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ABSTRACT 

By means of area suction, laminar flow has been re-established in 

tripped turbulent boundary layers for a unit Reynolds number range from 0.4 

to 1.0 million per foot in incompressible flow. The removal of about 1.5 

times the turbulent boundary layer thickness is adequate to restart a main¬ 

tainable laminar boundary layer. Hot wire observations show tha . the restarted 

laminar boundary layer is generally a composite layer with laminar velocity 

fluctuations from the wall out to about one boundary layer thickness and weak 

turbulent velocity fluctuations in the outer portion. 
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SUMMARY 

Area suction on a flat plate through a porous surface of 2 ft. 

chordwlse length, consisting of three individual suction strips, enabled 

the re-establishment of a laminar boundary layer, after having become 

turbulent downstream of roughness trips, at unit length Reynolds numbers 

of 0.4 • 10^ to 1 * 106/ft. In order to re-establish an undisturbed 

laminar boundary layer, which remained laminar for a considerable distance, 

it was necessary to stop first the generation of new turbulent eddies by 

means of relatively throng suction in the upstream suction region of the 

4n wide strip 1. The remaining boundary layer oscillations had to be decreased 

further by additional weaker suction in the second 8" wide suction strip, 

followed by still further reduced suction rates in the 12" wide third strip 

which stabilized the newly formed laminar boundary layer such as to provide 

extensive laminar flow. The /elocity fluctuations in the re-established 

laminar boundary layer should not exceed 0.57. of the free stream velocitv 

to enable a long laminar run and prevent premature transition with the newly 

establMned laminar boundary layer further downstream, and so lewhat more than 

the total turbulent boundary layer must be removed by means of suction. This 

n suit is not too surprising since the turbulent eddies of the original turbu¬ 

lent boundary layer, which will disturb a re-established laminar boundary layer, 

generally penetrate far into the potential flow field region. Lower suction 

values thpn the above mentioned rates were adequate though to re-establish 

laminar flow; however, the nonsucked turbulent eddies from the original turbu¬ 

lent boundary layer in the case of weaker suction were considerably stronger 

and more frequent and induced rather strongly amplified boundary layer oscil¬ 

lations in the newly established laminar boundary layer, causing premature 

transition 
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Suction thus appeared to be quite effective in stopping the generation 

of new turbulent eddies in the lower part of the boundary layer. The disturb¬ 

ances induced into the re-established laminar boundary layer by the nonsucked 

turbulent eddies, however, presented a much more formidable problem. These 

eddies had to be largely eliminated by means of further increased suction in 

order to achieve extensive laminar flow with the re-established laminar bound¬ 

ary layer. Further progress might be accomplished in this direction if the 

dissipation of these nonsucked turbulent eddies could be accelerated by other 

means, perhaps by adding small amounts of liquids or by means of strongly 

accelerated flow or highly stable temperature gradients in the boundary layer. 

Other more powerful methods than suction alone may enable the stabilization of 

a newly established laminar boundary layer over long distances in the presence 

of the nonsucked turbulent boundary layer, perhaps a combination of suction with 

compliant coatings (if possible, active ones). 
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NOTATION 

b 

S 
CQ 

Qa 

5 

u ' 

u. 

u/U 

-VO 

y 

6 

6* 

0 

V 

span of euction area 

pressure divided by free stream dynamic pressure 

Qa \ /-vo \ 
suction coefficient l, , or \ y J 

00 

suction quantity, ft^/sec, for b = 1 ft. 

volume flow rate contained in the total turbulent boundary layer just 

ahead of the suction insert, ft^/sec for b = 1 ft. 

suction area, 2 ft^ 

root mean square velocity fluctuation in streamwise direction, ft/sec 

free stream velocity, ft/sec 

velocity ratio in boundary layer 

suction inflow velocity (%). ft/sec 

height above surface, inches 

total boundary layer thickness, inches 

boundary layer displacement thickness 
6 

boundary layer momentum thickness, inches; © = J* ^ (l - dy 

kinematic viscosity, ft^/sec ° 

Moderate Suction * one turbulent burst per five seconds at specified 
distance downstream of suction insert 

Strong Suction = velocity fluctuations reduced to 6 db above noise 

level on suction insert 
111 
U. .057. 

Intermediate Suction * velocity fluctuations reduced to * .57. on suction 
insert 

> 



NOR 65-48 (BLC-161) 
Page 4 

« ► 

« 

INTRODUCTION 

The ability to restart a laminar boundary Layer has many important 

applications in boundary layer research, on laminar flow control vehicles 

and in some local regions on non-laminarized vehicles. In boundary layer 

research work, many cases arise where the ability to restart a laminar flew 

would simplify the design and reduce the cost of models. In addition the 

restarting of laminar flow on wind tunnel walls could be important, partic¬ 

ularly in research where acoustical measurements are involved or wherî 

radiated turbulent boundary layer noise is a major contribution to the wind 

tunnel turbulence level. Moreover, on a laminar flow control vehicle, many 

are£<s where laminar flow cannot now be maintained could be re-established 

laminar. With an understanding of the re-establishment of laminar flow, 

compromises in surface requirements at control surfaces, doors or joints 

might be a practical possibility on laminar flow vehicles. On non-laminar 

vehicles, the ability to re-establish laminar flow would be useful in cases 

where the optical, heat transfer or acoustical properties of a laminar boundary 

layer are required in local areas. 

A particularly Important application is the case of a swept laminar 

suction wing, where laminar flow must be first established at the front wing 

stagnation or attachment line at the intersection between the wing and fuse lagt 

or nacelles. At higher Reynolds numbers turbulent bursts at the front attach¬ 

ment line of swept low drag suction w' -«gs have often prevented the maintenance 

of full chord laminar flow. According to hot wire observations (Figure 1) at 

the leading edge of swept wings with and without suction through vertical rose 

slots the turbulent bursts at the front attachment line developed rather suddenly 
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and were generally preceded by a few exponentially growing laminar boundary 

layer oscillations of relatively low frequency. In general the number of 

turbulent bursts at the front attachment line of a swept wing increased along 

the wing span in downstream direction. It appeared that the turbulent bursts 

at the front attachment line were caused by rather strong disturbances as for 

example in Klebanoff's ex eriments on a flat plate, with turbulent bursts 

generated by an electric spark (Reference 1). Vortices, with the axis approxi¬ 

mately parallel to the front attachment line, may have developed in the front 

attachment line boundrry layer under the action of local chordwise fluctuations 

of the front attachment line caused by various kinds of relatively strong exter- 
W£ 

rial disturbances. At sufficiently high boundary layer Reynolds number R6a<£. - ,, 

(W and Õ are the potential flow velocity and boundary layer momentum thickness, 

respectively, at the wing attachment line) the local boundary layer crossflow 

induced by such vortices at the front attachment line of swept wings may then 

become unstable and oscillate with a rapidly growing amplitude to cause turbu¬ 

lent bursts. Disturbances as outlined above, which might induce premature 

local transition at the front attachment line of swept wings, can originate 

among other sources from residual eddies of the initially turbulent boundary 

layer at the front attachment line of a swept wing at the location where lam¬ 

inar flow has been re-established. The question then arises as to how best to 

re-establish an undisturbed laminar boundary, after having become turbulent, at 

the front attachment line of swept wings or in other more general cases. 

In order to answer this question, it appears necessary to have some 

notion about the flow in a turbulent boundary layer and about the mechanism 

of various methods, for example of boundary layer suction, in re-establishing 

laminar flow. 
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According to Klebanofi's experiments on a tui-ulent flat plate (Rti- 

erence 2) or to smoke investigations of a turbulent boundary layer by Head at 

Cambridge some of the eddies of a turbulent boundary layer can penetrate far 

into the potential flow region (y > 1.3 to 1.4 ft). Thus, in order to re¬ 

establish an undisturbed laminar boundary layer without turbulent bursts for 

example at the attachment line of a swept wing, it appears necessary to elim¬ 

inate practically all the turbulent eddies of the initially turbulent boundary 

layer by means of boundary layer suction. In other words suction has to extend 

rather far into the potential flow region beyond the edge of the turbulent 

boundary layer in order to stop turbulent eddies from penetrating into the 

downstream laminar region at the front attachment line of a swept wing where 

they might induce turbulent bursts. 

In order to restart a laminar boundary layer the generation of r.ew 

turbulent eddies must first be stopped. The question then arises as te wht-it 

and why new turbulent eddies are continuously being created in a turbulent 

boundary layer. According to Klebanoff's measurements of the generation of 

vorticity in a turbulent boundary layer (Reference 2) the vorticity production 

has a sharp maximum close to the edge of the laminar sublu,or, and it i^ thus 

suspected that the region at and somewhat beyond the edge of the laminar sub¬ 

layer is probably the "eddy factory" where new turbulent eddies are bei>g 

continuously produced. Energy considerations are probably insufficient to 

obtain a further improved understanding of the mechanism of the generación of 

new turbulent eddies, since these consider only integral effects. Detailed 

correlation measurements in a turbulent boundary layer by Wilimarth <Reference 3' 

between the fluctuating wall static pressure and the turbulent velocity fluctua- 

4* tiors u', V7, w' in three directions have shown relatively large correlation 
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lengths in chordwise and rather short ones in spanwise di 'Ctioe, respect ivr ly. 

Within the inner part of a turbulent boundary layer close to the wall the 

turbulent velocity fluctuations are reasonably well correlated with the fluctu¬ 

ating wall static pressure as well as with the instantaneous velocity gradient 

^ in the laminar sublayer and thus with the local wall surface friction; in 
òy 

the outer part of the turbulent boundary layer this correlation ceased to «xist. 

These correlation measurements seem to indicate a relatively orderly eddy motion 

in the laminar sublayer and the inner part of a turbulent boundary layer. Evi¬ 

dently, according to the correlation lengths observed by Willmarth in chordwise 

and spanwise direction, and to smoke flow observations of Pfennirger in a turbu¬ 

lent boundary layer, the newly created turbulent eddies must be relatively long 

in chordwise and rather short in spanwise direction. According to Willmarth 

the results of his correlation met surements are explainable under the assump 

tion that hairpin type vortices exist in the lower part of the turbulent bound¬ 

ary layer. Under the action of lift and drag forces these vortices are pulled 

away from the surface and stretched in downstream direction. This vortex 

stretching increases their kinetic energy until they become unstable and dis¬ 

integrate a relatively short distance away from the surface, where they loose 

their identity. The mechanism which continu usly creates new hairpin type 

vortices in the lower part of the boundary layer appears to be the induction 

of new longitudinal vortices within the laminar sublayer under the action of 

the preceding turbulent eddies, which seem to be of the form of hairpin type 

vortices in the inner part of the turbulent boundary layer. These newly created 

longitudinal vortices are dynamically highly unstable and will break up soon 

into new hairpin type vortices, and so on. The first hairpin type vortex can 

originate in the transition region for example from a three-dimensional roughness 
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spot, etc. It thus appears that new hairpin type vortices are being continu¬ 

ously generated in the lower part of the turbulent boundary layer under the 

action of the preceding turbulent eddies. 

The generation of new hairpin type vortices ft the upstream and down¬ 

stream end of turbulent spots has been observed during smoke flow observations 

by Pfenninger and W. E. Meyer in a 40 ft. long 8'' i.d. tube at low speeds. 

These hairpin vortices could only be observed close to the surface at the edges 

of the turbulent spot. Further away from the wall the eddy motion became 

irregular, and it was not certain whether or not secondary or tertiary, etc., 

hairpin type vortices developed out of the original hairpin vortex when it 

became unstable and exploded, as stipulated by Theodorsen (Reference 4). Neither 

could it be proven whether or not other than hairpin type vortices developed in 

the boundary layer of turbulent spots. Recent smoke flow observations in the 

same 8M i.d. tube by Pfenninger indicate at least part of the time the presence 

of hairpin type vortices in the lower part of a turbulent boundary layer. 

In principle the generation of new turbulent eddies in a turbulent 

boundary layer can be stopped by artificially inducing longitudinal vorticity 

into the laminar sublayer in such a manner as to compensate everywhere for the 

longitudinal vorticity generated within the laminar sublayer under the action 

of preceding hairpin vortices, for example by means of an active compliant 

surface whose motion would be essentially controlled uy the fluctuating pressure 

forces on the surface. The remaining turbulent eddies further away from the 

surface could dissipate under the action of viscosity. Nature may have applied 

similar principles in the skin of the porpoise. Whether or not man is able to 

make such a scheme work is another question. 
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A tlnpler but cruder approach to stop the generation of new tarbuler.t 

eddies in a turbulent boundary layer is to pull the above mentioned newiy 

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 trards: 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 suction to prevent the 

breakup of the hairpin vortices. They trould 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 eddies 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 %iould 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 %#ould probably be permissible further 

downstream as the hairpin vortices in the lower part of the boundary layer become 

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 cotspietely reiaoved by means of suction.

*As verified by sanke flow experiments of Pfenninger in an 6" i.d. 40 ft. long 
tube at low speeds.
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The dissipation of the remaining turbulent eddies may be accelerated 1"-' example 

by providing a very stable temperature gradient in the boundary layer, er by 

adding a non-Newtonian fluid, etc., in fluid flows. 

Restoration of laminar flow by means of boundary layer sue Lion has bee: 

investigated previously at the Institute for Aerodynamics, Zurich, as well as 

at the National Physical Laboratory, Teddington (References d and b). In the 

Zürich experiments part of the turbulent boundary layer on a fiat plate with 

zero pressure gradient was removed by means of suction through 35 slot .. When 

a large percentage of the turbulent boundary layer was sucked off the boundary 

layer velocity fluctuations in the vicinity of the wall at the downstream end 

of the suction plate, as observed by hot wires, resembled chose usually experi¬ 

enced in a laminar boundary layer. In the NPL investigations a laminar boundary 

layer was re-established on a symmetrical low drag airfoil by means of a single 

suction slot located at 0.20 chord. The boundary layer had been made turbulent 

at 5% chord by means of two- and three-dimensional surface roughness. Extensive 

laminar flow was re-established on this wing at a wing chord Reynolds number 

Rc = 5.7 • 10^ when a somewhat larger flow quantity than the air contained 

within the turbulent boundary layer at the suction location was removed by 

means of succion * 1•3 to 1.4). 

In order to verify the theoretical expectations, as outlined in the 

Introduction, transition experiments were conducted on a flat plate, with area 

suction applied through a porous sheet. 
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EXPERIMENTAL SETUP. MEASUREMENTS 

The experimental setup is shown in Figure 2. A slightly cambered 2 inch 

thick NACA 64 series airfoil of 8 ft. chord and 6 ft. span with a flat lower sur¬ 

face was installed vertically in the Northrop 8x11 ft. wind tunnel. Suction 

was applied on the lower flat surface (called flat plate in other parts of the 

report) through a porous sheet of 2 ft. chordwise length, divided into three 

separate spanwise sections with individual suction chambers of 4", 8" and 12" 

chordwise length. 

Suction started 30" downstream of the leading edge. A small positiv*« 

angle of attack was chosen to provide a slightly accelerated flow on the test 

surface (Figure 2), as measured with static pressure orifices located on both 

spanwise ends of the test area. 

The porous suction surface was a stainless steel cloth with a mesh of 

1200 X 200 wires per inch. This cloth was rolled to improve the surface finish 

and to reduce the permeability to the desired values.* In accordance with the 

anticipated chordwise suction distribution high permeability cloth was applied 

over the first two chambers and a low perneability cloth over the third chamber. 

Maximum suction rates were generally applied in the first chamber, followed by 

decreasing suction rates in the second and third chamber. 

During the first series of experiments the sp suction area was 

2 ft. After discovering that further increased suet re required, 

particularly in chamber 1, to re-establish laminar f. ,er unit length 

Reynolds numbers it was decided to shorten the span cf the suction area to 1 ft. 

Under such conditions turbulent wedges, originating from the outer edges of the 

suction region, caused transverse turbulent contamination and did not permit lam¬ 

inar flow at distances larger than 12 to 13 inches downstream of the suction area. 

*The porous steel cloth was rolled by Mr. A. Glaze of Fort Wayne Metals, Inc., 

3211 MacArthur Drive, Fort Wayne, Indiana. 
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The rolled cloth was stretched over the test surface and was supported 

on machined lands. The suction air was ducted from the porous sheet through 

holes in a thicker inner sheet into the suction chamber and througli suction 

flow metering nozzles. The suction rates of the various chambers could be ad¬ 

justed by means of individual needle valves outside of the wind tunnel test 

section. 

Transition on th* plate was induced by means of various trips 1 to 4. 

Distance Upstream 

Trip No. Description of Suction Insert 

1 0.070" ¢) spheres of 0.5" spacing 20" 

2 0.020" 0 wire 20" 

3 0.020" 0 wire S" 

4 0.025" X 0.050" 0 disks of 0.5" spacing 5" 

The state of the boundary layer was observed at feveral chordwise 

stations and for different suction rates and suction distributions at various 

tunnel speeds by means of hot wires* and a stethoscope connected to a boundary 

layer total pressure probe. The velocity fluctuations in the boundary layer 

were measured with hot wires and the boundary layer profiles by means oi 

boundary layer total pressure tubes as well as with hot wires. Suction was 

first adjusted in such a manner as to allow about one turbulent burst per five 

seconds on the plate downstream of the suction region ("moderate succion"). 

In other cases further increased suction rates ("strong suction") were applied 

to entirely eliminate turbulent bursts downstream of the suction region. 

*Shapiro and Edward' Model A50-C Hot Wire Set. 
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A view from Lhe rear of the model looking upstream is presented 

in Photograph 1. In this picture, trip number 2 (a .020" diameter wire 

running spanwise 20" ahead of the suction section) is evident as well as 

two hot wire probes mounted 2 ft. aft of the test section. Photograph 2 

isa front view of the model in the same configuration. The two white 

areas along the top and bottom of the suction insert are 6" wide mylar 

strips that were taped over the wire cloth to reduce the spanwise suction 

width from 2 ft. to 1 ft. Covering one-half of the test section increased 

the suction velocities such as to enable the re-establishment of a laminar 

boundary layer to a higher Reynolds number. The line down the middle of 

the test section is the vertical joint between the spanwise 12-inch wide 

forward and aft stainless steel wire cloth strips of different porosity. 

Under the front strip, there were two spanwise chambers 4" and 8" wide, 

while the rear strip covered a single 12" chamber. The typically high 

suction inflow operation of the 4" wide number 1 chamber had darkened the 

cloth between the 1/4 inch spaced spanwise supporting lands so that the 

extent of the first chamber and the lands are evident on Photograph 2. 

Though there was a small loss in porosity in the first chamber over a 

period of several hours of operation, most of the loss could be restored 

by flushing the screen with a jet of methy1-ethel-ketone followed by naphtha 

while maii.taining maximum suction inflow. A continuing permeability check 

shewed no measurabl* changes on the second and third chambers. Although 

the vertical joint between the fore and aft cloth strips did not appear 

to influence the flow it v s subsequently filled for ail data runs. The 

wire cloth had some residual waviness from the rolling process that could 
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not be worked out during installation. The .003" spanwise waviness along 

the aft edge of the suction insert had an influence on transition downstream 

until the aft ed^e of the suction insert was lowered by about .002". This 

adjustment gave maximum steps of .002" up and .001" down at the rear edge 

of the suction section. These steps did not influence transition within 

the Reynolds number range of this experiment. 
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EXPERIMENTAL RESULTS 

In order to avoid a negative pressure peak and laminar separa¬ 

tion at the leading edge, the model was installed at a slight angle oi 

attack. The net change in static pressure across the test section was 

2% of the undisturbed dynamic pressure and the corresponding change 

in potential flow velocity 1% of the undisturbed velocity U,, (Figure 2). 

The Figures 3 through 6 show the measured turbulent boundary 

layer profiles at the beginning of the suction region with the fou*- dif- 

Hz? 
ferent boundary layer trips at several unit length Reynolds numbers ,, . 

The suction flow rates required to re-establish laminar flow at 

various stations on the model are shown in Figures 7 through ID.* It 

was arbitrarily assumed that one turbulent burst per 5 seconds could be 

tolerated at the measuring station (Mmoderate suction"). Each point on 

Figures 7 through 10 represents the smallest suction coefficient obtained 

from a series of chordwise suction variations at one unit Reynolds number. 

The optimum chordwise suction distribution for minimum overall suction 

was a function of trip location and type. With trips 1 and 2, the best 

chordwise suction distributions averaged about 70% of the total suction 

quantity into the forward 4" wide chamber and about 13% each into the 8" 

and 12" chambers for the range of Reynolds numbers investigated. For 

trips number 3 and 4, the average distribution of suction quantity was 

60% and 20%, 20% and 40%, 25% and 35% in the first, second and third 

chambers respectively. Specific values of suction quantity and suction 

U» 
*The reader should note that the abscissa scale 
a value of zero on Figures 7 through 9. 

u does not start from 
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distribution at .7 million/ft. unit Reynolds number are listed on Tabl»^ II. 

Variations of about 5% from these best values correspond»»d to a lu?» increase 

in total suction quantity. At the highest Reynolds numbers for which laminar 

flow could be re-established, there was not enough suction capacity in the 

forward chamber to maintain the optimum suction distribution. The suction 

flow rates for these runs are plotted on Figures 7 through 9 to shoo that a 

laminar boundary layer had been re-established, but are conn cted by dotted 

lines to indicate that the chordwise suction distribution was inefficient. 

Figure 7 shows the suction flow rates as a function of unit length Reynolds 

number for trips number 2, 3 and 4 required to re-establish a laminar boundary 

layer that has one burst per five seconds when observed 6" downstream oí 

the suction insert. Figure 8 similarly presents the suction flow rates 

required with trips number 1 and number 2 to restart a laminar layer that 

will carry 12" downstream into a nonsuction region, again with one turbu¬ 

lent burst every 3 seconds. The suction flow requirements for the restarted 

laminar boundary layer with trip 2 to carry from 3" to 24" beyond the suc¬ 

tion area are shown in Figure 9 (one turbulent burst per 3 seconds;. In 

addition the circle data on Figu re 9 present the suction flow rates re¬ 

quired to arbitrarily reduce the hot wire signal to a value 6 db above th»- 

amplifier noise level (strong suction with undisturbed laminar flow). 

With moderate suction high frequency turbulent boundary layer 

fluctuations, originating from the nonsucked turbulent eddies of the 

initially turbulent boundary layer, were observed by hot wires above the 

suction insert. With increasing suction flow rates these hi gh f requency 

fluctuations were reduced to smaller and smaller magnitudes but were never 
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completely eliminated.* In 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 

(ft^/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 Qa/Q6 (tatio of suction quantity (^^ to total 

flow rate Qj 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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re-establish laminar flow when transition is induced close to the beginning 

of suction, as shown in Figure 10. The suction quantities Cq required to re¬ 

establish laminar flow, after having become turbulent, will generally be smaller 

when transition to turbulent flow has occurred close to the suction area, at 

least in the case when transition has been caused by three-dimensional rough¬ 

ness elements. In this case the flow remains either laminar, or transition 

occurs close to the roughness element. In the case of two-dimensional roughness 

strips such as wire transition to turbulent flow will occur primarily as a result 

of amplified boundary layer oscillations in the region downstream of the wire. 

y. 
With increasing unit RN y transition will then gradually move upstream to¬ 

wards the wire. When transition due to the wire occurs at the beginning of the 

suction area (at ^ =- 0.46 • 106/ft with trip 2 or 0.60 • 106/ft with trip 3) 

the turbulent velocity fluctuations at transition are particularly intense1, 

(according to NBS measurements) and turbulent eddies penetrate especially far 

into the potential flow region, requiring higher suction ratios Qa/Q- under 

these special conditions (Figure 10). 

Hot wire measurements were conducted in the turbulent boundary layer 

just ahead of the suction insert, on the suction insert and in the boundary 

layer downstream of the suction area. A frequency range of 100 to 5,000 cps 

was chosen for these data. The three dimensional trip 4 was used since it 

showed very regular suction flow requirements at all Reynolds numbers. On 

Figures 11 and 12, the root mean square velocity fluctuations ~ just ahead 

of the suction insert and on the suction insert at the end of each chamber as 

well as in the non-suction area 6" downstream of the suction insert are shown 

for both moderate and strong suction at a unit length Reynolds number of 

Ü.8 * 10^/ft. Suction was applied over a span of one foot. The suction dis¬ 

tribution for strong suction used 48Z of the total suction quantity in the first 
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chamber, 21% in the ''econd, and 31% in the third. The corresponding total 

suction flow rate was Cq = 0.0216 which was 2.1 times larger than for moderate 

suction. (Cq is the average rate of suction inflow velocity Vq to the undis­

turbed velocity U. in the suction area.) This strong suction then removed 

more than one turbulent boundary layer thickness in the first 4” wioe 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 
u ^ u ^
— » 7%. With moderate suction ~ decreased rapidly in the suction region to

values
u 'max

3% at the end of the first chamber,
u max

1.8% at the end of

the second chamber and = 1.2% at the downstream end of chamber 3. In

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

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 from 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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riij.'ic turbulent eddies probably act on the laminar layer close to the 

surface in a similar manner as a free stream with a relatively high 

turbulence level. Hot wire observations with moderate uction have 

shown indeed a rather rapid increase of the laminar boundary layer os¬ 

cillations downstream of the suction region in downstream direction as 

a result of the presence of these remaining turbulent eddies, (Figure 11), 

and premature trans ion with turbulent bursts was then observed further 

downstream. It thus appeal» that the nonsucked turbulent eddies from 

the original turbulent boundary layer dissipate rather slowly in chord- 

wise direction. In order to establ* h an undisturbed laminar boundary 

layer and to avoid an excessive growth of the laminar boundary layer 

oscillations in downstream direction either a method should be found to 

accelerate the dissipation of these nonsucked turbulent eddies, or suc¬ 

tion may have to be further increased until practically all the turbulent 

eddies of . le initially turbulent boundary layer are removed by suction. 

Figure 12 shows the velocity fluctuations ~ (y) for strong suction in 
^00 

the re-established laminar boundary layer at various chordwise stations. 

The observed boundary layer velocity fluctuations ~ were then much 

smaller, as compared with the case of moderate suction, (Figure 12), even 

at the station immediately downstream of the first 4" wide suction strip 

where strong local suction was applied. In this case the boundary layer 

fluctuations in the nonsuction region downstream of the suction area seemed 

to grow along the chord essentially at the same rate as in the region of the 

Pi ate upstream of the suction area, according to fluctuation measurements 
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20” downstream of the plate leading edge (Figure 15). Strong suction in

a laminar

0.557. y

I-VO, \
the first ^ ^ * ■ .048 I chamber established rather rapidly

boundary layer with rather small velocity fluctuations.

The purpose of weak suction in chamber 2
-V02

\ U-

u max
U,

* .010 I was primarily

m .061 I • It probably would have been permissible to re-

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 ^ « O.IZ . Suction in

chamber 3 (“77^ ■ .010) did not materially alter the velocity fluctua-
u max

tions —
V U.

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 chat 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
iLl

of .837. and 2.6IXsignals on the scope, the calculated values of ^ 

are indicated on Figures 13 and 14 and correspond to ttfo 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 oieasurcnents at stations 

above the suction screen. Indicating the presence of relatively weak turbu­

lent eddies with sKvierate suction. Increasing the suction rates or novlng 

further out fron 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 isodel 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 snderate 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 gro%m 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.
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type eddies originating probably in the laminar sublayer can be stopped 

by relatively strong area suction over a short distance. This is 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 addiLi.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.
U«

The following experiments verified this reasoning. At — = 0.71
u

times 10^/ft. the following suction rates were used in the first and 
/ ~voN f -VO \

second chamber: y u y ” ’ \ U J2 ~ boundary layer

velocity fluctuations of Figure 16 downstream of chamber 2 showed laminar

low frequency oscillations with
Vu.^ax

= 0.36% without turbulent bursts.
/-VO N

With suction in chamber 3 of a magnitude ( ~r* ) = .001 the boundary
\ \Jm/2

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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consid« rab I»* distance, once turbulent bursts were eliminated oy means oi 

relatively strong ujition in the upstream suction areas where the forma¬ 

tion oi new turbulent eddies was stopped When smaller suction rates 

were applied in the second chamber 
’1 

\ U, 
= .044 , KJ 00 1M 

L'- M \ 
= 0.7 10°,'ft., the maximum velocity fluctuations in the boundary 

^ / 
u max 

layer downstream of chamber 2 were reduced to ^17 . The hot 
b op 

wire traces, however, showed spikes, indicating the presence of relatively 

weak turbulent eddies from the nonsucked turbulent boundary layer, as well 

as some turbulent bursts As a result considerably higher suction rates 

-¿ = .0020 I were required in the third suction chamber to keep the 

maximum velocity fluctuations at tbo end of the third chamber at or below 

1?„. The turbulent bursts, however, could not be completely eliminated in 

this case 

The lowest suction rates required to re-establish an undisturbed 

laminar boundary layer through the suction region wer*' obtained with 

- VOj 

"intermediate" suction with the following suction rates = 045 , 

- vo 

U. 
= .005 , 

u. 

-vo 

U, 
= 002 . Trip 4 was used, and the unit length Reynolds 

number was ~ = 710,000 ft. 

Figures 17 and 20 show plots of the boundary layer fluctuations 

— (y) and the corresponding boundary layer profiles with intermediate 
u. ... 

suction at various stations in and downstream of the suction area The 

boundary layer profiles in the suction region in strip 2 and 3 were 

laminar and quite thin. immediately downstream of chamber 1 the maxi- 

uí 
mum boundary layer velocity fluctuations were ' TT" / = O.Ö57, . Sue 

u * max 
u 2 

tion in chamber 2 decreased these fluctuations to — = 0.47% at 

max 

the end of chamber 2 Weak suction in cliamber 3 stabilized the boundary 
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layer sufficiently in this area to maintain approximately the same veloc-

Ity fluctuations „ I ft 0.45Z . In the nonsuction region downstream 
\ U*ymax

of the suction area the velocity fluctuations with intermediate suction 

Ua»/max “ 0«87Z 6” downstream of the suction region, andincreased to

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.

E 0.002^

When less suction was applied in chamber 3
-VO

1
\ U, * .001 instead

of

u 'max
the maximum boundary layer velocity fluctuations increased from

u max
0.43Z at the end of chamber 2 to ^ * 0.827. at the end of

u max
chamber 3 and to “ I.IZ 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 leuainar 

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 isoving higher in the boundary 

layer at a fixed chordwise location. The significant change in the traces 

is the re.'uction 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 

aiBount of high frequency turbulent velocity fluctuations with no significant
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r.'duction o£ oscillation frequency near the model surface. The tact 

that the magnitude and the frequency spectrum oí these traces correspond 

to the outer portion of the tripped turbulent boundary layer suggests 

that the strong suction in chamber 1 removes the lower portion ot the 

turbulent 1 lyer completely. At the aft end of chamber 3 where the suction 

inflow is more nominal and extends ove" a longer chordwise length (1 ft.), 

the turbulent oscillations are definitely reduced and at 6" downstream of 

the suction area the flow is laminar with no high frequency fluctuations 

near the model surface. The fact that some turbulent vorticity persists 

in the outer part of the restarted laminar boundary layer is again indi¬ 

cated by the right hand trace of the 6» downstream data. The unsymmetri- 

cal shape of the turbulent traces with the high frequency spikes moving 

up to indicate a velocity reduction is typical of hot wire observations 

in strongly sucked turbulent boundary layers throughout this investigation. 

Overall, figure 18 graphically illustrates the effects of the application 

of strong suction to remove the turbulent boundary layer and prevent the 

creation of new turbulent eddies, presumably of the form of hairpin vort.jes 

near the model surface for the purpose of restarting a laminar boundary 

layer. 

Figuxe 19 shows a logarithmic plot of the maximum boundary layer 

u / ma X 
velocity fluctuations — at various chordwise locations in the suction 

area versus the suction quantity coefficient CQ (based on span of suction 

area and total chordwise length (2 ft.) of suction region) of the suction 

area upstream ot the corresponding measuring station for moderate, inter¬ 

mediate and strong suction. Trip 4 was used The unit length Reynolds 
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numbers were öüü,ÜUU/ft. for moderate and strong suction, and 71U,UUU/It. 

for intermediate suction. With increasing suction rates the maximum 

boundary layer velocity fluctuations decreased raj idly at all measuring 

stations. The somewhat higher suction rates required to maintain a cer¬ 

tain maximum boundary layer velocity fluctuation at the end u. chambers 2 

and 3, as compared with the station at the end of chamber 1, are partially 

explainable by the fact that weak additional suction in chambers 2 and 3 

was required to avoid a growth of laminar boundary layer oscillations in 

this area. In addition the data Figure 18 show that for the same value 

OÍ t, thG stron8th of frequency (turbulent) fluctuations is reduced 

in chambers 2 and 3, as compared to chamber 1. 

In order to carry a reasonably undisturbed laminar boundary layer 

over longer distances the maximum boundary layer velocity fluctuations 

should probably not exceed those measured with intermediate suction 

u max 
U«, s 0.5% . The corresponding suction rates which are necessary to 

u ; X 
maintain a maximum boundary layer velocity fluctuation - = 0.5% at 

U « 

the end of the first, second and third suction chamber with trip 4 are 

then 5%, 15% and 28% larger, respectively, as compared w^th the total 

suction quantity in all 3 chambers with trip 4 and moderate suction, as 

shown in Figures 7 and 10. These suction rates are somewhat larger than 

the total flow volume Q¿ contained in the initial turbulent boundary layer 

with trip 4; i.e. somewhat more than the total turbulent boundary layer 

must be removed by suction if an undisturbed laminar boundary layer must 

be re-established which can carry for a considerable distance without 

becoming turbulent. 
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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 reotaining 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, etc.; 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 (for 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 chordwlse direction of the maximum velocity fluctuations u'max
UAx*

in the re-established laminar boundary layer versus the length RN ^ ,

based on the chordwiLe distance measured from the end of the suction region,

together with the corresponding values u'max in the area upstream of the suc-
Ux

tion region versus length RN ^ (x measured from the plate leading edge). In 

order to start with a length Reynolds numbt r of zero the Reynolds number scale 

in Figure 21 has been shifted by an amount ARx ■ 2.25 ' >^ight, where

d£ • boundary layer SK>mentum 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 
UAx'

numbers R^ and ^ . 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 urea 

upstream of the suction region, and transition of the re-established laminar
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boundary layer %N>uld 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 too 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



NOR 63-4« ( FLC- lb 1 ) 

Page 3U 

ut a wing are quite high and largely compensate for the reduction in friction 

di.ig (Reference 6) unless most of the rather large kinetic energy of the sucked 

turbulent boundary layer is recovered. In this case it is preferable to apply 

strong suction first through a few individual suction slots, shaped as diffusors, 

followed by weaker suction either through a series of slots lshaped if necessary 

as diffusors) or a porous or perforated sheet. Suction experiments with individ¬ 

ual slots shaped as diffusors (References 7 and 8) have shown pressure recovery 

factors of the order of 70* to 80*. Another method to recover most of the kinetic 

energy of the suction air of the original turbulent boundary layer might be to 

strongly decelerate the flow at the beginning of the suction region, where strong 

suction is applied. (Instead of decelerating the sucked turbulent boundary layer 

in slot diffusors it is probably more efficient to rapidly decelerate the turbu¬ 

lent boundary layer in the first part of the suction region, with suction applied 

for example through several individual slots and chambers.) 

A drag estimate is shown for a two-dimensional wing with a re-established 

laminar boundary layer. The following assumptions are made. 

Wing chord RN Rc = 50 • 10^ 

Transition to turbulent flow at 0.05 C 

Suction rate to re-establish laminar flow at 0.10 C (Qa^ 10 C ~ 1,2 

With e0.i0 C * 0*00°l7 * C, (C « wing chord) 

o 
C0 - fi-- * 0.0027 
^ U. Swing 

With an average kinetic energy of the suction air of 0.84 • q,, and a pressure 

recovery factor T] « 0.75 of the suction air the pressure rise coefficient 

C * to accelerate the suction air to free stream velocity U. is: 

pg q« 

C- ■ (1 - 0.84) ♦ (1 - 7|) 0.84 * 0.37 
pg 

and the equivalent suction drag is 

CD * CQ ' cpg “ .00100 (for one wing ^idei 
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The wing profile drag of the remaining laninarlzed wing from 0.10 C to the 

wing trailing edge is estimated for one wing side: ■ 0.00045. The total

wing profile drag coefficient, including the equivalent suction drag, is

* 0.00045 ♦ COg * 0.00145 (one wing side). The estimated corresponding 

value for one side of a fully turbulent wing is: ^ 0.0033. The drag

of a t«K>-dimensional wing with a re-established laminar boundary layer thus 

car. 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:

* Cq * Cp^ ♦ £,Cd^ » 0.0027 ♦ 0.00045 « 0.00313 

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 of 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, is smaller than the average 

body diameter. Assuming transition to turbulent flow on a Reichardt body at 

5Z of its length and re-establishment of full length laminar flow beyond lU? 

txidy length the total body drag (Including the equivalent suction drag) might 

be reduced by somewhat a»re than 607., provided again that a large percentage 

of the suction air at the station, where laminar flow is re-ostablished, 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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imporcant example has been the re-establishment of laminar flow at the front 

attachment or stagnation line of svrept low drag suction wings by means of local 

suction at the stagnation line (Inference 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 negligibly sisall.

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 all 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

NUMBER

TRIP NOMENCLATURE

DESCRIPTION

LOCATION

(Inches Ah< ui of 
Suction Insert

1

2

3

4

1/2” spaced, .070" dia. spheres 

.020" dia. wire 

.020" dia. wire

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

20

20

5

5
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PHORI. <APH 1: EXPERIMENTAL SETUP IN NORTHROP « x 11 ft. WIND TUNNEL
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FIGURE 1: HOT WIRE OSCILLOSGUPE PICTURE OF TURBULENT BURST
AT FROM ATTACHMENT LINE OF SWEPT WING

/\/\/\/\/\/

Sine Wav<‘ Ref•■rence 

Fro<iui'ncy = 300 cps
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riCURE 2: EXPERIMENTAL SETUP AND CHOKDWISE PRESSURE DISTRIBUTION
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FIGURE 7: SUCTION REQUIRED FOR RESTARTED LAYER TO CARRY 
6" DOWNSTREAM VS. UNIT REYNOLDS NUMBER 

MODERATE SUCTION (1 BURST/5 SECONDS) / 

y 
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FIGURE 8: SUCTION COEFFICIENT REQUIRED FOR RESTARTED LAYER 
TO CARRY 12** DOWNSTREAM VS. UNIT REYNOLDS NO. 

TRIP 

O 2 wire 20'* upstream 

A 1 spheres 20" upstream 

P 
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1 

* 

FIGURE 9: SUCTION REQUIRED FOR RESTARTED LAMINAR LAYER 

TO CARRY VARIOUS DISTANCES DOWNSTREAM 

VS. UNIT REYNOLDS NUMBER 

Probe Location 

O Aft Edge of Suction Insert 

A 3** Downstream of Insert 

Q 6" Downstream of Insert 

V 12" Downstream of Insert 

O 24M Downstream of Insert 

Suction 

Strong 

Moderate 

Moderate 

Moderate 

Moderate 

No turbulent bursts 

1 burst/5 second^ 

Trip 2 
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FIGURE 10: HEIGHT OF SUCKED LAYER REQUIRED 1 OR U\M1NAK 
RESTART VS. UN1I' REYNOLDS NUMHEK 

Trip Probe- Location 

1 

2 

3 

4 

12M Downstream ol Insert 

12" Downstream oí Insert 

bM Downstream ot Insert 

6" Downstream oí Insert 

Moderate Suction 11 burst/i seconds) 
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TRIP 4 -/00 TO 5000 C RS 
MODERATE (/BURST/5 SECONDS) S'-' / ■OA/ 



FIGURE 
VELOC/TY FLOCTUAT/OA/5 

/A/ SOU/YDA# Y LAYE# 
7Ve//C» ^ /00 TO SOOO c/>5 
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FIGURE 13: HOT WIRE OSCILLOSCOPE TRACES IN RESTARTED .AMINAR
BOUNDARY LAYER 6" DOWNSTREAM OF SUCTION INSERT

.80 • 10^ Per Foot Unit Reynolds Nuaber

Moderate Suction (1 burst/5 seconds)

Trip 4

y » 0.025"

u: 2.617.

— » 800,000/£t. 
V

AA\V-

L -yvAv'/
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FIGURE 14: HOT WIRE OSCll.l.OS'.nri:; J :VX£S ir: RESTARTED LAMINAR
BOUNDARY L-XYER 6" IXJWNSIREAM OF SUCTION INSERT

.80 • 10^ Per Foot Unit Reynolds Number

Moderate Suctii, i < 1 burst/5 seconds)

Trip 4

y = 0.1U7"

— = .83y 
u

■ Y

i- ^
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FIGURE 15: LAMINAR BOUNDARY LAYER VELOCITY FLUCTUATIONS 

20" DOWNSTREAM FROM THE PLATE LEADING EDGE 
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FIGURE 16: BOUNDARY LAYER VELOCITY FLUCTUATIQNS WITH IN THE 

REGION OF THE THIRD CHAMBER HELD CONSTANT TO 0.367. 

Band 
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FIGURE 17: BOUNDARY LAYER VELOCITY FLUCTUATIONS AT VARIOUS CHOFOWISE 
* STATIONS IN AND DOWNSTREAM OF THE SUCTION AREA 

AND "INTERMEDIATE" SUCTION 

Uo 

V 

» .045 

O Downstream of 

A Downstream of 

□ Downstream of 

V 6" Downstream 

O Downstream of 

X Downstream 

U. 

Chamber 

.005 

1 

Chamber 

Chamber 

Chamber 3 

.002 

.001 

.71 X 106/ft. TRIP 4 1 to 10,000 cps 

iL asa 
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figure 18: hot WIRE OSCILLOS( OPE TRA(.t.b Wl.it i.\ lEKMEhlATL
SUCTION AT VARIOUS CHOKliW'i .',1; LOI.AT10NS

: to 10,000 cps, — -- .un.
u *
~ » .71 X lo'^/ft.

TRIP 4

H 2

Vu
Mc

a
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FIGURE 19: VARIATION OF THE MAXIMUM BOUNDARY LAYER VELOCITY FLUCTUATION 

AT VARIOUS CHOKDWISE LOCATIONS VS. Cq AND Qa/Qb 

o 
A 
0 

Down ht ream of Chamber I 

Downstream of Chamber Z 

Downstream of Chamber 3 

I-1-1-1-1-1-1 
0 1 Ss 2 3 
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FIGURE 20: BOUNDARY LAYER PROFILES WITH INTERMEDIATE SUCTION 

U. , 
— s .72 X 10 b/ft. 
V 
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FIGURE 21: CHORDW1SE GROWTH OF THE MAXIMUM BOUNDARY LAYER 
VELOCITY FLUCTUATION u' UPSTREAM AND DOWNSTREAM max 

OF THE SUCTION REGION 

I 




