thoe third

dimensionless group was of no sigmificance, relicd on the assumption
that transition was c¢ffceted only by the wiree In Tact as X approachic s

the value for naturcl transition the third dimensionless group will
become of significance. If we take Ry as this third group, then

b
X
cach line of constant Rx. vill brawnch off from the common straight

it

line to its own vertical asymptotc as X approaches the valuc for
natural transition. A thcorctical derivation of such curves is given
in the Appcadix, To compute them it is nccessary to assign a value to
RG Fige. 5 prescnts o rclation betwecen AR which is suggested as being

G’
indicative of the disturbancc given te the boundary laycr, and Re nen
T
transition occurs at the wire. If the valuc of Re is solcly depcndent
T

upon ARe and is quite independent of where transition occurs comparcd
to where the wire introduces its disturbance; +hen we can usc the

rclation betwecn ARe and R, , obtaining with transition at the wire,

as a universal relation. ’

Two curves, thus computed, for ka = 05+« 10° and for
ka = 15+ 1 arc drawn in Fig. 3. In computing then an uppcr
limit of RG = 1070 was applicd for O g ;RO € 9°7. In the case of
R = 15 + 10F  this leads to the branching up of the curve to its

*x

vertical/
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vertical asymptote shown.  We thus now have an expleonation for the two

points which lie above the cxperimental straight line veriation and which

arc shown to be in reasouable agrecement with this theoretical curve,

In the casc of R = 05 10’ the theoretical curve is found to fall
i

avay from the experimental valu

to these curves, equation (29)

ues, However from the scries solution
as derived in the Appendix, we have by

differcntiation and outting n = n'
s X1 N
a; % -1
\ X, / 9310D )
SRR S— = J+ 3bm" 4 =-——= N™ + ceee .
am' /M) 8

Now cxperincnts have shovm that the third dimensionless group,
which can Dbe repfcsente& by R or hence by =n', is of no significance,
“k
In the above expression the only tern indcpendent of n'  dis the firct
anc this gives

oy

N
S
3

——

A
1
]
.
o

which is the straight Ilinc shown in Fig. 3. It gives an cxeellent
rcprescentation of the ciperimontal results.

5 Iransition at and Dovmgtreanm of the Wire - Streamvicc Pressure
Gradicut

Toni, Tuchi and Yanamoto cxtended their oxperimcnts16 to
include the effcets of strcamvise pressure gradicnt. This introduccs
& Turther non-dimensional group which is chosen as the Pohlhausen
parancter,

where values are cvaluatod at the wire position.
The results, for low turbulence flow, are found to correlate
well on the basis of plots of 1/P1 ageinst x /kY. For this case R,

<
was computcd using the local strecam velocity at the wire position.
As for the zcero pressurc gradient case, lincar variations were obtained

ard the third dimcnsionle s group was not significant. Two examples
are shown in Fig. & for the two cxtreme gradicnts; AF = 0°077 and 0- 35,

Therc is scen to be an effcet of pressurc gradicnt upon both the value
of’ R. for transition at the wirc and upon the slope of the curve.
Valucs of R, for transition at the wire obtaincd from these and
similar plotu are showm in [ig. 9. There is scen to be a good
corrclation illustrating a dpc“casc in the value of R, for transition
at the wirce as the pressurc braulpnu becomes more favourable.
Correspond:. ngl from cquation (12) there is o decreasc in the minipun
poszible va*ub or RO sor o turbulent boundary layer as was predicted
by I Preston’’,

Fage and Preston's experiments which wete done in a turbulent

T were also extendod to cover the oifect of pressure gradicnts,

strcan

Corresponding



Corresponding valucs from thceir results ave also plotted in Fig. 9.

Bearing in mind that the scatter at A*¥ = 0°0 has becen attributed to
turbulence meking the third dimcnsionless group significant, it is scen that
except for two points the corrclation is good.  Like the low turbulence
results there is seen to be a decrease in Rk vith increase in

favourable pressure gradicnt though now the variation is grecater.

6. Transition at the Wire - Effect of Subsonic lach Number

It has already been suggested that eguation (10) might apply to
compressible flow thus leading to equation (11) as being appliceble when
transition is at the wire. Using the results of Ref. 12 this latter
equation has been plotted in Fig. 10, scaled so as to pass through
Rk = 826 at M = 0°0. The previously discussed results Tor

transition at the wire in incompressible flow conditions are plotted.

Tor high subsonic Mach numbers Gamble has carried out test
upon an aecrofoil with a 25° sweep back angledo. The results, shown
plotted in Fig, 11, are found to correlate quite well when the Reynolds
number Rk was based on the local strcam velocity at the wire position.

The stream Mach number at the wire position varied from 089 to 1-09.
For transition at the wire Fig. 11 gives Rk = 745 which is plotted
in Fig. 10,

Also plottcd are the results of some experiments by the writer™
upon a 4% thick acrofoil with a 60° leading—cdge sweep back angle and
the result of some experiments by Seban, et 212! for an elliptic cylindere
Though these results are not for a flat plate boundary layer, they do, to
some degree, confirm that up to M = 1:0 there is little effcct upon
Rk for transition at the wire.

7. Iransition at the Wire - Effcct of Supcrsonic Mach Number

Tcsts have been performed by Luthor22 vwith wires of various
sizes at a fixed position upon cone-cylinder bodics of rcvolution and
feor various Mach numbers. Except for the smallest wire size the
correlaiion of his results was found to be fair as is illustrated by
the plot of one case in Fig. 12, In this Cigurc results for positions
towards the rcar of his model can be excluded as there is an indication
that there is some upstream influence from the base.  The valucs of Rk

shown in this figure werc bascd upon the undisturbed frec-stream conditions
but the value for transition at the wire was converted to that based upon
local conditions at the wire; it is plotted in Fig. 10 togethcr with other
values obitained from Luther's work and also some values obtained by the
writcr.

Except for two points that are discussed later, Fig. 10 shows
that equation (11) underestimates the rise of Rk at supersonic Liach
number. It is known that at supersonic spceds a shock wave is formed

» r, - . -
duc to the presence of the wire<l. Hence the wire has a wave drag.
Thus the wire resistance has not only to provide the ARO nceessary to

sdvance transition to itsclf but has also tn provide this wove drag.

Thus in the absence of o wave drag we have a wire Roynolds

number given by egquation (11), Rh_ say, producing a ARO as given

by equation (12), of

o wm wm vm ee mm s s wa e we e mm s e e w mm T e e e

tperforned im a 4 in. x 4 in. wind twmel,
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ARe - ZCD fi Rl{j_.

If we write the wave drag coefficient as

then with wave drag existing, and a wire Reynolds number Rkb’ say,

ARy + %cD R . % R

w

ks 27D ke *

Thus t» produce the same ARe the wire size is increased in the ratio,

R £?
o T
R CD
k:l. f212 - __V_V
CD
or towards the leading edge as £} = £ » 1+0
R, 1
e o g ...(18)
Rki 1 - _?W
°p
An approximate estimate of the wave drag of blunt bodies can be obtained
by Mocckel's methodZs, At M = L0 this method gives a wave drag
Tor a circular cylinder of CD = 1:5. We are only concerned with
w
& half of the wave thus reducing this to CD = 075, In addition the

W
external flow is past a shape that the boundary layer makes effectively
less blunt then a circular cylinder. If we guess the shape as being
a hall sine wave of thickness chord ratio of 0-5 then linearised theory

gives for this shave a CD = 05 at ¥ = L4°0. Scaling the

W
wave drags obtained by Moeckel's method to give the value ©°5 at M = L0
and then substituting into equation (18), with CD = 0+75 as before

gives the values shown as the full line in Fig. 10. It is clear from
its derivation that the scale of this line is in doubt but comparison
with the experimental points shows that it supplies an explanation for

the experinmental values of Rk in thc supersonic range being so much
s

higher than the values given by equation (11).

The experimental peints plotted in Fig. 10 that were obtained
by the writer werc for wires on wings having a 60° leading-edge sweep back.
Thus for M < 2°0 the Mach number normal to the leading edge was subsonic.
This may then explain why the two points for M = 16 and 1-8 1lie
nearcr to the curve given by equation (11) than to the curve given by
eauation (18).

8. The Largest Wire Size with no Effect upon Transition

We nave the result that for wires not too far upstream of the
natural transition point, RG = 1070 fer O g ARG € 9*7. Thus we
T
have from cquation (12) that the largest wire size to have no cffect
upon R6 is given by,
T
ARg/
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N

7
bRy = 97 = 0 | ~—>Rk

whilst for k/8& small we have from equation (2),

B 2 Ry
- 1
U 2 RZ

i

so that the critical value of Rk is given by,

8
> = -—=—= AR, * R
= 235 R. . «.+(19)

i

This relation is given graphically in Fig. 13.
Whilst this gives a value of Rk for no effect upon Re there
T
will of course be some effect upon R_ ; though the theoretical curve of

Fig. 3 for ka = 1+5 « 1P shows that this effect will be small.

Fig. 3 indicates that for ka much below about 1¢5 = 1P
equation (19), which is based upon the relation between ARe and R6
T
given in PFig. 5, might not hold.

Let us define a critical Rk as being that corresponding to the

intercept between the straight line of Fig. 3 given by equation (17), and
the appropriate asymptote; for example, point "A" in Fig. 3.

Then,
826 1 / RX]\T’T‘ A
aem = 14 - (__;:—1)
By 30N R
and from equation (13), taking
/ 1070 3
R = -———> = 26 - 10°
*NT \ a

then the critical Rk is given by

RI— DD e e e e e s e . L (20)

Values are plotted in Fig. 13.

Schiller advanced a criterion for the first ag earance of
serious disturbances in a laminar flow duc to roughness<-. This

eriterion,/
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criterion, as further discussed by Goldstuin26, has been suggested by
Gazolcy‘9 as giving a criterion for the first effect upon transition.
It is,

uy°k

“Zee = 50, e (21)
v

. . . ! . . 3
It has been investigated cxperimentally by Smith and Clutter
who uscd as a criterion the cace when R_ has been reduccd to 950 of

JLT
its natural valuc. They found that there was a very large scatter in the
-k u ck
values of ~=--, the range being 4O < -=<-= < L0O, The lower liwmit
v v

approximates to Schiller's value given by couation (21). This can be
written,

A 1

and this is plotted in Fig. 13. In comparison with thc criterion given
by eguation (20), Schiller's criterion is found to be unduly stringent

L

at the nigher valucs of Ry). whilc for morc forward positions it does
S

not plece a sufficicnt limitation upon +he wire size.
9.  Comclusions

With a low turbulcnce, incompressible fiow over a flat plate,
transition occurs at the wire when the wire Reynolds number bascd upon
the free-streanm velocity Uk/v, is 826.

The effcet of strean turbulcnce it to make this Reynolds
numbir a function of both the degree of {urbulence and of wire position
(Fig. 7); the effect ol compressibilitly is {o make it a fTunction of
Mach nurber (Fig. 10); and ths eff'cct of pressure gradicnt is to make
it a function of the Pohlhausen paramcter (Fig. 9).

When transition occurs dowmstrean of +the wire, then over
most of' the range, the rcciprocal of the wire Reynolds number varics
lincarly with transition position.

10. Notation

comac e _sate e i

ay constant of valuc 0°66412, equation (13)
br ,be scrics coefficients, cquation (23)
C Tunction of Mach number, cquation (7a)
CD drag cocfficicnt of wire
CD iave dirag coufficient of wire
W
Dw wave drag of wire
£ = uk/U
X wire diamcter
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constant defined in equation (9)
liach number
index dcfined in equation (9)
Reynolds number based on velocity U
Uk Ux U6 Uo

-3 Ra
v v v v

]
l
!
+d
™
it
I
!
=3
o
11

wire Reynolds number in the absence of wave drag

wire Reynolds number in the presence of wave drag

increment in the momentum thickness Reymolds number

due to the wire drag

velocity in the boundary layer

velocity in the boundary layer at the wire
position at a height k, but in the absence of
the wire

velocity of turbulence in the mainstrean

velocity just outside the boundary layer at the
wire position

distance along the boundary layer from the
leading edge

distance normal to the surface
boundary-layer thickness
boundary-laycr displacemcnt thickmess

1
= Rk/R§k

value of m for transition at the wire and for
a specified value of Ry

boundary-layer momentum thickncss

6% du

——— .-

Pohlhausen paramcter =

coefficient of viscosity
kinematic coefficient of viscosity
density

frictional shear stress

pertaining to the wire position

pertaining to the position of "natural transition
in the absence of the wire
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o pertaining Yo the wire position but in the abscnce

of the wire

T pertalning to the position of transition

w pertaining to transition at the wire for a specified

value of ARe,
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In computing the relation XT/&k = f(1/Rk) for a specified
value of ka, firstly values of RG are obtained from equation (13).
(o}
From equation (15) 7 then {follows as a function of R and hence f?

k
can be obtained from the known boundary-layer solution. This latter is
tabulated in, for instance, Ref. 27 or for odd and small values cf =
can be computed {rom,

f* = 0-33206n [1 - 0°006918n° + 0-6016 10%r® + «..1. cea(22)

It is convenient for later analysis to write this as,

f‘ = - T}[)} + bi”l‘]a + bg'ﬁe + .QCQ]I 010(23)
2
Then AR, follows from equation (12) and addition *o Ry~ gives Ky,
that is the momentum thickness Reynolds number imuediately behind the
wire, This Reynolds number will increase with the boundary-layer
development downstrean of the wire until it reaches the transition value,
Re L4
T
If downstream of the wire the boundory-layer develepment is
expressed by,

2 _ .2 .
R@ = aF (RX + constant)

where the constant specifies a fictitious leading-edge position, then,

R® = a2 (R + constent
6, a2 ( . )

Rg = a; (R. + constant)
)i Xk

so noting equation (13) this gives,

o / X‘T‘ \\ 2
By -R3 = -—-1)R. eee(2)
T k NECE /
To obtain the value of Re for use in this eguation we note
T
that from equation (12)
12 _ (pR -
fw = (f Rk)/Rkw <o o{25)

where the suffix w indicates the case of transition at the wire for
the computed value of ARG. Then 7 cé&n be obtained from an inversion
vy

of the series of equation (22) which is,

2 by 6l -
n = bkl f' [ 1 - "":“ f"?) + "'g (ll—’bﬁ —1)2 ) 1"6 + aese i -ou(26)
3 ox ag i
or o= 320115 £'[1 + 0-13894£" + 0:097920L'¢ + ....]. eea(27)

Then/



Then ®op = [ (e Rlc_’.i)/ﬁ':wj + ORg oe(2
or {or Rk'w = 826
Rop = [054886 - 10/ ] + iR .

Alternatively a series solution may be derived as follows.
. . . - . . 7 .
Substituting equations (15) and (23) into equation (12) gives,

AR = '%IEC

a.
0 R}zck nt ?2

D

3

LB
1 T 3 3 s 2
= 0y R, == 1 1+ e bem® & Lo P

Ther. insertion of this value together with equation (13) into
equation (14) gives,

Also substitution of equation (23) into equation (25 and the use of
equation (27) gives,

4 1 3
2 v P
4 Rxlf \ 2‘ N 4 R"‘Qi \( g 6 )
0 - — 3 T+ o =By [ === )M+ e 4 e .
W R]r S L \ R / ——l
Ky Ky

- 4
o Ry - S & . °
Srp Ao N . =
Rg‘ i L 1 - 2b1'ﬂ3 + 2 ‘( —g"&‘- \ . By A+ - (;D ) '7}2
w3 B ‘
' 1 Rfk By /N g
+ (308 -200 1% + ..., } .
!
Writing m' = Ry ]/Rjik , we Pinally have from ecuation (24),
17
% t 3 . - as C nt 2 - Ay 1
T _ _ V2R N 13 // 0] \\} ( ii___D s \ ( 7 ]_‘ \
-= =1 = —-)—1+,_b1n, (o= =1 - -7 “—/t("
X, \ 7 \n/ » L. n / \n /
+ esea . oo (29)

e e
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