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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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