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A simpler but cruder approach to stop the generation of new turbulent
eddies in a turbulent boundary layer is to pull the above mentioned newly
generated turbulent eddies of the form of hairpin type vortices closer towards
the surface by means of relatively strong local suction, thus opposing the
stretching of these hairpin vortices and reducing their kinetic energy.* Expressed
in other words: The vortex Reynolds number (based for example on local velocity
and distance from the wall to the top of the hairpin vortex loop) can be reduced
to sufficiently low values by means of relatively strong suct.on to prevent the
breakup of the hairpin vortices. They would then be dissipated in downstream
direction by viscosity. With the reduced strength of the hairpin vortices in
the presence of suction, the longitudinal vortices induced by them in the laminar
sublayer may eventually become sufficiently weak and stable to prevent the forma-
tion of new turbulent ecddies of the hairpin type. The production of new turbulent
eddies close to the edge of the laminar sublayer would thus be stopped and a new
laminar boundary layer re-established. Rather strong suction would then have to
be applied initially in order to rapidly pull the hairpin vortices towards the
surface to weaken them as fast as possible and to stop the generation of new
turbulent eddies. Reduced suction rates would probably be permissible further
downstream as the hairpin vortices in the lower part of the boundary layer beccome
progressively weaker. The remaining nonsucked turbulent eddies of the outer part
of the initially turbulent boundary layer must be either dissipated by viscosity,
requiring a rather long distance over which relatively weak suction may still

have to be applied, or they may have to be compietely removed by means of suction.

*As verified by smoke flow experiments of Pfenninger in an 8" i.d. 40 ft. long
tube at low speeds.
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completely eliminated.* 1In effect, the 6 db criteria with these high suction
flow rates is equivalent to sucking off the entire turbulent boundary layer
plus the adjacent flow to the distance from the wall where turbulent eddies
from the initially turbulent boundary layer still existed. The different slope
with unit length Reynolds number of the suction flow rates for the data at the
location 24" downstream of the suction region (Figure 9) probably results from
a spreading of the turbulent boundary layer from the mylar strips onto the aft
portion of the suction section at .6 million per foot and above. This turbulent
wedge originating from the non-suction area had no effect on the data at the
stations 3", 6" and 12" downstream of the suction region because it crossed
downstream of these stations.

When transition was caused either by wires or three-dimensional roughness
elements located at a station 20" upstream of the suction region the total turbu-
lent boundary layer thickness was 0.4 to 0.45", as compared with approximately
0.20" when the wire or the three-dimensional roughness elements were located 5"
upstream of the suction area (see boundary layer profiles at the beginning of
the suction region, Figures 3, 4, 5 and 6). For this reason higher suction rates
(ft3/sec) or suction quantity coefficients CQ would be required to re-establish
laminar flow when transition to turbulent flow has been caused further upstream
(see Figure 7). On the other hand when transition is caused by roughness elements
located only 5" upstream of the suction area the turbulent velocity fluctuations
shortly downstream of transition are generally stronger, as compared with the
case when transition is induced much further upstream 20" ahead of the suction
area. Under such conditions turbulent eddies will penetrate relatively far into the
potential flow region (according to observations of the NBS on a flat plate,
Reference 1), and a larger ratio Qu/Qs (ratio of suction quantity Qz to total

flow rate Qo contained in the total turbulent boundary layer) must be applied to

*See hot wire oscilloscope traces on Figure 18 with intermediate suction.
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chamber, 217 in the -econd, and 317 in the third. The corresponding total
suction flow rate was CQ = 0.0216 which was 2.1 times larger than for moderate

to the undis-

suction. (CQ is the average rate of suction inflow velocity v,

turbed velocity U, in the suction area.) This strong suction then removed
more than one turbulent boundary layer thickness in the first 4" wide chamber.
The velocity fluctuations in the turbulent boundary layer upstream of
the suction region were similar to those measured at the NBS under similar
conditions. The maximum turbulent velocity fluctuation at this station was
'

Y u
Y o 7%. With moderate suction a— decreased rapidly in the suction region to
® ’ x /

u ‘max u ‘max
values g = = 3% at the end of the first chamber, U = 1.8% at the end of
cn

u ‘max

U

the vicinity of the wall towards the rear part of the suction region and down-

the second chamber and = 1.27 at the downstream end of chamber 3. 1In
stream of the latter the observed velocity fluctuations were of relatively low
frequencies and resembled those usually observed in laminar boundary layers,
(Figure 13). Suction thus appeared to be effective in suppressing the formation
of new turbulent eddies. In the outer part of the boundary layer in and down-
stream of the suction region, however, high frequency oscillations were observed
with the hot wire in the case of "moderate” suction, indicating the presence

of turbulent eddies irom the nonsucked turbulent boundary layer (Figure 14).
With moderate suction the high frequency velocity fluctuations in the outer

part of the boundary layer in the suction region decreased rather slowly with
increasing distance from the wall to the free stream turbulence level in a
similar manner as in a turbulent boundary layer. It thus appeared that the

flow close to the wall with moderate suction was laminar underneath a layer of
nonsucked turbulent eddies originating from the outer part of the initial turbu-

lent boundary layer.
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20" downstream of the plate leading edge (Figure 15). Strong suction in

[=vo)
the first \ ~ = ,048 | chamber established rather rapidly a laminar
x

u ‘max
boundary layer with rather small velocity fluctuations, | v
\ ‘"
= .010) was primarily

\.
= 0.551/ .
-vo

The purpose of weak suction in chamber 2 <

x
to further reduce the high frequency velocity fluctuations in the outer

part of the boundary layer. The maximum velocity fluctuation in the

/

u ‘max
boundary layer downstream of chamber 2 was Lmax 0.1%Z . Suction in

U
-vo3 =
chamber 3 v = ,010/) did not materially alter the velocity fluctua-
/ £

tions {!éffl ES .062) . It probably would have been permissible to re-

duce suction in chamber 2 and particularly chamber 3 without losing

laminar flow, as confirmed by additional experiments (intermediate suction).
The Figures 11 and 12 present the velocity fluctuations in the

boundary layer in the 100 cps to 5,000 cps band at a station 6" down-

stream of the suction region for moderate and strong suction. Downstream

of the suction region the velocity fluctuations grew rather rapidly.

Figures 13 and 14 present oscilloscope traces for the two typical fre-

quency patterns that existed in the restarted laminar boundary 6" down-

stream for moderate suction. Three oscilloscope sweeps are presented on

each photograph, and in some cases the fading trace of a previous sweep

can be seen. Although the gain has been adjusted to give equal magnitude

signals on the scope, the calculated values of %f of .83% and 2.61%

are indicated on Figures 13 and 14 and correspond to two of the triangle

data points on Figure 11 for moderate suction. The high frequency spike

like traces of the Figure 14 photograph are typical of the outer part of
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a turbulent boundary layer and typical of all the measurements at stations
above the suction screen, indicating the presence of relatively weak turbu-
lent eddies with moderate suction. Increasing the suction rates or moving
further out from the surface reduced the magnitude of these high frequency
oscillations. At 6" downstream, out to about 50 or 60 thousar 'ths of an
inch from the model surface, the boundary layer with moderate suction was
typically laminar with strong low frequency oscillations illustrated by
Figure 13.* A combined consideration of Figures 13 and 14 shows the
following three situations in the boundary layer with moderate suction
after 6" of travel without suction. First, the high frequency oscilla-
tions have been strongly damped near the wall; second, the outer part
of the boundary layer is unchanged and third, strong laminar oscillations
have grown in the re-established laminar boundary layer under the action
of the remaining unsucked turbulent eddies in the outer part of the
boundary layer, and the rate of growth of the laminar fluctuations in
the restarted laminar boundary layer in the nonsuction region is then
more rapid than in an initially laminar layer.

In conclusion it thus appears that relatively strong boundary
layer suction through a porous surface is indeed effective in preventing
the formation of new turbulent eddies and in re-establishing a new laminar

boundary layer. The generation of new turbulent eddies, presumably hairpin

*For this case of moderate suction, there was on the average one turbulent
burst for 5 seconds. The bursts were never caught by any of the 1/100 of
a second scope pictures and, of course, were too infrequent to measurably
influence the velocity fluctuation reading of the hot-wire equipment.




NOR 65-48 (BLC-161)
Page 23

type eddies originating probably in the laminar sublayer can be stopped

by relatively strong area suction over a short distance. This 1s not too
difficult. It addition, however, most of the remaining turbulent eddies
of the initially turbulent boundary layer must at the same time be removed
by strong suction at the beginning of the suction region. The dissipation
in chordwise direction of these residual nonsucked turbulent eddies is
rather slow. Once the generation of new turbulent eddies has been stopped
by means of strong initial suction addit.onal weak suction has to be ap-
plied further downstream in order to reduce the remaining weak disturbances,
which may still exist in the outer part of the boundary layer, as well as
to sufficiently stabilize the laminar boundary layer, until these residual
disturbances have become negligibly weak. Much reduced suction rates
further downstream should stabilize the new re-established laminar bound-
ary layer in such a manner as to prevent a rapid growth of the laminar
boundary layer oscillations and transition.

= 0.71

U
The following experiments verified this reasoning. At =

times 108/ft. the following suction rates were used in the first and
/ =vo -vo
secona chamber: = .048 , < U /) = .012 . The boundary layer
Uy 1 ®/2
velocity fluctuations of Figure 16 downstream of chamber 2 showed laminar

low frequency oscillations with <;-c=)max = 0.367 without turbulent bursts.
With suction in chamber 3 of a magnitude <;§i:3 = .001 the boundary
layer velocity fluctuations remained constant in the suction area 3, in
spite of the growing boundary layer.

Rather weak suction thus was adequate to maintain a newly estab-

lished laminar boundary layer with small velocity fluctuations over a
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layer sufficiently in this area to maintain approximately the same veloc-
/ /
(23

ity fluctuations | U
Ve

)max = 0.45% . In the nonsuction region downsiream
of the suction area the velocity fluctuations with intermediate suction

‘
increased to \y_/o.. = 0.87% 6" downstream of the suction region, and
one turbulent burst was observed every 10 seconds on the average at this
location. High frequency oscillations of relatively low intensity were
observed beyond the edge of the newly established laminar boundary layer,
originating probably from the nonsucked turbulent eddies of the original
turbulent boundary layer.

Vo,
When less suction was applied in chamber 3 U. = -00l1 instead
=

of 0.002) the maximum boundary layer velocity fluctuations increased from

’ /

u_max u_max
U = 0.457% at the end of chamber 2 to N 0.827 at the end of
@

u ‘max
chamber 3 and to = 1.1%2 6" downstream of the suction area, with

turbulent bursts occurring at the latter station every two to three seconds.
The essential features of the process of restarting a laminar
boundary layer with distributed suction are illustrated by the oscillo-
scope traces on Figure 18. These traces are for the intermediate suction
case and correspond to the data of Figure 17. On Figure 18, reading from
top to bottom of a column of traces corresponds to moving downstream at
approximately constant height above the surface, and reading across a
row from left to right is equivalent to moving higher in the boundary
layer at a fixed chordwise location. The significant change in the traces
is the recduction and eventual elimination of the high frequency velocity
fluctuations close to the surface originating probably from the nonsucked
turbulent eddies. The data behind the first chamber exhibit a considerable

amount of high frequency turbulent velocity fluctuations with no significant
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Whether or not it is possible to re-establish laminar flow without
removing essentially the entire turbulent boundary layer by means of suction
depends on: 1) whether or not the dissipation of the remaining nonsucked
turbulent eddies of the initially turbulent boundary layer can be strongly
accelerated perhaps by means of a combination with non-Newtonian fluids, stable
boundary layer temperature gradients, ctc.; 2) whether or not the re-established
laminar boundary layer can be sufficiently stabilized in the presence of the
nonsucked turbulent eddies originating from the initially turbulent boundary
layer by additional means ({or example compliant surfaces, etc.).

The question arises as to how far a re-established laminar boundary
layer can continue before transition to turbulent flow occurs. Figure 21 shows
the growth in chordwise direction of the maximum velocity fluctuations u’max
in the re-established laminar boundary layer versus the length RN '::' ¢
based on the chordwice distance measured from the end of the suction region,
together with the corresponding values u’‘max in the area upstream of the suc-
tion region versus length RN %% (x measured from the plate leading edge). In
order to start with a length Reynolds number of zero the Reynolds number scale
in Figure 21 has been shifted by an amount ARx = 2.25 * Rng to the right, where
8g = boundary layer momentum thickness at the end of the suction plate.

According to Figure 21 the boundary layer velocity fluctuations down-
stream of the suction area with “strong'"” and "intermediate" suction are some-
what weaker and stronger, respectively, than the corresponding values on the
plate in the area upstream of the suction region at the same length Reynolds
numbers Ry and —:f:. Thus, with intermediate suction the boundary layer velocity
fluctuations under the action of the residual nonsucked turbulent eddies increase

Uax '’
with length Reynolds number ‘:" at a somewhat faster rate than in the area

upstream of the suction region, and transition of the re-established laminar
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boundary layer would have to be expected somewhat earlier unless additional
stabilization would be provided by weak suction or flow acceleration. On
the other hand the velocity fluctuations in the newly established laminar
boundary layer with strong suction are weaker than upstream of the suction
region, and the re-established laminar boundary layer would carry at least
as far as in an area of the plate where the boundary layer is everywhere
laminar.

With “moderate” suction the velocity fluctuations induced into the
re-established laminar boundary layer by the nonsucked turbulent eddies are
probably much toc high to enable a long laminar run without a further stabiliza-
tion by means of relatively strong suction, etc.

In order to re-establish an undisturbed laminar boundary layer, after
having become turbulent, which will remain laminar for a considerable length
Reynolds number, it thus appears that it is necessary to remove essentially
the entire turbulent boundary layer as well as most of the turbulent eddies
which penetrate out into the potential flow region, unless more powerful methods
can be established to drastically increase the dissipation of the remaining
nonsucked turbulent eddies (in fluid flows perhaps by the addition of visco-
elastic liquids, or possibly by highly stable temperature gradients within the
boundary layer or very strong local flow acceleration, etc.).

It would be highly desirable to repeat the experiments of this report
in a low turbulence wind tunnel up to much higher length Reynolds numbers on
a low drag suction wing as well as on a suction body of revolution. In principle
the present two-dimensional results should be applicable to the re-establishment
of laminar flow on a body of revolution.

Drag estimates show that the suction quantities and the corresponding

equivalent suction drag required to re-establish laminar flow in the front part
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The wing profile drag of the remaining laminarized wing from O 10 C to the
wing trailing edge is estimated for one wing side: /“Cp_ = 0.00045. The total
wing profile drag coefficient, including the equivalent suction drag, is

Cpe = 0.00045 ¢ CDs = 0.00145 (one wing side). The estimated ccrresponding

value for one side of a fully turbulent wing is: Cp,

oturb = 0.0033. The drag

of a two-dimensional wing with a re-established laminar boundary layer thus
can be reduced by more than 507 provided a large percentage of the k.netic

energy of the suction air, where laminar flow is re-established, can be re-
covered.

Assuming no recovery of the kinetic energy of the sucked air the
corresponding drag values are appreciably higher:

Cpe = CQ * Cps + ACp_ e 0.0027 + 0.00045 = 0.00315
This value is practically the same as for the fully turbulent wing.

The suction rates and the equivalent suction drag required to re-establish
laminar flow far forward on a suction body cf revolution are lower than in the
two-dimensional case of a wing, as long as the diameter of the body at the
location, where laminar flow is re-established, issmaller than the average
body diameter. Assuming transition to turbulent flow on a Reichardt body at
>7. of its length and re-establishment of full length laminar flow beyond 107
body length the total body drag (including the equivalent suction drag) might
be reduced by somewhat more than 607, provided again that a large percentage
of the suction air at the station, where laminar flow is re-cstablished, is
recovered in slots with diffusors.

By far the most economical application of boundary layer sucticr, with
the purpose in mind of re-establishing laminar flow, is in the area of local

disturbances, both on low drag suction wings and bodies. A particularly
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important example has been the re-establishment of laminar flow at the front
attachment or stagnation line of swept low drag suction wings by means of local
suction at the stagnation line (Reference 9). Compared with the total suction
flow rates and profile drag of a swept low drag suction wing the suction quantity
and the equivalent suction drag, due to re-establishment of laminar flow at the
wing attachment line, are negligibl: small.

Other applications of suction to re-establish laminar flow appear less
attractive from a drag standpoint such as in the case of suction on a body of
revolution at several annular stations, or at the downstream end of a region with
an adverse pressure gradient.

In a'l cases the new re-established laminar boundary layer will be first
quite thin and thus rather sensitive to surface roughness. Under otherwise the
same conditions, however, the critical roughness Reynolds number in the re-
established laminar boundary layer should be essentially the same as far the case

of a continuously laminar boundary layer.
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TABLE 1
TRIP NOMENCLATURE
LOCATION
(Inches Ah. d of
NUMBER DESCRIPTION Suction Insert
1 1/2" spaced, .070" dia. spheres 20
2 .020" dia. wire 20

w

3 .020" dia. wire

4 1/2* spaced, .025" high x .050" dia. disks 5







/ /









NOR 65-45 (BLC-161)
Page 39

FIGURE 2: EXPERIMENTAL SETUP AND CHORDWISE PRESSURE DISTRIBUIION

flow —e

Pressure Coefficient (Cp)
+

*
.
~

Leading Edge

/_ ~—- Surface Pressure Oritices

—  Chamber 1

Chamber 2

Chamber 3

|
| Span 2' during original
- experiments--reduced to
M !' to increase suction
i in Chamber 1
O S
-0 - 17 ©|® o —
\
- 30% iy AL NG 1 2 420 ———

Distance from Leading Edge in Inches

0 20

&0 60 80 96

|

-—
< 7
7

}—

I

-meW—-——--‘-\\
-

T

/
&’- Upper Orifice

- ——


































NOR 65-48 (BLC-161)
Page 50

FIGURE 13: HOT WIRE OSCILLOSCOPE TRACES IN RESTARTED _AMINAR
BOUNDARY LAYER 6" DOWNSTREAM OF SUCTION INSERT

.80 + 10® Per Foot Unit Reynolds Number
Moderate Suction (1 burst/5 seconds)

Trip 4

<
"

o= 2.617%

800,000/ft.




NOR 65-48 (BLC-161)
Page 51

FIGURE 14: HOT WIRE OSCILIoOS (0 [.ACES 1M RESTARTED LAMINAR
BOUNDARY LAVER 6" LOWLSIRKEAM OF SUCTION INSERT

.80 - 10% Per Foot Unit Reynolds Number
Moderate Suctic o (! burst/5 seconds)

Irip 4

y = 0,107
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FIGURE 18:
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