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ABSTRACT

Diserepancies in the boundary layer profiles
of WAGA T.Ne 613, % and recent work done at
Cambridge University, England, on the effect of
inelination on transition required the relnvestigabion

of the effect of curvature on boundary layer trange

ition using a mwore fundawentally sound experimental
technigue than previouslys This %%@hﬂ%ﬁﬁ% consisted
in comparing velocity profiles taken at different
gpeeds at each measuring station with the univergal
Blasius laminar profile; a further indication of
transition was obtained by measuring the loeal shear
coefficient with a amall %&%&1 head tube pressed
against the surface. 3@?@%ﬁﬁnﬁ between the two
methods wag complete in all but one case. The

- effect of inclination was investligated by rodating
the working section of the tunnel as & whole around
8 fized vivots Unfavorable ineclination produced

a decrease in transition Reynolds number on either

side of the sheet but a neubtral region was found
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to exist in which inelination had no effect on the
trengition and in which the effeet of curvature
alone acted. The effect of curvature could be

expressed ag a funetion of the single variable,

/000 54y ‘ )
e « 48 to the exact nature of the (Rg, )
/000 &

ve - curve, little es yet can be said since

000 Sm
a sufficient range of /'E has not been invesgs

tigated as yets The results of T.Hs: 815 were thus

validated qualtatively but the wvalues of transition
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IRTRODUCTION

In the éﬂh@laatia year of 19386-37,; a new wind
tunnel was constructed at GALCIT # under a HACA #4%
grant by Drg. M. and Ps Clavser and the author for
the partieular purpose of investigating the effect
- of curvdture on the transition point between laminar
amﬁ‘turﬁulant flow on a smooth, plane surface, A4t
the end of the year, Drs. M. and F. Clauser carried
out the preliminary investigation on this problem;
the merits of the tunnel, their methods of research,
and their results and aa@aluai@nm are discussed in
reference #l« Their work had two fundamental cons=
clusionss (1) that curveture has & large effect on
the transition point, and (2) that this effect can
be represented by a linear function of % . Un-
fortunately a certain ﬁiaaraﬁ&n@y appeared in their
experimental results that combined with some reé@nm
English investigations on the transition phenomens
to cast a serious shadow of doubt on the validity

of the Clauserts two fundamental conclusions. The
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@m@pm&@ of the present investigation, carried out by
the aunthor under the supervision of Dreg. Milliken
and von Rarman, ig to reinvestligate the effect of
cupvature on the transition phenomena under the same
experimental conditions as the previous investigation
but using a fundamentally more sound experimental
technique coupled with a redesign of certain parts
of the tunnells working section enabling the author
to repeat the series of measurements carrlied out
@ﬁ‘%h& English which are pertinent %¢ the @r@&éﬂ%
problem and thus to evaluate the magnitude of their
influence. This work was done during the past schow
lastie year of 1937=3B.

The discrepancy that appeared iﬁ‘tﬁﬁ Clauser's
work is contained in the falluve of thelr velocibty
profiles to indleate the trsnsition #@gi@n§ Ag lg
known, the non-dimensional veloeity profile in the
laminar reglon is & universal function of the non=
dimensional distsnce from the walls the equation

may be expressed in the ﬁﬁaai_ﬁlaﬁima form,
= ) - Yy

and is valid provided the pressure gradient in the



azlal direction ig goro or so small as to be negli-
zible { % is of the order of magnitude of 0.01 and
hence the influence of curvature on the veloeity
nrofile may be neglected, as Prandil has pointed
out in reference #5.) According to this eriterion
the Clauser profiles do not indicate any clearly
defined laminar regimes An investigation of the
vresgnre gradient in the channel subseguent to their
work discloged that this gredient, based on the dy~
namiec presgure of the free gstream, was far from ideal,
varying in an &?bi%?&fﬁ\faﬂhiﬁﬂ between limits of
iiﬁ%7f?am one measuring station to the next, This
may in itself account fﬁr'thg diserepancy. Also,
their basing the velocity g?@fila on & instead of
the Blasius non~dimengional distance, %§¢ga;gia '
an unfortunate ahmiaé, gince the present investigation
showed that the aecbual boundary layer thickness is
& very difficult quantlity to determine with any
degree of consistaney te an accursey better than 10%
since v epoproaches U asymptotically at the edge of
the boundary layers FPurthermore, turbulence as
criterion of transition is not as yet firmly es~
tablighed. Dryden's recent work at the Bureau of
Svandards has indicated that the laminer and ture

bulent regimes of the boundary layer are not



distinguighable on the basis of the megnitude of
turbulence when the free gtream itself has a
reasonable amount of turbulence. The free stream
in the present case has a magnitude of turbulence
of cloge to %: whether this can be called a
"peasonable amount® is not wnown, but in any case
the turbulence method of determining transition
maat be viewed at the present with ﬁﬁﬁﬁiﬂﬁ@&&l@

3&3@}:}%%&1%&

Work done this past year im‘@aglaﬂﬁ at Cambridge
University uvnder the ﬁiﬁ@a%iaﬁ of Prof. Melvill
Jones showed that the transition point of the flow
along a flat plate ﬂagénﬁﬁ very critically on the
ineclination of the plate to the air flow's direction.
During Profe« Jones visit at the laboratory this past
year he left here experimental curves showing the |
effect of inclination on the transgition point of o
smooth,; flat plate with in one ﬁﬁﬁ@ a rounded and
in the other case a sharpened leading edge (the
latter corresponds to the cage herel)s 8ince the
&mﬁh@y'iﬁ ﬂﬂﬁ%&ﬁ& wf5@ﬂy publication containing
these results at %ﬁé pregent time, he will take the
1&@@?@@ of reproducing the experimental curve for

the sharp edged sheets (Figure #1) Jones! resulis



show that an unfavorable inclination of the sheet
will preatly reduce the Reynold's number of tran~
sition. Hence 1f the sheet during the Clauser’s
investigation were so gligﬁ@ﬁ to preserve a high
value of (Rx), on the convex side bub cause a
greatly reduced (Ry), on the concave side, the
@ff&@% that they attributed to curvature might be
due simply to the sheets! inclination. (Figure #2)
4n inspection of thelr alignment showed such &

condition to be quite possible.

Before going further, the author wishesg to say
that, desvpite these sources of possible error; the
present investigation validated in the main the
Clangerts fundamental conelusions, although their
abgolute values of transition Reynolds number could
not be checked. Henee, this report serves not to
digeredit, but to support the Clauser! investigation

gualitatively end correct it gquantitatively.



DEVELOPHENT OF NEW EXPERINENTAL BQUIPMENT

In order to investigate the problem more come
prehensively and to secure more accuraie measurements,
aevéwﬁz new pleces of equipment were bullt and part
of the working section and mobtor unit of the tunnel

were reconstvuehbed.

The problem of vibration in such a centrally
suspended stecl sheet as exmiste in the tunnels!
working seebtlion is wvery difficult to complebely
eliminates The mobor-propeller unit had previously
been attached rigidly to the rest of the tvnnel
and at high speeds was causing a very undesirable
vibration in the shests Thisa vibration was elimin-
ated almost @mﬁif&iy by separabing the %ﬁﬁ@?*ﬁ#@*
peller unit &t%u&ﬁmrally'frem.%ﬁ& reast of the
tunnel and conneotbing the two Ly & flexible pring
of rubbsrizged cloth., The unit was mounted on an
improved spring wounting, whiech, in combination
with the flexible coupling, allowed the molors
propeller unit to vibrate by itseolf without dis-
trubing the remalinder of the tunnel, The sheet

deflects slightly under a natural pressure drop

&



across it, but observatlon ghowed that if any
vibration existg, its amplitude must be less than

U+001 onme

In making veloeity surveys it is necessary
to traverse the boundary layer in the y direction,
perpendicular to the tangent plane of the sheeb.s
The btotal distance traversed is of the order of a
gentimeter or less. Hence, in order to make
ageurate obgervations on the boundary layer it is
very necessary to be able to set and mainbtain the
measuring instrument in position to a tolevence of
legs than 0,001 e¢ms The walls of the tunnel ave
neither sulficiently rigid nor suitable for attaching
the weasuring instruments to them. 80 & standard
was built consisting of a 6 inch Shelby tube
fastened prigidly with iteg axis vertical fo & tris
anguiar bage of 3 foot sides whieh vesis on the
conerete floor outside the tunnels In the top of
the tube i a robtatible head carrying an arm £ feeb
in length on the end which is fastened & swall
movable carriasge holding the measuring instrument
{hot-wire or pitet tube) and schuated by two
micrometer heads pleced in tandem, one belng used

to establish a zmero position and the other beilng



nged for traversing the boundary layer. The
micrometer heads are graduated in thousandthes of
centimeteras The zero position was established

by an electriesl contaet wethod which 1t is felt
is acourabe to 0.002 om or lesss The standard can
be moved aboub on the floor of the research roon,
the arm can be rokabed about & vertical axis and
adjusted vertleally and horizontally, and the
capriage itself @&% be swivelsd about a vertical
axisze Hence bthe messuring imgtruméﬁ% san be éla&@ﬁ
in any position relative to the central sheet that
is desireds In making voloeity surveys with the
totalsstatie tube (to be discussed shortly) the
carriage was set in such a poslition that the head
of the tube was acourabely sligned parallel to a
‘.ﬁ&ﬁgﬂﬁi nlane to the central sheet opposite the
measguring station thabt was Deing used at the time.
This was done by a double contact electrical

insterument especially built for this purpose.

The ideal insteument for waking velooity
profiles in the boundary layer is the hol-wire

anemometer ug used by ven der Hegge Zilnen,



very little disturbance of the flow, being very
small, and in the preliminary investigations carried
out by the author, it was able %o be constructed

g0 thet its ealibration held to an aceuracy of well
within %+« However, its technique is involved and
lengthy and from considerations of speed and

the necessary tolsrances of ageuracy, a pitot-
statle method of weasuring the velocity in the
boundary iay@a was degided upons In order to

obbtain the dynamie pressure abt any point 1t is
nesessary to weagure both the tobal and static
preggures at thet points: The total pressure measure=
ment has ﬁ@vﬁiffﬁamltiaa» However,; there 1is consids
erable uncertainty in weasuring the static pressure
due to the effect of curvature snd the effect of

the boundary 3&3@?& A& preliminary survey of the
static pressure acvoss the boundary layer was
carried out with & small static tube (figure #3)
This yislded surprisingly favorable resulls. As
far as thﬁ’ﬁﬁﬁﬂﬁﬂry’laﬁﬁ?.&ﬁ concerned the statie
neessure is sppesrantly guite unaware of its
%ﬁi%t&ﬁ@éﬁ The statie tubes @ﬁ@i@?@@ ware bullt
from 18 guage steel hypodermic needle and were
congequently quite small (the length of the head)
being only 1,125 inches. Building a single tube of



guch small sige, similar to the standard Prandtl
pitot-static tube, for weaguring both the total and
static pressures with a simgle tube is not practical.
Hence a tube was consiructed w nsisting of two 18
guage hypodermics, each bent to the shape of a

"L and soldered into parallel shafts of brass tubing
$$§é%&%%ﬁ laterally sbout aﬁﬁ‘@eﬁaimﬁﬁﬁﬁ by spacerss
The one hypodermic had its end drilled out and
fi&%@éﬁ%ﬁg leaving a slot 0.0056 om wide and 0,100
em in width; ﬁ%ﬁs measvred the total pr@&&aré

end is very simélar,ﬁa the type of total head tube
uged by Jones, %ﬁd earlier by Stanton (reference 3).
The other hypodernic had a rounded brass plug
fitted into its éﬁﬁ and a double series of holes
drilled in ite silde 8 diamebers buck from ite noss
end 16 diameters out from its stems This tube
m&aﬁﬁﬂﬁﬁ the %%aﬁie presgure end is similar to the
type pecommended by the HACA (reference 4}« The
lengthes of the heads of the two are 1:125 inches
each, and the plane of the heads lies parallel to
the sheet at the point of measurement, the tubes
being separated a distance sufficlent to avoid

interferonce effectss The total head tube is bent

10



glightly inward to give good clean eontact with the
sheet. Such a tube should record the dynanic
pregsure te an aeceuracy of one percent. For lack
of a better name, this tube has been called a

Ttotal-gtatie tube®,

The laboratory is well equipped with many
éxa%ll@ﬂt micromanometers, accurate to 0,001 Citte
These wepe nied to resord the dynsmic pressures
measured by the total-static tube. One thousandth
of a centimeter wvertical displacement is well
below the desired accuracy required for most air
flow measurements of the gﬁ%geﬂt type« }ﬁﬁ@evér,
for certain measurements very close %o the sheet,
the dynsmle pressure was of the order of magnibtude
of one thousandth of a centimeter of alecohol and
hence it was negessary to extend the accuraey of
meagurement to one ten-thousandth of a ems The
customary method of doing this is with & modified
ﬁhﬂ@kﬁﬁ% guages However, in the present case it
was found sufficiently accurate to fasten a wmicros
sgope rigldly to the carriage of the manometer and
to observe the image of the fluid's meniscus in

the sight tube with a four=power objective. The

11



eyoplece of the mieraaempﬁlcgntainaﬁ a moveable
erogs«hair combined with a graduated scale having
1000 divisions« A very sharp image of the meniscus
could be obbained and the eross-hair placed bangent
to 1t very aceurately. The inelination of the
sight tube was set so that a movement of the
meniscus across the entire field of the mieroscope
amonnted to about 0.080 em wvertical displacementy

this gave about the right range, minimized fluctu~

ations, and enabled the observer to measure to
within one ten=thousandth of a centimeter wvertical
head of the fluid., The position Of the cross~hair
on the eyeniece seale was calibrated sgainst the
angular rotation of the accurately machined manometer
lead screw, which ealibration proved to ke very
satisfactorily linear and rél&tiv@ly constand
{figure #4}+« The most obstinant bug in this type

of instrument is the change of gero 1@?@1'wﬁﬁh
%@ﬁp@raﬁaw@,.,kg pagsing the illumination of the
gight tube through a long water cell and calibrating
irmediately Lerore each rum this trouble was largely

eliminated,

In order %o change the angle of attack of the

iz



sheet with the wind direction to investigate the
so~ealled "Jones Bffest™; the structual suppors

of the ﬁﬁrﬁiﬁg section was wodified so as to make
the entire working section moveable about a [ixed
pivots The working section was separsted structure
ally from the prossure reservolr, Deneaih the -
working section's triangular base, which is normally
Jacked up siz inches off the floor by adjustment
serews, was placed a subsidiary base fastened
rigidly to the cement floor; the two were separated
by two sets of cold rolled, steel bars, each fastened
to its respective base,; and the sontacting fsces well
greased to permit gliding. A pivot pin was placed
through one set, the pin being placed on a line
parallel o the prinecipsl tunnel axis /8" upetreanm
from leading edge of the sheet and 3/8" downstream
from the end of the converging sectioni two pushe
pull serews were fastened Lo the other set, which
moved the base of tﬁ@ working sectlion relative to
the fized gubsidiary base and hence rotated the
whole working section about the pivol as a center.
The exit section was mwounted on casters and fastened
vigiﬂlg to the working section so that it moved
with it. The 3/4" gap between the working section

and the converglng section was bridged by strips of

13



three inch wide Scoteh tape, the tape being reset

on each change of angle. 4 pointer attached to thé
moveable working section sliding across a scale
attached to the fixed subsidiary base recorded the
angulayr movement of the former. Hence by rotating
the working section gontaining the sheet ag a whole,
any angle of inelination of the sheet to the wind
direction could be obtained within a range of 20
degreess This was found gnite s&tiaf&ata&y Lo

investigate completely the Jones effect.

?haﬁagraphg of the new instruments are included

at the end of this thesis.

14



EXPERIVENTAL PROCEEDURE ARD RESULYLS

After the instruments and changesg in the tunnel
deseribed in the previous section were completed
and certain preliminary measurements on transition
were made (these will not be discussed here since
they are not pertinent to final results), an
investigation with smoke was carried out in order
to determine whether a sufficient range of angularity
wag availlable to eause actual separation of flow
from the leading edge on both the concave and convex
sidess If such a range ié available, the 3anea
effect rust surely lie within this range. The smoke
was generated by burning a mixture of sawdust and
kerosene in a tube with the forced draft of a
vacuun eleaner blower, and was injected into the
air stream at the midpoint of the tumnel crossection
about eight inches upstream from the leading edge
of the central sheet. The smoke was brightly
illuminated by sn electrie aré placed on the
pressure reservoirts floor snd viewed with a tele=
seope fixed on the top of the working section just
in front of the sheel's leading edge. The flow
lines could be clearly distinguished, but no change

in their general character could be observed through-

15



out & central range of angular inelination of the
sheet. However, at one extreme oy bhe other, when
separation occurred st the leading edge, this
phenomena of flow separation could be seen with great
clarity and gh&w@a&a@a As soon as it ogcurs a
wedze of sharp, very dark shadow appears belween

the illuminated flow lines and the side of the

sheet on vhich separation is taking plate, the |
head of the wedge being at the leading edge, of
courses Due to the diffienlby ﬂf'@aaariﬁg sufficient
illumination no photographs were takeny howevers

The range of angular inclination between separation
on the concave side, on the one hand, and the convex
gide, on the other, was found to be about &&; aﬁ@
the positions at which separation would ocour were
established: In the rest of the messurements, &
ﬂ&mtrai position between these limits of separation
wag wade an arbitrary gero, to whieh all angles

are refered. Subseguent measurements velidated

the cholee of this position as & neutral one in
which the Jones effect does not influence the
trangition point and at which the only effect is

that of curvabture.

With the angular inelination of the sheet

16



set at the neutral gero position described above,
the static pressure gradient was reduced to a
minimum value by varying the width of the channel
along its lengths The measurement of static pregsure
was made with small static pressure tubes, carefully
aligned so that their heads weve precisely tangent
to the surface of the sheet and set wniformly 0.6
em out from the surface at their different stations.
The pressure heads were recorded by one of the
standard leboratory manometers: The variation of
the non-dimensional static pressure, ps/Q, down=
stream from one measuring station to the next for
both sides of the working sechion is glven in
figure #6. The veriation in ps/Q is in most cases
less than 3% between statioms, the waxisum never
sreater than 2%, and the over-all variation less
 than 1%, As the laminar velocity profiles later
demonstrated, this was & satisfactory hydraulic
approximation to a flow of zero pressure gradisnte.
The variation of ps/Q with speed proved to be
negligible in the range of speeds covered during

these experiments.

The magnitude of the turbulence in the free

atream of the channel was measured at the leading

17



adge of the sheet in the center of the convex gide
of the channel with some very modern hote-wire
eopipment built during the past gaaﬁh at GALCIT.
Thie checked the Clavser's value at /E%)z = Ou525
and ig felt to be an acourabts weasurement. The
guantity , yf%%?% wag found to be independent

of speed throughout the range used.

With the pressure gradient reduced to a minimmm,
moasnrements on the transition phenomensa were s@értwﬁ,
The tunnel is not suliebls for traversing the boundary
layer in the x direction, as in the casze of Joneg!
experiments; hence the boundary layer was traversed
in & "O" divestion, Piguratively speaking. The
position of the total~ptatic btube was established
at one of the messuring stations, and meagsurements
were made at different welocities throughoul the
speed ?aﬁg@ of the turmel, Hence, for esach sitation
the gpeed at which transitionm oovcurs was determined.
This is the most arduous method, as the resulls
will show, but from sitructural consideration the

most practical in the present case.

The technicue of determining the speed ab whiech

transition occurs abt any given sbabtion was btwofold,

18



First, & series of val&nitﬁ profiles was obtained
by traversing the boundary layer in & y direttion
with the total-gtatie tubes The resulibs were plotted

in the non=dimensional forms

(R

and sompared with the theoretical Blasiug curve
for laminar flow, There was one experimental
parameter which had to be determined before the
profiles gould be computed, this being the effective
v distance at which the slot of the tobal head tube
actes The gero position on the micrometer head
was set with the total head tube Jusit touching
the shoet, The slot is still a distence from the
wall, however, and the effeective distance at whieh
‘ﬁn@ tube indicatesz the total pressure of the [low
waa found to be somewhat grester than the half
width of the tube's end, the geomeiriesl distance
at which one would @xr@ﬁt it to aect+ In the laminar
roglon, the @élﬂﬁ&iy‘yrﬁfilﬁg plotted againgt a ¥y
distance based mn,gha.gﬁmm$twy of the tube ingtead
of its effective center, has iﬁ»mﬂﬂt‘ﬁ&séﬂ precisely
the same shape as the Blasius profile but lies |

gslightly displaced from it to right or left. Since

19



the ecurve must go through the origin it seemed
Justified to add a swell smount, O y, to the y
distance of the tubets geowebyical m@nﬁ@f, thus
determining an effective center which would shifg
the veloelty profile o right or left, as the dase
demanded, so that it would sabisfy the relation

v & o ab the wall. %hen this ls done, the laminer
profile falls very beaubifully along the theoretical
Blasius curve ({igure #7)+ This displacement of

the geomebtrical venter to an outward effective
position may be due to the disturbance in flow
caused by the @m@@*g'@rééenc@/ar to the ai@ﬁ\@@iﬁg
inclined at some slight angle to a plans parallel

to the sheet or Lo Dothe It varlies from gtation %o
gtation but remains a comstant ab any perticuler
stations & few of the laminar profiles are seen to
be & 1little fabtbter than the Blaslus ourve beyond

f%' s 0s800s This may be due to the slight remaining
presgure gradient or to a reduetion in bthe effective
distance of the tube's center as it passes further
and further out of the boundary layers In any case,
this discrepancy is quite swall., This verification
of the thﬁaﬁﬁtié&l'ﬁza&imﬁ eurve in the laninap |
regime provided & very fundamentally sound method

of determining the transition polnte 4As long as the
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flow is laminar, all profiles lle along the Blasius
gurve. 4As soon as transition sets in the profile

departs from the Blasivs curve, being above it for
small values of 7) { = % \/‘é; ) crogsing it at some
moderate value of 7] , end lying below it for large

values of 'q ™

This deparbture becomes the more ?ﬂ@%ﬁﬁ&ﬂ%ﬁ‘
the further the speed is from the end of the
laminar regimes Evenitually, of ourse, the profile,
would become a fully developed turbulent prwfil&;
but in the range of speeds available, the course
from pure laminar to fully @é@&lﬁﬁ@d turbulent flow
at any one station could not be completeds The
departure from the leminar cuprve in most cases
stands out quite sharply and enables one to determine
the begimning of transition within an a&aur&ay'af
R = 50,000 The value of the Reynolds number at
which the boundary layer profile firat starts to
break eway from the Blasins laminar curve will be

ealled the "trangition point".

The time required to make a satisfactory,
complete set of wveloeity profiles over the tunnel's

speed range at each measuring station would have



proven gquite eén&i&erab}eg 80 & shorter method of
determining or at least indicabing transition was
desireds It is to be noted that in Jones' exper=
iments one of his sharpest indieabtlons was & quick
rige in the btotsal pressure recorded by a tube in
contaect with ﬁh@ wingts gurface. The pﬁy&iﬁai
significance @f:thia jg guite elears the work of
many investigators has shown that in any type of
boundary layer flow there iz a thin region quite
¢lose to the surface in which the flow is laminer
in ¢haraecter in thet the profile is linear,

u = constant -y. In the case of a tube having a
slotted end in contact with the surface, the slot
will measure the dynamic pressure of the air Ilow
at some small effective disbance from the wall,

Yo » considering for the moment that Ps & 0.
S|
Uy= CONYSTANT - e

But this constant ecan be determined from the laws

of laminar flow, in that

24
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Henece
174 7o
7;_—‘:/4("‘—%-6’ OR Ue = /Z(.g' . »_‘fer

That the local shear force under-goes & violent
inerease in the transition region is well knowng
h@n&@ the viclent increase in ues In the present
case,; since ZZ rather than % was varied to determine
the transition point, coefficients, rather than
relative guantities were evaluated. The total-static
tube was set so that the total~head tube just touched
the sheets Being bent slightly inward the totals
head tube in eontact with the wall mesnt that the
static tube clesred the wall by aboubt & millimeter,

Sinece the sbtatic tube is aligned accurately parallel
to the sheet, and ﬁiﬁﬁﬁ measurements showed the
statle p@ﬁ&a&ﬁé to be unaffected by the presence of
the boundary layer, it ghould record the statie
pressure close to the wall with reagonable accuracys
The gradient of statiec-pressure b&%wa@m the point

at which the statie tube records 1t and the effective
center of the total-head tube is surely negligibles
Consequently, it seems reasonable to assume that the

total-static tube measures the dynamic pressure of
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the air flow at some small effective distance from
the wall, y,, determined by the shape of the totals
head tube and ite interference on the flow charactere
isticss The loeal ghear coefficient can be deter=
mined from this dynamie head, 9?, and the dynamie
head of the alr flow in the free stream just at

the edge of the boundary layer, @, by the following

analysis:

Great care was taken to measure § just at the edge
of the boundary layer, since the curvature of the
stream lines in the @ﬂ%@ﬁt&&i flow regquires a
gradient of U in the y direction. Ry was determined
from Qs %, the density of the manometer fluid, the
air temperature, the %aﬁ&m@@?&@ pregsure, and the
relative humidity by ﬁﬁé:u&ual method, uveing the

values of V deduced from Smithsonian meberclogical

b
s



tables.

Ve was evaluated by fitting one value of e
to the theoretical Blasius curve at a speed at which
the flow was sstablished as lanminar by a boundary
layer profile. 1t was assumed %o remain eonsbant
throughout the speed ranges The results showed
that this assumption is not strictly true, since
the general imé&iﬁ&%ian of the laminar portion of
the e, ve Ry curve was in most cages steeper than A
that indicated by the Blasius curve. 4lso ye
varied from station to stabion, increasing as x
inoreased. Hence these measurements conld not be
regerded as giving the true value of the local
shear coefficient.s However, the course of the

wer seemed Lo

shear coefficlent computed in this men
be similap ﬁa‘%hw course baken by the actual shear
eoefficlents In particular the minimum value of
the experimental shear coefficient was ghown by
boundary layer @?%fﬁiﬁﬂlﬁﬁ correspond to the sbart
of transition; as at this polunt one would expect
the real ghear coefficient to leave its downward
trend along the laminar curve and stert upwards
toward the fmily developed turbulent curve; the

shear method of determining the translition point



seemed justified. 4s 2 mabtter of fact, the corres-
paﬁﬁ@né@ between transition indicated on the one
hend by velocity profiles and on the other by shear
measvrements was so excellent at the first station at
which the method of shear was tried, that more con=
fiﬁ@mae was developed in the shear measurements

than they ?aaizy merit (figuves #35 and #36).

Their true purpose is to be an Indieator of the
trensition points After determining the transition
point's approzimate location by shear measurements
-this location was wverified by b@un&a?y~layay profiles
at speeds jﬁst below and just aboves Hence, a
cowbination @f the two t@ahmiqu%# proved very
ﬁucae&afal‘ém establishing the transition regime,
and; sincée the velocity profile is an exceedingly
fundemental characteristic of the type of flow, this
method must surely be an accurate ones In all
boundary lagér‘prafilﬂ graphs the theoretical Blasius
laminar profile is drawn in with a heavy line. In
all shear graphs both the theoretical Blasius curve
for the l@c&l.shsaﬁ‘ﬁﬁaffiai@nﬁ of pure laminar

flow and the theoretical von Karman curve for the
local sh@ér coefficiont of fully developed turbulent
flow are drawn in with heavy lines. In only one

case did the shear and veloelity profiles confliet.
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This was at station #4 on the convex side at o = O°
(figures #29 and #30) where the trangition ocourred
near the maximm veloeity of the tunnel.s §ince

the motor is a little unstable at high speeds, the
observations were carried out with great difficulty
and hence may not be acceurste. In sll other cases,
the two methods agree very well indeed. %ﬁEa@hear
method was developed after the surveys of transition
on the concave side had %eﬁn»a@mgl@ﬁ%ﬁ; on this
side, then, only boundary layer measurements are
available for determining transition. However,

they are quite complete %ﬁ& are felt to be sufficient

to determine the transition point by §h®m$@1V$ﬂy

Ueging the technique Jjust described for determine
ing the transition point, the work was divided into
two parts; first, an investigation of the Jones
effect was carried out on both sldes of the sheet
by determining the tram&it&aﬁ.pa&&t at & single
station over a range of angles of incldences On
either side angles tending to preserve a high
value of (Rx), will be called "STABLE"; angles
tending to reduce ithe neutral value of (Rx}r will
be called "UNSTABLE". On the concave side, messures

ments were carried out at both stations #2 and #3,



the measurements ab station #3 consgisting only of
a gingle profile in the transition regimes The
purpose of this profile was to establish that (Rx),
did not exmeceed ite value at A = ¢ throughout the
range of stable sngles. The measurements at
station #2 located the transition point acourately
and showed that over a range of 6° STABLE to 5°
UNSTABLE, the transition point is unaffected by
inclination, At 6° UNSTABLE, however, (Bx)r decreases
markedlys As a matter of fact, even at the lowest
speed the profile is not definitely laminar, but
since 6° UNSTABLE would never be used, no further
imv&@tig&ﬁién@ at this point were carried oub. It
is well %o note that with only 1° wore toward the
unstable, separation at the leading edge oteurs on
this (concave) sides« On the convex side, the
measurements for the stable angles were carried
out at station #7, since this station was ideal for
both shear and veloeity profile measurements.
Foasurements wore made at s 0°, 5, and 6°
STABLEs They showed that in this range (Ex)y was
1mﬁ@@@nﬁ@nt of inglinabtions One measurement at
statlon #7 wag carried out for the unstable angle
of 3° 3 a marked decrsase in {Rx)y oceurred, so

great in fact that it was not possible to make a
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satisfactory shear determination. Boundary layer
velocity prefiles however, were baken at station
#13 then the tube was moved to station #4, where
the dyramic heads at the wall were high enough to
record sabtlsfactorilys. It was at this polnt thst
the micro-micromanomelber was construeied, Neasure=
ments were carried out at station #4 at the unstable
angles of 4,5°, 5°, 1.5°, and the neutrsl position,
o(g-ﬁl This sories of messurements confirmed the
choice of X& 0 as a truly neuvtral positions The
measnrements on transition for the Jones effect

investigation are given in figures #8--24, and

i

#26, 27, 28, 29, B0, 31, 36, and &7; the results

of the investigation are gilven in figure #25, as

a plot of (RAx)y vaX + It is to be noted tﬁaﬁvﬁﬁﬂ
ebable angles for both sides of the sheet are plotted
to the right of the axis, the unstable to the lelt.
In ?éﬁii@yﬁ this is not the pase, since a atabi&
angle for one side is an unstable angle for the

ogthors
After completing the investigation of the

Jones effect, which eztablished that = 0‘was a

neutral posltion in which transition depended on
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curvaebure and the general properties of the flow
but was independent of inclination, the sectlion was
set at Xz 0y and a series of measurements at each
station downsirveam were underitaken to determine

the variation of (Rx); along the length of the
gheet and from the convex to the concave side.

On the concave side stations #2 and #3 were the
only stations at which transition ocourred within
the speed range of the tunnel, stations #4; #5,

etts requiring speeds lower than the minlmum, and
station #1 requiring speeds higher then the maximum.
On the convex side stations #1, #2, and #5 required
speeds higher than the maxinum for transition to
ogour. However, at the remalning stations on this
gide, transition lay within the speed range, and,
henece, a couplete set of ah&ww@&%ians for stations
#4, #8, #6864 #7, snd #8 were carried out. Execepd
for station #4,; as has been previously mentioned,

~ the results were very satisfactory. U%The experimental
results of this investigation are given in figures

Fo6==39,
Prandtl has pointed out that the effect of

curvature can be conveniently expressed by q&; P

where O is the boundary layer thickness, reference B
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The Clauser's plotted their results against X/ o
thig does not take into ‘am.zmmé: the veloelity, how-
ever, and 5/ r. was felt to be the more fundamental
parsmeters & , the actual thickness of the boundary
layer is an exceedingly difficult guantity to determine
tﬂ?s@‘@h any acouracy, as has been mentioned, sc wvon
Karman suggested using the momentum thickness, 5m 3
rather than the sotual boundsry layer thicknesss This

parameter, Sm s is éﬁ@ﬁéx@ﬁ by the ecuation
el = Qf“/f—a}a’y ”
R S = / Z[‘g:/ W73 )y = / T 27 Y

It has the clear physical significence of being the
depth of a layer of fluid of unit width in the free
stream that has the same amount of momentum as the
momentum defect in the boundary layer at the point
in guestions In »iﬁ%;za cage of laminar flow with gero
pressure gradlent along é plane flat boundary where
, S/,— is elither gero or wvanishingly small, 8m is

(4
directly proportional 8 3 being related by the eguation

P /
— (4 /) L)Y - 1-F£)dn’ = !
Sm = 5/[2‘/’ %)% ‘i/f/ F77'= s«
/
!
where & = / F( 1-§) 97’ & constent for laminar flow.

S,,, is also related to the total shear coefficient
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by the relation,

EL T8 = F = G 4ellx
L S &
¢ o x S 2

z%—‘(/- ﬁ ) was compubed fyom the veloeity profiles for
each station concerned, and 8mwas determined from
thege curves by graphical integrations The curves
"‘é'(/-' T ) are given in figures #40-+46, Sm x?sl?x in
figure #47, Z,f”'g C Ve /fx in figure #48, and the
momentum defect = /a(d"‘)dj «25:Q v Ax in figure
#49¢ The final mamlts of this investigation of the

effect of curvature are plotted in the form of a graph

0 /000 Sm
of mfm s —/-Q-Q-—- {figure #51)« The values of 1A
for tm convex or stable side are plotted as positive

abgeigsa,; the values of 4 o%of for the concave op
unstable side as negative abscissas Thus the effect
of curvature op the transition point cen be shown by
8 single curve, The greatness of the curvature effect
is immediately appearant. The value of (Rg, }y for a
flat plate would lie at the axis ,@3}’.—{2 0, since in
this case Fk —> 0o , A graph of (Rx)r ¥v8 i is

also included; on which the Clauger curves are ine

dicated (figure #850).
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CORCLUSIONS

T™e conelusions coming from the results of
she Investigation of the effect of inclination
on the transition point arves

{1) on the soncave side there is a wide range
of angles over which the transition point is un=
‘affected by inelination. &s one approaches close
to the limiting inelination where separation at the
leading edge oteurs, however, %he'transiti@ﬁ
point oceurs at a much smaller value of Rx, one
helf or less and rapidly loses significance since
after separation occurs the boundary layer flow
belonge in a cabtegory outside the province of this

paper {reference 8}

(2) On the convex side there is & range of
stab&e'ﬁngxaa over which the transition point is
unaffected by inelination and & range of unstable
angles where the transition point is greatly reduced
by the unfavorable inelination of the sheet, but
remaing at a fairly constant value. These two
ranges are joined by a transition reglon. How
sharp the transition region is, that is over what

renge of angularity it occurs, cannot be answered
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untlil more complate messurements are Lalen. However,
judging from Jonesg' regults the bravsition should

take plage very sharply.

g
£
Eils

{3} There is a vange of angles in which
inelination does not effsct the transibion on
either poncave or convex sides In this neutral

region the only effect pan be that of curvatures

The econclusions coming from the investigation
of the effect of curvature (in the neutral region)
ares

(1) Qualitetively, curvature has a very great
effect on the Reynolds number of transitions (RBx)s
on the concave (unsteble) side are considersbly
legs than for a flat plate ( K —>% ) under similar
@xﬁérimantml conditions wm@réaé {inT on the convex
(stable) side are ensiderably greaters The (Rx)r
on the concave gide are reduced by a factor of 2
relative to the (Rx)r on the convex side. This
confirms the Clauser's conclusions and, as they
mention, is to be expected from theoretical consid-

erations (references 6 and 7).

{2) Quantitatively, the effect of curvature



can be represented by a single graph of (Rg,)r vs
7000 §m

7 +« Ag to the exact form of this functiony

little asg yet ean be saids The present measurements
covered only a very limited range of

values and within t@ié smell renge the accuracy of
the weasurements is nai sufficient to determine
more than the general trend of the curves Thus

the linear curve of the Clausers could neither be
verified nor corrected; however, all of their
absolute values of (R x )y were found to be too
larges What the cause of this discrepancy is the
anthor is not prepared to says It may lie in their
use of %ﬁy&%&emsa ap a eriterion instead of wveloeity

profiles. The trend so far seems to be that (Rg,),
/000 8r

e

inereases with ineresasing § however,
nothing more can be galid until fubture meagurements

extend the range of investigations
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