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K'DRTHRflP AIRCRAFT, INC, 

PROTrRESS REPORT ON CONTRACT AH3 (616)-31.68 

ÜSSMCH ¿í;d hepob™ - mm.T-*™ COMOkSglM 

I. RASIG CONTRACT PURPOSES.. 

Tc supply th. »«..ary T—l, »-1-, -d facUiti.. to iny..tigat. 

Tricar boundary layr o«.trcl on win*, and bodi.. throngh »ctlon »d t. dcvolop 

Mthod. for th. design and con.truction of a laninar boundary layr control airpl«.. 

II. jf^JT.TTIES AND Mafia 

There ha. b«n no oh««, in th. facility and «i«ip.«t situation during th. 

period covered by this report. 

III. ort.ANIZATIQN and personne 

A. Organigatioa 

There have been no organiiational change, during this period. 

■ ■ }i 1 f. - 
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t D, Personne;! 

followings 

Engineering 

Supervision 

Clerical and Secretarial 

Direct Charging 

31 

Sho£ 

Supervision 

Clerical 

Direct Charging 

EUght Test Department 

Direct Charging (2 shifts) 

IV. VISITORS 

Dr. Max G. S 
Wright-Patterson Air Force Base 

« 
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Mr. C. A. MacGregor,^Engmee: 
Ganta Monica, California 

liigineering Super/isor, Propulsion Research Corporation, 

Mr. F. E. Hoffman, Senior Engineer, Propulsion Research Corporation, ^anta 

Monica, California 

Col. D. H. Heaton, Hq. U5AF, Washington, D. C. 

Lt. Col. W. P. Maiersperger, Hq. USAF, Washington, D. C. 

Mr. B. A. Hohmann, Wright Air Development Center, Dayton, Ohio 

V. TECHNICAL PROGRESS 

'flyer on a Swept 
A. 

1. InUn-n™ ot BoundtfT UY«r Eq^tlon. on 3«pt Vim 

Th. incompressible integretlon on one oí the beet pressure end 

suction distributions encountered on the F-% fUght test glove «as »sum«!. 

2, Numerical Integration of the Coapr»??j-b^?—  
En nations op Swept Wjngs 

The compressible integration for a typical pressure and suction 

distribution on the lower surface of an untapered wing swept 35 degrees and at 

0.9 Mach number (insulated surface) was completed. Sumary data, for analysis 

of th. boundary layer dev.lopn.nt «d later incorporation in a report, are being 

prepared from these results. 

3. o„'-i or th. f,tabllitv of the Boypdprr IgW °n i 

Work is being continu«! on the Blasius profile with the new «id 

exact boundary conditions. Up to R = 500, as 
far as the calculations have been 

bbOOHH " ?f- ^ CONFIDENTIAL 
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completed, the results agree very well with the data of Gchubauer and Skramstad 

and somewhat better than the results using the approximate boundary conditions. 

In the case of the rotating disk, a few calculations are being made 

with the amplification parameter c^ having values other than zero to test Stuart’s 

suggestion that the traces observed on the china clay may be due to the most 

unstable disturbances of linearized instability theory. Two profiles are being 

examined, the critical and supercritical*, and the phase velocity cr is being 

kept at zero, i.e., these wave components are stationary relative to the surface. 

B. Basic Laminar Suction and Transition Investigations 

1. T^ninar Suction Experiments in 2-Inch Tube with Suction through 
80 Rows of Holes 

Work on these experiments was halted last month due to breakdown of 

the compressor, but the compressor has been repaired and the experiments are again 

underway. For the runs that have been completed, the drag coefficients (including 

suction power) of the nequivalentB airfoils have been calculated. These drag 

coefficients are approximately 12 to 100$ (depending on the pressure rise) 

greater than the corresponding drag coefficient of a laminar flat plate of the 

same Reynolds number. 

«■The critical velocity profils is that profile where the point inflection is on 
the x-axis, i.e., c = 0 when w" = 0. The plane of this profile makes an angle 
with the radial plane of about 13°10’. The profile designated supercritical is 
the one in which c = 0 corresponds to the minimum, or critical Reynolds number 
in the neutral stability curve. The angle with the radial plane is about 9059’. 

51) OORH '■ ^ 1 !< CONFIDENTIAL 
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2. T.aminar Suction Kxpcrimftnts in an 8-Inch low ^pocd Tub : with 
Suction through Holes 

Fabrication of the 7-row-of-holc3 test section has been completed 

and this section has been installed on the 8-inch low speed tube. The experi¬ 

ments with this section should begin next month. 

3. Experiments in the 2-Inch Multisection Tube 

Purpose: Investigation of suction through holes at various chord- 

wise stations. The experimental setup is now complete and the first group of 

experiments has been started. The tube is designed with joints at various points 

along its length, so that an additional short section can be inserted in the tube 

at each of the stations where there is a joint. The short section contains the 

hole configuration and appropriate suction chamber for which the experiments are 

being conducted. Measurements of the critical suction quantities have been made 

for four different hole configurations. Each configuration consioted of a single 

row of holes going completely around the circumference of the tube, and included 

80, 90, 100, and 110 holes per row. These experiments are a continuation of 

previous experiments, but they cover a wider Reynolds number range than formerly. 

It is hoped that the results of this program will help to make it possible to 

present the critical suction quantities for suction through rows of holes in 

the form of dimensionless parameters which can be used for design purposes. These 

experiments are also prerequisite for the experiments with finite length rows of 

holes• 

CONFIDENTIAL •i^OORH •“ L 
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C. Wind Tunnel Tests on Laminar auction Sweet Wing Model 

Purpose: Preliminary investigation of a swept laminar suction wing 

model at moderately high Reynolds numbers. Swept laminar suction wings would be 

desirable from the standpoint of high subsonic cruising speeds provided laminar 

flow can be maintained back to the trailing edge. Theory indicates that somewhat 

increased suction quantities (as compared with an equivalent straight wing) 

should enable IOC? laminar flow on swept wings, with but a minor sacrifice in 

wing profile drag and range. These theoretical expectations should be verified 

by experiment. 

The design of a srept laminar suction wing model (to be mounted in the 

8-foot by 11-foot MAI tunnel and in the Michigan tunnel) is now in progress. 

The panel under consideration has a thicknoss ratio of 12?, a 7-foot chord, and 

a wing sweep of 30°. A large number of fine suction slots will be installed in 

the region from 0.25 c to 0.95 c. Relatively weak suction will be applied in 

the region of slightly accelerated flow from 0.25 c to 0.6 c. Stronger suction 

will be necessary in the region of the rear pressure rise. A design wing chord 

Reynolds number of 7 x 106 and 107 was assumed for the experiments in the Northrop 

tunnol and Michigan tunnel, respectively. The suction quantities and the dimen¬ 

sions of the suction slots and holes located underneath the slots have been 

determined. 

D. Bodies òf Revolution 

1. 96-Inch Model Without Suction Slots 

The previous transition experiments on the 96-inch body of revolu¬ 

tion indicate that distunbances in the front part of such a body are amplified 

CONFOT1AL bbOOKM - . ¡I 2 
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at a faster rate than on a wing, under otherwise the same conditions. In order 

to increase the stability of laminar flow, the front part of the 96-inch body is 

being modified by the installation of a large number of fine slots between 

and 21% length. A calculation of the boundary layer development in the front 

part of the body is being conducted to determine the suction quantities needed for 

those boundary layer profiles to remain at the theoretical stability limit at 

reasonably high length Reynolds numbers. The redesign of the model and the 

theoretical study are in progress. 

2. Id2-Inch Ellipsoid With Suction 

Installation of the instrumentation and assembly of the model are 

continuing. The front part of the body will be modified in the same manner as 

the 96-inch body of revolution. 

3. Prñl imina-v Experiments on Wing-Body Interference 

No further progress has been achieved during the report period. 

E. Aerodynamic Investigations of Suction Ducting Systems 

The inlet flow measuring nozzles for the vee-inlet suction duct have 

been completed, and further investigation of this duct will be resumed during 

the later part of October, 1955. 

F. F-91 Flieht Laminar Suction Experiments 

The flight program was interrupted for about four weeks due to 

inspection of the airplane, repair of the compressor turbine system by AiRe- 

search, and replacement of some parts in the afterburner system. 

SECRET b b OORH ^ 
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Further evaluations of the flights for maintaining laminar flow with 

local supersonic fields along the glove proved that IOO/3 laminar flow and 

reasonably low drag coefficients were obtained at a flight Mach number of 

M = .727 at 30,000 feet altitude. The maximum local Mach number at the glove 

surface was Mlocai - 1.08. The flow returned to subsonic speeds steadily, and 

the measured pressure distribution along the surface did not indicate the 

occurrence of a compression shock. It is not certain, however, whether or 

not the transition from supersonic to subsonic flow occurred through a series 

of multiple weak shocks. 

It is intended to extend the flight program by investigating the 

case of an aileron deflection in laminar flow. Modification of the trailing 

edge of the F-94 glove (.92 c to 1.00 c) is in progress for the purpose of 

simulating a flap or aileron configuración for small angles of deflection. 

Design layouts have been completed and details were released to the shop for 

fabrication. 

G. Structural Investigations 

1. Full-Scale Wing Segment 

Calculations were m\de of camber distortion of a thin, cambered, 

highly stressed wing. It was found that camber straightening effected by wing 

bending imposes high vertical loads on the forward and aft section of the 

wing structure. 

a. Design of the structure aft 0.6 chord as reported last month 

is now in the detail drawing stage. 

^hOOHH SECRET - - '* '' 
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b. Design of a leading edge box beam is under consideration for 

the nose section. 

A tension pad whiffletree is being designed for the nose section 

test specimen. A 3 g loading condition is being simulated normal to the upper 

surface; the ultimate synclastic or straightening loads have been evaluated and 

are applied to the lower surface at an arbitrary point. 

Skin waviness is to be checked at 1.25 g»* 

Test specimens for panel compression, simple support on four 

sides, and bending have been fabricated. 

Aluminum honeycomb sandwich panels to be used as diagonals in 

the Warren trusses of the 60$£ c - 90¾ c section of the wing have been completed. 

One type of sandwich skin under consideration for the suction 

area of the wing consists of .016 75ST faces bonded to a chemically milled 

75ST core. The bond is Minnesota Mining AF 13 cured at 325° for 35 minutes 

under 12 psi vacuum pressure. The required holes in the core and lower face 

are drilled prior to bonding; the slots in the upper face aro cut after bonding. 

^The lower surface air load is being omitted in the test. 

toOORH 1 
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The calculated critical compression stress for this type of panel 

is determined by analogy with a corrugated sandwich« 

(Ref: ANC 23, 2d Edition 1955, P» 96) 

a^H 

The transverse stiffness, a mechanical property necessary to evaluate 

"K", is computed from simple beam deflections with the plane of bending parallel 

to the slots* 

The eccentric connections are to facilitate wing assembly. The 

illustrated specimens shall be tested as columns; calculated Euler loads, 

4450 pounds for Specimen 1 and 2100 pounds for Specimen 2, are based on a 0.1-inch 

eccentricity. If erratic and generally unpredictable failures occur locally (in 

the vicinity of the neck of the connection) the design will be modified to eliminate 

the eccentricity. 

The trailing edge, 60Ï c - 90^ c, Warren truss rib is 3 inches wide 

and 19 inches long. The compression chord is essentially a .15 Plate (75ST) 

bonded between .016 skins. Diagonals (see sketch) are bonded to the upper and 

lower chords. A proposed cantilever test of the truss rib and adjacent spanwise 

structure will put an ultimate compression load of 5000 pounds in the forward 

CONFIDENTIAL 
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diagonal. The skins adjacent to the upper or compression chord alternate honey¬ 

comb and chemically milled cores at about three-inch intervals in the forward-aft 

direction. The shear lag distribution in this type of orthotropic skin is of 

some concern and will be measured with strain gages. 

The action and effect of the bonded truss Joints on skin smoothness 

will be checked. 

Report No. BLC-81, "Structural Design Considerations for Low Drag 

Boundary Layer Control," is enclosed as an appendix to this progress report. 

H. Das lam Studies of a Hypothetical Long Rang" Wnar Suction Airplane for 
7erv High Altitudes 

1. A long range subsonic-supersonic bomber was studied. The purpose of 

this investigation was to study the feasibility of such a design under favorable 

conditions. Optimistic assumptions were made concerning drag, engines, we4^t, 

etc. The conclusion reached in the preliminary design studies of a subsonic- 

supersonic bomber is that a 100,000-pound or more gross weight airplane utilizing 

laminar suction for the subsonic cruise could deliver a 7000-pound bomb load over 

a 10,000-mile range mission including 1000 miles range at .supersonic speeds. The 

configuration selected has a 1700-square-foot strut-braced wing with the 25* 
chord line swept back 25°. The mean wing thickness ratio is 3.5* *nd the aspect 

ratio is 7.5. T-mAnir flow was assumed over wing, tail, and strut, and over a 

large part of the fuselage. In the subsonic rjnge the most critical aeroelastic 

problem is the forward shift of the flexible wing center of pressure, and the 

most critical supersonic problem is aileron rolling moment effectiveness. The 

configuration as designed by strength requirements has adequate aeroelastic 

'j ^ 00RH " ‘ ^ SECRET 
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properties up to a dynamic pressure of 1 psi at a Mach number of 0.9, and 3*5 

psi at Mach number of 2.0. The average subsonic lift to drag ratio of the airplane 

is 52 and the supersonic lift to drag ratio is 6.7. Two outboard wing-mounted 

J79 turbojet engines power the airplane for subsonic flight. Basically, the 

supersonic cruise requirements could be met with lightweight turbojet engines, 

designed for the low density at high altitudes and relatively short engine life 

and high cycle temperatures. By designing a low pressure ratio turbojet engine 

stressed to operate only at altitudes above 50,000 feet and at Mach numbers 

between 0.9 and 2.0, engine studies show that a specific engine weight of 1/4 

the weight of a J79, and a specific fuel consumption 1.2 times that of a J79, 

might be possible. For transition and supersonic flight, eight turbojet engines 

with afterburners (yielding a total of 10,200 pounds thrust without afterburners 

at M ■ 2.0 at 65,000 feet)are mounted in two wing pods. Forward and aft subsonic 

fairings on these engine pods contain some of the fuel used for the subsonic 

cruise-out. At the beginning of transition to supersonic flight, these fairings 

are jettisoned and the auxiliary engines and afterburners are started. The 

afterburners would be used for acceleration to supersonic speed, but not during 

the supersonic cruise. At the end of the supersonic portion of the flight the 

engine pods are jettisoned. 

The following table gives the configuration weight breakdown: 

VjOORH SECRET 7 
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WEIGHT BRËAKDüWK 

Structure 

Wing at 7*2 Ibs/ft*” 12,250 
Horizontal Tail 1,050 
Vertical Tail 700 
Fuselage 4,500 
Nacelles (2) 400 
Landing gear 3»000 

21,900 

Military Load 

Crew (3) 750 
Furnishings and Equipment 650 
Instrumentation and Radio 800 
Bombing and Navigation Equipment 2,700 
Bomb Load 7,000 

11,900 

Engines 

Engines (2 - J79*8) 7,200 
Surface Control, and Hydraulic 
and Electrical Controls 3,000 

Fuel System 1,300 
Temporary Nacelles (2) 3,000 
Temporary Engines (8) 7,040 
Temporary Engine Afterburners (8) 2,360 

23,900 

Fuel (conventional) 

Climb 2,500 
Cruis e-out 13,200 
Transition 2,000 
Supersonic 15,600 
Cruise-back 7,000 
Reserve 2,000 

42,3PQ 

100,000 

S5 00RH-?' ; ^ SECRET 



CONFIDENTIAL 15 

2. Work on the strut-braced model for the tests at the Wright Field 

transonic tunnel is continuing. Unexpected difficulties were experienced during 

the machining of the cutouts at the lower wing surface in the region of the 

struts. 

3, Design Studies on Wing-Strut Interference 

In order to determine the minimum interference drag at a wing-strut 

intersection and the effect of flow over concave surfaces, design studies of a 

wind tunnel model of a wing-strut intersection have started. 

I. Power Plant Studies 

The work done during this period has consisted primarily of the 

following: 

1. Collection and Evaluation of Data on Existing Power Plants and 
Their Components 

Meetings have been held with representatives of Pratt and Whitney, 

Gtntrtl Sleotric, Westinghouse, Aerojet General, Bendix Aviation, Propulsion 

Research and the Rex Division of the Garrett Corporation. Revised performance 

specifications for the J79 turbojet engine have been received and are being 

evaluated. The performance specifications for the Westinghouse PD33 and the 

Pratt and Whitney J52 turbojet engines are also being evaluated for System I, 

described below, in the first laminar suction airplane. This has not been done 

before because the development of these latter engines appeared too uncertain. 

A design proposal for System I with the J79 engine was presented by the Propulsion 

Research Corporation and is being evaluated. The Rex series of engines proposed 

by the Garrett Corporation will be evaluated as soon as the necessary data becomes 

available. 

CONFIDENTIAL tOQORH “ ?' k 2 
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Because there are several features in common between the Rex engines 

and the closed cycle engines under consideration, it appears most promising to 

study these systems as a group and consider possible variations in cycles and 

configurations which may lead to improved propulsion systems for aircraft with 

boundary layer control. 

2. Subsonic Flieht Performance Studies of Turbojet Engüies Driving 
Suction Compressors through Special Turbine Stages (This type of 
power plant is referred to as System I.) 

The effects of suction system pressure losses have been studied in 

detail for the cruise conditions being considered for a possible laminar suction 

airplane. Other flight conditions will be covered later as needed. 

The performance of a power plant, consisting of a J79 turbojet 

engine driving a suction compressor with a bleed and burn system, has been estimated 

for the range of cruise conditions being considered for the first laminar suction 

airplane. Due to the mismatching of malí engine components, the specific fuel 

consumption of this system is from 6 to 10* higher than that for System I without 

bleed system pressure drop, and 6 to 20% with maximum specified pressure drop 

based on engine rpm from 100$ to 80$. However, it is to be noted that an engine 

specifically designed for a bleed and burn system could have similar performance 

to System I, and may therefore be advantageous in special future applications 

since it allows the suction compressors to be placed at stations other than the 

main engines. 

3, Frpnminarv Design and Development of Suction System Gouiu>Oaciitâ 

(a) A basic design study of a suction compressor and a turbine for 

System I, meeting the requirements of a possible first laminar suction airplane 
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and matching the J79 engine, has been nearly completed. This design is being used 

as a basis for selection of a suitable control system. 

(b) A design study of a ram turbine-driven auxiliary suction com¬ 

pressor for boosting the low pressure suction air to the main suction chamber 

pressure has similarly been completed and compared with an auxiliary turbine 

driven by exhaust bleed. 

(c) For a high altitude laminar suction airplane, the blade chord 

Reynolds numbers for the suction compressors are relatively low. The problem is 

then to design bladings which maintain a high stage efficiency and high lift to 

drag ratio down to low chord Reynolds number. In order to investigate such a 

compressor stage, a single stage (rotor plus stator) axial flow blower is being 

designed. 

The experimental setup will be an open-circuit type, with 

radial inlet, upstream drive, and downstream throttling. Principal characteristics 

of the experimental compressor stage will be: 

Tip diameter 

Hub diameter 

Number of rotor blades 

Pressure Coefficient 

= 20 inches 

z 12 inches 

= 12 

- A Pçompressor - ,36 

(p/2) 

Flow Coefficient ifrotor tip = 

Rotor tip Reynolds No. range* 30,000 to 300,000 

A special high-sensitivity torque measuring device is being 

designed for these compressor experiments. 

CONFIDENTIAL jb00RH " ? ^ ' 4 
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(d) Preliminary low Reynolds number experiments were conducted 

with a single airfoil of 5% thickness and approximately 5$ camber. 

The following preliminary results (subject to slight correc¬ 

tions pending final evaluation) are as follows: 

At a = 4° and Rj. = 60000, the wing profile drag was relatively 

high as a result of rear laminar separation (c¡)x r .031). The profile drag was 

considerably reduced by artifically forcing turbulent reattachment in the rear 

part of the upper surface of the model. Five masking strips of 0.18-inch width 

were taped from 0.27 c to 0.8 c (c = 5 inches wing chord). A free vortex layer 

then formed downstream of each strip, causing increased instability of the laminar 

boundary layer, earlier transition, and turbulent reattachment ahead of the wing 

trailing edge. The table below gives a summary of preliminary drag results with 

these strips. 

Rç 60000 52000 415OO 33300 25600 20300 

CL *8- 

cn .016 .0165 .0185 .0215 .0265 .044 
u00 

L/Dx 50 48.5 43 37 30 18 

These results indicate that reasonably high lift to drag 

ratios are feasible at quite low Reynolds numbers by artificially forcing rear 

turbulent reattachment. 

4. Pr«Hndn*nr Studies of Gas Turbine Power Plants Using 
Combinations of Closed and Open Cycles 

These studies have progrèssod to the point of determining the 

effect of the number of intercoolers, regenerators, reheaters, pressure ratios, 

and burner temperatures for the basic systems considered. 
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Report No. BLC- 82 ictobcr 1955 

Drag and transition investigations of a 96-Inch modified ellipsoid in 

low transition Reynolds numbers nearly equal in value. This suggested that the 

Northrop Wind Tunnel had a -elatively low turbulence level, chus permitting future 

tests of laminar suction bodies of revolution and low drag suction wings at 

moderately high Reynolds numbers. 

Transition experiments were conducted in the Northrop Wind Tunnel on a 

96-inch chord flat plate to investigate the turbulence level, and also to better 

understand the reason for the low transition Reynolds numbers observed on the 

96-inch body, .»'aviness of the plate was less than .0005 inch. The leading edge 

was contoured as an ellipse of high fineness ratio in an attempt to minimize 

peaks in the pressure distribution at the leading edge. Provision was made for 

small variations of angle of attack, 

Ihe , ressure distribution over the plate (Figure 1) was measured by means 

of static tubes, fhe transition point was determined by means of a stethoscope 

attached to a total head tube. The transition point was defined as the occurrence 

of one turbulent burst per second (Figures 2 and 3)» A check on the location of 

the transition pint was nade by measuring the surface total pressure and observ¬ 

ing the minimum reading, usually defined as the beginning of transition (Fig. 4). 

The most suitable pressure distribution was obtained for a negative 

angle of attack of 0.4° , with only a slight pressure peak near the leading 

edge and a slightly favorable pressure gradient along the plate. A maximum 

transition Reynolds number of 3.75x10'' was measured at a plate length Reynolds 
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number of 4.5x10^ • 

Increased angle of attack (cC • -1°) increased the favorable pressure 

gradient and raised the value of the maximum transition Reynolds number to 

5.19X106 . 

The value of 3.75xl06 transition Reynolds number for practically zero 

pressure gradient compares reasonably well with the transition Reynolds number 

of 4.5xl06 observed on a flat plate with a circular arc leading edge in the 

12-ft low turbulence tunnel at the NACA Ames Laboratory. Transition experiments 

in the small R.A.E. low turbulence tunnel gave a somewhat higher value of 6xl06 

transition Reynolds number on a flat plate. 

The relatively low turbulence level of the NAI Wind Tunnel will permit 

many preliminary laminar suction experiments to be conducted in this tunnel, for 

example, swept laminar suction wings, laminar suction bodies and wing root junctures. 

Further transition experiments in the Northrop tunnel are being prepared 

on a cylinder of constant diameter with zero pressure gradient so that a compari¬ 

son with a flat plate may be obtained. The results of these experiments will 

help provide an explanation of the flow over an ellipsoid. 
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I. XIJTRODUCTXOll 

Very low profile draco have been obtained by keeping 10# Untaar flow 

at hiö> Reynolds n^ers by neana of bo^ary layer auction i. wind tunnela and 

in flight (References 12 and 13)» 

These drag reductions tave profound effects on ranee, altitude, payload, 

fuel consumption, pov.ur plant retirements and other perforcance parameters. 1.0^ 

ever, obtaining the mædnua benefit from laminar flow requires the complete in¬ 

tegration of the aerodynamic, propulsive and structural systems. 

The structural designer is faced with a most exacting task. The purpose 

of this paper is to familiarise him rath the principles that are unique to the 

design of e wing incorporating low drag boundary layer control, llany of the 

requirementa of such e wing are so unusual that some general discussion of methods 

and reasons should be greatly expeditious. 

What are believed to be the most important deviations from conventional 

design considered here are: 

(1) Control of the physical condition of 
tho outer skin surface 

'r\ n 4 wO ■''Via ri* «î*0^10*13 of tho airfoil section (2) uontrûx yj. oug ^ 

(3) Incorporation of internal ducting with a mininun 
vreight penalty 

(if) Aerodynanically and ütructurally efficient nethods 
k ; for conductin;' air through the outer skin surfaces 

of the aircraft. 
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the order of one mil per inch or 
less. This represents total allowable waviness 

built-in waviness and deflection-induced wavi- 
and includes both manufacturing or 

ness. 

The actual measurement of wavlnesa Is an operation requiring a high 

degree of precision, for determination of short length waves, the instrument in 

Figure 2 has been found satisfactory while for those of greater length, comparison 

with full size templates is acceptable. 

DI*L 

.OOOI 

I NC M 

* h-94- t'X PERI WENT REE-tJ 

PIGUIG 2 

Ey the term "manufacturing waviness" is meant that waviness resulting 

r all orocc.3„3 leadin', uo to the completed surface. Machining, forming, rivet- 

inr, and handling, all leave their effects on the completed surface. *s received 

from the mill, incidentally, the surface is quite flat, having a waviness, general- 

ly, of less than l/lO mil por inch. 

i ut rsncH + ntp a hirh but reasonable standard of To determine what mif,ht constitute a nign dul 

k! K thP ortiinarv airframe manufacturer, a survey was made of 
waviness attainable by the ordinary a_riia, 

bbOORH 
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several hiSh perforaance aircraft on «hlch special care had been exercised in 

producing a smooth wing surface. 

The Douglas X-3 wing, a polished surface, had a maximum waviness of 

one mil per inch except in areas near cutouts and control surfaces, ibis maximum 

occurred at only one location, the next highest value being four-tenths of a mil 

per inch and the remainder of the surface less than this value. 

The Douglas 558 Phase II wing was a filled and painted surface and 

had a thinner gage skin than the X-3. Waviness values varied from seven to nine- 

tenths of a mil per inch, to special precautions had been taken in obtaining 

smoothness other than filling where indicated by visual Inspection of templates 

placed on the wing. 

The Bell X-l maximum waviness was 1.25 mils per inch although this 

nay be misleading since the wing had a fairly rough paint on it and was not in 

a flying condition at the time it was measured. 

Northrop N-69 and F-89 wings were as smooth in most portions as the 

X-l and D-558 wings. 

As might be expected, spanwiso Joints usually showed increased wavi¬ 

ness using standard production methods. Of course, it would be most desirable 

to eliminate all spanwise splices and recent production methods indicate that 

4- u -t M r»*«r o <*r*rvmnl i shftU • UIJ.O a w U. ui »V, T 

Methods of forming the contour oi the wing skin were studied with 

the result that no particular method showed a decisive smoothness advantage. The 

methods considered were braking, rolling, spring quenching, shot-peening and 

draping, of which the draping was f e best. However, the dr-ping of thick skin 

w^nnRH - ‘ 4 
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over the ueual wing contour wo^d reeult in exoeseivo built-in etreeeee and proba¬ 

bly objectionable effect, on wing carter unleaa the upper «id lower ekin gage, 

are nearly the same. Since, in general, thi, 1. the ca.e for highly etreaeed 

wing,, it my be poa.ible to coinpeneate for the amll acount of unbalance by 

mean, of appropriate rib spacing. (See Reference 6.) 

* convenient rule of thumb to determine built in »trees ie 

bending stress in the skin due to draping 

f -±AEt_ (2) 

-A 

Fl 

FIGURE 3 

consideration of the results of this survey might allow the optimistic 

assumption that with some extra care in fabrication and possibly some harrf finish- 

u V in ç mils ner inch maximum (Ref. 6). ing, surface waviness could be held to O nais per 

bbOORH OfV/ 9 
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Also assène, and conservatively this time, that load-induced wavi- 

ness adds directly to built-in waviness, the desißner is left vr^th the ar.th 

metical difference between the total allowable waviness and .5 mis per inch as 

his maximum allowable. 

Since turbulent flow with its accompanyinc draC rise .rill occur with 

an increase in waviness beyond the maximum allowable or beyond a certain anile 

of attack, it is obviously' pointless to desipi for laminar flow smoothness require¬ 

ments above a fairly low load factor. Under these conditions (for example, 1.5 C 

load factor) the stress level is quite low and the task of holdinC the load-induced 

waviness with the required values is less foldable than it woedd at first appear. 

The major waviness or deflection-inducing loads are: 

(1) Primary wing loads 

(2) Crushing load due to flexure 

(3) External and internal air loads 

(0 1'agnification of deflections by 
bending stresses 

(5) Thermal stresses 

1. Primary Uinr Loads 

The entire outside surface must be at less than its critical 

J f . Q J-4 ■? f not. retain 
stress within the required load factor range ana, in add.t.o;- 

permanent waviness after return from limit loads. This is not difficult in 

heavy shin areas and, in fact, is almost autonutic, but in those areas where 

other requirements allow thinner gages, the skins or shear webs, etc., must be 

stabilized, for example, by means of sandwich construction or sumlar methods. 

f\ i I. 
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Compression tests on panels stabilised with closely-spaced webs, 

Refs. 9, 10, show that wavincss of the skin under load varies directly as sor« 

function of the ri6idity of the stabilising members and of the load intensity in 

the skin. Permanent waviness caused by loading to limit loads does not generally 

exceed one-half mil per inch, and a fortunate circumstance noted in test is that 

permanent load-induced waviness does not increase with repeated cycles to lir.it 

load. 

This, of course, means that the process of maintaining a smooth 

surface on the wing will not be an erlass hand-finishing process but one vdüch, 

once completed, will require only careful handling, routine cleaning, and possibly, 

occasional repairs of the inevitable nicks and gouges. 

Internal members such as spars and ribs must also be non-buckling 

to limit load since they are responsible for the support and smoothness of the 

outer surface. Spar webs in a multi-spar wing, for instance, have quite low shears 

and since only a ve^ thin gage is required for strength, some stabilization is 

required. Methods of accomplishing this include closely-spaced vertical stiffeners,| 

horizontal stiffeners, a combination of the two, or double skin construction, such 

as honeycomb or chcnicalHailled sheet. Figure t, illustrating these methods, is 

for a hypothetical wing and is merely for the purpose of aiding visualization. 

The use of vertical stiffeners would be restricted to the spar 

webs in the portion of the wing not used as ducting since Ute restriction afforded 

by the outstanding leg of the stiffener would create excessive duct losses. 

Horizontal or sfanwise stiffeners alone, on the other hand, afford 

an aerod mmically acceptable web but are quite inefficient in »tabilizm0 a0 

cruahinc loado. 

LoO'jRh ~ " ' t* 
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It Is apparent then, that in the ducted portione of the wing the 

sandwich webs are ideal from structural and aerodynamic considerations, and, as 

established by quite extensive investigations, from the weight standpoint as well. 

2. Crushlnr Loads 

A general expression for crushing load normal to the skin in terms 

of running load and radius of curvature of the wing due to bending is 

P " 
(3) 

where 

It 

p - crushing load in psi 

N - bending load per inch of structural chord 
in Ibs/in. 

R - radius of curvature of the elastic axis of 
the wing in inches 

30- 

20 
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IMNIffitH 

R 

/? -/NCHES 

R 

US00RH 



f O • M ? O • Jfl 

I 5- SS I 
I (NaiNini 

IW. W. Dedon, et al. 
üïï ïraBTcilii 
NORTHROP AIRCRAFT. INC. 

1 CHECKER 

I DAT! 

1 October 1955 

PAO£ 

10 
riport no. 

BLC-81 
MODEL 

When a curvature is not built into the winC, a convenient 

expression for crushing load is 

P (4) 

where 

Sy 

p is crushing load normal to the skin 
in lbs/in2 of surface 

0* ■ flexure stress in skin from normal 
wing or fuselage bending in psi 

t ■ skin thickness in inches 

E - Modulus of Elasticity 

y - distance from the neutral axis 
to skin in inches • 

IMs represents the cmshins load of the skin only and does not 

include that due to spar caps or any other lonEitudinal members. The flexural 

stress, <7- that interests from the raviness-standpoint is that existing «ithin 

the load factor range «here transition is to be avoided, and since this Ö- tern 

is squared, It is obviously important to set these load factors as lo« as Is con¬ 

sistent «ith the purpose of the aircraft. 

For a multi-spar «Ing, the crushing load «ould be carried beWeen 

spara by the skin in bending about its own minor axis as in Figure 6. 

FIGURE 6 
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External air loads are Generally subtractive from the crushing 

loads over a larEe portion of the wins opper surface. Figure 8 is a typical 

thin wing pressure distribution. Pressures inside the winC in the suction duets, 

however, act in the sane direction as crushing loads, i.e., inward, and must be 

added thereto, 

4. Magnification of Deflections 

The effect on snoothness of an axial load applied to a plate 

initially bent to a curvature, such as wing curvature, has been treated in Ref. 1. 

However, as in the case of a colunn where the applied load is much less than the 

critical load, this effect is small at the low loads existing at 1.25 to 1.50 g 

and ordinarily may be neglected. 

5, The mal Stresses 

Stresses produced by a temperature Gradient could certainly produce 

surface waviness and this should be considered in those areas having such a gradient 

These effects might become important at supersonic speeds, but probabl} not p 

K 1 . 

3, Surface P.ourhness 

Roughness elements consist of inherent and acquired surface blemishes 

such as those due to fabrlcatioh, handling, and acquired surface blemishes such 

as those due to fabrication, handling, and fly and dust accretion. 

An estimate of the allowable surface roughness in flight at high 

Reynolds numbers can be made from the F% flight low drag suctioh experiments 

(itef. 13). Fluorene particles were sprayed on the glove surface to observe the 

state of the boundary layer. At U„// ■ 3.2xlO<Vft unit Reynolds number for 

bSOORH h '> 
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flight nunber 68, the average fluorene particle size was .0003 to .0004 inch, 

with 100? laminar flow, and the maximum particle size was 0.001 inch to 0.0015 

inch. The glove chord Reynolds nunber was 24x10^ . 

Recent roughness experiments by Von Doenhoff showed critical Reynolds 

numbers of 300 based on the height of the roughness and the local velocity in 

the boundary layer at the top of the roughness element. 

Assuming a critical surface roughness of 0.001 inch at Uq/Y - 

3.2xl06/ft, corresponding to the F94 glove at 24xl06 , the critical surface rough¬ 

ness for a high altitude laminar suction airplane, cruising at M* 0.9 would be 

as follows:* 

H - 55,000 ft Maximum permissible .002? in. 
height of roughness 

60,000 ft 

65,000 ft 

.0033 in. 

.0042 in. 

C. Outflow 

Leakage can cause transition and must therefore be prevented by seal¬ 

ing of all Joints and rivet and bolt heads. Bonded structure vorks well in this 

respect and, of course, integrally stiffened skin is ideal. 

III. CONTROL OF DISTORTIONS OF TH5 AIRFOIL SSgTXQll 

üiotortion ox tue airioix soctloii «a u Wauxe irom w.o tneoreticju. 

results in a change in the pressure distribution possibly requiring a readjustment 

* The permissible rougjmoos is inversely proportional to the unit Reynolds number 
U/y , under otherwise the same condition. 

bhOORH" 2 6 
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of the auction quantities. Provisions nay be ,,ado to make a reasonable auount of 

this readjustment in flight» 

Another approach miEht be to build the airfoil with the proper amount of 

counter distortion so that at a 1 S flicht condition the airfoil returns to the 

original theoretical shape. 

Camber changes result fron: 

(A) Chordwise bending 

(D) Anticlastic bending 

(C) Camber straightening 

A. Chordwise Pending 

Since the contribution to wing bending stiffness of the aft section 

of the airfoil is a analler percentage than the percentage of total airload it 

carries, a certain portion of airload must bo carried chordwise, rather than span- 

wise, and the effect is as though the aft section were cantilevered from the for¬ 

ward section resulting in a vertical deflection of the trailing edge with respect 

to the structural box. 

This is true also of the leading edge but the resulting chordvúse 

bending is less severe because of the shorter overhang and thicker section. 

B. Anticlastic Bending 

in Reference 8, Fung and Wittrick show that when the spanwise curvature 

is snail, the curvature produced in the chordwise direction in a tapered plate is 

the same as simple bending theory gives for a flat plate 

_L ~ - _±L 
" £ 

(5) 
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of the suction quantities. Provisions nay be made to make a reasonable amount of 

this readjustment in flight. 

Another approach micht be to build the airfoil with the proper amount of 

counter distortion so that at a 1 s flicht condition the airfoil returns to the 

original theoretical shape» 

Camber changes result from: 

(A) Chordwise bending 

(B) Anticlastic bending 

(C) Camber straightening 

A, Chordvdse Bending 

Since the contribution to wins bending stiffness of the aft section 

of the airfoil is a smaller percentage than the percentage of total airload it 

carries, a certain portion of airload must be carried chordwise, rather than span- 

wise, and the effect is as though the aft section were cantilevered from the for- 

ward section resultinc in a vertical deflection of the trailing edge with respect 

to the structural box. 

This is true also of the leading edge but the resulting chordwise 

bending is less severe because of the shorter overhang and thicker section. 

B. Anticlastic Bending 

in Reference 8, Fung and Wlttrick show that when the spanwise curvature 

is snail, the curvature produced in the chordwise direction in a tapered plate is 

the same as simple bonding theory gives for a flat plate 

“I 
_^ (5) 
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where 
d Ç - chordwise curvature 

TIm . Poisson’s ratio 

R - lonßitudinal curvature 

The longitudinal curvature is considered snail when it satisfies the 

, 2 
inequality: 

where 
b ■ scrniwidth of plate (l/2 spar web spacing) 

t0 ■ average thickness 

However, inspection of the relationship 

1 
where E * Young’s modulus 

c - distance from extreme fiber to 
neutral axis 

0“ «= bending stress 

shows that the longitudinal curvature may not be considered small for the usual 

range of wing working stress. 

Actual calculations of the chordwlse deflections have not been made for an 

airfoil section; however, as an example, from data in Ref. 8 it may be shown that, 

for a solid wedee-shaped airfoil section of 1.5,5 camber havinc a bisher bending 

curvature than an airfoil would normally be expected to have at 1 g , the change 

of camber would be 0.2/^ . 

It would be reasonable to assume that the change in pressure distribution 

occasioned by a camber change of this order could be adjusted in flight. 

t 5 O O R11 
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C. Camber Straightening 

A thin cambered airfoil may be structurally unstable in bending 

exactly as a flexible steel tape measure having an initial lateral curvature. 

As the wing or tape is bent, the cross-section progressively flattens and its 

moment of inertia therefore decreases as the bending moment increases. 

An approach to this problem is suggested by Ref. 11 from which 

Figure 9 ia taken. 

eoo 

n 
100 

>= I 
IP* 

10 ¿0 

r 

SO 60 

»- X 

70 

1 

where 

FIGURE 9 

numerical coefficient, see figure, 

thickness of plate - Inches 

radius of curvature - inches 

M* 12U 

Ed** 

bijOOPH _ ') 



Fon» 20•7 F 
( 5- 57 ) 

ENaiNCim 
W. W. Dedon, et al. 
CHECKER 

DATE 

October 1955 

NORTHROP AIRCRAFT. INC. 

PAOE 

JL£L 
REPOrtT NO. 

BLC-81_I 
MODEi. 

*a an example, conalder a cambered plate of 3Í thickness and 1.5« 

camber as in Picure 10t 

-.015 c 

— C 

I 
.03 c 

A 

FIGURE 10 

then 

Assume R = 5c* (an arbitrary choice) 

C ■ A^/Rd * JÀS-l- = 26.6 
5c’ X .03c’ 

This value of C puts the plate well past the critical value of 7.5 in Fig. W 

but it may bo noted that for p - .5 the elope of the moment curve never becomes 

negative. In other worts, a solid equivalent airfoil of the dimension, as in 

example, would not bo subject to a enap-buckling type of instability. The correla¬ 

tion of this to a low density airfoil has yet to be evaluated. 
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1, Allerona and Flaps 

Laminar flow should be maintained on the control surface for 

small control surface deflections, say, in the order of 13° . This is possible 

if the usual waviness requirements are kept and if no large steps or gaps develop. 

Figure 11 shows the permissible magnitude of such steps for the maintenance of 

laminar flow, 

AIRFLOW 

— £ 600 
Y 

— = ZOOQ 
r 

— = ¿0.000 
r 

FIGURE 11 

These requirements can probably be met best with a continuously- 

hinged surface or with closely spaced hinges. A complication develops from this 

design since the hinge line becomes curved as the wing is bent and the induceü 

hinge loads and moments are of appreciable magnitude. (See References 4, 7, and 9). 
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Suction requirements in the control surface, if necessary at all, 

are met with methods sisnilar to those used on the winC, although spanwise ducting 

of air is more restricted because of the smaller available cross-sectional area. 

Chordwise transfer of suction air out of the aileron can be accomplished through 

the aileron closing spar, which can be built, for example, as a trussed spar 

construction. 

IV. INTERNAL DUCTIMG 

At moderately high Reynolds numbers, low drag suction may be required only 

in regions of the adverse pressure in the rear part of the wing from 50Î or 60? 

chord* to the trailing edge. Internal ducting will then be confined to the rear 

part of the wing (Ref. 5)« 

Ms means that the portion of the wing forward of approximately 50¾ chord 

would have no unique requirements other than that of smoothness and leakage require- 

ment, to distinguish it from a conventional wing. Other considerations such a. 

high lift devices, de-icing, or ducts for other purposes would, of course, modify 

this conclusion. 

Duct losses should be minimized in order to insure uniform suction along 

the span and to improve the performance of a laminar suction airplane. The design 

of suction ducting systems for low drag suction airplanes has been discussed in 

Reference, 5 and 15. Generally, adequate duct cross-sectional area is available 

except in the rearmost part of a suction wing. The suction air for these rearmost 

parts can be ducted forward, for example, through chordwise ducts located close 

to the lower wing surface (Ref. 5)» seCs Figure 12. 

of tho wing. __ 
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members. Calculated deflection of such a structure in a particular case was 

satisfactory with a nominal 70 pounds per square foot wing loading, producing a 

deflection at the trailing edge of .08 inch or about M chord. Values of joint 

£ 
rigidities were assumed at 100^. 

Several types of joints were tried for this structure. These are presented 

in Figure H. 

>- BONDED 
S'-V 

e>ONQ£Q 

Ô&VCÆQ AOK/ÛEÙ 

FIGURE 14 

* Rigidity tests showed joints to be in the order of 80^ rigid (conducted by 
J* E. Wieder; report pending also deals with creep). 
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VIEW A 

V. INFLOW 

FIGURE 15 

Continuous laminar suction has been successfully approached by means of 

suction through many fine slots or rows of closely spaced holes. Low drag suction 

through few slots, shaped as diffusers, is inferior to suction through many fine 

slots, from an aerodynamic, structural, and manufacturing standpoint. For this 

,, , „ -..r-unT* f'*’ ein» oiot.c» or rows of holes is 
reason, low drag suction througn a xaige namoer c. - 

considered in this section. 

Reference 5 presents several sweated desisns Cor obtalnlne airflow through 

a load-carrying skin. Subsequent study and experiment have modified these designs 

and evolved others so that a complete, up-to-date summary will be given here. In 

addition, seme of the more salient points in their fabrication will be stated for 

'j 5 OORH 
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th« doaigner’s benefit. First, It le important to note that since the suction 

mil generally be applied mostly In the rear portion of the wing, aft of the 

maximum thickness position, the structure In this area is «orking in bending at 

a reduced efficiency, being nearer the wing neutral axis, and therefore must be 

kept to a minimum weight. 

The solid skin-type slotted skin of Figure 16 Is attractive for wings of 

higher wing loading. Relatively few unknown problems are encountered with this 

type of construction. 

The order of fabrication starts with machining and forming of the heavy 

skin, including drilling the holes. Then follows the application of the outer 

sheet by means of an adhesive and finally cutting the slot,. Both weight and 

slotting considerations dictate a thin outer sheet and a venr small amount of 

finishing or sanding will be peraltted after assembly! therefore, the bonding 

-SLOT 
ourcR sneer 

L pfiNLLCP MOLÍ! 

X-J 
THICK SKIN 

FIGURE 16 
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operation should be accomplished with the outside surface in contact with a nesa- 

tive die of approximately the same wuwlness that will be required of the final 

surface. 

To allow the use of large panels and eliminate the need for frequent chord- 

wise and spanwise Joints, a portable slotting saw has been developed (Hef. U). 

It is powered by a small drill motor and runs on a light track, temporarily affix- 

ed to the skin. 

Cutting the slot is the last operation on the skin panel, with the excep¬ 

tion of final hand finishing. Thus, the edges of the slots will be better pro¬ 

tected against damage during fabrication. 

Thickness of the assembled skin is dictated by waviness and stability 

criteria as discussed in the section on crushing loads. 

-/ 
-jJLQT OUTER SHEET 

-4. 
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>/WHH/SE HOU/S 
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For lov/er winß loading a solid skin in the rear suction reßion vail be 

relatively heavy. In this case, a double skin construction (candvdch, Fig. 17, or 

chemically milled, Fig. 1C) has less weight than a solid wing skin. Fabrication 

procedure begins with the machining of grooves and lands in the dash 2 skin and 

machining of the honeycomb to the proper thickness, including cutouts for the 

lands if they are to be used. Members dash 2 and dash U are bonded together and 

members dash 2 and dash 3 are then bonded to the core using the final die as a 

form. Next, the holes are drilled, and this must be done after bonding to insure 

r—JLQJOJ> 

SPAM UIS £ #Ol>SS - 
HOLES 

pTCTC; T at ; k Vtv K? 

PAN WISE HONS — 
or HOLES 

SLOTS 

"\c \c. 

ft AN ML SES ROiHS 
'or HOLES 

FIGURE 18 
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a clear passage«^ entirely through the aesenbly. Sheet dash 1 le applied using 

the doe. tolerance fanal, die as In the solid skin method and for the same reasons. 

Finally, the slots are cut and the hand-finishing done. 

This last operation may, of course, be delayed for safety»s sake until wing 

assembly operations are completed, since the slotting operation is performed by 

I portable equipment. Figures 19 through 23 show other schemes: 

Figure 19 shows a honeycomb sandwich assembly with plastic overlays forming 

[the slots and plenum chambers (see Fig. 19). Because of the softness of the plastic, 

great difficulty was experienced in holding the required surface smoothness and pro¬ 

tecting from subsequent damage. 

FIGURE 19 

* 
4 

A solution similar to that of Fig. 19 except for the substitution of alumi- 

! num for plastic proved difficult in holding proper slot tolerances during bonding 

I of the overlay to the sandwich. 
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Figures 20 and 21 illustrate two methods whose greatest drawbacks are the 

problems of holding slot tolerances and of providing a close tolerance adhesive 

thickness. 

M7A/J or MOlCr 

FIGURE 20 

FIGURE 21 

A variation of Figure 17 is shown in Figures 22a and 22b. 
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Fleur« 23a and 23b show auction through a larger nuefcer of row of 

cloaaly-apacod small holes In » doubla-skln chemically milled eandvlch. 

AIRFLOU 

ROvJ or ctß'CL/- 
j pa ceojROcjià 

: V. 

-LAROFR Hpi-FS AND SPACING pN_BOrrQM S{0£ 

iIGUIE 23a 

■ hops or CiOSCLf 
s PA C DO HOL FS Al R FLOU 

lAPGLS? SPACING QM 
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FIGUIC 23b 
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