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CHAPTER I 

INTRODUCTION 

One of the most critical problems facing the aircraft industry today 

has been the problem of reducing the high landing and take-off speeds of 

modern day military and commercial aircraft without sacrificing high 

cruising speeds and high altitude performance. Lower landing speeds 

would mean an increase in safety in the landing phase of flight and a 

decrease in the cost of operation. Safety, in that a man would have more 

t i me to apply a correction for errors in flight path and the aircraft 

would have more time to respond to the correction. The cost of operation 

would be decreased, in one respect, by a considerable saving in the re­

quirement for a continued program in designing a complex and expensive 

braking system. With lower speeds , wear of brakes and gear would also 

be reduced. Too, the necessity of having to extend existing runways, 

or having to move to new locations when there is not enough land available 

to accomodate high speed aircraft would be alleviated. 

Of course, aeronautical engineers the world over have been striving 

to obtain the optimum airplane. Militarily, this would be an aircraft 

that would meet all the requirements with as small a gross weight as 

possibleo Commercially, it would be an aircraft designed for minimum 

operating cost. (Perkins, page 206). There have been many advances 

made towards the realization of such an aircraft. One of the many methods 
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that have been employed to obtain better performance of an aircraft has 

been that of reducing its total drag. That is, with less drag, th~re 

would be ,a proportionately less amount of thrust required, thus result-

ing in an increase in performance. 

The drag of an airplane consists of the induced drag, frictional 

drag, and the form or pressure drag of its wing, fuselage, tail unit, 

and other prominent components. Investigations have shown the frictional 

drag to be the main portion of the total drag. Hence, the reduction of 

surface friction has been of considerable importance. (Pfenninger, 

page 1). Large reductions in frictional drag have been obtained by 

boundary-layer-control using area suction. (Schlichtiqg, page· 2J9). 

However, in proposing a method of boundary-layer-control by area suction, 

the greatest objection has been to the added weight required for the 

suction equipment and du~ting. So that even though performance was in-

creased, the payload and range were reduced because of the added equip-

ment required for suction. Also, the power used in suction to decrease 

' 
the drag might be used more advantageously in the output of the engine 

in obtaining a better performing aircraft. 

If a point could be found, such that the benefit derived from the 

total drag reduction by area suction would just balance the power re-

quirements for boundary-layer-control, then perhaps a system based on a 

condition of this nature might be economically acceptable to the air-

craft industry. If such a condition could be found to exist, then not 

only could better performance be obtained, resulting in lower approach, 

landing and take-off speeds; but, the saving in weight would allow for 



an increase in payload or an increase in range which would increase the 

over-all performance of. the aircraft, 
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This was the objective of this paper; namely, the investigation of 

the possibility of an equilibrium point existing between the power re­

quired for boundary-layer-control, using area suction, and the drag re­

duced; such that, the power expended would be a minimum. _ If an equ:ilib-

_ rium point described existed, and a satisfactory increase in performance 

could still be realized, then we would be one step closer to the solu­

tion to one of the aircraft industry's most pressing problems which has 

been that of trying to optimize the performance of an aircraft in as 

many phases of flight as possible without making extreme compromises in 

different regimes of flight. 



CHAPTER II 

PREVIOUS INVESTIGATIONS 

The first fundamental investigation of boundary-layer-corttrol by 

suction was perform«;:d by L. Prandtl in the early part of the twentieth 

century, only forty-six years ago. His results, performed on a circu-

lar cylinder, showed that the flow was influenced by the suction and 

that the flow adh<=rred to the cylinder for a greater distance along the 

surface in the direction of flow. (Schlichting, page 36). Then in 1928 

the assumption was first expressed by B. M. Jones that a laminar boun­

dary-layer might possibly be maintained fora longer distance over an 

airfoil with boundary-layer suction which would reduce the drag due to 

friction on the airfoil. (Pfenninger, page 28). Later, L. Prandtl 

calculated the laminar boundary-layer with suction for a pressure increase. 

Since those first investigations, the results from both theoretical 

and experimental investigations have shown conclusively that a sizeable 

reduction in dr,;1.g can be obtained by controlling the structure and the 

growth of the boundary-layer on a wing by the application of suction, 

Some of the men that have contributed greatly to a better understanding 

of this phenomenon, other than Prap.dtl, are H •. Schlichting, l-1.P. Pfenninger, 

Th. vonKarman, Ackeret, A. Raspet, Iglish, and Schrenk to mention a few. 

In their investigations, they hav~ established the now well-known 

fact that laminar flow can support only a small adverse pressure gradient, 

4 



but a turbulent flow can overcome a much stronger pressure gradient; 

that. is, separation can be shifted further downstream on an airfoil 

by causing an early transition from laminar to turbulent flow. How­

ever, the velocity gradient at the surface in a turbulent flow has 

been shown to be much greater than that for a laminar flow, thereby 

c·ausing large changes in the frictional drag with the growth of a 

turbulent boundary-layer. (Schlichting, page 222). 

The position of the transition point, then, greatly influences 

the amount of friction drag of a body in a flow field. Transition 

can be made to occur further ;downstream by a decreased pressure gradi-

ent in the dir~ction of flow .. This can be accomplished on an airfoil 

by placing the maximum thickness as far to the rear as possible. A 

series of airfoils were developed using this concept •. They were desig­

nated as laminar airfoils. (Schlichting,. page'.'22l). Boundary-layer­

suction also i.nfluences the point of transition and consequently the 

tp.agnitude of the ski,n friction by decreasing the displacement thi.ckness 

of the boundary-layer. (Schlichting, pa~e 311). Theoretically, the 

5 

point of trahsition is identical to the point of instability and differs 

only by the time delay in transition. It has been defined as the point 

where the critical Reynolds number and the local Reynolds number, based 

on the displacement thickness of the boundary ... layer, are equal. (Schlich­

ting, page 318). The boundary .. layer is considered stable when the local 

Reynolds number is smaller than the critical Reynolds number. (Schlich­

ting, page 342). 

Another method that has been used to control the boundary-layer is 



that of imparting additional energy into the fluid near the surface, 

This produces an acceleration of the boundary-layer, and thus reduces 

the possibility of separation. However, transition was found to occur 

much earlier which was undesirable since the advantage gained by delay­

ing separation was offset by the increased drag due to the growth of a 

turbulent boundary-layer. Also, the jets, which were used to eject 

the addition fluid into the boundary-layer, had to be very small in 

order to reduce the energy required . With this requirement the jet 

dissolved into vortices shortly behind the discharge section increasing 

turbulente. (Schlichting, page 227). For these reasons, it would not 

seem likely that this method would be used in practice. 

6 

Therefore, the method of boundary-layer-control by suction, in 

c-0njunction with a laminar airfoil, appears to have the greatest prac­

tical importance among all the methods previously investigated . 

(Schlichting, page 229) . Also, in all the previous investigations that 

the writer has studied in a review of available literature, it has been 

found that the major emphasis has been placed on obtaining an optimum 

value of suction flow coefficient that would produce a maximum reduction 

in drag. The writer has not as yet found information concerning the in­

vestigation for a value of suction flow coefficient that not only will 

produce a benefit in drag reduction, but will result in a minimum ex­

penditure in the power required . 

With this and the previous considerations mentioned in mind, the 

experimental results obtained by Braslow, and colleagues, was deemed an 

appropriate work for this particular investigation to determine whether 



art equilibrium point existed between the suction required and the drag 

reduced; such that the power expended would be a minimum. 

7 



·. CHAPTER III 

EXPERIMENTS PERFORMED ON A LAMI.NAR 

AIRFOIL USING .. ·AREA SUC!ION 

· A low-turbulence wind tunnel btyestigat.ion of an NACA 64A010 two• 

dimensional wing, having a porous surface, was made to determine the . . ·. . \ .. 

maximum reduction i;n total section drag ·that.could be obtained by the 

application o.f area suction4 The tests were made at a section angle of 

attack equal to zero degrees and at body Reynolds numbers; based on a 

chord length of three feet, which varied from 3 x 106 t.o 19.8 x 106 • 

In addition to the experimental investigation a related, brief:, theo-

retical analysis was made t.o provide a qualitative coril.pa.rison of the 

test results. (Braslo,w) 4 

Descri.ption of th.e Three Configurations Tested 

Three different configurat.ions 'Of the NACA airfoil were used as 

models~ The models were constructed with.two 11.ollow cast-aluminum end 

sections :an.d connected to a hollow center under-contoured casting to 

support a sintere.d-bronze surface~· .These sections and skin were con-

toured to an NACA 64A010 wing profile. Very little of the porous skin 

was blocked off from the suction flow in the first model, which was, 

designated as configuration o.ne. Configuration two had orifices and 

sealing rods installed between the. skin and the center casting, forming 
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compartments, which were sealed with rubber cement to prevent flow between 

compartments. The third configuration had the orifices replaced by a, low 

porosity skin. The flow between compartments in this configuration was 

not prevented. 

Experimental data obtained from the first configuration is presented 

in Figure 1. (Braslow, page 442). The test results show the variation 

in· total section drag coefficient and the suction drag coefficient with 
'· \ 

the suction flow coefficient for Reynolds numb.ers varying from 3 x 106 to 

16. 7 x 106 • The total section drag coeffic:lent included the pow~r re-

quired for suction in the form of the suction drag coefficient which was 

directly proportional to th.e . suction flow coefficient and the suction 

pressure coefficient as shown later in this chapter~ The suction pressure 

coef fici~nt (Cp) was assumed to be consta:p.t througb,out inside the airfoil &c 

There was a cons·ideral,le reduction in the total drag, even with suction 

power included, for decreasing values of suction flow coefficient (Cq) 

up t:o the point where an optimum value of Cq, that gave a maximum reduc­

tion in drag, was optained •. 'this optimum value of CQ varied for differe,nt 

values of Reynolds number. The region that the writer was primarily 

interested in lay b.etween this optimum value of CQ and some lowet value 

of CQ which would produce an optimum valu.e of suction based on power re-

quirements. 

It was believed that excessive amounts of suction air were required 

at the leading and t.railing edges of .. the porous material, in order to 

pre-vent a .reversal of flow, that ,accounted :f;or the i;uction drag coeffi-

dent (eds) to form a 'ID.ajar portion. of the total section drag coefficient .• 
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In order to reduce this undesirable cond,ition, c-onfig11ration two was 

sealed to a point one inch back from the leading edge to obtain drag 

reductions at reasonable suction flow coefficients. These results are 

presented in Figure 2 in the martner as for the first configura.tion. A 

la,rge improvement in the drag reduction was observed as compared to that 

of the first configuration. (Braslow, page 445). the third model gave 

the most significant improvement of all the models tested. The leading 

edge of the third model was sealed to the five per cent chord position 

and utilized a skin dense enough to prevent reversal of flow through 

the skin. The.results are shown in Figure 3. (Braslow, page 446)~ 

Determination of Suction Drag Coefficient 

If the plumbing system for suctio.n had an efficiency of ns, the 

power required would be as follows: 

Rt is the average suction tt(.).tal pressure and H0 is the free stream total 

pressure. Also, the suction :flow coefficient is defined, 

The pressure loss coefficient is defined as follows: 

where the free stream dynamic pressure is q0 • Substituting into the ex-

pression for P, the following equation results: 

P = CQU0 bcCpq0 /ns. 

The! equivalent drag associated with the aircraft propulsion system 

can be written in the following form. 

D,:,; Pn /U p 0 
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The efficiency of the propulsion system is np and the above equation may 

be written as follows: 

Cd8 bcq0 = Pnp/U0 

Again substituting for P in this expression, we obtain the following 

equation. 

eds = CqCpnp/ns 

If the blower system operates as efficiently as the propulsion system, 

then the e·quation for the suction drag coefficient may be written in the 

following final form. (Bras low, page 451)" 

eds = cqcp 

Therefore the suction drag coefficient is shown to be directly dependent 

upon the suction flow coefficient assuming that the suction pressure co­

efficient measured inside the wing is a constant. 

COmparison With Theoretical Results 

The results of these experiments had to be compared to theoretical 

calculations on a qualitative basis since the chordwise suction flow was 

not completely uniform. Howeve.r; the theoretical suction quantities com­

pared extremely well with the results obtained experimentally from the 

third configuration for the optimum values of Cq. ,The experimental values 

have been plotted with the theoretical values in Figure 4. (Braslow, page 

441). The values for the first and second models were considerably 

greater due to the flow reversal near the leading and trailing edges. As 

a TQ.atter of interest, the suction requirements to produce full chord 

laminar stability for a flat plate were included. 
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Profile Drag of ,im NACA 64A010 Airfoil Withoiut Suction 

1'he minimum section drag coefficients for this pa.rticular airfoil 

for smooth :and rough conditions h1ave been calcul~ted by Loftin on page 

16 

18. Under ideal wind tunnel conditions, the vi;i.lue for a smooth airfoil 

at ,g. ze.ro degree angle r., f atts,1.ck Wl!l\S found to be , 004.5. The rough air-

foil gave &,1, value of .0092. Braslow found that the porous airfoils 

utilized in t:he tests ga:ve ,':l value of Cd equal to .0052 on page 444, 
' 0 

Since the first and second configurations produced results similar 

to th01se of a. rough airfoil:, the mRd.mum value of Cdo equal to .0092 

and .rm average value of Cd0 equal to .00685 were selected, The third 

configuration gave results similar to those obtained for a smooth air-

foil. 'I.'herefore, values equal tOJ .0052 and ,004,5 for Cd0 were selected. 

These values of the profile drag without suction and the results obtained 

from the three configurations were used to perform the necessary cal~ 

culat.ions to determine whether su.ction could be optimized based on power 

considerationso 



CHAPTER IV 

RESULTS 

Calculations were performed using the data presented in Chapter III. 

The results h,!;!ve been ta'buh.ted in Table I for configuration one~ in 

T~ble II for configuration two, and in Table III fl:,r the third configura~ 

tio'Q., The comput:iltfons were ma.de to the limit of the experimental data 

a:va.Uable without ex.trapolation. 'I'he profile drag with suction was ta.bu-

lated as n, 

n = CdT - Cd s 

The. total re·.duction. in, p·.rofile drag compa:r.ed to the values sele.cted £or 

the p:rofile cl.rag withoti.t suction we.re. tabulate.cl as k. 

The :ratio of the profile drag :reduction to the su.ction drag coefficient 

was tabulated as~. 

Il:!:cluded in the last line of calculations for each Rey1rnolds number was 

one set of vailues for a va.lue of suction flow coefficient greater than 

opt:i:!11':u.mi based on drag considerations fo!:' comparison purposes and for use 

in plotting the results in Figures 5.P 6.9 7.J) 8 and 9. These figures show 

the variation between CQ and /3 for each of the models tested. All 

Reynolds numbers except 9 x 1063 12 x 106.9 and 17.7 x 106 for configura-

tion one were plotted. There were not sufficient values obtained to 

warrant the plotting of these values of Reyn.olds r.m.mbers. 



TABLE I 

RESULTS FOR CQNFIGURATION ONE 

Re cd'l' eds n C k f3 Cq Cdo k f3 do 
~It 1.06 X rn3 :ll': 103 x. 103 :ii: 1.03 X 103 :l!:. 103 :x: 1.03 X 1.03 

-
3.00 6.50 2 .80 3.70 9.20 5.50 1.963 2.10 6.85 3.15 1. 125 

6.00 2.85 3.15 6.05 2.120 2.17 3.70 1.299 

5.50 2.87 2.63 6.57 2.285 2.20 4.22 1.465 

4.90 2.90 2.00 7 .20 2.481 2 .• 25 4.85 1.672 

,4. 0 50 3.00 1.50 7.70 2.565 2.30 5.35 1.783 

4.30 3.05 1.25 7.95 2.650 2. 381c 5.60 1.832 

5.80! 5.00 CJ.80 8.,40 1.680 3 .8iQl 6. iQlS 1.210 

5.90 8 .. 00 5.60 2.40 9 .20 6.80 L214 4.30 6.85 4.45 0.795 

7.85 5.70 2015 'l O 0.5 1.236 4.38 4.70 0.824 
7 .,4,0 5.90 1.50 7.70 l O 30,4 ,4 .• 50 5.35 o. 906 

7 .20 6.05 1.15 8.05 1.331 4.62 5.70 0.944 

7 0 HJJ 6.:30 0.80 8 .41[]) 1.331 4.75 6.05 0.960 

7.08 6.40 0.68 8. 52. l.332 4.80 6.17 0 0 963 

'7.07 6.50 0.57 8.63 l.327 4, 90Jc 6.28 0.969 

8.50 8.00 0.50 8.70 L089 6 0 lO 6.35 0.794 

9.00 8 0 9(1) 6 0 0.5 2.85 9 .20 6.35 1.051 4.63* 6.85 4.00 0.662 

10.0 8.35 1.65 7.55 0.904 6.30 5 ,20 0.623 

12 .oo 9 .. 80 6.80 3.00 9 .20! 6 .20 0.912 5 .20,•e 6, 85 3 0 8.5 0.567 

11.0 8.50 3 • .50 5.70 0.671 6.40 3.30 0.388 

16.7 10.2 6.40 3.80 9 .20 5.40 0.844 4.80·!: 6,85 3.05 0.477 

lLO 8.90 2. :rn 7 .10 0.798 6.70 4.75 0 • .533 

"'le Optimum value of Cq based drag reduction. 
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'I'ABLE II 

RESULTS FOR CONFIGURATION TWO 

Re cd'r Cds n Cdo k f3 Cq Cdo k f3 
X 1Q6 X 103 X 103 X 103 X ].Q3 X 1Q3 X 103 X 103 X 1Q3 

3.00 4.30 0.65 3.65 9.20 5.55 8.530 0.50 6.85 3.20 4. 920 

3.50 0.85 2.65 6.55 7.700 0.63 4.20 4.940 

3.20 LOS 2.15 7.05 6. 710 0.75 4.70 4.470 
3.00 1.20 1.80 7.40 6.160 0.88 5.05 4.210 

2.90 1.40 L50 7.70 5.500 1.00 5.35 3.820 

2.85 1.50 1.35 7.85 5.230 1.12-ft 5.50 3.660 

3.20 2.10 1.10 8.10 3.850 1.50 5.75 2.740 

5.90 6.70 1.00 5.70 9,20 3.50 3.50 0~75 6.85 1.15 1.150 

6.00 1.10 4.90 4.30 3.910 0.79 1.95 1. 771 

5.50 1.15 4.35 4.85 4.220 0.80 2.50 2.175 

5.00 1.21 3.79 5.41 4.460 0.86 3.06 2.530 

4.70 1.30 3.40 5.80 4 .• 460 0.88 3.45 2.650 

3.50 1.40 2010 7 .10 5.070 1.00 4.75 3.390 
3.00 1 • .58 1.42 7.78 4.930 1.13 5.43 3.430 

2.80 1.75 1. 0.5 8.15 4.650 1.25 5.80 3.310 

2. 76 l. 99 0. 77 8.43 4.240 1.40* 6.08 3.060 

4.25 3.85 0.40 8.80 2.285 2.75 6.45 1.670 

7.60 6.60 1.40 5 .20 9.20 4.00 2.859 1.00 6.85 1.65 1.18 
6.30 1.60 4.70 4.50 2 .819 1.12 2.15 1.34 

5.97 1.75 4.12 5.08 2.900 L25 2 0 73 1.56 
5.50 1. 99 3.51 5.69 2.860 1.37 3.34 l.68 

5. 10 2 .10 3.00 6.20 8,950 1.50 3.85 1.83 

4.80 2.30 2.50 6.70 2.920 1.63 4.35 1.89 

4.45 2.49 1.96 7 .24 2.905 1. 75 4.89 1.96 

19 



20 

TABLE II (Continued) 

Re CdT Cds n Cdo k f3 Cq Cdo k f3 
X 106 X 103 X 103 X 103 X 103 X 103 X 103 X 103 X 103 

4.25 2.60 1.65 7.55 2.905 1.87 5.20 2.00 

4.15 2.80 1.25 7.95 2.840 2.00 5.60 2.00 
4.05 3.00 1.05 8.15 2. 720 2 .12 5.80 1.93 
4.05 3.20 0.85 8.35 2.610 2.25* 6.00 1.88 

4.50 4.25 0.25 8.15 1.920 3.00 6.40 1.51 

7.80 5.35 2.10 3.25 9.20 5.95 2.830 1.50 6.85 3.60 10 710 

5.25 2.30 2.95 6.25 2. 720 1.62 3.90 1.690 

5.05 2.49 2. 56 6.64 2.670 1. 75 4.29 1.730 

5.00 2.60 2.40 6.80 2.610 1.87 4.45 1. 710 

4.95 2.80 2.15 7.05 2.519 2.00 4.70 1.680 

4.92 3.00 1.92 7 .28 2.424 2 .12 4.83 1.610 

4.94 3.20 1. 74 7.46 2.330 2.25* 5. 11 1.600 

5.70 4.90 0.80 8.40 1.712 3.50 6.05 1.240 

9.10 7.30 1.40 5.90 9.20 3.30 2.359 1.00 6.85 0.95 ·o. 679 

7 .25 1.55 5.70 3,,50 2.260 1.12 1.15 o. 720 

7 .20 1. 75 5.45 3.75 20150 1.25 1.40 0.800 

7.19 1.99 5.20 4.00 2 .010 1.37 1.65 0.833 

7.18 2.10 5.08 4. 12 1.965 1.50* 1. 77 0.842 

7.60 3.50 4.10 5.10 1.455 2.50 2 0 75 0.788 

* Optimum value of CQ based on drag redµction. 



TABL~ III 

RESULTS FOR CONFIGURATION THREE 

Re CdT Cds n Cdo k f3 Cq Cdo k f3 
X 106 X 103 X 103 X 103 X 103 X 103 X 103 X 103 X 103 

5.90 2.35 1.10 1.35 5,.20 3 .. 85 3.500 0.820 4.50 3.15 2.865 
2.30 1.20 1.10 4.10 3.419 0.850 3.40 2.839 
2.20 1.24 0.96 4.24 3.420 o .. 900 3.54 2.850 
2.18 1.26 0.92 4.28 3.400 0.950 3.58 2.842 
2.15 1.35 0.80 4.40 3.260 1.000 3.70 2.740 
2. 19 1.40 0.79 4.41 3.150 1.050* 3. 71 2.645 
2 .. 97 2.60 0.37 4.83 1.857 1.980 4.13 1.590 

12.0 3.90 0.70 3.20 5.20 2.00 2.860 0.570 4 •. 50 1.30 1.859 
3.50 0.74 2.76 2.44 3.295 0.590 1. 74 2.355 
3.30 0.75 2.55 2.65 3.535 0.600 1.95 2.595 
3.00 0.78 2.22 2.98 3.821 0.620 2.28 2.925 
2.50 0.79 1. 71. 3.49 4.420 0.630 2. 79 3.530 
2.30 0.80 L~O 3.70 4.620 0.650 3.00 3.750 
2.00 0.85 1.15 4.05 4.760 0.670 3.35 3;940 
1. 75 0.91 0.74 4 .• 46 4.910 0 .690~'( 3.76 4.140 
2. 70 2.30 0.40 4.80 2.089 1. 770 4.10 1. 780 

15.0 2.40 0.80 1.60 5.20 3.60 4.500 0.615 4.50 2.90 3.625 
2.00 0.82 1.18 4.02 4.920 0.620 3.32 3. 925 
1. 75 0.83 0.92 4.28 5.160 0.650 3.58 4.310 
1.75 0.90 0.85 4.35 4.840 0.700 3.65 4.060 
1. 75 1.00 0.75 4.45 4.450 0.750* 3.75 3.750 
2.70 2.30 0.40 4.80 2.085 1. 770 4.10 1.782 

19.8 3.80 0.80 3.00 5.20 2.20 2. 750 0.623 4.50 1.50 1.876 
3.50 0.81 2.69 2.51 3.100'1 0.630 1.81 2.234 
3,00 0.82 2.18 3~02 3.680 0.640 2.32 2.830 
2.50 0.82 1.68 3.52 4.285 0.640 2.82 3.439 
2.00 0.83 1.17 4r03 4.860 0.650 3.33 4.010 
1.75 0.83 tj.92 4.28 5.155 0.650 3.58 4.320 
1. 70 o.~s d.85 4.3t 5.120 0.680* 3.65 4.290 
2.35 l. 79 tj.56 4.6 2.590 1.390 3.94 2 .200 

* Optimum value of Cq based on drag reduction.; 

21 



f3 

2.5 ' 

2.0 I 

1.5 

I 1.0 

~5 ' 

0 
2 

I I 
I I 
I I 
I I 

I 

~e 
I I 

... () 3' X lQt 

.!l 5.9 X 106 
I I I I I 

I I I 

Ci~ - '· l U920 
I I I I I I ... t...._ ___ 

C o r,rle:, 1 

r.... 

............ 

- .... .... 

.. --

-

~ 

3 4 5 6 

CQ x 103 

Figure 5.; v~riation of (f,) With Suction=Flow Coefficient. Configuration 1. 

I 

I 

7 [\) 
[\) 



10 

8 

p 

f3 

4 

f 

I I 1 
I 11 

!Re 
I f 

Q 3 X 106 

Cl 5.9 X 106 
.. <> 7.6 X 106 

Cdo = • 00920 
--:---- Cdo = • 00685 
- . --·· ;- ·-· 

' 
II,. 

I\. 

"" 

la: ,. 
"' ,........_ !JI 

IO 

-
I -- ~~ 

.... ~ -

0 l 2 -3 4 

CQ x 103 

Figure 6. Variation of (f3) With Suction=Flow Coefficient, Configuration 2·. 

i 

f\) 
w 



t3 

Re. 

6. 7.8 X 106 

3 "' 9.1 X 106 

-- Cdo = .00920 
---- cdo = .00685 

-
''~ 

I" 

2 ~ 

-

,_· 

- 11':I 

1 

l"I 
I 

0 0 1 2 3 4 
Cq x 103 

Figure 7. Variation of(~) With Suction-Flow Coeffi~ient. Configuration 2. 

[\) 
.p,. 



6 

5 

li> 

13 3 

2 

l 

' 

' 

.... ,~ 
i,.,, 

... 
,_ 

~ ,, 

·~ 

0 .5 

" .... 

" 
.... 

LO 

,-... 
~ 

" ,_ 

,... 

3 Cq x 10 

I< 
t::, 

~ 5.9 X 106' 
C 12. 0 X 10 

6 

~-cdo = .0052 
--- Cd = -- . __ o .0045 

" 
"' 

"' 

" 

~ 

1.5 2.0 

Figure 8. Variation of(~) With Suction-Flow Coefficient. Configuration 3. 

- -

I\) 
V1 



f3 

6 

5 

4 

3 

2 

• .l. 

R_;, 

<> 15 X 106 
l:!. 19.8 X 106 

- cdo = .0052 ) 
---- cdo "' .0045 

:-. 

r. 

' '\ " J " ~ 
I'\ 
~ 

I ~ ~ 
11 .. rs " " I', 

" I'- I'-

' " " Is. 

' ..... ' ' ' 
' ' ' 

I' ,, 
" " ,~ 

" "' ,~ -
l "~ ,_ 

·-

0 .5 LO 1.5 2.0 

CQ x 103 

Figure 9. Variation of(~) With Su~tion-Flow Coeffi~ient. Configuration 3. 

[\) 

"" 



CHAPTER V 

·· INTERPRETATION OF RESULTS 

T:he pu:rpose. wa1.s to dete.rn!.ine the optimum m"1:oum.t .of suction that could 

be applied and still obtain a favorable ratio of profile drag reduction 

to the power required; that is.9 the selection of a value of 13 equal to or 

greater th.!m u:n:l'.ity for some value of ~Q based on power re.quirements so 

that the power required would be a m.inimuma Some rather interesting re,.. 

sults .were obtained from the previous calculations~ The values of~; 

tabulated in Tables I.9 II.9 and III. fo:r the different configurations varied 

considerably. It was lllloted that when f3 was equal to m:llity.9 the power in­

put just balw:i.ced the reduction in drag obtained by area suctiono Also,? 

the more that f3 increased above U.1(!.ity the greiater was the reduction of 

profile d:irag for the power supplied., As the value of f3 dec;eeased below 

unity.,. the incremental value of d;rag :reduction decreased accordingly for 

the power supplied. 

1:!J.e results that we:re e.xpec.t.ed we:re that as the values of CQ were 

de.creased th.at the valueis of f3 would decrease a.ho. The. rathe.r surprising 

results that wer.e obta.in.ed from th.e previous calculations showed that the 

values of f3 actually increased or remained at a fairly constant value for 

over 54% of tbe cases exa.1nined as the values of· CQ were decreased! 

This mea.~t that the. optimum. suction flow coefficient on a basis of power 

consumption gave. a greater reduction in profile drag for. the power re.,. 
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quired or at least the same reduction in drag than the opt:imum suction 

flow coefficient bas.ed on drag reduction in these cases. In each of the 

cases the optimum value cf CQ based on power was less than the optimum 

value of CQ bas.ed on drag. These cases were pointed out. as each configur­

ation was exiliinined. Each.niodel was examined on the b.asis of minimum 

powe_r requirements and were evaluated as to their practicability at the 

various Reynolds numbers at which they were t.ested .. 

Configuration One 

The first model was seen to perform as had been expected,, .As the 

· values of suctton were decreased, the corresponding values of f3 generally 

decreased for all Reynolds numbers at which it was tested» It was noted 

that the particular values obtained depended very strongly on the particu­

lar value of p.rofile drag without suction. Only at a Reynolds number of 

3 'X 106 were there favorable values of f3 obtained for both values of 

s.elected profile drag coefficients without suction,, In fact, it was 

clearly indicat.ed that this configuration would only be suitable for very 

low Reyn-0lds numbers o:r for mpderate Reynolds numbers with an extremely 

rough airfoil surface. 

Configuration Two 

The s.econd model showed c:onsiderable improvement compared t.o the 

first configuration., The values ·of f3 increased for all values of Reynolds 

numbers as the suction flow coefficient was . decreased., Only at a Reynolds 

number of 5.9 x 106 was there a notable decrease in f3 after an initial in-
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crease in this value as CQ was .decreased. The optimum value of C.Q based 

on power for this Reynolds number was about .0010. This was about a 70% 

decrease for the optimum value of CQ based :on maximum drag requirements .. 

in suction flow coefficient. At all other Reynolds numbers and at both 

C.do value.s selected the percent reduction in CQ was on the order of 60%. 

Thus, configuration t.wo appeared to be worthy for consideration in actual 

aircraft design. 

Configuration Three 

The calculations for the third mo,del showed the best improvement of 

all the models tested even though the values of c.do selected were less 

than either of the values for the first and second configurations. Hence, 

the percent reduction in CQ was less than in the first two models, but 

was never less than unity for all Reynolds numbers tested. The reduction 

in CQ was on the order of 20% for the optimum value of CQ based on power 

as compared to the v:,alue of optimum CQ based on drag reduction require­

ments. The optimum values for C:Q for minimum p·ower were those values 

obtained at the limits of the calculations. A more complete set of data 

might have p,roduced even lower values of C,Q than those obtained in these 

computations. . It was suggested that this model might prove of yalue for 

use~ not only at moderate ReynQlds numbers, which would include the approach 

and landing speeds range, but also f:or use at cruise speeds for aircraft~ 

Consequent:ly, the most .desirable c:onfiguration under consideration appeared 

to be the third. 



CHAPTER VI 

SUMMARY AND CONCLUSIONS 

It was expected that when the suction flow coefficient was reduced 

from the optimum va:lue of GQ based on drag considerations for each of 

the three configurations of the NACA 64A010 airfoil that used boundary­

layer-control with area suction, the result would be that the ratio of 

drag reduction to the power supplied would decrease accordingly~ In the 

calculations-it was expected that this ratio would be equal to unity at 

some point· thus giving an optimum value of suct·ion flow coefficient 

based on power requirements such that the reduction in drag just balanced 

the po;wer required for suction,. This assumpticm was commensurate with 

the results obtained from the firs.t configuration,. However, the results 

obtained from the second and third configura:t:ions in the majority of 

cases were in direct c·ontrast to the expected results. The rather sur-

prising .result that the ratio (:3 actually incre·ased with a .reduction in 

suctJ.on was observed. This meant that an increase in the performance of 

an ·airer.aft c(>Uld be obtained using area suction with a considerable 

savings in the suction equipment required. The saving in weight could 

then be converted into an increase in payload and range wtt:.h decrease.d 

landing and takeoff speeds all of which would reduce the cost of aircraft 

operation. 

The p.roblems that were round to be of the utm_ost c·oncern in the 
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utilization of area suction were those that dealt with the delay in tran­

sition which involved the structural aspects of a wing utilizing area 

suction. That is, the problem of delaying transition to a point further 

rearward along the chord by means of a differently shaped or finished 

surface that would produce optimum values of suction on a power basis and 

a drag basis better than those obtained in this paper warrant further in­

vestigationo Also ~s a further study, it is suggested that an optimiza­

tion of range or endurance be accomplished on the basis of the savings 

in weight that have been indicated in this work, 

Much work has been done in the past in the investigation of boundary­

layer .. control using area suction. The results both theoretical and ex­

perimental have proved that the principle is soundo It is left to the 

design engineer to put this principle to practiceo It is hoped that the 

results in this paper that indicate that a reduction in weight can be ob­

tained and the increase in p.erformance maintained will be of benefit in 

making the use of ilrea suction for boundary-layer ... control useful in prac­

tical applications, 
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APPENDIX 

SYMBOLS 

a0 Section angle of attack, degrees. 

b Span of porous surface, ft. 

(3 k/eds• 

c Airfoil chord, ft. 

ep Suction air pressure coefficient (H0 -Hi)/q0 ~ 

eQ Suction flow coefficient (Q/bcU0 ). 

eds Section suction drag coeffici~nt (eQep). 

edT Section total drag coefficient. 

edo Profile drag coefficient without suction, 

cv Porosity factor, ft2. 

D Drag (Cdsbcq0 ), lb. 

H0 Free stream total pressure, lb/in2 • 

Hi Total pressure in model interior, lb/in2~ 

k cdo - n. 

n CdT - eds• 

n8 Efficiency of suction system. 

np Efficiency of propulsion system. 

P Power, horsepower. 

Q Total quantity rate of flow through both airfoil surfaces, lb/ft3• 

q0 Free stream dynamic pressure, lb/£t2 ~ 
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Re Free stream Reynolds number based on airfoil chord. 

R* Reynolds number based on boundary layer displacement thickness. 
(T 

.R* CR Boundary layer critical Reynolds number. 
(Y"" 

t Thickness of porous material, in. 

U0 Free stream velocity, fps. 

v 0 Velocity through the airfoil surface, fps. 



VITA 

Haydon Young Grubbs Jr. 

Candidate for the Degree of 

Master of Science 

Thesis: OPTIMUM SUCTION ON A POWER BASIS 

Major Field: Mechanical Engineering 

Biographical: 

Personal Data: Born in Fort Sill, Oklahoma, March 16, 1931, the 
son of Haydon Y. and Susan B. Grubbs • 

. Education: Graduated from Fayetteville High School, Fayetteville, 
North Carolina in 1948; received the Bachelor of Science De­
gree from the United States Military Academy, West Point, New 
York, in Mechanical Engineering in June, 1953; completed the 
requirements for .Master of Science Degree at Oklahoma State 
University in May, 1960. 

Professional Experience: Commissioned in the United States Air 
Force in 1953, and is now a Captain, with over 2000 flying 
hoursp in the Air Research and Development Command; was 
assigned to the Air Forlt':e Cambridge Research Center, Bed­
ford, Mass., in 1954, as a B-29 aircraft commander, flew 
research missions for the Lincoln, Electronic (ERD), and 
Geodetic (GRD) Research and Development Laboratories; in 
1956, flew a specially equipped B-29A aircraft on Project 
Atmospheric Studies under the guidance of Dr. Duntley, 
professor at the University of California; in 1957, was 
assigned to Project Jet Stream witq the purpose of deter­
mining its structure and;associa.ted phenomena. A specially 
instrumented JB-47E, jet-aircraft was used to make coast­
to-coast test fl:i.ghts across the United States and obtain 
profiles of the jet stream at altitudes between eighteen 
and forty-four thousand feet; in 1958, was assigned to the 
Air Force Institute of Technology for the purpose of com­
pleting the requirements for the Master of Science D~gree 
at Oklahoma State University, Stillwater., Oklahoma. 

Professional Organizations: The writer is a member of the Insti­
tute of the Aeronautical S~iences. 




