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Suuasry

Plicht tecsts in which suction wns cpplicd through a slightly
rough porous surface to maintain lomanor flow an the boundary layer
hove shown that when the pressure on the surfoce was unifeorm there
was an upper liiait to the errspeed cutside the layer ebove which no
reasonable suction would prevent transaition to turbulencc.

Comparison between these and sinilar tests on o &acother surface
suggest that there will be, associoted with covery porous surface,

two Luniting specds, onc above which no reasonoble suctiom wall
nointein lominsr flow and one below which the surface con be rogardoed
g acrodynomically smooths Conszderation 1s paven to the woy in
which these gpecds vill vary with the kincactic viscosaty of the aar,
in conditlons which lead to dymaaicel siarlority,

1 Introduction

1.1 The report describes a few experinents which have a bearing
on the anfluence of surface rouslmess when suction is appliced throuch
a2 porous surface to maintain laminer flow in the boundery layer.

The apparatus and cxperimental technique are described in ef, 1
which decals wath a similar though wore cxiunsive serics of cxperinents
on a very smooth porous swrface of calendercd nylon [abric which
occupied the region betveen 457 and 28" froa the leading cdge of &
model acroforl exposed to the airstrean beacoth the fusclsge of on
anson aircrafi, With the pressurce on this surface unifona,
transition to turbulonce cecurred in the absoncc of suction ot
about 11" from the leading ecdre of the model bub, with suction,
laminar flow could be naintained over the cntire surfacc provided
that the ratio (vg/U)E wes not less thon about 1,5 x 107 o valuc
which wvas found to be roughly independent of the flizht spocd end
of the hclpht at which the cxperinent was perflomecd.

1.2 TPor the cxperiments descrabed in the present roport the
nylon was replaced by a sheot of phosphor-bronzc jouze of 1/920" nesh
which although elcetroploted and rolled to reduce its porosity and
rou,lmess was still eppreeishbly rouher then the nylon. when tosts
grullar o thosc on the nylon werc performed on this ~auzc 1t was
found, ot the lower {light specds, thot the s.arllest suction ratuio
which would prevent transition was substontially the soiw as with the
nylon, but at highor specds 1t incresscd pro_ressively until o spocd
was rcached above which no gsuction aveilable would naintain the
lomuner ©low,

Vy 18 the velocity of the air throush the porous surfoce ond U

[w]

13 ats veloeity oubtside the boundrry layer.
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1+3 It 23 thought prcbable that this bihaviour obscerved with
the gauze surface may be typrcal of what will hoppen when suction
is epplied through any porous surfoce and that there will be, for
any surfacc tested under gaiven conditions, a speed below which it
can be resorded as acrodynsmilcally smooth and a grester specd above
which no rcasonable suction will meintain laminer flow,  Since thesc
two specds way be expected to depend upon the form and mognitude of
the surface irregularitics, the foet thot they were not obsvrved with
the nylon may have been due to its surface beans snooth cnough for
the lower of the two liaats to lie above the hizhest speed at which
1t wos testod, Actually, the criticel suction ratio ot the highest
spoed wag slightly greater thoan at the lower speods, bubt the incresse
was scarcely sufiicient to be regarded as simaficant, Before
discussing the detailed results cobftained with the zouze 1t will
therefore be convenient to consider the arguments upon which the
above supposition 1s based and which throw some light on the way in
which, in certein circumstances, these limiting specds for o given
surfece may be expected to vary with the kineuatic viscosity of the
air through vhich it 1s noving,

2, Prelisanoary Discussion

2¢1 It can reasonably be assumed that when transiticn to
turbulence is coused by surfece irrcgulcrities their significance
deponds, amonist other things, on their size rclative to the thickness
of the boundary layer, and thet when the rcelative size 1s increnscd,
a grcater stability of the flow will be required to suppress tronsition.
Digtributed suction increascs the stability of the flow withan the
boundary layer but also decrcesces its thickness and this suzgests that,
in gilven circunstances, there may be o limit to the absolubte size of
the irrcsuleritics above which no suction will proevent tronsition, the
limit occurring when, os the suction 1s applicd, the relative size
bocones too larze before the flow has been sufficiently stabilised.

2,2 When the airspeed cutside the boundary layer is increased
while the suction is adjusted to meintain a given state of stebilivy,
the thickness of the layer is reduced and this, in turm, sugzests
that if there is, at sny onc spced, a lamxt to the size of the
irregularitics sbove which transition cannot be preventced, therc
will elso be for any one size (l.c. for a given surface) o corresponding
limat to the specd above which no suction will mointean laminar flow,
Since no perous surface can be entirely free from irrejgularitaies,
1f only at the holes through which the air is sucked, this conclusion,
if correct, must be applicable to any porous surface., froa a suailar
argusent we moy expect, for every porousg surface, o specd below which
1ts ilrregularities have no significant influcnce on the suction that
will prevent transition: in other words, below whaich it can be
regerded as serodynamically siaooth.

2.3 In this report the least value of the rotro v /U thet will
maintain laminar flow is called the "Criticsl Suction Ratio", symbol
(vo/U)erit, ond the speed above which no suction will maintain 1%

is called fhe "Critical dpeea, symbol U¥ ., In certain circumstonces
Llm mrmamnmda man A0 T A A PPorent atanarhorie nemdrtinona fan e Aednacd
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244 If suction is simalarly applied to bodics which are similor
an all respects, including their surface irregularities, end if the
disturbances whach cause transition erise solely {rom thoso
rrregularitics and compressibility cen be noglected, thon the fomm
taken by the f£low depends only on two paramclers, vg/U and Te/v
where v is the kinematic viscosity and 2 1s & length which aay
dofine eithor the size of the body our of the arrcsularitics. In such
clrcuastances, (VS/U)Cyjt Jill be a funecktion of Ug/p  and,
for a porticular body, 1% will be a function of U/v only and U*/v
will retoin s constant value, the sanc et all heipghbs,

2.5 In this report, however, (v /U),.:x. 1s for conveniencc
cxprossed as 2 function of v U/v where vg 18 the kincmatice vigcosity
of air at sea-level in the standard etaospherc. This cxpression is
represcnted by the syubol U, , which 1g thus the sva=level specd
corresponding to any given value of U/v ;  its cribicol voluc 1s
represented by UO3E and 1s called the "Standard Critical Spced".

Tn the circumstonces defined 1n tho provious parsgroph, U/U® = v/vg
and the true and indicated critical spouds therefore vary with herght

in the standerd atuosphore in the menncr shown in the followang table,
which also applics to the speed below which the surfrce can, in this
connection, be reparded as acrodynamicelly saccth. It qust however

be aaphasiscd thet U uay not very ss shown 1n the tablc if transition
1g approciably anflusnced cither by corpressibilitlcs or by cxtornal
disturbances such as vibration or noise vhich, on an aircraft, moy not
vary wibn height in the monner roquired for dynanical similarity.

H?ight /0% | 0 indicstec/Uy
.} '

0 1.00 1,00
20,000 1.67 1,22
40,000 3.22 ! 1.60

50,000 5.20 2,02

2,6 The ideas discussed in the previous peraprophs worce sugmested
initially by a comparison betwsen results obtaincd with the porous surface
of sauze and those described in Chapter 4 of Ref, 1 obtained when a single
exerescence wos ottached on the smootlir surface of nylon fabric.

When the height of this exercscence wos changed in successlve experiments
in which the specd ranmsined unchangoed, there was o heaght above which no
suction would prevent transition and s height, about 2/3 of this value,
below which the cxcrescence hod no measurable influcnce on the suction
reguired to prevent transition, At 2 heizht between thesc valucs,

there wos both a lower and an uppor lumzt to the offcetive suction,

the lattor due preswebly to the relative heizht pecoming sufficient to
couse tronsgition, despitc the inerecasud stebility.

/2.7
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2,7 In the experaments on the gouze, in ahiich the speed vas
altcred whilc the surface renained unchenged, there was alvays a speed
above which no suction was cffective and 2 lower speed below which
(v,/U)epit, Was the same ss for the smoother nylon surfacc,

Bofween thuse limits, an sonc of the festes, upper and lower liauts were
observed to the effective suction, os in the tests on the single
BXCTOSuenca.

e Detazled Duscussion of Sxperiicents on the Gouze

3.1 Thoe obscrvations cobtained with the porous surfoce of aetel
gauze are shown in Figs, 1 and 2, those ot the lower heaghis in very
difficult conditions in which the air was so unsteady that no grcat
accuracy could be expected. Sinee the tegts were all mode with
the modcl at one particuler incidence, nanely that which gove
uniforn pressure, it may be assumed thot had tronsation been caused
solely by the surface arrcegularities, the pownts an Fags, 1 ond 2
would all have fallen, within experincntal error, on a single curve
and thet the stendard oritical speed (US®) weuld huve boen the
samo on all occaegions, A glance ot the faigures will show, however,
that in fact on varied widely froa one cxperinent to another,
the vorietion appearing to depend mainly on the heipght at which the
experinent wes perfomed. It will be noticed, however, thet those
points for which the specd was below 1ts criticel velue for the
particulor experiment do lie roughly aleny o single curve, and sincc
no pownts lie significontly below this curve, 1t noy perhops be
inferred that i1t represents spproxuintely the vorzation of (VS/U)crlt.
when the disturbances which coused tronsition oruse solely from the
surface arrcgularitics, Its velue as shown cn this curve et the
lovest speeds agrecs, within cxperinentsl error, with thosc found for
the much smoothor nylon surface,

3,2 The results token os a whole sugpest thet when this lower
luutl is exceeded ond (vg/U),n.y.  besins to rise 2th aneruosc of
speed, transition may becone scnsitive to cxternnl disturbances
such as vibration or noisc which arc alwrys present on an aircraft in
flight. If this is in fact the explanction of the observed voriations
of the standsrd critical speed, 1t suggests tnat 2f distrabuted suction
is to be used rcliably in service, 1t nny be necessary o .acke the
surface so smooth that there is no signaficent inercass of (VS/U)crlt.
up to the maxinum contemplated crulsing speed.

3.3 From the few experinents perforued on the gauze i1t has not
been posgible to ascertain the nature of the externsl disturbances which
ney have caused the low cratical speeds ot the greater heights, A
first it was thought that they would be found to depend on the engine
revs, which, in level flights with U_ c¢onstant, were not the some at
different heights. In the finnl tusts recorded in Fig. 2, obscrvotions
vigcre therefore token, not only in level flizht, but when descending
throttled back and when climbing with full throtfle. These, as can be
seen in the fagure, showed some voriation of U, with rovs,i bub nob
nearly enough %o account for the much greater voriation with heizht,

3.4 Another factor which might concelvably have influenced U *
15 the change of btemperatiure with heishé, which might have distorts
the model. But this secms to be ruled out by the fact that one
experiment at 7,200' and o%c, gave o value that dad not differ
significantly from thot obtoined in cnother experiment ot 14,000!
and =2,°C., whercas in 2 thicd experint ot 2,500 and -5°C,, o nuch
greater volue of UOEE was reeorded.

/3.5
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3.5 The alternative scalc of obscissre on the figures, showing
the Roynolds number (Rg) based on the spocing of the holes in the
gouze, has been 24ded because 1t 1s thought thet when difforsnt
gewzes of given type of weave are toested under similar condations,
the varistion of (vg/U)gp,t. with & Reynolds number bosed either on
the spacinz of the holes oF the diameter of the wires, mazht
conventently be regarded as defining the effectivensss of the
treotment to which the rauze hag been subjsched,

Le Notes on the Individunl Tests

The following notes relate moinly to chscrvations which
could not conveniently be recorded in Fips. 1 and 2, bud which have
helped to dscide the fonmas civen to the curves drawn through the
recorded polnts.

Led In the first tust on 16/10/50 at 7,200', no suction would
prevent transition when U, was 112 m.p.h. or .rcater, The three
lower points in Fig,1 show the lecst suction ratios that would
naointain leminar {low a2t speeds lower thon the eriticel and the
upper peint ot Uy = 110 m,p.h. shows the suction ratio cbove which
the flow was turbulent, Similar uppsr limits to the suction ratio
were found at the two lower speeds from very rough observetions made
with a larger flowmeter; they showed upper linits to (vS/U) x 10
of the crder of 20, and it 1s for this reason that the upper part
of the curve hes been drawn nearly vertical, Bimilor tests on the
same day at 1,800'" gave the points shown as cireles in Fig, 1 and
here, although the cratical specd was not setually reached, the
distribution of the pownts susgests that 1t would have cccurred ot
o value of U, only slightly ebove 180 m.p.h.

a2 In the next experiment on 13/3/51, condziions were
deteriorating so rapidly that only four obscrvaiions sore obtained
at 4,000, These, shown as square points in Fiz, 1, sgree well
with those previously obtained at 1,800',

%e3 Tig. 2 shows results obt. aned in two flzghts on 30/3/51.
The three pounts obtained in level £l kb ot 11,000' and shown as
crosses, agree fairly well with those in P1g, 1 obtsined at 7,200
and, although no upper lumit to the effective suction was ubserved,
the standard critical speed wos very preciscly determaned ot 116 m.p.h.
when this test was repcated at about the stac heights wath the engine
throttled back and the aircraft descendain, the standard craitacal
specd was a little preater than an lovel flizht, say 122 m.p.h., for
there wos 2t 124 mepohe. & very definite upper limit to the cffectave
suction and no suction would prevent transition ot 130 mp.h. or above,
The sinzle point shoun es & star gives the leoast suction that
mainteined laminar flow when climbing ot full throttlec at the same
height,

Lot A samilar test performed under very difficult conditions
on the scuwe day, ot 2,500' gave the points shown as circles in Fage 2.
Herc, with U, = 167 m.p.h., no suction would prevent trapsition
and 1t was Just possible to maantoin lsminor {low zntermittently at
155 m.peh., with (VS/U) x 10% round sbout 3.5. The stondard
critical speed ot lLow heights wes thus apprecinbly less than in the
carlicr tests and this, together with the rother high valucs of the
criticel suction observed when U, was 116 and 129 1,p.h., sug,csts
that the porous surfece may have deteriorated. The lower curve in
f1ge 2 has becn added merely to focilitete comprrison with Fiz. 1.

/e



-6 -

4.5 In the above discusgion the morked differcnce of bchaviour
with the geuze 2nd nylon coverings respectively has been asttributed
to greater roughness of the gavze.  Thig is probably right, but thers
is the possibilaty thet 1t may have been due to some undetected defect
of the surface, as for cxomple, at the Junction beitwcen the gauze and
the s0l1d nosce of the model, The conclusions resched must, therceforo,
be accepted with rescrve untal they have becn checkoed by uore
comprehensive experiments on surfoces of different roughness.

In porticuler 1t remains for futurc rescarch to discover whether
systematic voriation of the stendard critical speed with height,
obscrved in these cxporiacatls, was due to some unexplained
fundementel cause or mercly to the wenncr in which the external
dasturbances heppencd to vary with hexcht on the porticuler aircraft
on which the experiments were perforned

Be Conclusions

If it 15 assumed that the behaviour on the gouze, 4s compared
with that on the nylon, was duc to 1ts greater roughness, the followaing
tentative conclusyons can be drawn:=

5.1 When distributed suction 1s opplicd to o body through s
porous surface, there will be, in any gilven circunstonces, & lower
Yamit to the flight speed below which the surface can be regorded as
aerodynanically smooth and an upper liamit beyond which no suction will
prevent transiticn even in the absence of external disturbences,

5.2 DBetween thesc linits, trensition 1s likely to be sensitave
to external disturbances of o kind which will alwoys be present on an
aircreft in flight and which may vary in an unpredictable menncr in
differcnt circunstonces.

5.3 It may be, therefore, that 1f coaplete reliancc is to be
plrced on obtalning loninrr flow by dastributed suction, the porous
surfzeces will have to be so snooth that the loser of thesc two
lamite 18 not greotly excecded.

5.4 If the influence of compressibility on transition is found
to be negligible and ir the disturbances which initasto transition
arisce solely from the surface irregularitics of o given body at
ziven incidence, then these limiting specds naoy be expceted to vory
in proportion tc the kinematic viscosity of the sir in which the
aireraft opcrates,

Reference
No. Author Title, etc.
1 I, R, Head The Boundory Layer with Daistributed

Suction, Re & 1l. 2783,
April, 1951.
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