






mounting moved downstrcam from the ribbon 
while the amplitude of t he ribbon remained 
fixed . :Figure 37 shows thc same condition but 
for the two traccs photographcd scparately in 
order to eliminate the dotting effect of the elec­
tronic switch. The diffcrcnce in the appearance 
of the records in these two figures is due more to 
the different magnification than to the character 
of the traces. Since the frequency of 70 cycles 
per second is amplified by the boundary layer , 
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velocity at the hot wire. The percentage are the 
same for all records in figure 36 . 

:For fluctuations as large as most of those 
shown , it is not possible to indicate the zero- 0[' 

mean-velocity position of thc t racc. Tbis is 
because of the nonlinear characteristics of the ho t 
wire which produces greater displaccments of the 
trace for velocity decreases than for illcrca es. A 
certain amount of distor tion and ome errol' in 
the records will result from this effcct. It 
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FIGUHE 37.- 0scillograms of u-fluctuations showing development of tU1'bulence fro'll! oscillations produced by 
vibrating ribbon placed 3 ft from leading edge of plate. 

Frequency 70 cps. Uo= 50 ft/sec. 

the amplitudc increases downstream and increas­
ing distancc is in one respect lilce increasing ribbon 
amplitude in figure 35. The two cases are not 
equivalent, however, because the boundary-layer 
thickness increases from record to record in 
figures 36 and 37. 

:From calibration data, obtained in connection 
with figures 36 and 37, i t was possible to relate 
two particular displacements on the record to a 
percentage change in the mean velocity at the 
position of the wire. These two percentages arc 
indicated at the right of each trace, an upward 
displacemen t indicating an increase and a down­
ward displacemen t a decrease from the mean local 

Laminar Boundary-Layer Oscillations 

certain, however, that crests are above the mean 
velocity while t roughs are below the mean and 
the distance between the two is approximately the 
double amplitude. The scale at the right fur­
nishes a measure of the double amplitude. 

In the succession of changcs OCCUlTing from 
point to point through the transition region , the 
oscillations first increase in amplitudc and, once 
large, undergo increasing amounts of distortion. 
Turbulence appears at first in short intervals of 
the trace and finally for the full length of the trace. 
Randomness occurs gmdually , and this suggests 
a con tinuous transiLioll from wave to turbulen t 
motion. It is not difficult to Imagme a process 
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here like t,hat often assumed for the formation of 
eddies from a free vortex sheet. The sheet is 
imagined to take first a wavelike character, then 
tiS the Wfive grows, to curl up into discrete eddies. 
The disturb ed laminar boundary layer may be 
regarded as a wavy vortex layer wi th the wave 
progressively increasing in amplitude and dis­
torting until discrete eddies are formed. The 
eddies themselves are unstable and soon break up 
in to a diffusive type of motion which characterizes 
turbulent flow . If the validity of this picture is 
granted, tnmsition is understood when the wave 
motion is understood . All und erstanding of 
transition is therefore close, but only close because 
the wave motion is understood only when the 
amplitude is small . Furthermore, the important 
question, concerning where along the surface 
eddies first form , is s till unanswered. 

Another process may also be imagined. It will 
be noted in figures 35 to 37 that transi tion takes 
place in a more orderly manner at the greater 
distance from th e surface. Here turbulence 
appears in certain parts of the wave cycle, gener­
ally in the sharp-poin ted low-velocity part of the 
cycle. This behavior lends support to the view 
held by some investigators that transit ion occurs 
when the flow comes to rest or reverses direction 
near the surface (separation point). vVhile the 
ampli tudes shown do no t reach the necessary 100 
percen t , it seems possible that this value would 
be found at some point n earer the surface. Against 
this argument is the fact that the records made 
nearer the surface do not show the turbulent 
bursts confined to the low-velocity side of the 
cycle. The argument is fu r ther weakened by the 
possibility of accounting for the observed effects 
at the greater y-values by the difference between 
the distribution of mean-velocity characteristic of 
a laminar layer and that characteristic of a 
turbulen t layer. This is to say, that th e observed 
effect is caused by the turbulence rather than a 
cause of the turbulence. 

The idea of transition by separation has been 
formulated by Taylor [1] by assuming inter­
mittent separation or near separation to be caused 
by the local pre EEure gradients accompanying 
disturbances. The assumption is that separation 
is imminent when the Karrran-Pohlhausen para­
meter A, derived from preEsure gradients either 
steady or fluctuating, reaches a certain negative 
value. A steady adveree pressure gradient large 
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enough to cause laminar separation is known to 
bring about transition ra ther than complete 
separation when the R eynolds number is suffi­
ciently high . By analogy, intermitten t separa­
tion is supposed to have the same effect. For 
isotropic turbulence in the surrounding flow the 
fluctuating pressure gradient is known in terms of 
measurable quantities, namely, u' and the scale. 
Taylor'S relation is 

U'( X)I/5 
UO L = F(Rx ) , 

,,,here L is the scale, aIld F (Rx) expresses a func­
t ion of the x-Reynolds number of transition. 

In essence Taylor's relation rests on the concept 
of velocity fluctuations impressed on the boundary 
layer from pressures outside. When velocity 
flu ctuations belong to the ll a,tural wave in the 
boundary layer, Taylor's relation can have little 
bearing on the problem. There is therefore no 
theory connecting oscillations to transition. The 
idea of transition by separation leads to the con­
cept that transition resdts when the u-component 
of the wave gets sufficiently large to reverse the 
flow near the surface. A lack of knowledge re­
garding large-amplit ud e waves results in a lack of 
information concerning the point where transition 
will occur. 

It has not been proved tha t separation is a neces­
sary condition for transition. Figure 11 , where a 
slight reversal near the surface is indi cated by a 
frequency doubling in the lower part of the cycle 
in the trace at 4 feet, gives evidence that reversal 
alone is not a suffici en t condition . P erhaps the 
former pi cture, based on the analogy to the vor tex 
sheet is the more accurate one. 

Since the Taylor relation is not applicable whell 
transition results from amplified waves, the 
average scale of the initial disturbance is impor­
tant only insofar as it is related to the spectrum of 
the disturbance. The freq lIency distribution of 
the initial di sturbance is of great importance, 
since amplification finally selects only a very 
narrow band of frequencies from all those initially 
present to bring about transition. The presence 
or absence of frequencies near this amplified band 
is obviously more important than the total energy 
of the di sturbance. 

Only on the basis of certain prominent frequency 
bands in the stream turbulence can fi gure 7 be ex-
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plaincd . The reasoning is as follows: If no disturb­
ances were presen t, theoretically transition should 
no t occur. The pairs of curves in figure 7 should 
then a pproach R x= co for zero turbulence. On 
the basis of amplification of initial distrubances in 
which all frequen cies are present, equation 33 
suggests that the curves defining the transition 
region should fall rapidly at first and then at a 
progressively diminishing rate as the turbulence 
is further increased. Actually, the opposite trend 
is shown in fig m e 7. Figure 8 shows that not all 
frequencies are represented alike and, furthermore , 
t hat noise is responsible for many of the peaks 
shown. As the presen t tmbulence was decreased 
by the addition of damping screens, the ratio of 
noise to true tmbulence was increased. "\Vhile 
t he total energy of the distrubance was decreased, 
the energy in certain frequ ency band may ac­
tually have been increased. A redu ction of 
noise might have greatly altered figure 7. 

IX. Conclusion 

Laminar boundary-layer oscillations are the 
velocity flu ctuations that resul t from a wave 
traveling downstream thl'Ough the boundary layer. 
The ch aracteristics of this wave have ·been meas­
med and good agreement with theory has been 
obtained. The wave may be set up either by a 
vibrating object in the boundary layer, such as a 
vibrating ribbon , or by di sLurbances from the 
outside, such as stream turb ulence and so und. 
When t he disturbance is random or nearly ran­
dom and contains many frequencies, amplification 
and damping isolate a wave containing a narrow 
band of frequencies in th e neighborhood of the 
frequency most highly amplified. 

A wave in the boundary layer constitutes a 
disturbance that will cause transition on a flat 
plate with zero press ure gradient when the ampli­
tude is sufficien tly large. A sufficien tly large 
random disturbance will also cause transition. 
When l"andom initial distrubances are so small 
t hat transition is delayed until values of R > 2,OOO 
have b een reached, sufficient amplification can 
occur from the experimen tally established lower 
limi t R = 450, to R >2,OOO to give rise to a recog­
nizable oscillation. Larger initial disturbances 
obscure the oscillations by irregular fluctuations 
of comparable magnitud e. 

Natural disturbances may be sound waves as 
well as turbulence . Turbulence genera.lly has a 

Laminar Boundary-Layer Oscillations 

more n early random distribution of energy with 
frequ ency tban sound. In v iew of t ile importance 
of frequ ency, sound disturbances wi tll a COJlceJl­
tration of energy in frequency bane! that a rc 
highly amplified by the boundary layer may be 
more conducive to early transit ion th an Lurbu­
lence. This is important in free flight where 
turbulence is probably negl ig ibl e bu t wh crc CllO'inc 
and propeller noise is presen t in large amoun ts. 

The effect of pressure gradien t on Lhe osc illat ions 
is a practicably important phase of the problem 
about which more should be known. Little more 
has b een donc here than to show the direct ion of 
th e effect and to give some idea of i ts magnitudc. 
The results arc in accord with t heory, whi ch also 
is incomplete in this respect. 

Other aspects of the problem remain to be in­
vestigated. One of these having practical impor­
tance is the effect of curvature. The importance 
of boundary-layer oscillations on a irfoils canno t 
be determined until cffects of curvature as well 
as pressure grad ient are known. Ot her quantit ies 
associated with the wave bu t not investigatrcl a rc 
v and uv. A study of these q uan tities would be 
interesting as a fur ther check: on the theory , 
although hardly necessary to identify the oscilla­
t ions and th eir characte ristics in v iew of the infor­
mation derived from studies of u. 

It is possible that boundary-layer oscillat ions 
may arise from internal disturban ces as well as 
from external disturbances- that is, from surface 
irregula ri t ies and v ibrat ion of the surface. A 
randomly distr ibu ted small roughness may pro­
du ce effects similar to small amounts of t urbulence 
in the a ir stream . Small ridges or waves in the 
surface may star t oscillat ions wh en the spacing is 
ncar some amplified wavelength. Vibration of 
the surface, like so und, may produce oscillat ions, es­
pecially when the freq uency is ncar some amplifled 
oscillation frequency. An investigation of Lhese 
and other phases of the problem will thro\v addi­
t ionalligh t on the important problem of transition . 
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