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ABSTRACT

Transitior on a smooth flat plate in a zero pressure gradient was
studied in s wind-tunnel using ~nnventional surface tube and hot wire
techniques.

In the range of free stream turbulence used {0.1C% to 0.5%) it is
shown that the laminar oscillecions predicted by the Tollmien-
Schlichting theory of laminar laver stiebility play an impcrtant role
in transiiionr. The process of trensition in thiz case is shown to
be similar to the develormeut of a turbulent wake from a vortex
street, the emplified frequency feeding the rest of the spectrum.

The effect of free-stream turbulence on the fprocess was studied in
terms of the energy concentrated at the amplified frequency. As
anticipated, free stream turbulence hastens the feeding of energy
from the amplified frequency to the rest of the spectrum. It is
indicated that at a much higher level of free stream turbulence than
used here, laminar oscillations will play no part in transiilon and
possibly the phenomenon is controlled by the laminar separation theory

proposed by Taylor.
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INTRODUCTION

Sirce Prandtl intrcduced the concept of the boundary layer, a region
near the surface of a body or the wall of e pipe where the velocity
changes from that of the bedy right at the surface to the velocity
of the free stream some distance awzy, much research has been eccom-
plished tc discover the characteristics of the lryer, because of its
importance in many fluid mechanics problems.

Consider a flat plate immersed lengthwise in a flowing stream, For
some distance down the plate, if the leading edge is weil sharpened,
the plate is smooth, and the free stream 1ls fairly non-turbulent,

the boundary layer is laminar, The laminar boundary leyer is thin
avd has the gradual velociiy profile characteristic of laminar flow,
After some distance, depending on thc roughness of the plate, the
free stream velocity, the free stream turbulence, etc., the dboundary
layer becomes turbulent and assumes the usual turbulent velocity pro-
file. Alithough it is usually tacitly assumed that this transition
occurs instantaneously, it is well known that this is not the case.
Transition occurs over a considerable length of the plate and ha. _.ts
beginnings considerably upstream of the modification of the laminar
velocity vrofile. It is toward a fuller understanding of this region,
the conditions that determine where it will occur =nd the conditione
within the region that the research discussed below is aimed.

This research, vhich was sponsored by the Office of Naval Research,

was prompted by the need of fundamental information along this line
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by *hose engaged in c¢hip model testing, particularly at the David {

Taylor Mcdel Basin. In model testing the frictional resistarce can- -

V&Y

not be scaled up directly because of the presence of a considerable

relative length of laminar boundary layer on the model ana a much
shorter one on the prototype. The correction for this state of
affairs har always been somewhat in doubt, in no small prrt due to a
lack of knowledge concerning the position ¢of transition on the model,
and how this position is affected by the other variables in the water
channel. One purpouse ¢i this work %zs :0 provide additional infor-~
mation on transition for this and other testing facilities.

There has been a considerable amount of research on this problem and
it has been reviewed fairly extensively in some well known reports.

Reference 1 gives a very comprehensive review of the literature and

-diw

indicates a sizeable bibliography. Fcr this reason, the literature

review rresented here will be rfairly brief and will discuss mainly
the previous work concerned with the effect of turbulence on t.an-

sition on a smooth plete with zero pressure gradient.

:
|
i
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SYMBOLS ‘
X - Distance from leading edge of flat plate along the plate
Yy - Distance perpendicular from surface of plate
U, - Mean velocity in free stream
J - Mean velocity at some point in boundary layer
u! - Root n.2an square value of velocity fluctuation in direction
of flow
v',w' - Root mean square value of velocity fluctuation in y and 2
directicns respectively
L - Scale of u' fluctua’ions

o~
'

Boundary lsyer displacement thickness

Ré = Reynolds number based oné snd Ug
Ry = Reynolds number based on x and Ug
(R 5= 1.72YV R, for Blasius distribution)

‘3; =2t

f = Frequency (c.p.s.)

q = 3PUs°

r - Density 3
{ v - Kinematic viscosity

E - Total energy in boundary layer
‘ Ey = Energy due to laminar oscillations
| Ep = E-E)

E) max - Maximum height of discrete energy portion of energy spectrum
Maximum extrapolated energy at zero frequency through transition

region a fixed distance above surface

-5 =
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CAUSES OF TRANSITION

The major items affecting transiticn on a flat plate are:

1. Roughnesgs of the plate.

2. Free stream turbulence.

3. Pressure gradients along t' plate.

4L, Plate curvature,

5. Temperature variations.

6. Vibration, noise, etc.

In order to limit this study, only the effect of turbulence has been
considered. For a discussion of some of the other effects, Ref. 1,

2, and 3 mre cflfered.

EFFECT OF TURBULENCE
One of the earlier, more notable investigations of the effect of
turbulence on transition was that of G. I. Taylor (Ref. 4). He
theorized that transition was caused by separation, either momentary
or permanent, in the laminar layer. Thus transition should be gov-
‘erned by the Karuan-Pohlhausen parameter for laminar separation. For
isotropic turbulence such as occurs in the wake of a grid, Taylor was
able to relate the Karman-Pohlhausen parameter to the measurable free
stream quantities, scale and intensity, and was thus able to relate
the pressure forces causing intermittant separation to free stream
quantities. Taylor evolved the relation u' % 1/5 as the parameter
o

vhich determines a% what Ry value the boundary layer w’!1ll become

turbulent. The above relation, of course, only applies to transition

-6 -
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" ghewn in Figure 1. Heref&;: is plotted as a function of RS , Where

in an isotropic turbulent field. Taylor confirmed that this parameter
does control cransition with fairly large values of free stream tur-
bulence cn flat plates, svheres, and elliptic cylinders. This theory
has met with some obJections in thc last few years, nol the least of
vhich is that separation has not been prcven to be a necessity for

transition.

THEORY OF LAMINAR OSCILLATIONS

From a purely theoretical standpoint, it has teen found that the
laminar layer, by virtue of its thickness, the kinematic viscosity of
the fluid invclved, and the free stream velocity, is able to amplify
certain trequencies of disturbance. This is in decided contrast to

the above theory where the magnitude of the disturbance was felt to

be the essential Tactor. Here the type of disturbance, particularly
with regard to what frequencies are present, was considered to be the

essential thing. This theory is discussed in some detail in Ref. 5.

The essential result is the so called curve of neutral stability
v

T

{3r=2;rf (f is frequency), ¢ the kinematic viscosity, and U, the free
stream velocity.

{8 curve is a loop, the two pranches meeting at infinity. This

|
3
3
=
3
1
o ]

curve was first plotted by Schlichting and subsequently corrections

r"‘.l

have been made to the theory by Lin which changed somevwhat tne posi-
tion of the right hand side of the loop (usually referred to as

Branch II). Essentially, this loop defines which disturbances present

- 7T -
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in the boundary layer will be umplified and which disturbancec will
be damped. Any disturbance, free stream velocjty and boundary leyer
Reynolds number combination which puts the situation at nand inside
the loop, should theoretically cause the disturbance to be ampliiied.
If the peint falls outside the 1loop, the disturbance will bLe damped,
and a point falling right on the curve should neither be damped nor
amplified, Assuming a disturbance of constant frequency is impressed
on the laminar layer at a small value of boundary layer Reynolds
number, the disturbance will be damped until the boundary layer
Reynolds number reaches the value where the frequency parameter
intersects Branch I of the stability curve. From here on, as the
point of observation is moved down the plate, the disturbance will be
amplified until the boundary layer Reynolds number reaches the value
of the intersection with Branch II. At this point the wave is agein
damped. The question remains, if a single frequequ.ncy is to be
present ia the boundary layar at a particular value of boundary layer
Reynolds number, what shoulda this frequency be? 1In Figure 1, the
theoretical total amplification for several frequencies is shown. It
is immediately obvious that at each particular value ofIiJ, one par-
ticular frequency will have received more amplification than any other,
This frequency, then, is the one which should predominate. If this is
lruly tue case, as the Reynolds number is increased, the frequency

vhich predominates should change. This will be discussed further in

the light of the experimental results of this study.
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These are some of the more important results of the theory. For a

more complete discussion of both the theory and the results attained
from it, Ref., 5 is offered.

For some time, this theory did not find favor, particularly among
experimentalists, mainly because no one had been able to observe the
osecillations which the theory predicted.

In 1938, however, Schubauer and Skramstad (Ref. 6) in a near classic
investigation of transition with vanishing turbulencc, were able to
detect the astonishingly pure laminar oscillations. Evidently previous
investigators had been unable to detect the oscillations because tran-
sition had occurred simultaneously or nearly simultaneously with the
appearance of the waves.

Even more important than merely discovering the existance of the

waves, Schubauer and Skramsted introduced oscillations of known
frequency and amplitude into the boundary layer by vibrating a very
thin metal ribbon at different frequencies and amplitudes in the
boundary layer. By using a very narrow band-pass filter on tke
amplified output of a hot wire moved progressively down the plate,

they were able to follow the growth and/or decay of the frequency .
being considered., Very conclusively they proved not only the existance
of the waves, but also that the waves would grow and/or decay according
to Figure 1. From this information, Schutauer and Skramstad formulated
a nev proposal of how transition occurs, perticularly when the free

stream turbulence is low,

-10 -
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They use the msnelogy of the formation of turbulence from a free vortex
sheet. The boundary layer becomcs wevelike, and eventually discrete
eddies appear, as s usually assumed for a vortex sheet. These eddies
in themselves are very unstable and eventually decay intc turbulence.
The decay into turbulence is grrdual +he random turbilent moiion only
occurring a portion of the time. This explanation seems to fit the
quantitative data presented by Schubauer and Skramscad better than
the explanation of intermittant separztion discussed above. Tn the
oscillograms presented by Schubauer and Skramstad of hot wire output
downstream of the vibrating metal ribbon, the first turbulent "vursts”
observed in the laminar layer were not confined to the low velocity
part of the cycle, i.e. if the turbulent "bursts" were truly caused
by intermittant seDaration, one would expect that if vibrations were
introduced into the laminar layer, the first signs of the randomness
characteristic of turbulence would appear on the low side of the
velocity cycle. This was not the case, which, to Schubauer and Skrem-
stad, indicated thaut the transition by separation theory was opeu to
some question, and that the idea of the boundary layer becoming wave-~
like, then breaking into discrete 2ddies which are very unsisble, and
soon decay into turbulent motion, fits the data somewhat mwore realisti-
cally,

Some support is lent to the theory of Schubauer and Skramstad by the
work of Hama (Ref., 7). In connecticn with a study of the effect of a

single roughness element on transition, Hama towed a flat plate hori-

zontally in water and attached a small diameter pipe transversly to

i Lo ek
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the plate as a >sughness element. Lye wasc injected through a small
hole in the top of t'.e tipe in the center of the plate into the sur-
rounding water. He then photograrhed the motion of the dye as it
progressed down the plaete. At first vortices were emitted from the
top of the pipe at a constant rate and would move down the plate with
this orlentetion. Soon, however, neighboring vortices would catch up
with one another forming a larger vortex. At some point further dowrn
the plate these vortices would "explode" and the motion became random.
Hame postulates this imight be transition.

Of course, conditions behind a single roughness element are not the
same as conditions on a smooth plute, but the photographs of Hama do
show that oriented vortices in the laminar boundary layer are nct
stable and seem to explcde suddenly some distance down the platé. In
the case of a smooth plate, the vortices are a product of the amplified
boundary layer a3cillctions and in the wake of a roughness element the
vorticee are, of course, caused by the element. Nevertheless, the

"exploding” of the waves is probably the same in both cases.

PROBABILITY TRANSITION THEORY

One further approach to the problem is that taken by Emmons (Ref. 8).
In an observation on a water~table anslogy to supersonic flow, Emmonc
observed boundary layer transition. It could be viewed clearly as
the thin layer of water, when it became turbulent, was considerably
changed in appearance with either trensmitted or reflected lighti.

Emmons noted that transition is not a clearly defined phencmenon, a

-12 -
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point which will be brought out further below, but is rather an inter-
mittant process. He points out that by virtue of disturtances carried
irnte the layer by outside turbulence, plate roughne's, vibration, etc.,
the lardnsai layer is disturbed. When these disturbances reach a cer-
tain value, a iurbulent "burst" cccurs. This turbulent "spot", se
Emmons calls them, moves along with the fluid ant gradually fans out,
making turbulent all before it. He points out that the "bursts"

which are rnoted by the hot wire are these turbulent spots passing over
the wire. The farther down the plate one ocbserves the flow, tlre
larger the number of turbulent spotes which have been born upstreax

ard hence the larger percent of the time the particular point under
observation is turbulent. Emmons feels that one cannot describe
transition fairly in terms of a eingie point, but rather one should

be able to define what percent of the time any point on the plate
would be turbulent. He then develops a theory for predicting what
percentage of the time each position on the plate will be turdbulent,
by coneiderirg not onlr the effect of spots formed at the poin in
question but also those that form upstream. Some rather complicated
expressions result for the probability that a certain spot on the
plate will be turbulent. Much additional experimental evidence ics
necessary to complete this theory, mainly data on the rate of spot
production, the initial size of a turbulent spot, the rate at wnich

a spot grows as it moves downstream, and how these parameters are
affected by fr.e stream turbulence.

Although this theory will undoubtedly aid in defining better the

- 13 =
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conditicns in the bouidary layer through transition, the lack of
definjtive data does not make it too useful at the present time. This
brief discussion was included here merely to indicate yet another
method of defining transition and the -onditions immediately surround-
ing 1t.

From this brief literature survey it can be concluded that with lower
levels of turbulence at least the oscillations of the laminar layer
Play an integral part in the mechanism of transition, As pointed out
by Schubeuer and Skrasmstad, an understanding of transition is near
mainly bec.mee the laminar oscillations are niore fully understood.

One may also conclude chat transition does not occur instantaneouzly,
but extends some distance along the plate. The purpose of this 1aves-
tigation is to supply information concerning the d;tails of the flow

in the transition region and how these conditions are altered by in-

troducing turbulence of varying degree.
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APPARAYUS AND METHOCS

| THE TUNNEL

&
&

The exrerimentel work was performed in the wind tunnel of the Research
& Development Laboratories of the Kimberly-Clark Corporestion. Sketches

and a photograph of the tunnel are shown in Figuves 2, 3, 4 & 5. The

tunnel is of the single pass type and is placed in a long building
composed of twc quonset huts in tandem, each quonset teing reised
seven feet from the floor level to give a maximum ceiling heig:t of
seventeen feet. The tunnel has a 14 to 1 contraction ratios and tecst
section dimensions of 20 x 30 inches and six feet long. The test
secticn shape is rectangular with fillets in the corners as indicated

in Figure 4, To eliminate a longitudinal static pressure gradient in

3
the test section, the side walls are adjustable in fixed increments. :
Faired fillet pieces were placed at the end of the test section to
eliminate a bad discontinuity at the diffuser entrance when the side :
walls were expanded. Figure 6 shows the pressure gradient plotted in ;
the usual dimensionless form %;Z as a function of distance from the %
entrance of the test section for several settings of the side wall. t

The velocity for these tests was roughly 120 ft./sec. It 1s seen
from Figure 6 that by moving each wall 1/2° ocutward gives a pressure

gradient uniform to withir 1% of the dyramic head over the working

LY PREST P AT

length of the test section i.e. over the length of the plate., The

144

velocity distribution, as measured in gseveral trunsverse planes across

B A

e

the test section, was found to be uniform to within 0.5% over the

working range of the Jet.
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Some difficulty was experienced with the return flow of air because of
the somewhat confined cross-sectional area in which the air returns
to the tunnei entrance. Because of this confined ares, it was felt
paramount that the return flow be distributed over the entire croas
section of the room and thus have as low a velocity as possible., To
achieve this, two walls of 60 x 60 mech wire were introduced across
the quonset as indicated in Figure 2. Although these wa)ls intro-
duced a considerable rressure drop and limited the maximum test sec-
tion velocity, they served to distribute very effectively the return
flow and keep the ieturn velocity low. To eliminate any remaining
iarge scale irregularities in the incoming flow a 30 x 30 mesh screen
with 0.013 inches diameter wire was placed immediately following the
bellmouth. This screen was directly followed by a honeycomb of paper
tubes with an I.D, of 0.5 inches, an 0.D. of 0.625 inches and ¢ length
of 12 inches. Following the honeycomb «#was a short settling length as
indicated in Figure S and two more 30 x 30 mesh screens. The flow in
the tunnel was very uniform and free from pulsations in the main flow.
The turbulenc. level was probably not as iuw as could have been
achieved using more conventional mesh sizes, bul procurability of the
screens was the deciding factor in this case.

To change the turbulence lev.i in the tunnel, rope grids with verious
diameter ropes were introduced immediately duwnstreum of the last

screen., Figure 7 shows a typical grid installation. Cood control of

turbulence was attained in thic manner.,
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HOT WIKE EQUIPMEMT [
The hcot wire equipment was of the constant current type, the changes
in voltage across the wire being an indication of the velocit; changes.
Included with the het wire heoting eguipment and the ampiifier, was
the usual agscriment of galvonometers, potentiomeiers, switching
circuits, bridge circuits, etc. The amplifier is of the capacitance
compensated type with a flat response from O to 10,000 cycles.

The wires used for u' meusurements were of 0,00031 inch diameter
tungsten wire supported as shown in Figure 8. The prohbes consisted

of two brass strips separated by an insulating material. 10 each of
the stri-s wae fastened a thin support wire. The tungsten wire was
welded to the support vires'by the technique described in Ref. 9.

In making v' measurements, an x-wire probe, as skown in the Figure 8,
was used. The wire used was 0.0002 inches platimm.. The platinum
wire wvas soft-soldered vetween common sewing needles which are clear-

ly evident in the photograph. The entire assembly behind the needles

— b D SRS A et & e

was encased in a hollew 3/8" 0.D. tube, scme six inches long, as
shown in Pigure 8. ]
To traverse the wire, the carriage assembly shown in Figure 9 was
used. A portion of the tunnel floor was removed and the metal ded,
on which the carriage traveled, inserted. A long lead screwv, oper~
ated externally, gave the entire carriage longitudinal mction and the
short precision lead screw shown in the picture, also operated from

an external handwheel through s shalt and gear system, gave the prote

mount crossvise motion. Although the probe wire is rather close to

-23 -
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the carriage as shown in the photugreph, no observatle pressure fieid
effects were encountered.

To position the probe wire relative to the plate, feeler gauges were
used snd the reading un the dial indicator attached to the prcbe
holder (as seen in the photo of Figure 9) noted. Tne dial indicator
was set at the same reading and it was acsumed that the probe wire
was always the same Aistance from the plate as the probe was moved
along the plate., This, of course, asuumes that there is no trans-
verse curvature in tle plate. Actually it was found that the 2dis-
tanc: from the probe to the p’ate varied ¥ 0.001 inch as the probe
was moved down the plate. This was not thought serious.

The compensation constant of the wire in use was set by superimposing
an alternating current of constant current and d.fferent frequencies
on the heating current, plotting the output uf the wire as a functiown
of frequency, and from this curve, calculating the test time constant.
This method, although somewhat time consuming, was found to be very
satisfactory.

To measure the distribution of fluctuation energy with frequency, a
panoramic sonic analyzer was used. This instrument, which is similar
to an oscilliscope, samples once a second the frequency spectrum from
20 to 20,000 cycles and automatically plots the output as a function
of frequency. To get an average picture of the spzctrum, a ldng-time
photograph of the face of the insirument was taken and the image

"burned in" the ph-‘ographic paper. Interrretation of these photo-

~nL
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nraphs was somewhat difficult, but by connecting points of equal
or.ical intensity it is felt that a fair picture of the frequency
spectrum results. It is certainly a simple method and much less
time consuming than the usgual band-pass filter method and shows

adequately the rather large changes in spectrum vhich occur in

boundary layer transition.

VELOCITY MEASUREMENTS

To measure the velocity at the surface of the plate the dynamic
pressure was measured using the impact tube shown in Figure 0. This
tube connists of a hypodermic needle of roughly 0.0010 I.D. and
0.0020 0.D. The needle was fastened into the end and perpendicular
to the axis of a 3/16" hollow brass tube. A simple mounting arrange-
ment permitted the probe to be mounted in the traversing carriage.
The static pressure was measured using the static probe also shown

in Figure 10. This probe consisted of a long cylinder with an ogive-
shaped notse and pressure ports around the cylinder 8 diameters back
from the tip of the nose. This probe was used for measuring the test
section static pressure gradient and also as a reference for the ime
pact tube when measurements were being madg with the latter near the
surface of the plate. For these latter tests, the static prove was
held in a fixed position pnear the center of the area on the working

side of the plate and about halfway down the test section.

- 27 -
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FLAT PLATE

The flat plate was 1/4" sheet steel, prepared on a surface grinder,
hand polished and then chrome plated. A surface finish of 10 to 15
r.m.8. micro-inches was achieved.

The leading edge of the plate wa: well sharpencd and a smooth tran-
sition formed some 3" from the cdge. No particular contour was
follewed, but no diacontinuity in the surface at the junction between
the curve and the flat portion was noticeable to the touch.

The plate was supported both top and bott.om dy a row »f bolts passing
through the plate. To isolate the plate from tunnel vibration, strips
of cork were placed under the supporting strips, and strips of rubber
between the plate and the ceiling, and the plate and floor of the
tunnel, as indicated in Figure 4. The cork strips seemed to erffec-
tively damp most of the tunnel vidbration.

The plate did not at first extend back to the end of the test section,
but it was soon observed thut the balance between the flow on either
side of the plate was upset when the carriage of the traversing
mechanism was moved back behind the trailing edge of the plate. To
correct this, an extension was added to the plate of 1/4" aluminum.
No measurements were made, of course, on the aluxinum exteunsion but
no further difficulty with the balance of air on the two sides of the

plate wvas encountered,




RESULTS AND DISCUSSION

Figure 11 shows a typical seriec of velocity measurements a fixed dis-
tance away from the plate (approximately 1/2 diamete. of hypodermic
needle shown ir Figure 8) as a function of dista. ‘e down the plate.
The velocity was reiferred to a firxed static probe elsewhere 12 the
test section. The sudden rise in pressure, caused by the "washing
avay" of the laminar profile by the steeper turtulent profile is
usually defined ae the transition point, although a- will be showu
below, transition very definitely has its beginnings upstream some
distance from this point. Immediately following the peak of this
curve is the decreafse in velocity, a fixed distance from the surface,
caused by tﬁe natural growth of the turbulent layer. The peak of

this curve will be called the end of transition.

Figure 12 ghows the beginning and end of the transition region for
several leve_s of free stream turbulence. Because this portion of

the wvork was not felt to be the most important, only u' and v* in the w
free stream were measured and it was assumed that w' equals v', as is
usually roughly the case. Also shovwn are data taken by Schubauer and
Skramstad (Ref. 6). Agreement is seen to be fair except the point

for the lowest tunnel turbulence level 0.013. Ko explanation for

this discrepancy has been found except tha'. possibly the distridution
with frequency of the disturbances present was not the same in the two
cases., As shown by Schubauer and Skramstad, a gcod portion of the

fluctuation energy picked up by their hot wire at lov tunnel turbu-
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lence was cauced by propeller noise. As pointed cut in their revorti
and as will be discussed below, with low turbulence, the laminar
boundary layer is very susceptiole to disturbances of certain narrow
frequency bands and more likely than not, eventual transition at
these low turbulence levels is caused not by the free stream turbu-
lence but rather by the noise and vibration present in the turnel
circuit. Quite posq‘?}y tre Aistribution of energy with frequency in
our case was markedly different than in their case but no work was
accomplished along these lines as 1t was not felt that the divergence
of our data from theirs warranted it.

Of more interest than the point of transition or the length of the
zone are the fluctuations in the laminar layer, their eventual decay
into turbulence, and the relation of these phenomona to the modifica-
tior 0f the laminar velocity distributicn.

Figure 135 shows photographs of a single sweep o1 2n oscilliscope
taken by triggering the sweep for a single puise in front of the open
camera lens. The photographs were taken with the probe 0,010 inches
awvay from the swrface. The relative gain for each picture is as in-
dicated below the picture. It is seen that the oscillations discussed
above are truly present and are seen to dbuild up in amplitude and are
then broken down into 2 more typically turbulent configuration as seen
in the last photograph. Comparing these photographs to the curves of
Figure 12, it is observed that transition truly has i1ts beginnings

some distence before the turbulent layer replaces the laminar layer.
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Concerning the fluctuation energy incresse in the laminar layer,
Figure 1l shows a plot of u' for the same conditions as the velocity
plot of Figure 11. Includgd fer ori:ntation purposes is the transi-
tion point. Orce aga’in “he prcve +as a fixed distance (0.010 in.)

away from the plaste. It must be remembered that with the prove a

fixed distance from the plate the relative position of thc 'vire in

the boundary layer is changing, as the probe is moved down the plate.
As snown by Schubauer and Skramstad (Ref. 6) the amplitude of the
Tollmien-Schlichting waves is a function of y. Nevertheless, for
comparing conditions at different levels of free stream turbulence,
this type of presentation is instructive.

From the plot of Figure 14, 1t is noted that the increase in fluctu-
ation energy is not a sudden phenomena, concurrent with the modifica-
tion of the velocity profils:, but is rather a more graduasl process,
To fully understand what occurs as the fluctuation ezargy increuses,

it 18 necessary to examine the frequency spectrum of tne fluctuations.

MEASUREMENT OF SPECTRUM

Figure 15 shovs a series of photographs. of the panoramic analyzer
which, in effect, are plots of output versus frequency of the compen-
sated amplifier locking at the hot wire which once again is 0,010
inches from the plate and a distance from the leading edge as indi-

cated by the Reymolds number uander the photo. Initially the hot wire

cal or mecharical pick-up. As the Ry value 1s increased, it is seen

notes low amplitude waves, some of which appear to be stray electri- i
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that a4 particular frequency is picked up by the boundary layer and
amplified. The amplification continues for some distance down the
plate, but the amplified frequeicy eventually becomes more and more
distorted, as the band of frequencies which sre amp’ified vecomes
wider and wider and it appears that the rest of the spectrum "feeds"
on the amplified frequency, in much the same way that a turbulent
wake is developed from a vortex street as discussed by Roshko

(Ref. 10). The patterr of development was observed in all the tests
made with the range of free stream turbulence used (0.13% to 0.5%);
however, important differences showed up as the free stream turbulence
and tbe free giream velocity were changed. These differences, dis-
cusged below, give a good deal of 1nsight4 into the mechanism of

transition.

EFFECT OF YELOCITY

Figure 16 shows a series of photographs taken at a lower velocity
than those presented above, but with the same grid coafiguration and
thus nearly the same wvnlue of free ;;treun turbulence. The difference
vhich immediately 4s obvious is that the frequency which is amplified
is lower than with the higher velocity. Referring to Figure 1, how=-
ever, it is eczen that % is the important parameter in determining
which frequency will te :mr".ified.. Calculation of this frcquency
parameter showed it to be nearly constant for the same conditions of

turdulence but different velocities.
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EFFFCT OF FREE STREAM TURBULENCE ON OSCILLATIONS AND EVEATUAL TRANSITION

Figure 17 shows the develcpment of oscillations for the lowest tunnel
turbulence used 0.13% and Figure 16 the same information for the
highest turbulence u' . 0.42%. 'Ine cpeed was in both cases the

same, Some importagg differenccs immediately are obvious: With
higher turdbulerce, the frequency which the boundary layer ricks up
is quite a bit highker than with the lower turbulence and even more
important the oscillation is extremely pure. With the higher tur-
bulence there is almust immediately, on the appearance of the oscil-
lations, a feeding of energy from the central frequency to the sur-
rounding frequencies. This process, with the higher isvel of free
stream turbulence, leads to transition almost immediately after the
appea.re.née 'of the waves. With lower turbulence, however, the oscil-
latiors are very pure, and there is very little transfer of energy to
surrounding frequencies.

Concerning the frequency which the iaminar layer amplifies, it was
pointed out in the introduction that the frequency pregsit =t ¢tk
point of observation is a function of conditions at that point, i.e.,
the frequency present will be that {requency which at that particular
boundary layer Reynolds number value has received the most amplifi-
cation up to that point. This implies that the frequency should be
coastantly changing &s the hot ire probve 1is moved down the plate.
Schubauer and Skramstad, using Bchlichtin;'a method of calculating the
theoretical amplification, concluded that the frequency data, when

plotted on the curve of neutral stability, should be inside the loop,

- 40 -
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FIGURE 17 (CONT.)
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somevhere near the downstream side of the loop, i.e. a% a particular
value of R S the frequency present ir the boundary layer should be

such that the value of ﬁr/"z places the point near the downstream
<
&
U
found in & few of the tests as a function of R5 « Most of the data

(Branch II) side of the loop. Figure 18 shows the values of

i8 near Branch II of the loop, although a few points fall outside the
loop. Some of the error uadoubtedly ocgurred in interpreting the
photographs.

It is interesting to note that in some of the tests, the frequency
amplified does not change as rapidly as would be predicted. In
Filgure 17, for example, it is obvious that the ampl'fied frequency
remains nearly 1000 cycles for some distance down the plate. In this
réapect, the experimental results did rnot agree too well with the
results predicted y the theory.

Also of interest in this regard is the frequency which first makes
its appearance in the boundary layer as the frae siream turbuience is
changed. From Figures 15 and 17, it 1s seen that uunder conditions of
higher turbulence, the frequency which first appears wvith an amplitude
of any importance, i.e. with an amplitude discernable on the photo-
graph of the sonic analyzer screen, 18 considerably higher tihan the
frequency vhich first appears under conditions of low free stream
turbulence. This 15 uhowa in Figure 19, vhere the value of Rg at
vhich oscillations first appear is shown as a function of u! in the
free stream. This plot shows clearly that at lower free stgem

turoulence levels, the waves do not make their appearance until the

- 43 -




;4 - e 2
y g ow | 1!
I
.Jx.
SRR ébe sy
it
m& ghoms daadd ddi
2 Jouns gungqewas
I o EE
+ T4 5!
w TR
TH§r 11033
Tt
iR
: 1
14
v -
an 1
1 aistnds 1 50els st b M Loes * faase aap ey 144
ggs g Ve H - 14 - SO .
gegs yu s a 2 e [ M Sagus 1484y
b b bid o — - p‘ 4= + |58 & + - - 11— it L 4o
29 TSIt PSS sque s tgeUs FRERe B 2435383 1032 y e0e
z  FE 34 _.HANH.@HL..W :T.vﬁx..om- ,......1.._.“1 s fense
1 -0 3 1 P R TR e : e . 1 i
X 8 PnA R 8 § Y ~H apuy sey
| HET I Lo fu3ae p pas T i ghsse
8HH b i g oy g0 L F 1 144 1amd &
o 1 3 HH v..rﬂ..rm 11t n +H : ﬂ...w F ._.nv nmu
runs “ ” agem . asupeerenEs rowd
-t rp s e b IT_.....N (28 o b .
2 rit 11 b= o33 el iaadisepsdsaset 0t
ar i I .T..r e 88 jgE 8 ane +4 1444
o pami T v nene
£ Ho £343: eRes 522! e h i T
- - - "
] kas o S P ++ gl — 1T 1 -+ 44 . umn
e 1 1 1A - R 2o
N e T e N R el
+ oleet e H + tH Sy
° 1 I 1 T y | 8§
1 L 4 b 4 b ¢ L
-8 e i R LT . H
TS 1 s wd §ad i T 1 L any .
aa: s ‘e sl Spngnpps 8 igubefegss v
. & swarey -+ - -4+ e e .
esge 4 snge . bhgad 48 BRIBTH iy hl.-* ;nw 199 sss
.8 .y - - Hﬂ . -t 11111. i ased
- HH AH - 4 i jasegrgs —- (113
- - - el el Lasd & *
it b 1 - R iehe o vm... ks tadnssine - soud gut T4
-4 e e 111 3 b vt bt + v 14 9
5 + -+ 1= 12 - HIFLE e
+ + . . - .
[ o484 1 RO E R A H R R
aisd s dradliede s g hednteiss pieis s atl sopgtiages (TR IsitE!
- 044, tiaeid saedindd . T a4 idghe da
1 . 1 1 a7
! & tpausss siss gadeg pisgssagss geodt
- < — -3 'S paeEn Ry Gy 2pee , -3 b 41
4 Y -+ +} - . .M.. ro bt er e g + ﬁx_x...ll_x v1. 4 n' H
YH sgedis ypshsgnony o ispsanepe
ssegw p + - s apes o -4
L aa2sdfadalalm seadaisiadiss L i Hik
sa L
h He 3 1 + 4 an
11T e : - g -
- T 1L . . T... 1 -+ u
. o4 H -3 8 - by §3203 12085
. —— -
u T "” . - W R el - ol 98 g
4 1 1 T ssadiesnisss e
- M : . H {34 4 - 4 -
H $asssl 11 3 : s§3:es B H {ﬁfu.‘m,.
$ iR R R H : . 44 » L.
e ¥ sheny : 1T 3 -
- - sy a8 3 1 sgesdages 1 L e
. - 3 oe g 4444 244 ' 1 111t ] 1 . T ..*. H i+ 145 +
Btisgii iiatsss 3 i ! il H R t tHtH R
— b (43 1 - * -4 454 ey i b - 4 H
clfm ” ._1 - uu... wphie L.u: shal ‘e - m 441 - b w w 553 IRk 134
. W.d..ﬁ stolaslsimatagisg nuvns 1 1T v ind pdssss: I 1 jai8anugoeiy 38 i - kb =44 41
1y “H . en o ] sty
JA __...u.m »_... - n.L 111# s 1 i 1T 11 2 5 :Im.lw 1 1
txtit i ssansadsasssesssnsss st Hiriiis o olasssasasseshssastdsnsasses: o easssanantanabaenhs 08 o0 4a: 1 H
_ ol e & e e et e i e - e
—r - ; R




P—_— * 4431 i + “ z. = m wu 1 . ooy b A
TR W”.Mux ¥ .m.vr.vlnw. Tanm m.w, ] 1-1 m 1 Pt 1L.Tw %.W wgusbs 44 99
=T + It ne 1 ’e segengepenes 3 TH 196 pasag sigss gous
# cffih B A ifasladyananas akd sa3ge a T4
- . slgpassqesn . 441 +-H 84 p0a o 'S S8 004 -
1 +Inth i -1 il 1 fegds s Hrﬂ,?xm#
[+ 3 HE+ 1l H 1443413 ¥ it g NERSS (RS EY SRSRY 8PPy ey
-4 eiieibl setats! iy L, asdsiiis . - - !...W I s Sndrd
- 14+ 44 .l e e FRA S 85
=1 Fait sestizss tth : e HT .,w.- : :wu. 12 ..ML 14
Rt 4 : HE R R R R R ni e s
— —J1 Seseyss pey SR80 SENR RS KRS 8 +i44 e s bael el sl L
. o] : o AP ISS SERAFSIFLI Y BERIV ARSI YERYT - 1 tensa T
S L o IR L il b e o E R e e
ok 117 HiF 3 r..-w HO 3RS BT RIEES m« muﬁ oio{ﬂmﬂix
o i R e e g (R R TR R T IR
EE s $228 12202 SEAS2 132N Loans 25043 435 A-LM $ : 2 a [seeggaest
V- T bt ¥ 14 - m 8 o ng ey . - = u o b a4 va
st p o EHE L.ﬁw .m\% m_. st R T e e T e 2
. gaasd physisaoqt Cahs po0ps SEeRe (080 sasad bevat pags . S2ads bysds baehsofens s44as Fhapy dends shue]
S35HE SRAS) SIRL (501 TSR LSSROSRR SN BORS 027 43 asd infee dchs iad] satad wmu $i3 fadee
shags steyd piast badidsings sadetich: jaded v 42 o3 5 R fhags s ¥
pad bend ~ ¢ + - - 4t i 4+— po o =
. ™ ISP SRy 5ES P 530G Doy ™ s * r sngpesessmegs spann s T
= Haed HEH il i aE R0 B Rl A i A SR E iRl
1 “r.m»!. - L 1 1 mqu :um_.. w o 121 LA D she syse |-1.. t w4 “ - T i £
.._. wI4Hfu4 - 1t .- SRS SuRAY §i e 15284 6904 e oe +11 ﬂ 41+ -t 4 =4 .
: pegs fhisf il psites 1fam ¢ $33 adsdidtet £ T84 ¢4 133 padzs tE2s caee dlet
gots pegd somns pidey i 1 MLL;ZIL.'_' 15 H ods baass guaad suidyiggns |
- ES$0% SREDN SRS SR4Y b sspmyndfus pudgr guyne s THRRT IR Y T 1898 qu 184 83 » 4
o il o T B jiags T3 saids Besttatads pRasdadtst o sba R i o Hr 13282 85341 pasgaerthi Satfs pat: ‘R ilestsl
i e b I 3 128 +HIH L LS 4 ..uo.—ﬂ 11 x..o!&.l e+t $ -4 -H t“.i YW
i (P Iy na ¥ T 2 & > -y on ok 1us oyt I B808 ¢ 04 =g a
O . B il R s mem fiig sfidi ie kg igshitiish Bhinh
2 bpd 04 o SIS AT SHIEE LI . + [ooit ‘1 -
e i = N [SE5E SO08S EESes S2253 IES] IEES: Fcdd HH04d Bl Shols sf3iispataasciass ”.w figage (38 popk
~g=- . ot -+ - - -t - S Apmas & . e ' 1 804 s
! ._ 5338 fred: So3hd pqand pdass (383 bydas fB1ed faied i i a4y fads e i :
a8 sabeysabay vesus and e Jus b -+ lr.m
s 8809 sdb gl 0gpas as sgia goabiggase iddas i
o3 ur‘ | WH_ 13 T w.s..f..l (Hyis “
=y SATHBRF R SRR - o
34 statiingeidastitiats teiaiTedb ol i0e (ades iB8s!
i g T 314 m.ﬂm.ﬂ ‘Hum. i34 |..m_: -m.. En ]
HE S5 Bt ipih fle i RO Eed BN THE
4T sn0gd phedd 1o98d 3938 208%s dade fa et
- — o » 8y e i
g B I i B A
SRS ¥4 148 B4 [15s TE3R] 211K

g1
i 4.
iy
+

1 rRpe
rr tega
'
1 —.+}
b i e
.- 21
e
4

e

131

It

$

o

=




obeei'vation is made at a higher val.e of RS - This can mean either
that there is some minimum value of free stream disturbance neces-
sary to excite a particular frequency, or that the product of dls-
turbance times amplification at the lower turbulence does not give
a measurable boundary layer wave i.e. one that would appear above
the noise level of the sonic anaslyzer. This latter conjecture is
rather difficult to believe, because, as noted on Figure 1, the
amplification given a disturbance increases many{fold with only a

glight decrease in é&::a' o Assuming that the amplification times

2
the disturbance must iﬁ;ch some value before the wave becumes dis-
cernable, iv is obvious from Figure 1 tnat the amplification in-
creages considerably more than the free stream turbulence and that
their product is ro where near constant, even allowing for some
difference in the initial energy distridbuiion with frequency. It
almost appesrs there is some zinimum.level of free stream distur=-
bance necescary to excite a particular freguency. Al any raie, it

is ar important point to note, that the“vnves appear at a lower

value of RS the higher the level of free stream turbulence. Exira-
Folating this information to consideradbly higher levels of turbulence,
it is apparent that eventually no amplification will be given the
disturbances, and at this level of turbulence the laminar oscilla-
tions will play no part in trancition., This level of turbulence,
however, is considerably higher than had heretofore been thought.

As noted in an earlier section, the photographs from the pancrawic

analyzer were analyzed by comnecting points of equal optical in-
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tensity. If the values are then squared and suitably non-dimen-
sionalized, curves of energy sersus frequency result. To non-
dimensionalize tkese curves, the maximum valur of the squared out-
put at zero frequency wes used. Figure 20 shows the photographs

of Figure 15 analyzed in this manner. A certain amount of Judgment
vas necessary in interpreting the photographs, particularly at the
lower frequencies where the trace from the panoramic analywer never
seemed to burn into the f£ilm with the same intensity a3 at the
higher frequencies, making interpretation comewhat difficult. Also
present, particularly at low values of Ry was a certain amount of
unexplained lov frequency signal, probably due in part to mechanical
vibration of the probe. ~Nevertheless, at higher values of R aul
particularly in the middle range of frequencies (600 to 1500 cycles)
the curves of Figure 20 present a true picture of the growth and
decay of the laminar oscillations. .

It appears that thas low frequency end of the spectrum increessed
rather quickly after the appearance of the wvaves. This is undoulit-
edly due to the distortion of the regular frequency as observed in
the phctegraph of Figure 13. As the amplified frequency continues
to grow, the low frequency erd of the spectrum tends to become con-
stant, and the higher frequancies start to feed off tlw laminar
oscillations. This indicates that the regu.h.r vave in the laxiper
layer cannot undergo further distortion without bursting into random
turbulent motion. Also shown for comparison ave the spectrum curves

for a lowsr level of free stream turbulence. To be observed in this
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case 1s the relative purity of the laminar cscilletions. Bcth with
the low turbulence and the hign turbulence the curve showing the
final spectrum is somewhat misleading with regard to the genera’
level. Once again it must be remembered that all mecsurements ~.e2
taken a fixed distance from the surface and in order tc get a spec-
trum measurexent without any traces of laminar oscillations it was
found necessary to measure 3ome distance following the modification
of the laminar velocity distribution. This, of course, meant that
the value of i_wns considerably less than in previous measurements
and caused the decrease in total energy.

An inctructive way of showing *his data is to Eeparate out from

the continucus specira the energy due to the laminar oscillations.
This is very similar to the methcd used by Rosnko (Ref. 10) for
presenting his data on the development of turbulent motion from a
vortex street in the wake of a cylinder. The situation during
transition {g remarkably similar to couditions in the ifmmediate
vake of a cylinder. Iu both cases, a large percent of the total
energy is, for some distance, concentrated in discrete eddies,
wvhich eventuaiiy decay into turbulence. One of the essential

differences is, of course, that in the case of the laminar layer

the total fluctuation energy ies increesing, wheseas in the case of
a cylinder the energy is decaying. Nevertheless, the analogy is a
useful one.

Figure 22 shovs the methcd used for separating out the discrete

energy caused by the laminar osciliation., It was rather diffiedt
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to decide upon a suitable method because cf the large dirferences
in the curves at the higher frequencies. Admittedly the method
used, as indicated in Figure 22, does not show exactly how much of
the total energy is represented by the laminar oscillations, dut
no other method was found that would adeguately portrey the changes
that occur.

It was found very strikingly that the rise and decay of discrete
energy was independent cof velocity. This is shown in Figure 23,
vwhere discrete energy was plotted as s function of Ry for three
different speeds. Although there is a certain amount of scatter
there seems to be 20 systematic variation with velocity. This
certainly shows tke dependence of the entire phenomenon of transi-
tion on the free stream turbulence and the Reynolds cumber. Figure
19 showed that the Reynolds numher at which the waves appear is a
unique functiion of the free stream turbulence. Figure 23 indicates
that the growth and decay of the digerete spergy in the spectrum is
a function of Reynolds nmumber, independent cf velccity, despite the
fact that the frequency found is a function of the reciprocal of
the velocity squared.

With the different levels of turbulence used, the riese and dscay of
discrcte energy is shown in Figure 24, PFor convenience in comparing
the curves, experimental pointe wer~ cmitted. As anticipated, with
decreasing turbulence, the discrete energy reaches a much greater
percent of the total energy before it starts to decrease and with

lovwzr turbulence the decrease in discrete energy is much slower than
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with greater dezreec of free gtream turbulence.

For comparing the d.fference: in transition at different levels of
free stream turbulence Figures 25 and 26 t=11 +¢hc siory pretiy come
pac‘ely. In each case the total energy, the discrete energy and
the height of the discrete portion above the continuous is plotted
as & function of flat plate Reynolds number., The height of the
discrete portion was, of course, non-dimensicoalized in the same
manner as the curves of Figure 20. As indicated by Figure 25, toe
total energy starte ${C increase the same time the discrete energy
starts to increase. This correcponds to the initial introduction
of the oscillatione into the boundary leyer. The discrete encrgy
qQuickly reaches a peak and starts to decrease, despite the fact
that the amplified waves are still present, as indicated by the
continuing increase in height of the discrete portion. This indi-
cates that the diacrete porticn is feeding energy to the rest of
the spectrum, initially the lower frequencies and finally the
higher frequencies, as discussed above. Eventually the height of
the amplified frequency portion of the spectrum starts to dscrease,
indicating the nscillations are bursting into high frequency tur-
Yulence more rapidly than the oscillations can grow. Following
this, modification o the velocity distribution occurs gquickly, as
the pitot tube pressure rise, shown for convenience, indicates.

In figure 26, the same curvec are showr but for a higher level of
turbulence. Aside from transition occurring further forward on
the plate, miny other differznces are dircernible, The ratio of
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discrete energy to total never becomes very high. Tbis can only
mean thet as quickly as the oscillations build up, they are dis-
torted and quickly feed the rest of the spectrum. It is seen that
the maguitude of the amplified frequeacy hullds up in much the same
manner as with lower turbulence, but the maximum is reached much
faster and the magnitude of the amplified frequency band relative
to the rest of the spectrum decays much more rapidly than with
lover turbuleace.

As indicated above and borne out by thc data, it 1s very incorrect
to speak of transition as occurring at any one point - its begin-
nings occur very far upstream on the plate. Figure 27 shows the
plot of Figure 12 with more of the "landmarks™ of tiansition
ineluded, It is seen that with low purbulence, there is consider-
able distance between the first appearance and the final establishe
ment of the turbulent doundary layer. With higher turbulence,
however, the wvaves are established only a short distance before

the turbulent boundary layer washes away the laminar layer,
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CONCLUSIONS

This inves*igation of the deteils of the boundary layer flow in the

transition region on a smooth flat plate in a zero pressure gradient,

indicated the following conclusions:

1.

Over the range of turbilence investigated, laminar oscillations
Play an integral part in transition.

The frequency which is amplified at a paiticular value of boundary
iayer Reynolds number is determined by the curve of ncutral sta-
bility resulting from the Tollmien-Schlichting theory of laminar
oscilletions. The experiments did not i1udicate alﬁaya the gradual
shifting of the nredominate frequency as indicated by the theory.
At lower levels of turbulence the oacillations appear at a higher
value of boundary layer Re;molds number than at higher levels of
free stream turbulence. Tnis indicates either that the product of
the initiel dietursgnce and Uhe awplification received at higher
valaes otp"_,% with lower free stream turbulence dves notv lead to
an oscillation of any {importance or there is some minimum value
of free streszm turbulence necessary to excite the higher frequen-
cles,

It appears that thé mechanism of transition with lower values of
free stream turbulence is very similar to the deveicpment of a
turvulent wake from the vortex sheet behind a cylinder. The
oscillations appear at sime pcint dsteriinsd by the turbulence in

the free atream, and quickly build up to an appreciable value.
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Shortly after the mppearance .f the waves the rest of spectrum
feeds off the amplified frequency. Tt appears that first the
jower end ¢l the spectrum builds up by virtue of the distortion
of the oscillations. ‘Then the higher frequencies gain energy,
corresponding tc the bursting of the oscillations into turbulence.
The amplitude at the lower frequencies remains fairly constant
during this process. &Shortly after the amplitude at higher fre-
quencies increases, modification of the velocity distribution
occurs.
Free gtream turbulence controls the purity of the laminar oscilla-
tions and the rapidity with which the —est of the spectrum feeds
o’f the oscillations. With lower turbulence, a large percent of
the totali fluctuation epergy in the dbCundary Jever in concentreated
at the oscillaticz freguency, and the procees covers a considerable
dictance on the plate. With higher turbulence ir the free strean,
the rest of the spectrum feeds quickly off of the amplified fre-
quency and only a smail portion of the total erergy ie concentrated
at vhis freguency.

trapolating this information to ever. higher levels of free stream
turbulence than used for the above tests, it is obvious that at
some point the laminar oscillations will play no part in transi-
tion. This level of turbulence, however, is much higher than had
been previocusly anticipateu. Quite possibly at this level of tur-
bulence and beyond, transition is controlled by the laminar e.var-

ation theory proposed by Taylor (Ref. k).
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AFFLICATION TO MODEL TESTING

fhe most importent application of the above work t0 ship model
test work is the importance of the frequency of the distuibarce on
the poeition of transition. In attempting to control the position
of transition on a model, it would appear that introducing the
proper frequency, possibly witb a cylinder of the proper diameter
placed a short distance ahead of the model would be worth inves-
tigation. It would also appear that trying tco rredict the position
o? transition merely fram the level of turbulence present in the
free stream would be somevhat unrelishle in the presence nf vihiraa
tion, ete. A somevhat difficult problem remains in evalusting the
characteristics of the turbulent layer after trensition has occurred,
vwhen the phenomenon is brought about by different means. For
example, in the above testis a certain amount of energy was still
concentrated at a particulsr frequency even after the velocity
distribution hzl been modified. This fect alone would make one
wonder if the turbulent lsyer had the same frictional charactere
istics a given distance following transition irrespective of the
degree of fiec stream turbulence. Certainly the length of the
transition region and the eunergy going into tie laminar oscilla-
tions particularly when the turbulence level 18 low would give
rise to frictional characteristics which could not ve corrected
for merely on the dasis 0f present day formuilae for resistance
with a laminar layer. It would appear that complexity of the
.trt:aitiun process as brought out in this report would make a

atudy of the frictional resistance o2f the transition region a
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vorthwhile area for effort and such an effort would undoubtedly

help to make the corrections for the transition regicii more

|
-
i

reliable.
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