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FOREWORD

The final rzport on the LFC Design Data for the X-21A
demonstration airplane, Contract AF 33(657)-13930, is a revision
of Report NOR 61-141, "Laminar Flow Control Demonstration Pro-
gram, Final Report - LFC Design Data," Contract AF 33(600)-
42052, April 1964. The revision is the addition of new technical
information that resulted from the continuation of the program
beyond the April 1964 date, and retains all pertinent data from
the earlier report.

The report embraces several different technologies or
disciplines: external aerodynamics, boundary layer theory, inter-
nal aerodynamics, propulsion, miscellaneous LFC design criteria,
aircraft performance, and structural design and analysis. The
report summarizes the present state-of-the-art in LFC aircraft
design and serves as a basis for future effort in this field of

‘ development.




FORM 20-7A
(R.11-89)

§

NORTHROP CORPORATION i1

cugeen mm! D'V'S'ON REPORT NO.

NOR 67-136

DATE

MODEL
June 1967 ' A X-21A

TABLE OF CONTENTS

FOREWORD

TABLE OF CONTENTS

INTRODUCTION

Secticn 1 “Concept of LFC by Suction and Theoretic al
Background, Including Boundary Layer Stability
Criteria®

Section “Calculation of Boundary Layer Development and
Suction Requirements on a Laminar Flow Control
Wing Using Digital Computer Programs"

Section "Suction Slot Design"

Section “Desigr of Flow Passages Between the Slots and
Main Ducts”

Section "Main Duct and Mixing Chamber Desizn Analysis"

Section "External Pressure Distribution Criteria and
Wing Design to Meet These Criteria®

Section "Effects of Nacelles, Pods and Fuselaga on the
Wing Pressure Field and Adaptation of Wing
Contours"

Section “Pumping System"

Section “Main Propulsion Systeam™

Section "Waviness and Surface Smoothness Criteria®

Section “Bffect of Acoustical and Vibration Environment
on the Maintenance of Laminar Flow"

Section "Performance Prediction and Effect of LFC on
. Perforsance Paremsters”

Section *"Designing for Satisfactory llytn. Qualities on
an LFC Afrcrafc™

Section *lce !rouction Systems

Section “Structursl and strou Design Considerations®




oMM 20-7A
(R.11-¢3)

PASE

NORTHROP CORPORATION 114

NORAIR DIVISION REPORT WO.
NOR-67-136

MOOEL
Juue 1967 X-21A

INTRODUCTION

In August 1960, Northrop Norair was awarded a United States Air Force contract
to modify two WB-66 aircraft to a configuration subsequently designated X-21A,
incorporating laminar flow control (LFC) on the wings. The primary objectives
were to demonstrate the technical feasibility and practicality of the design,
marufacture, operation and maintenance of a laminar flow control aircraft
system; and to provide data for direct application to the design of future LFC
aircraft, using technologies developed by Northrop Norair in previous Air
Force research contracts. The modification of the WB-66 involved removal of
the wings and replacing them with laminar flow control wings, replacement of
the propulsion engines with pylon-mounted YJ79-GE-13 engines on the aft fuse-
lage, the installation of LFC suction compressors in pods mounted under the
wing, and the modification of the fuselage required by the wing and engine
replacement.

The engineering development of the X-21A required the integration of the
technologies used in the design of high subsonic aircraft with laminar flow
control techrologies. This required the aerodynamic development of airfoil
sections so as to establish favorable chordwise and spanwige distributions of
pressure, the development of a suction system throughout the wing, and the
development of efficient structure to accommodate the passage of air from the
boundary layer to the suction compressors.

This report presents a description of the engineering methods and procedures
used to make the LFC modification (the X-21A airplane); and it includes improve-
ments, such as wing nose modifications, that were developed in the X-21A flight
test programs. The LFC suction surface design, as modified for the second

(9% 35<410&) airplane, provided almost tota) laminarization of the wing uppet -
suction surface in the cruisne flight condition.

The engineering methods and procedures described Are recommended as the basis
for design of future laminar flow control aircraft) It is probable that
additional research investigations could be helpful \in further improving LFC
performance, with the subject of most interest being the reduction of boundary
layer disturbances generated in the wing nose region of aircraft as large as,
or larger than, the X-21A.

The report is divided into 15 sections, each of which covers a specific design
congideration for the X-21A airplane. BRach section has its own list of symbols,
to minimise the confusion of duplication of symbols smong the various tech-
nologies represented in the report.

To aid in introducing the X-21A asirplane and its LFC performance, the following
figures, summarising data through 1965, are included in the introductions

I.1 General Arrangement - X-21A

1.2 Plight Envelope - LFC Investigation

1.3 Step-by-8tep Growth in Laminar Area Throughout Program

1.4 Laminar Flow Area - 1963

ey
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INTRODUCTION

Laminar flow control (LFC) is the reduction in wake drag of an aero-
dynamic surface by laminarization of the boundary layer through with-
drawal of small quantities of boundary layer air by suction. It is
found that the force equivalent of the energy expended in pumping the
boundary layer air to free stream velocity, when added to the wake
drag of the now laminar boundary layer, is a much smaller quantity
than the drag of the same wing without LFC, This section of the
report discusses the principles of maintaining the boundary layer in
a condition of laminar flow from the leading to the trailing edges of
a wing at large Reynolds numbers. The individual problems with cross-
flow and tangential flow will be considered together with the special
problem of stability within the stagnation zone on a swept wing. The
criteria used for establishing the optimum suction distribution are
discussed together with factors which will minimize the required
suction,

Sl - 1 e S il e e S ST

This section discusses only the problems of laminar flow on wings and
empennage. It is considered that the laminarization of fuselages and
nacelles is not yet at a stage of development sufficiently advanced to
recommend that it be used on current aircraft.

CONCEPT OF STAB1.iITY IN THE LAMINAR BOUNDARY LAYER

The determination of whether a given boundary layer will remain laminar
as it proceeds across the wing surface is dependent upon the shape of
the boundary layer velocity profiles. If conditions are such that a
flow disturbance will amplify, then instability exists. Typical dis-
turbances are surface roughness, pressure fluctuations through the slots,
surface vibration and sound. Even though there is an unstable profile
at a given point in the stream, disturbances which are small relative to
the boundary layer thickness may amplify only slowly. That is, transi-
tion may not occur for some distance behind the instability. However,
in the general case, if critical conditions are exceeded it must be
assumed that transition will occur.

i el . i A i, b0 0 i S i

It has been an impression among aerodynamicists that s chordwise
gradient of dacreasing pressure will exert a stabilizing influence on
the boundary layer of a wing and delay transition, However, consider-
ing the case of the swept wing, one discovers that this criterion alone
no longer governs. In fact, transition occurs at high Reynolds numbers
very far forward on the leading edge in spite of the existence of a
so-called "favorable™ pressure gradient. Crossflow develops in the
boundary layer quite far forward on the wing end the shape of the
boundary layer crossflow profile leads to instability.

.'f‘l'
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The crossflow velocity at any point within the boundary layer is the component
of the local velocity vector which is normal to the potential flow vector

just outside the boundary layer. The potential flow vector changes in
direction continuously as it leaves the leading edge and passes across the
wing.

Figure 1.1 shows the three-dimensional boundary layer profile of a
swept wing. One sees the familiar tangential profile at right angles to
the crossflow profile, and the vector sum of these two.

There is little tendency of the boundary layer flow on a straight wing

to be deflected either inboard or outboard, and hence little crossflow
exists. By use of airfoil sections which exhibit the "favorable" pressure
gradient forward of mid-chord it is possible to maintain a laminar

boundary layer over considerable portions of its chord by.careful smoothing.
On a swept wing smoothing alone cannot prevent transition near the leading
edge.

Figure 1.2 shows the path of a potential flow streamline as it passes across
a swept wing. As it reaches the leading edge it is immediately deflected
outward and depending upon the sharpness of the leading edge it turns
rapidly through almost 90° and moves inboard. This is because it now sees

a4 crosz-streamwise pressure gradient with lower preassure inboard. As it moves
aft it encounters an opposite pressure gradient and is thus moved outboard.
The paths of the streamlines inside of the boundary leyer follow the same
general excursions, but because of their relatively slower velocities and
reduced centrifugal forces their angular deflections (undar the influence

of the cross-streamwise pressure gradients) are greater.

Figure 1.3 shows the chordwise distributicn of pressure for two types of
airfoils, one in which the forward and aft pressure gradients are steep,

and one in which the gradients are shallow. The former is preferred for

a high subsonic LFC wing for two reasons. It provides more lift for a given
maximum negative pressure and it provides a shorter region of crossflow.
Furthermorc, the chordwise distribution of pressure should be nearly constant
along the span to provide straight isobars along the wing element lines.
Figure 1.4 shows an isobar diagram for a conventional subsonic transport
swept wing. Isobars not parallel to the wing element lines indicate varying
spanwise conditions of pressure and crossflow. Local increases in isobar
sweep such ss those which usually occur near the leading edge of the wing

tip and wing root are accompanied by significantly increased crossflow.

Exampleg of crossflow profiles for various positions along the chord

of a 33 swept laminar flow control wing are shown in Figure 1.5. These
curves are calculated from a knowledge of pressure distribution, geometrical
characteristics and freestream conditions. Experimental determination of
crossf{low profiles would be extremely tedious and is found unnecessary
because of the high degree of accuracy of their prediction by analysis.

In this figure the crossflow velocity (n) i3 ratioed to the flow velocity at

infinity (U,). The height of the boundary layer above the surface is represented

ST SR X el
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by the ratio y/c multiplied by the square root of the chord Reynolds number.
One sees that at the leading edge the boundary layer is quite thin but the
crossflow velocity in the negative direction (that is, toward the fuselage)
is quite high. In the mid-chord region the crossflow velocity is small

but further aft in the region of the rear pressure rise it again builds

up to large magnitudes. This is coupled with large boundary layer thickness.
The crossflow Reynolds number, defined as the product of the maximum
crossflow velocity and the height of the boundary layer (to the point at
which crossflow returns to 1/10 of its maximum value) divided by local
kinematic viscosity, is a large number at positions very close to the
leading edge and over a substantial portion of the rear part of the wing.

The influence of suction in preventing transition on a wing at high chord

Reynolds numbers is to reduce the boundary layer thickness and the maximum

crossflow Reynolds number in the boundary layer. At first thought one

might consider the simplest LFC system to be one in which the suction

distribution was maintained constant across the chord. However, there are

two reasons for not following this system., The first is, of course,

that efficiency is of prime concern to an LFC system, and in order to attain

the necessary boundary layer stability at critical positions along the chord,

more suction than necessary would have to be applied over the remainder.

The second reason is that this very oversuction can be troublesome from

the standpoint of required wing smoothness. That is, the greatar the suction,
‘ the thinner the boundary layer becomes and with excessive suction the wing

smoothness must be near-perfect.

This, then, brings up the problem of determining for all points along

the chord the proper amount of suction assuming a continuous suction surface.
In practice, the correct suction distribution is determined on the basis

of local boundary layer stability. Reference 1 contains an excellent
discussion of the concept of boundary layer stability and of the critical
crossflow velocities tolerable on a swept wing. Reference 1 shows that the
critical crossflow Reynolds numbers obtained experimentally usually exceed
the minimum values predicted by theory. (The term "minimum" is used because
the theory computes the neutral crossflow stability limits for a range of
disturbance frequencies. The "minimua" limit pertains to the frequency
giving the lowest critical crossflow Reynolds number.) In general, the
experimentally tolerable crossflow Reynolds numbers are of the order of
eighty percent higher than the theoretical minimum limiting values. The
eighty percent factor is not precise and is itself somewhat related to the
chordwise pressure distribution. For the practical design of the LFC wing,
the limiting crossflow Reynolds numbers are based on theoretical calculations
which then are scaled up by a factor based on experimental results. The use
of the eighty percent factor as a constant has been found to give accurate
estimates of the total suction requirement for an airfoil, but usually some
sinor adjustments of the chordwise suction distribution sre required.

e
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The theory shows that the minimum crossflow stability limit Reynolds number
becowes greater in direct proportion to negative increases in the second
derivative of the crossflow profile at the wall., Calculations of the
crossflow stability limit Reynolds number on swept laminar suction wings
have shown considerably higher statility limit Reynolds numbers for the
crossflow in the region of the rear pressure rise where the maximum
crossflow velocity occurs relatively close to the wing surface, i.e.,
vhere the second derivative of crossflow velocity at the wall has larger
negative values than in the leading edge regions. Figure 1.6 shows this
relationship. This plot shows that the theoretical minimum stability
limit crossflow Reynolds number has a value of about 60 when the shape of
the non-dimensionalized crossflow prcfile at the wall is flat. As the
curvature of the profile increases so does the stability limit,

This, then, is the primary criterion which is used for evaluating the

suction quantity and distribution which must be generated by the suction
system cn swept LFC wings. The specific procedures involved in computing

the suction are discussed in another portion of this report. However, the
general process is to calculate the boundary layer characteristics with an
assumed suction distribution and to compare the actual crossflow Reynolds
numbers with the stability limit values. 1In this way, the need for increasing
or decreasing the suction can be seen. This is done numerically by using
suitable programs on high speed digital computers.

STRAIGHT WINGS VERSUS SWEPT WINGS - LEADING EDGE FLOW AND CROSSFLOW

Another factor making it more difficult to msintain a laminar boundary

layer on a swept wing than on a straight wing at the same chord Reynolds
number is associated with the attachment line* flow at the leading edge.
Research in the early 1950's disclosed that flow disturbances at the leading
edge of & swept wing could propagate spanwise over major pcrtions of the
wing. This would cause turbulence everywhere downstream of the contaminated
leading edge area.

To gain an understanding of the phenomenon, consider a point-disturbance
located at some position aft of the leading edge in a laminar boundcty

layer. Turbulence will be generated in a wedge approximately 14° wide

which is centered on tha potential flow streamlina passing through the

point of origin. The effect of a disturbance in the region of the attachment
l1ine is much more serious than the same disturbance further aft unless

* Tollowing the practice of Reference 3, the "attachment line" in the
sense used here is the "stagnation" line for the swept wing leading edge,
being the locus of those points along the wing lesding edge at which the
potential flow voloeity has no component on the plane perpendicular to
the wving leading edge sweep angle at those points. Fluid elements
impacting on this line move in a spanwise direction only. Fluid elements
impacting just above or below this line describe a path such that they
eventually traverse the upper or lower surface of the wing, respectively.
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special measures have been taken. It is found that a point disturbance
so located on a wing with large leading edge radius may travel long
distances along the leading edge, with turbulent streaming aft for the
entire length of the contaminated leading edge area.

This phenomenon was found to explain the inability to obtain laminar
boundary layers over the inboard wing of the X-21A during early flight
tests of that aircraft. Laminar flow was experienced in the cuter
third of the wing semispan and occasionally over the middle third,

but never over the inboard third, that is, inboard of the pumping pod.

The inner region is, of course, one with much larger leading edge radius
than elsewvhere. Figure 1.7 shows the pattern formed on the surface of
an otherwise laminar wing behind a point-disturbance which is located
off the attachment line. Figure 1.8 is a view looking aft at the lead-
ing edge of a swept wing showing the effect of the spanwise propagation
of a disturbance located directly on the attachment line. In this case
a turbulent wedge is formed as before, but its apex straddles the stag-
nation line, and so the disturbance spreads spanwise. Depending upon
the leading edge radius, the unit Reynolds number and the location of
the disturbance, the turbulence spreads outboard along the span in an
increasingly wide pattern with increasing unit Reynolds number, as
indicated in Figure 1.9.

A stagnation zone may be defined such that a point disturbance within
it will cause spanwise contamination of the wing. Consider traversing
the wing surface in a direction normal to the attachnent line until a
point is reached at which the streamline direction is 10° divergent
from the attachment line. Twice the distance of that traverse may be
taken to define the width of such a stagnation zone.

Preliminary indications from wind tunnel tests of a 33° swept two-
dimensional large scale model are that the boundary of thc turbulent
wedge nearest to the attachment line may be less than 10° from its
streamline of origin. 1t was found possible in this test to locate a
disturbance on one side of the attachment line such that spanwvise
contamination would occur only on that side of the wing, with no
influence on the opposite surface. Thus, it is possible to cause
spanvise contamination on only the upper surface or only on the lower
surface, depending upon the position of the disturbance above or below
the attachment line.

Prior to the aforementioned wind tunnel tests in late 1963 st Horthrop
Nc¢rair, little was known about the characteristics of the spanvise
growth of the turbulence along the span of & swept wing. These tests
showed that instead of an abrupt spanwise contamination at a critical
Reynolds number, the spanwise growth was gradual.
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Northrop Norair!s wind tunnel tests, as well ss X-2Z1A flight tests, have
verified that rather extensive laminar flow up to high length Reynolds
number can be established when an undisturbed laminar stagnation line
boundary layer has been obtained.

Reference 3 points out that in order to establish an undisturbed laminar
attachment line boundary layer on swept wings, it is essential to mini-
migze disturbances which may cause turbulent bursts at the front attach-
ment line, and to reduce the boundary layer momentum thickness Reynolds
number at the front attachment line to sufficiently low values.

(Res 150 for very small disturbances and Rg<100 for large disturbances.)

Increasingly higher values of the attachment momentum thickness Reynolds
numbers, upwards of 200 as stated in References 4 and 5, might be possible
under absence of freestream microscale turbulence, provided other finite
disturbances have been eliminated.

These values of Rg (100 - 150) can be considered typical for the maximum
allowable momentum thickness Reynolds number on the attachment line of
a swept wing having no suction in the stagnation zone. 1t is indicated
that a leading edge flow which is otherwise supercritical can be stabi-
lized by a reduction of its leading edge radius, application of suction
in the stagnation sone, or a combination of both. It is clear that in
order to be effective the position of the reduced leading edge radius
must coincide geometrically with the location of the stagnation point
at the design flight condition. The beneficial influence of reduced
leading edge radius is to impart an increased chordwise accelerstion

to the potential flow streamline starting from the attachment line. In
this way, the streamline is turned more quickly and the stagnation sone
is narrowed, thus reducing the crossflow region.

There are several sources of contamination and destabilisation leading

to spanwise spread of turbulence on current subsonic swept wing aircraft.
Foremost is turbulence generated on the fuselage forward of the wing lead-
ing edge and passing down the wing. The larger the wing leading edge,
the farther outboard the turbulence spreads. In the region immediately
outboard of the turbulent sone, laminar flow will be reinstated, at least
at the leading edge. Nevertheless, weak vortices within the laminar
region will continue to propagate down the leading edge and will be shed
continuously from the leading edge. The suction system may be unable to
introduce the necessary stabilisation and transition msy occur at vary-
ing distancee aft of t he leading edge. The outboard boundary of transi-
tion may then sweep gradually aft as in Pigure 1.10 instead of forming
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a distinct edge aligned 7 degrees to the direction of flight.

Other sources of disturbances are. insects impinging on the leading edge
at take-off, uneven wing panel splices which cross the stagnation zone,
non-uniformity in suction distribution along the slots (particularly

as they cross the splices), fasteners in the stagnation zone which are
rot smooth, and inadequate devices for elimination of fuselage-generated
disturbance which themselves generate disturbances.

Solutions to the problems of spanwise contamination on swept LFC wings

‘are in three general categories. First of these is the arrest of dis-

turbances coming down the leading edge from the fuselage. The most
obvious method is a fence parallel to the aircraft plane of symmetry
at the leading edge and extending forward, such as shown in Figure
1.11. Slots are provided at the fence leading-edge intersection to
remove the turbulent boundary layer generated by the fence itself. In
addition, the fence shculd be contoured with its leading edge sloping
inboard to avoid separation on its outboard surface. Another solution,
perhaps preferable, is the use of vertical slots across the stagnation
gone for removal of large disturbances from the fuselage. A third method
of avoiding disturbance from the fuselage turbulent boundary layer is
to provide a gutter or cut-back section of the wing nose at the wing-
body intersection such that the turbulent air from the fuselage passes
through the gutter region, and only uncontauinated air meets the wing
leading edge.

A second major solution is the reduction in wing leading edge radius.
As an example of this, boundaries of spanwise contamination are shown
for two leading edge radii at the same unit Reynolds number in Figure
1.12.

Finally, recent research shows that vertical slots across the stagnation
gone improved stabilization of the stagnation zone boundary layer flow.
It is obvious that the slot spacing should be sufficiently close to pre-
vent any disturbance from escaping from the stagnation zone before en-
countering a slot. Special attention must be given to the end of the
vertical slot, for a vortex may be created at this point which, if the
slot extends out of the stagnation sone, creates a turbulent wedge, and
if it does not, may itself cause spanwise contamination. Obviously a
succession of turbulent wedges would negate the benefits from suction
further aft. ' .

All of the dovicoi described have been tried on the inboard wing of the
X-21A airplane and have been found effective in improving the wing
laminarisation.

Rk
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1.5

PREVENTION OF TRANSITION BY SUCTION THROUGH DISCRETE SLOTS

In the boundary layer computations the quantity of suction is calcu-
lated as a function of distance along the chord and is a continuous
area suction calculation rather than a calculation for discrete slots.
Norair's laminar flow control system employs many closely-spaced thin
slots running spanwise along the wing from the leading edge to the
trailing edge for the removal of the boundary layer air. One of the
criteria used for the design of the suction system applies to the
height of the individual layer of air removed hy each slot, which
must be approximately equal to the slot width. Observance of this
sucked-height to slot-width ratio criterion and of a maximum slot
Reynolds number criterion provides a sufficient number of slots for
an approximation to distributed suction, even though in practice the
boundary layer air is removed in individual steps.

The stabilisation of the tangential flow profiles is all that is
required on a straight wing for attainment of laminar flow, but on a
swept wing tangential flow is of secondary interest. Only in the
midchord region of a swept wing where the chordwise pressure distri-
bution may be nearly constant, and in the stagnation zone as previously
discussed, is it likely that cross flow will be sufficiently small that
the tangential profiles will require attention, particularly when high
level acoustic disturbances are present at high Reynolds number. 1In
the calculation of suction requirements for a swept wing the analyst
concerns himself primarily with assurance of adequate crossflow
stability across the chord, but in the midchord region stabilization
of the tangential flow profiles may determine the suction requirements.

LIMITING REYNOLDS NUMBERS ASSOCIATED WITH STAGNATION ZONE FLOW, CROSS-
FLOW AND TANGENTIAL FLOW

The Reynolds numbers listed here are recormended as maximum values to
be used in the design of suction LFC wings.

1.5.1 STAGNATION ZONE F1OW

The maximum stagnation sone momentum thickness Reynold ¢ number
on a swept wing in the stagnation szone is recommended to be 100.
This Reynolds number is defined as the product of the component
of free stream velocity parallel to the leading edge of the wing
and the momentum thickness of the stagnation sone boundary layer
divided by local potential kinematic viscosity. The local
somentum thickness Reynolds number will rise to magnitudes much
greater than 100 at positions further aft on the chord of the
wing. However, it is considered adequate that this criterion

be satisfied only at the attaclment line or stagnation sone.

The equations governing calculation of this Reynolds number

for a swept leading edge are:

e e — s e o
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U_(sinA)(8/v) = Momentum thickness Reynolds number
Q! = free stream velocity

Wing element line sweep angle

% local potential kinematic viscosity

Momentum thickness of the boundary layer

Ke/ STCTEY

Potential flow velocity gradient in the plane normal
to the attachment line

| 7 1s a coefficiant function of the suction coefficient
FY in the stagnation sone and is given in Section 3

Ko 407 for &« swept wing having no suction at the attachment
line

1.5.2 LIMITING CROSSPLOW REYNOLDS NUMBERS

Limiting crossflow Reynolds numbers are based on the shape and
sise of the crossfiow profiles across the chord of the wing.
The recommended limitations on crossflow Reynolds number are
1.8 times the values shown in Figure 1.6.

1.3.3 TANGENTIAL FLOW

Results from investigations in an attempt to find a tangential
design criterion have led to the formulation of a relationship
between the nomentum thickness Reynolds number and the second
derivative at the wall of the tangential velocity profile.

Pigure 1.14 shows the tangential stability critaria. These
curves were obtained by examination of the stability of laminar
velocity profiles, as given in Referunce 7.

The curve labeled (a) corresponds to dats showm in Reference 6.
Figure 79 of this refrrence defines ths critical momentum thtck-
necs Reynolde number as & function of the aecond durivative of the
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velocity profile at the wall. Data from this report were taken
from theoretical stability analysis performed by Ulrich and
shown in Reference 7. A curve faired through the data points
gave an expression for the critical momentum thickness Reynolds
number, as follows:

1/3 £ -
ecrit

2 3
9 (u/Uﬁ)

R 127

b(y/O)2 wall

critical momentum thickness Reynolds number

potential flow velocity

height above surface

2
9 (;/Um) = non-dimensional expression of the second
3(y/90)" wall derivative of the velocicy at the wall

The curve labeled (b) corresponds to results obtained by analysis
of a 33° swept 10-foot chord suction wing test performed at
Northrop Norair and Ames.

Northrop Norair perfqrmed an empirical study to establish design :
criteria for suction requirements in the region of a swept wing
with flat pressure and negligible boundary layer crossflow. The
region of validity for this study is limited in the upper surface
of the airfoils analyzed from .15 x/c to .50 x/c and on the lower
surface from .25 x/c to .50 x/c and for & range of momentum thick-
riéss Reynolds number that varies from 600 to 2600. The amount

by which letr exceeded Recrit was usually 200 with an upper limit

of 800 for very low turbulence intensities, where the subscript
er" refers to transition value.

Based on these results a conservative stability limit for tangential
flow can be obtsined in the form

) + 200
lotr lecrtt

vhere Ry has the expression seen above or

crit
2

.‘til3 - 7.6 - 106 O (WU

B(yl')’uﬁll. or
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® 200 + (6 - 127
o

] 3
a(y/O)2 wall

Both expressions are valid only for Rgu_ ranging between 600 and
2600, which corresponds approximately to a value of the second
derivative between -.02 and -.06. Tangential flow Reynolds
number is defined as the product of boundary layer momentum thick-
ness times local potential flow velocity divided Ly local poten-
tial flow kinematic viscosity.

1.6 MINIMIZATION OF SUCTION REQUIREMENTS

Fuel expenditure for driving the pumping machinery and the weight and
space of the machinery itself is the price that is paid for the drag
reduction in an LFC system. Careful attention is required to assure
that minimum practical suction quantity and pressure drag is specified.

1.6.1 WING PRESSURE DISTRIBUTIONS

. In the design of a Laminar Flow Control wing, among other require-
ments, proper wing surface pressure distribution and suction dis-
tributions should be satisfied in order to meet the required
minimum suction specifications. Wing surface pressure distribution
for this purpose can be analyzed considering two principal direc-
tions of the wing surface, in the chord direction and along the
wing span.

1.6.1.1 CHORDWISE PRESSURE DISTRIBUTION

The optimum chordwise pressure distribution for an LFC
wing 1s one in which the pressure coefficient versus x/c
diagram shows an appreciable chordwise extent of constant
pressure for both the upper and lower surfaces. Such a
pressure distribution is shown in PFigure 1.13. This
was measured on the X-21A wing at 24% of semi-span. De-
~sign of airfoil sections requires considerable testing
in a wind tunnel of adequate Mach number capability
because the influence of compressibility cannot properly
be predicted {n the leading edge regions by any of the
presently existing theories, and stabilization of the
stagnation sone flow may impose additional leading edge
constraints. At any rate, in the region of comstant
pressure, the crossflow velocities are minimised, thus
greatly reducing the amount of suction needed for that
' reason. It has been found that the position of the rear




[ & el

omM 20-7A
(R.11-¢3)

PASE

NORTHROP CORPORATION 1.12

REPORT NG.
NORAIR DIVISION NOR 67-136

June 1967

MOOEL
X-21A

pressure rise can be moved quite far aft on the chord
without separation over the rear of the wing.

SPANWISE PRESSURE DISTRIBUTION UNIFORMITY

It is necessary to design LFC surfaces with a high
degree of spanwise pressure distribution uniformity.
There are two reasons, the first of which is the pre-
vention of excessive isobar sweep. Any non-uniformity
in the spanwise pressures is accompanied by some

areas where the sweep is reduced and other areas where
the sweep of the isobars is increased. This means higher
suction requirements in the area of greater sweep. The
other reason is the inefficiency in the total suction
quantities which must be removed in any one duct if the
external pressure at the middle of the duct is, for ex-
ample, much lower than the pressures at the ends of the
duct. Then, the duct pressure level must be adequate to
remove air at the middle and this results in over-throt-
tling at the ends where such a low duct pressure is not
necessary.

It is recommended that the wing design be optimized as
soon as possible in the wind tunnel program and that this
be done with the wing attached to the fuselage. In this
manner, the proper wing twist can be selected together
with local changes in airfoil section parameters near the
wing root and wing tip in order to maintain constant
pressures along the wing element line. The wing root
and the wing tip are special problems and some penalties
must obviously be sustained in these areas.

Having selected the distribution of airfoil parameters
such as thickness, twist and camber, the nacelles can
then be installed on the wing. Various measures are
available for minimizing this influence on the pressure
distributions. In the X-21A program, the propulsion
nacelles were located aft on the fuselage and pumping
nacelles were placed on the wings. The shape of the
pumping nacelles in the planview was chosen to approxi-
mate the paths of the streamlines which would have
existed were the nacelles not in place. However, on

the inboard side of the wing near the leading edge a
region of locally higher pressures was found which could
not be eliminated by changes in nacelle contours. This
was compensated by a local thickening of the wing itself
in the affected area.
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PRESSURE DROP AND SUCTION QUANTITY

Boundary layer stability analysis provides the necesssary
information for the determination of the adequate suction flow
rates in the spanwise and chordwise directions. The inflow rate
distribution should be adequately obtained by setting a nominal
pressure drop through the skin which must be sufficient to ensure

a fairly uniform inflow and small degree of distortion on the
nominal inflow rate distribution when the surface pressure con-
ditions are varied. As a representative value for this minimum
pressure drop that will give good condition for suction distributio
one-half the value of the variation in pressure drop along the
surface can be used. For a duct in which AC,5 is the variation

of spanwige surface pressure and AC,. is the chordwise variation

of surface pressure, the design duct pressure should be about

1/2 (ACpg + OCp.) below the most negative surface pressure. With
the ideal condition of a suction wing with straight isobars and
with suction duct length to diameter ratios of less than 300, the
suction requirements will be minimized and less pumping power is
required to provide laminar flow.

Suction quantities and suction quantity distribution are also
important in complying with the minimum suction specification.
These are related to the suction inflow velocity distribution

and how efficiently the distribution is realized in order to
provide suction flow that rlosely approaches area suction. When
suction is obtained through slots cut in the skin of the wing,

the slots should be designed so that slot Reynolds number remains
low; a typical value for slot Reynolds numbers is 100. Reference
5 shows measurements of slot flow Reynolds numbers over the
adverse pressure gradient of a swept suction wing at various chord
Reynolds numbers and the influence on laminar flow on that region
of the wing when high Reynolds numbers and consequently increasing
slot Reynolds number were reached. Recent suction duct experi-
ments have shown that slot flow velocity fluctuations increase

as the slot Reynolds number increases above 120.

Since boundary layer stability conditions establish the amount
of suction required and this suction is realized on a swept
suction wing through the siots, the slot velocity is inversely
proportional to the slot widths and spacing. The flow guantity
through the slot is determined by the product of the equivalent
suction inflow velocity v, and the spacing between slots.
Typical velues for the suction quantity coefficients (v/Ug) are
spproximately 5 z 10°® per surface with a value of 10-4 1n
regions of the wing with a rslatively flat pressure distribution
and small crossflow. This value increases up to 10 x 104 near
the leading edge for moderately swept back wings.

L ]
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SOUND

As indicaced in Reference 2, scund of a high pressure level is

a detriment to laminar flow. In general, the influence is felt
in regions where otherwise the suction levels are low, that is,
over the mid-chord region of a wing with a flat mid-chord pressure
distribution. Depending upon the amplitude of the sound, it can
be compensated by addition of small amounts of suction in these
areas. Section 11 of this report contains a more complete dis-
cussion of the influence of sound on the maintenance of laminar
flow in the boundary layer of a swept wing. It is indicated
therein (as based on wind tunnel tests) that a moderate increase
in total suction, concentrated as indicated, is sufficient to
compensate the destabilization of a strong sound environment.

MULTIPLE FLIGHT CONDITIUNS

If the suction system must be designed to accommodate the attain-
ment of laminar flow at multiple flight conditions, some penalties
must be taken in the suction requirements. Since the required
suction differs as the pressure distribution and Reynolds number
differ, a suction distribution optimized for one flight condition
may hot be adequate in other cases. Consequently, it is desirable
to minimize the number of flight conditions for which LFC must

be operational.

MAXIMUM SLOTTED AREA

The laminarization of the maximum possible surface of the wing
is necessary in order to gain the greatest benefit from LFC.
There ma) be some penalties because of non-uniform pressures in
the regions of the nacelles, wing root and wing tip; however,
these should be minimized.

OPTIMIZING SUCTION QUANTITIES

In the calculation of suction quantities for an LFC wing it is
advisable to reduce the suction quantities at all points along
tha chord to the minimum necessary values. The actual suction
cutput of the final duct design should be considered. (In prac-
tice, it 1is found that the slot and duct design cannot yield the
exact suction distributionas called for in the earlier suction
calculations for more than &« single flight condition.)

SMOOTHNESS AND SLOT TO

Close observation of smoothness and slot-quality tolerances must
be followed to minimise the disturbances which may affect the

R b il
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suction requirements. Non-uniformities often call for local
changes in suction. Since the pressure in the entire duct must
be varied to compensate for a local boundary layer disturbance
this may represent a considerable change in suction quantity
and distribution,
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SUMMARY

The suction requirements of & laminar flow control wing are
determined through use of Northrop Norair!s general digital
computer boundary :ayer calculation method. This section
describes the use of the digital computer programs for the
specific case of a swept tapered wing in subsonic flow with
straight isobars and no heat transfer through the surface.
The swept wing coordinate system and the components oi the
potential flow velocities and boundary layer velocities are
defined. A method is presented for accomplishing the con-
version from measured wind tunnel pressure data to the
velocity components used by the program.

To determine the stability of the laminar boundary layer

with a given suction distribution, one must consider stability
at the leading edge, crossflow stability and tangential sta-
bility. Criteria for determining these types of stability
have been derived from theory and from wind tunnel and flight
test investigations. Comparison of parameters calculated by
the program with the stability limit parameters determines
the required suction distribution.

The primary use of the boundary layer computer programs in

the design of an LFC wing will be the calculation of suction
requirements. Other applications include determination of
boundary layer development with and without suction, predic:ion
of the boundary layer thickness and the profile drag of a
laminar wing, and correlation of predicted boundary layer
stability with flight test and wind tunnel results.

Throughout the report, it is assumed that the reader has some
familiarity with digital computers but is not a professional
programmer. Hence the emphasis is on the use of the programs
in the design and flight test of a subsonic laminar swept
tapered wing. For the modifications necessary to deal with
other geometric configurations, three-dimensional flow fields,
incompressible or supersonic flow, or surfaces with heat trans-
fer, the reader should consult Ref. 1 on the general three-
dimensional boundary layer program.

i, i
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INTRODUCTION

The development of the laminar boundary layer on a swept wing
with known distributions of surface static pressure and suction
inflow can be calculated by the finite-difference method
developed by G. S. Raetz (Reference 1). This method has been
programmed for use on the IBM 7090 computer. During the design
of the X-21A airplane, three IBM decks were required: a Fortran
deck to convert surface static pressures to potential flow
velocities, an "input" deck and an "integration" deck in Fortran
language. The input program calculates the flow parameters of
the boundary layer differential equation at each chordwise step
from the distribution of the component of potential flow velocity
normal to the wing element lines, the suction velocity distri-
bution, the leading edge and trailing edge sweep angles, the
Mach number, temperature, and the spanwise velocity at the leading
edge. The flow parameters are stored on a magnetic tape. The
integration program performs a numerical integration of the
boundary layer equations and calculates the boundary layer pro-
files of velocity, temperature and shear. From these profiles,
parameters can be calculated which permit a determination of the
boundary layer stability. It should be emphasized that the
equations of the input program to determine the coefficients
depend on the geometry of the body and the type of flow (com-
pressible or incompressible) but that the equations for the
finite difference integration are perfectly genexal.

SYMBOLS

b!? Wing span
ct Surface length from stagnation point in streamwise direction

c.' Surface arc length from stagnation point

cd, Section suction drag coefficient

cdy, Section wake drag coefficient

Pressure coefficient, cP = (pg'-Po')/(h Ao' Q°.2)

Non-dimensional suction parsmeter. M = wi/R./Q,*

Comm e mme e —
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2.3 SYMBOLS (Continued)

*
Non-dimensional suction parameter. Fo = wk/hc *&.11/(Q0'Ao')
Boundary layer shape factor. H =28 _'/8 _ = 8%!

s ' 88 T
Distance from vertex along radial line

A reference length taken as the maximum length from the
vertex along the radial lines

Free stream Mach number

Component of boundary layer velocity normal to potential
velocity, Q', i.e.,, crossflow velocity

Abgsolute viscosity, external

Absolute viscosity, free stream, = Bo
m/mvo

Non-dimensional static pressure P ='§l;
Static pressure °

Free stream static pressure

Static pressure parameter po* - oi-l' uoz po" & =Y

Duct static pressure

Shear coefficient defined in Reierence 1, print-out not.tifn
Surface static pressure

Boundary layer velocity

Local potential flow velocity

Free stream velocity

Qr/Q " = (W + )y

Gas constant (1716 Itziucz‘l)

Reyno’ds number = LO'U'A'/!'

Chord Reynolds number. R, = Q! cA ' n,'
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SYMBOLS (Continued)

Ry = Rg Momentum thickness Reynolds number. Ry

= Q'§!? At !
ss ss Q8! ke

Rn Boundary layer crossflow Reynolds number

R“G' Boundary layer crossflow Reynolds number, tased on total
height &' of boundary layer

"“6' =n'max 6'A'/ue', where 8! = 2! at K= 2, K=2 '

corresponds to u! = .9975, for 20 calculation steps through
U the boundary layer.

R“&'//Rc’ in print out

Actual boundary layer crossflow Reynolds number, based on
height z' somewhat less than §', where n' = 0.1 n'mx
At

R(3.1 = n'mx z'O.In'
max

Ro.ll‘/Rc' in print out

Critical crossflow stability Reynolds number, based on
second derivative of velocity at wall

Rn.//Rc, in print out

Minimum or neutral crossflow stability Reynolds number,
less than Rn..

NOTE:s RQL < RNS for crossflow stability.

Unit Reynolds number based on reference conditions (free
stream). lo' - Qo'Ao'

'
“ o

Component of boundary iayer velocity in direction of
potential velocity, Q!

Internal or boundary layer temperature
Wall temperature °x)
Bxternal or potential flow tempersture = t" -1

K = 1 correspends :o%:--l
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SYMBOLS (Continued)

To' Free stream temperature

t rrer/(Q,)’

T r'T'/(Qo')z, also T = t in print out notation

Component of q' normal to radial lines (velocity in 52
direction).

Component of Q' normal to radial lines (velocity in gz
direction).

UO/Q'
U'.’Qo'
Component of q' along radial lines (velocity in T direction).

v'/Q'

~

Component of Q' along radial lines (velocity in T direction).
For flow toward tip, V' is negative,

v'/Q', also V = v in print out notation.

vt/Qot

Suction velocity normal to wing surface (for suction,
w! is negative).

Suction flow rate
Surface length in streamwise direction
Length along surface arc from stagnation point

Normal distance from center line of airplane to point
on wing

Height in boundary layer from wing surface

8! /lc/c'

ax./ag (cgual to 2 Lo'“§'° for tapered wing)
() oL!'/dN(equal to L,' for tapered wing)
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2.3 SYMBOLS (Continued)

v,(o-1)

Ratio of specific heat at constant pressure to specific
heat at constant volume (equal to 1.4 for air).

Boundary layer thickness (complete list is given in
App. F).

Streamwise displacement thickness. 6'.=J'(1-s'k'/(Q'A'))dz'
Streamwise momentum thickness

&', = [(1-81/Q") (81/Q") (k'/A')dz!

J(1-ut/ur) (ur/ur) (A1/A1)dz!

Jer-ursur) (vi/vr)y (r/Ar)de

[Qevt/vr) (ur/ur) (Ar/Ar)dse

Gross error index defined in Reference 1.

Curvilinear cgordinate normal to wing surface.
¢ = (1-ut/U")

Curvilinear coordinate along radial lines

Local sweep angle (radians); momentum thickness
Leading edge sweep angle

Trailing edge sweep angle

Thermal conductivity

Internal density (within boundary layer)

External density (locel density in potential flow)
Frae stream density

Non-d%lonsiounl constant-pressure specific heat coefficient
c=g

Constant-pressure specific heat coefficient
Boundary layer internal viscosity

Local external viscosity

Reference viscosity (usually free stremm)
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2.3 SYMBOLS (Continued)

§2

*

g

Curvilinear coordinate along arc struck from point of
intersection of leading and trailing edges

Singularity factor (equal to § ror calculations where
coordinate system starts from partial stagnation line or
from front attachment line in swept wings).

Shear coefficient defined in Reference 1, labelled PHI
in print out,

Angle from leading edge to radial line

Included angle between leading and trailing edges = 01-02

Externul vorticity
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Superscript
' Denotes dimencioned quantity
Subscripts
x Streamwise direction
a Along arc
External, in potential flow
Internal, within boundary layer
At wing leading edge
Maximum value
Reference value or free stream
TE At wing trailing edge
wall At wing surface
For the symbols denoting velocities, temperatures, and densities,
the lower case letters denote values within the boundary layer
(n, q, 8, t, u, v, A) and capital letters denote values in the

potential flow (Q, T, U, V, A).

SWEPT WING COORDINATE SYSTEM

The general thru-dimnliona% boundary layer calculation uses the

coordinates ;2, N, { where £ and 1| are orthogenal curvilinear coor-
dinates fixed on the body surface and the { coordinate is normal

to the surface. The boundary layer development is calculated as

a function of distance from the stagnation point for each surface,
upper or lower. If the wing surface of a swept tapered wing is
considered to be cut at the stagnation line:and at the trailing edge
and then flattened out holding the leading edge sweep angle fixed,
goometric relationships betwen the stresmwise surface distances, arc
surface distances and angles can be defined as in Pigure 2.1. The
constant £ and 7) lines are the radial and circumferential lines
generated from the point of intersection of the flattened surface.
This system of flattening the wing surface results in an error in
angle of sweep except at the leading edge or flow attachment line.
The maximum error occurs at the trailing edge, where the X-21A sweep
1s 18,7° flattened and 18.8° projected. The error in sweep is not
considered significant to the calculations of the boundary layer on
the X-21A wing or on any other wing of similar sweep and thickness
ratio.

e e ek s il e e Y
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2.4 SWEPT WING COORDINATE SYSTEM (Continued)

The definition of the coordinates are:
£= AN,
M= LML
Y = Angle from leading edge to a radial line

Yo= Included angle between wing leading edge and trailing
edge of flattened wing surface = 61 - 92

L! = Distance along a radial line from vertex ;

Ly'= A reference length taken as the maximum length along
the radial lines

Defining the & function as a square root provides for closely
spaced points in the leading edge region where the velocity is
changing rapidly, and for wider spacing further aft.

Figure 2.1:shows this coordinate system. Other coordinates which
will be used in the discussion are also shown.

8, = Leading edge sweep angle
92 = Trailing edge angle of flattened surface
@ = Local sweep angle on flattened surface

¢! = Surface chord length from stagnation point in stream-
wise direction .

x! = Streamwise surface distance from stagnation point

c .l = Surface arc length from stagnation point to trailing
edge

"a. = Distance along surface arc from stagnation point

yt = Normal distance from centerlime of airplane to poinmnt
on wiung

b! = Wing span
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SWEPT WING COORDINATE SYSTEM (Continued)

The following relationships exist between the coordinates:
x ! = LY
a

;2 = Yon = x.|/C.l

2 - o

- arc tan [tan o, - (x1/c?) (tanel-tlnez)] /(61-92)

1

If the airfoil sections are not similar at all spanwise stations
or {f there is a spanwise variation of stagnation point location,
the flattened surface will not have a straight trailing edge.
Furthermore, unless the airfoil section is symmetric, 6, will
differ for the upper and lower surfaces. These discrepancies will
usually be quite small, as shown in 2.4, page 2.09.

If the flow parameters are independent of the spanwise coordinate

T and thus depend only on é, the boundary layer becomes a function
of only the two variables 5 and {. This will occur on a swept
tapered wing if the isobars coincide with the radial lines (lines
of constant £). Wind tunnel tests of the X-21A wing indicated

that the isobars were sufficiently straight except in the regions
near the fuselage and the pumping nacelles and at the wing tip.

For these special regions, a three-dimensional form of the boundary
layer program was used which solved the boundary layer differential
equations considering both spanwise and chordwise variation of
pressure coefficient and suction quantity. For all other regions,
boundary layer calculations were made assuming that the flow
parameters were invariant with 1. This corresponds to setting 7
equal to 1 and setting the derivatives of the flow parameters with
respect to 1| equal to zero. With these simplified equations, a
dimensionless "similar solution" is obtained which is assumed to

be valid for all T| stations within the region of straight isobars.
Note that this "similar solution" does not imply two-dimensional
flow, for the potential velocity has components normal to and
along the wing element line.

The three-dimensional boundary layer program requires more machine
time for its calculations and more man hours to assyre that the
input curves of U* and Fo* are smooth in both the ggnnd ||
directions, and that these U* and F,* curves have derivatives
equal to sero at the side boundaries of the calculation region.
Having completed the machine calculation, the region for which

the solution is valid must be determined. Thin region of validity
may be considerably smmller than the calculation region due to
cumuiative errors. Reprogramming will probably eliminate these
difficulties in the uge of this method, but it is preferable to
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butions.
be discussed here.

vt

U

v

Q

nt

vt

design the wing for straight isobars and thus reduce both these
calculation difficulties and the difficulties encountered in
designing slots and ducts for rapidly varying suction distri-

Detailed use of the three-dimensional program will not

Free stream velocity

Local potential flow velocity

Component of Q! normal to radial line

Results of three-dimensional calculations for
the X-21A wing differed from previous '"similar solution® results
in requiring more suction near the wing root and the punping pod
-and less suction in.the tip region.

The components of the potential flow velocity vectors are defined
by Figure 2.2

Q!
Qr
-y

Component of Q! along radial line (for flow toward

tip, V' is negative)

UI/QOI
Vl/Qo'l
Ql/Qol - 2 + v*z

Non-dimensional velocity ratios can then be defined.

Figure 2.2 also defines the components of the velocity vectors
within the boundary layer.

Component of boundary layer velocity in dirocuon

of potential velocity, Q!.

Component of boundary layer velocity normal to

potential velocity, Qf.

Component of boundary layer velocity nlong radial

lines (7. directionm). -

Component of bogndaty layer velocity normal to

radial lines (£ direction).

Boundary layer velocity 5/(.')2+(n')2 -/(u')2+(9')2
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CONVERSION FROM C_ to U¥, V* DATA

The boundary layer input program requires that the velocity ratios
U* and V* be known as functions of the surface arc coordinate ;2.
Wind tunnel data are usually presented as C_ versus chordwise
station, where P

= (p '-p, 1)/(5A ') 1Q ! )

P o o o

p.' Local static pressure on airfoil surface

po' Free stream static pressure
Ao' Free stre.. density
Qo' = Free stream velocity

First, the relatior between surface distances and chord distances
must be determined from equations of the wing surface, from draw-
ings of airfoils on arc, or from measurements. Second, accurately
determine the true stagnation point at the given flight condition
from wind tunnel tests conducted specifically for this purpose.
If, us is usually the case, the true stagaation point does not
coincide with the most forward point on the airfoil, the coor-
dinates should be transferred. The pressure and suction diltri-
butions can then be plotted as functions of the coordinate g >
which varies between zero end unity. Once the distribution of

on & surface arc is determined, these data can be converted to

» V* data using a short IBM program. (PFor keypunch forms and
deck set up see Appendix D.) The conversion depends upon the
compressible energy equation, the condition of {rrotationality of
the external flow, and the assumption that flow parameters are
invariant with 1.

The compressible energy equation can be written in terms of

pressure coefficient, Cp, and velocity ratio, Q. (See Reference
2. Pe 550)

T
¢, = 2 {[1 + (y-1)u2(1-9%)/2] -1}/‘!2

where Yy is the ratio of the specific heat at constant pressure
to the specific heat at constant volume and M is the free stream
Mach number. 8Solving for Qz,

'
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P
v-1
, =
Q2 =1 2L(yiicy) ¥ -11/0ey-1m2)
For air, v = 1.4, so the equation becomes
Z=1-5 [(uo.mch)z” M (2a)
For a "similar" solution, the requirement of irrotational poten-
tial flow leads to the equation (See Appendix B)
2
dvk/ W(E)E = Y U
4
S ‘(%}__2‘* 2,
VAl =£"o"*d§ +const. =Y { - v dgtr L (3)
( :

The velocity ratio, V¥, is calculated by solving first for Q at
a point on the arc from the known valua of C_ at that point., V¥
on the right hand side of the equation is th@n assumed to equal
sin @ and the integration is performed yielding a new approxi-
mation of V¥, The process is continued until two consecutive
approximations of V* are sufficiently close.

The constant of integration is the value of V* at the stagnation
line,

If the stagnation C_ ie known, the value of V* at the stagnation
line may be calculatad.

2 Qzu =-1-.5 [(.m’cpﬂ)z“ - 1

Ve, - ./('v-u)i

The iteration is then performed with V* at the stagnation line

fixed. If the stagnation is not known, it can be calculated

from compressible flow aquations, stagnating omnly the component
( nomal to the leading edge.

VW
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CONVERSION FROM Cp DATA TO U*, V* DATA (Continued)

This U*, V¥ 1tstation program, 919K1, punches the final values
of U* versus £ in the proper format for use in the boundary
layer input program, BB62A.

THE Fo* PARAMETER

The optimum suction can be determined by a process of successive
approximations or by direct calculation from the program. The
program contains an option statement that determines the required
suction distribution to satisfy the boundary layer stability
criteria for given input conditions. Otherwise, for an initial
suction distribution, the boundary layer development is calculated
and the stability determined. (Appendix A outlines the calculation
step for each version.)

The suction is specified by the suction parameter, F *, where Fo*
is a continuous function of arc chord. Although the LFC system
provides for suction through discrete slots, the boundary layer
stability is calculated assuming a continuous suction distri-
bution, such as might be obtained through a hypothetical porous
wing surface. The suction parameter !o* is defined:

F* = (wi '“nflc)/Qo'Ao')

w! suction inflow velocity (for inflow, wt is
negative, but for outflow, w! is positive)

Re Chord Reynolds number
Q! = TFree stream velocity
Atwall = Deneity within boundary layer at wing surface

Ao'! = TFree stream density

Footnote

919K, BB62A, and BB63A are deck numbers assigned by Norair to the digital
computer programs. 919K denotes the U, VW iteration deck, BDB62denctee
the boundary layer input deck, and BB65SA denotes the boundary layer
integration and summary deck.
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2.6 THE F, PARAMETER (Continued)

*
Thus, Po is always negative for suction. Figures 2.3 and 2.4
*
present typical distributions of F_ .

2.7 DIGITAL COMPUTER PROGRAMS

All data required for the boundary layer programs have now been
determined. The program BB62A/5A requires inputs of two differ-
ent types. General inputs referring to physical quantities and
control-type indicators referring to the internal structure of
the computing method are used in the program.

General input information required: (1) freestream Mach number,
temperature and static pressure; (2) geometric information as
and 02 (leadingz edge and trailing edge sweep angles), reference

chord C', and when the computation starts at the leading edge,

V%, the non-dimensional velocity component along the leading edge
at the front ~ttachment line for swept wings; (3) when the calcu-
lation starting point is not at the front attachment line, the
initial profiles are required; and (4) the U* and Fo* distributions
when the latter is an input to the program. Control-type indica-
tors are required that state integration step inputs, flow
parameters to be used by the integrsation phase of the program,
printed or punched output, iritial profile iteration steps and
direct suction input data.

Usually the boundury layer computations for a wing begin at the
flow attachment line at the leading edge, and no starting boundary
layer profiles are required. The program sutomatically computes
the starting profiles in this case. However, if the computation
is bagun at some churdwise station downstream of the flow attach-
ment line, starting profiles for the spanwisc velocity parameter
(v=v1/Q'), the temperature parameter (t = r't'IQ'oz).and the
shear coefficient © as defined in Reference 1 are required. The
boundary layer profiles of the forward derivatives of these
parameters also are required.! These starting profiles normally
are taken from a previous computstion wherein print out of the
profiles has been requested. In the print out, the FORTRAN

1
See footnote on next page.

»
a

&
-
v
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DIGITAL COMPUTER PROGRAMS (Continued)

language for the parameters v, t, and ¢ are V, T, and PHI,
respectively; and the print out of the forward derivatives
are designated VA, TA, and SA, respectively. The starting
profiles need not be exact, because the program iterates
on the starting profiles until they are compatible with the
continued development of the boundary layer. Appendix E
includes a sample of a key punch form for starting profiles
to be used if required.

It is wise to check the distribution of Cp versus §2 and !‘o*

versus gz to identify any errors in tabulating or key punching
the data, and to determine if an adequate number of points has
been used for a correct interpolation. The curve fitting sub-
routines of BB62A/5A and 919K fit the input data points with

( cubic squations. If the input curve of U*¥ or F * ig not
similar to a cubic curve, the points must be spaced carefully
to obtain a satisfactory curve fit. Rules for selecting input
data points and key punch forms for BB62A/5A are given in
Appendices C and E,

lrootnoto

In the difference method of solution of the boundary layer
equations, associated with each point i{s a pariilelopiped domain
which is replaced by a lattice of points with constant spacings
8, b, c and integer indices 1, j, k in the coordinate directions.

In this lattice the dependent variables v, t, and © and the
derivatives are replaced by their set of values at che lattice
points, each such value being identified by the subseript {, j
k as necessary. Forward derivative is interpreted as the values
- of the first derivative of the dependent variables in the { or
4 chordwise direction.
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DIGITAL COMPUTER PROGRAMS (Continued)

The parameters calculated by the Raetz boundary layer integration
method are in a non-dimensional form. Additional calculations are
required to reduce the data to. conventional quantities. The
boundary layer program thus consists of two distinct sets of calcu-
lations: (1) the numerical integration of the boundary layer
equations for V, T, and PHI and the calculation of certain non-
dimensional parameters, and (2) the summary phase in which the
integration results are converted to conventional boundary layer
parameters. A magnetic tape is used to connect the two sets of
calculations. Subroutines have been added to calculate R“s and

to print dimensional velocity profiles.

Appendix E presents keypunch forms and Appendix F presents defini-
tions of the parameters printed by the summary part of the program.

LAMINAR BOUNDARY LAYER STABILITY

Because low energy boundary layer air on a swept wing tends to be
deflected toward regions of lower static pressure, both the
direction and the magnitude of the boundary layer velocity vectors
will vary with height from the wing surface. The locus of the
velocity vectors at a given point on the wing will form a three-
dimensional surface as in Figure 1.1 of Section l. This velocity
surface can be projected onto planes in the potential flow direction
and normal to the potential flow direction, giving tangential (or
longitudinal) and crossflow (or transverse) velocity profiles. With
this projection, the crossflow velocity vanishes at the outer edge
of the boundary layer. Figure 1.5 shows the general shapes of these
profiles. The crossflow profile changes direction, being directed
inboard for the forward part of the wing (the region of decreasing
pressure) and outboard for the aft wing (the region of increasing
pressure). Figure 1.5 of Section 1 shows typical crossflow profiles
at various chordwise locations.

The subject of boundary layer stability is discussed in more
detail in Section 1. However, a review is appropriate at this
time, using the notation applicable to this section of the report.

The stability of a laminar boundary layer will depend on both
tangential and crossflow profiles. Aft of the stagnation line,

the crossflow profile is more critical and, in most cases, a con-
sideration of only crossflow stability is sufficient. At the
stagnation line the tangential profile will be in the V! direction,
directed toward the tip along the leading edge. There is no cross-
flow profile at the stagnation line. '

Boundary layer stability is determined from two Reynolds numbers,
a crossflow Reynolds number and a momentum thickness Reynolds
number, The crossflow Reynolds number is defined
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LAMINAR BOUNDARY LAYER STABILITY (Continued)

R

0.1 (n?

A')/u ' (called actual
max crossflow Reynolds

number)

maxz'O.ln'

n'max Maximum valuve of crossflow velocity

Height from surface where n' is one tenth

2'0.1 nt
*l M max its maximum value

(Notes There are two such points for a typical crossflow profile;
the one furthest from the wing surface is z'o lat °
See Figure 2.5.) *

ue' = Viscosity at the outer edge of the
boundary layer

A = Density at outer edge of boundary layer

( The tangential momentum thickness Reynolds number is defined

= (Q15|..Al)/uev

Local potential flow velocity

Density at the outer edge of the
bqundary layer

Viscosity at the outer edge of the
boundary layer

T L‘(wm) (1-8/Q!) (8'/Q!)ds!

From results of numerical integration of the Orr-Sommerfeld
equations, Dr. W, B, Brown has found a linear equation relating
the minimum crossflow stability Reynolds number, Rn, and
ain
the second derivative of tb0~ctogiflow velocity at the wall,
Wind tunnel tests on & 7 ft. choxrd swept wing (Reference 3)
demonstrated that lamimar f£dow could be msintained for crossflow
Reynolds number 1.8 times the theoxetical minimum value. PFigure
C 2.6 shows h. ’ .d H. = 1,8 ... o
; ain ain
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LAMINAR BOUNDARY LAYER STABILITY (Continued)

To evaluate crossflow stability from results of the IBM programs,
the actual and critical magnitudes are compared. The actual value
of A/Rc (labelled RO.1 in the IBM print out) is computed in
the ptogram from the calculated crossflow velocity profile. The
critical value, Ry A/Rc (labelled RNS) is evaluated in the program
from the second derivative at the wall,

2

Nz = (az(n'/n'max)/b(z'/z'o'l n! )
max

and from the linear equation

R.n‘ = 102 - 1.29 szt

These two Reynglds numbers can be plotted as a function of the
surface arc, £, The actual crossflow Reynolds number printed

by the integration program will have a plus or minus sign to
indicate the direction of crossflow, the pcaitive sign indicating
flow toward the fuselage and the negative sign flow toward the
wing tip. The sign of the critical crossflow Reynolds number is
given, and is the same as that of the actual crossflow Reynolds
number at the same £2, If the absolute value of Ry //R. exceeds
the absolute value of RO.IA/RC’ suction is adequate'for stability.

A criterion for a stable tangential boundary laver profile is
shown in Section 1. The allowable tangential momentum thickness
Reynolds number is specified by equation and by graph as a
function of the second derivative of the tangential velocity
profile at the wall, Both the neutral stability value and a
somevhat higher value of momentum thickness Reynolds number,
determined from tests, are shown. Tangential instability is
most likely to occur in the mid-chord region at high values of
chord Reynolds number. 1In the mid-chord region, with a flat
chordwise pressure gradient, suction requirements for crossflow
stability are quite low because the boundary layer air is

deflected only slightly from the potential flow direction. Suction

increases may be required in the mid-chord region to reduce R§ss
to a satisfactory value, The IBM program prints out .6.. labelled
RDELSS and, if dimensional data is requested, Ia.’ is alsu
printed out and is labelled TANCRT.
During flight tests of the X-21A, {t was discovered that the
leading edge region of a swept wing is particularly sensitive

to disturbances. Disturbances in the stagnation xegion of a
swept wing may cause turbulence which spreads spanwise along the
leading edge instead of producing chordwise turbulent wedges.

v
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LAMINAR BOUNDARY LAYER STABILITY (Continued)

Wind tunnel tests (Reference.4) indicated that a disturbance would
cause complete spanwise contamination when the stagnaticn line
momentum thickness Reynolds number was greater than approximately
100. However, if the disturbance is located aft of the point where
the potential flow velocity vector has turned 10.6 degrees from the
stagnation line, the turbulence will spread chordwise rather than

spanwise (Reference 5).

The scability of the laminar boundary layer in the stagnation zone
can be estimated from results of the IBM calculations. The attach-
ment line momentum thickness Reynolds number is based on the attach-
ment line momentum thickness, the spanwise velocity along the leading
edge and the external kinematic viscosity. This Reynolds number is
identical to Réss at the attachment line.along which Q' equals V!'.

Therefcre, to determine the stability of the leading edge boundary
layer, the calculated value of R5ss can be compared with its critical

value of 100. This stability criterion should be applied from the
attachment line to the point where the potential flow velocity vector
has turned 10.6 degrees from the leading edge sweep angle. As the
following sketch shows, this point can be located by determining
where the variable U = U'/Q' attains the value of sin 10.6° = 0,184,
U is not printed out by the IBM p-ogram, but can be obtained from

the equation U = U*/Q. U¥* and Q are printed out on the IBM program.

<
o

u,_,’_.‘

Aft of this point, crossflow again becomes the critical factor
in determining stability. At low unit Reynolds numbers or with
small leading edgs radii, leading edge suction may not be required.

P T TS T ARG Ay SRR
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LAMINAR BOUNDARY LAYER STABILITY (Continued)

The two numerical stability limits for Ry , the critical turning
s8

angle of 10.6 degrees, and the multiplying factor of 1.8 for the
minimum crossflow stability limit Reynolds number, R, , have all
been determined experimentally. These stability critéria are
tentative and representative of mean conditions. In & specific
case the criteria may be exceeded or may be smaller depending
upon geometric and flow characteristics.

OPTIMIZATION OF SUCTION DISTRIBUTION

As discussed in Section 2.8, the stability of the laminar boundary
layer is determined from the comparison of actual and critical
Revnolds numbers. In the design of an LFC wing, it is desirable
to find a suction distribution which is just adequate to maintain
a stable laminar boundary layer in the presence of small dis-
turbances. Excessive suction is inefficient because it requires
more work by the pumping system. It may actually be harmful
because a very thin boundary layer is extremely sensitive to
surface roughness. Hence if the critical crossflow Reynolds
number is much larger than the actual crossflow Reynolds number,
the suction should be reduced.

The optimum suction distribution is found by the process of
obtaining the adequate velocity profile that satisfies the
boundary layer stability criteria., This process is automatically
carried out in the program if the option of direct suction is
requested, An outline of the program mode of oporation for direct
suction calculations is shown in Appendix G.

The required Fo* will depend on the margin between the actual

and critical stability Reynolds numbers, on the chordwise location
(leading edge, midchord, or aft chord), the C, distribution, the
chord Peynolds number, compressibility effecti, and wing geometry.
In general, a swept wing will require high sucticn at the leading
edge to control crossflow and leading adge instabilities, low
suction in the midchord region, and high suction to control cross-
flow instability in the region of the rear pressure rise. This
shape applies to both the upper and the lower surfaces, but the
upper surface will have a higher leading edge suction peak.

OTHER L ONS OF RY R

2.10.1 N R Wl

The growth of the laminar boundary layer without suction can
be obtained by setting F * equal to gzero and the option for
direct suction equal to sero. A distribution of five points
(one card) with all Fo*'s equal to zero is used. The

T L T
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BB62A/5A program will calculate the boundary layer develop-
ment up to the point where laminar separation begins. At
this point the numerical integration diverges and meaning-
less numbers are calculated. However, the program will
continue calculating with these meaningless numbers until

it reaches a point where one of the values of the temperature
profile (t = rt?/Q,'“) becomes negative. Then the remark ?
"T IS NEGATIVE" is printed out and execution stops. In this :
case, summary information is not calculated. 3

To obtain summary data, it is necessary to stop the integra-
tion before t becomes negative. It is usually satisfactory
to stop the integration before a positive chordwise pressure
gradient (usually, the "rear pressure rise") is encountered.
The way to determine how far aft the data are usable is by
observing the divergence of the profile shapes from normal
profile shapes.

‘o LR e P

Stability of the laminar boundary layer with no suction

can be determined from the tangential and crossflow Reynolds
numbers as explained in Section 2.8. This no-suction sta-
bility calculation enables one to determine the required
location of the first suction slot for a given flight condition.

No=guction calculations can also be performed to determine
whether & proposed slot can be eliminated. This has been

done in the X-2lA program in a region of four slots to
determine 1if the third slot could be eliminated. A continucus
suction distribution which dropped to zero was assumed forward
of the point midway between the first two slots. The profile
at this point was then uvsed as an initial profile for a
no-suction run to the second slot. Flow through slot number

2 was determined by calcu'.ting the amount of boundary layer
air removed based on requirements determined in a previous
continuous suction analysis. The boundary layer profiles

at the rear of the slot were found using the continuity,
energy, and momentum equations for compressible flow. These
profiles were then used as initisl profiles for a second
no-guction run.

BOUNDARY LAYER THICKNESS, WAKE DRAG AND SUCTION DRAG

The thickness of the laminar boundary layer, 8!, can he

defined as the height at which the boundary layer velocity ‘
is 99.75 percent of the potential flow velocity. This “
boundary layer thickness can be obtained directly if dimen-
sional print-out is requested. Then §! (in inches) is
printed out at each print-out station as the value of s?
corresponding to K = 2,0 on the integration phase print-out,
where 20 calculation steps are made through the boundary
layer.

— - R
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(1f dimensional print-out is not requested, 8! can be
obtained from ZRJ)

The local wake drag coefficient for an LFC wing can be
obtained from the free stream Mach number, the trailing

edge angle, and the values of T, P, DELUUR, DELVUR and

USTAR printed for the trailing edge by the computer program.
By use of the momentum theorem for flow through a streamtube,
the wake drag coefficient can be expressed in temrms of the
trailing edge sweep angle and the values of the momentum
thicknesses, 8! and 8! at a station far downstream. (For

proof, see Reference 6).

cd,, = 2 cos Oz(biuu. cos2 62 + O'W.nnz Gz)lc'
whefe

. aluuu‘r(l-ul/lﬂ) (us/ur) (At/A1) dev

80 = [(L-v1/V1) (ut/U1) (A1/AY) dat

and the subscript = denotes downstream values. The downstream
values of G'uu and 6"‘m are related to their values at the

trailing edge by integrating the wake momentum equations (as
derived by Squire and Young in Reference 7) yielding the
relations:

H+5

2

a'uu - (Ul/Uol) a'uu'm (Al/Aol)

8- (UI/UOI)QI‘NTB

Since the computer program solves the boundary layer equations
assuming laminar flow, the value of the calculated shape
factor, H, is & laminar value. In the wake behind the wing,
the flow becomes turbulent. The Squire and Young relation-
ship between the tzailing edge and dowmstream values of
8t applies to turbulent flow. The assumption is made that
at the trailing edge, H changes from a laminar value to a
: turbulent value without changes in the trailing edge momentum
(: thicknesses, “w and C'". Por incompressible turbulent

flow, H at the trailing edge is spproximately equal to l.4.
The compressible value of H is related to its incompressidle
value by the equation ' '
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BOUNDARY LAYER THICKNESS, WAKE DRAG AND SUCTION DRAG (Continued)

= : 2 2
Heomp = Mineomptl) (140-247)/(1.47H )-1

and for an incompressible turbulent H of 1.4

_ 2 2
Hegp = 1+2€140.20)/(.7TH)-1

This vaiue of H is used in the equation for a'uu'

Appendix H presents a calculation for the wake drag -3«
coefficient of an LFC wing. In this form the computations
have been simplified using the relationship A'/A,! = P/T and
Ut/Ugt = U*/cos 03.

The foregoing calculation of wake drag coefficient is used
in conjunction with a theoretical calculation of boundary
layer development on the wing. The calculation of wake drag
coefficient based on flight test measurements of the trailing
edge boundary layer pressure measurements is made by Chang's
method, . referenced 'in.Section 12,

The equation used to compute the incremertal value of
equivalent suction drag coefficients is

- , 27
SVORLE ERCTIR AN )

This equation was derived assuming that the pressure drop
through the slots ig five percent of the free stream dynamic
pressure, ¥A,'(Q,!)“, and that the suction chamber tempera-
ture is the same as that at the wing surface. Appendix 1
presents a calculation form for the incremental value of
equivalent suction drag coefficient.

An estimate of the local suction drag for a given distri-
bution of suction parameter and pressure coefficient can be
obtained by plotting dCp. vs. gz. integrating and multiplying
the result by the square root of the chord Reynolds number.
Then the total section drag coefficient is equal to the sum
of the section wake drag coefficient, cq , and the section
suction drag coefficient cq_ . Of course, if the details of
the pumping system are known, the suction drag should be
calculated by the methods of Section 12 and not by this \
method.

% J
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2.10.3 CALCULATION OF THE THEORETICAL STABILITY OF FLIGHT TEST 1
SUCTION REQUIREMENTS ;

The boundary layer programs can be used to calculate the
predicted stability of a tested suction. In the X-21A tests,
the actual surface static pressure distributions were measured,
using flush static orifices at Wing Station 330 (y/(2b) =

.588) and strip-a-tube at other wing stations. From these
pressures, the C, and U* distributions were obtained. Pressures
in the ducts were measured by static pressure orifices at the
duct ends. The pressure variation along a duct had previously
been calculated, hence the duct pressures could be found for
the same wing station as the surface static pressures. The
flow rate, w (lbs/sec), was determined for each duct from

known relationships between the non-dimensional duct pressure
drop (Pd'P )/pq> and the flow rate parameter, (¥ /T')/p

Fo* was determined from W. The laminar boundary layer gevelop-
ment was calculated as usual and compared with the indications
of laminar flow in flight.

. oo AR il e e s

For examples thus far calculated, when laminar flow has becn
indicated by the total pressure probes, the suction was

adequate or more than adequate. Figures 2.7 and 2.8 show i
distributions of F,*, RO.IA/RC, and Rn.A/hc for examples of

flight test suction distributicns from the X-21A program.

DETERMINATION OF "STREAMLINES"

Strictly spcaking, a streamline defines the path of a particle
of fluid. 1In regard to étreamlines within the boundary layer
of a wing laminarized by suction, the fluid particles progress
toward the surface and disappear into the wing, Thus a true
streamline within the boundary layer might b~ in at some chord-
wise station aft of the leading edge, progress downward through
the boundary layer, and disappear at a downstream chordwise
station. A mcre meaningful determination of boundary layer
flow paths across the chord of a wing can be made by neglecting
the component of velocity normal to the wing surface and
examining only the u' and v' components of velocity. In this
way the flow path at any height within the boundary layer (e.g.,
at the outer edge or at mid-height) can be determined.

The following equation holds for any "streamline" or flow path
parallel to the wirg surfaces

u! dL! - y! dx‘luo

e e —— e ——————— - —— T
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2,10.4 DETERMINATION OF SSTREAMLINES" (Continued)

In the swept wing coordinate system

=1L
dL! o' d

ax,' = 4 (o, 18ae
-
urL fdn-vi2¥ TL_1€dE = 0
dn/d§ = (v'/u')2¥ T¢
and since for a swept wing o' = 2L_'MEY_

d'n/dg‘n:l:eamli.ne = (a'/l‘o') (v'/ut)

The deflection of the "rraamliueo" from the surface arc at
any arc chord station €< are obtained by integration. The

following sketch clarifies the relation:

Actually, the integration caanot be performed explicitly
because v'/u! is indeterminatc at the leading edge. However,
a good approximation tu the integral is obtained by plotting
% versus § and integrating grsphically.

An example of the poton't".al flow "gtreamline" path across a
swept L¥C wing is showm in Figure 1.2.
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2.13 APPENDIX A

SUCTION DISTRIBUTION CALCULATION STEPS

1. Determine geometry, 91, 02, c!, c.', x!, xa', Lo'.

2. Measure or compute surface static pressure distributions.
Plot the pressure coefficient, C , versus § from the
stagnation point along the surfale arc. Fill out key punch
forms for 919K.

Convert data to U¥, V* data using the conguter program,
919K, which punches cards of the U* versus distribution.
| Check results.

Detemine the distribution of the suction parameter, F *,
' versus g » only when direct suction version is not requestcd.

Fill out key punch forms, set up deck, and run input and
4rtegration programs BB62-A and BB65-A.

( Analyze the stability of the laminar boundary layer from
parameters calculated by BB65/A.

a) Plot Ry MR (labolled R0.1), and Rn MR _(labelled
RNS), and l’ * versus g Compare RO, 1 and RNS. RO.1
must be lou than RNS for crossflow stability.

For tangential boundary layer stability, verify that
R&. is compatible with the criteria of Section 1.

For leading edge stability, check that l& is less than
100 in the stagnation region.

These steps a, b, and ¢ are required only when suction is an input
to the program.

— - od —_— J: o _—
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APPENDIX B

DERIVATION OF THE IRROTATIONALITY CONDITION FOR SWEPT TAPERED WINGS

Reference 1 defines the external vorticity, {i', by the following
equation

Qr = [3(B1V?)/3g-d(atUt)/3N] /B
where the definitions of symbols are

at = bx.llbg

BY = 3L!/aM

Ut =" Component of local potential flow velocity normal to
element line

V! = Component of local potential flow velocity along
element line

and x.' and L' are dofincd. by Figure 2.1.

I1f the external flow is isentropic, (! = 0. Then
3(BIVI) /o8- = 3(aryt)/aN

Dividing by Q,',
A(BIV*) /3¢ = d(atU¥) /3N
BAVH/AE+VIDB /3L = o tAUW/ATHUR! /3N

From the geometry of a swept tapered wing (FPigure 1),
Lt =1 M

x.l = LY= Lo'ngZYO

at = 3x 1/ =2 Lomgyo
Wt =LY,

= BL')N - ]bl'i
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APPENDIX B (Continued)

3p1/3¢ =0

Hence

L, 13V+/3¢ = 1*2 L 1LY,
ave/ag = ey 3(g%) /08

ave/a(g?) = vy,

2
Vé = Yo U*d(gz) + C.on‘to
(]

DERIVATION OF THE IRROTATIONALITY CONDITION FOR SWEPT TAPERED WINGS

‘and from the definition of a similar solution, dU*/37 = 0.
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APPENDIX C
RULES FOR SELECTING POINTS FOR CURVE FITTING SUBROUTINES

The continuous derivative curve fitting and interpolation sub-
routines are used in the boundary layer input program, BB62A, and
in the U*, W {teration program, 919K, The curve fitting sub-
routine fits 8 cubic equation to each set of two input points,
(x4, y;) and (%54}, y{+¢1). This is accomplished by writing a
cubic equation which passes through the two points of the ith
interval with unknown coefficients, a, and b;,. The coefficients
can be determined by setting the first and second derivatives of
the interpolation cubics for the ith and the (i+l1)th intervals
equal at x=x;,1. A second subroutine will interpolate for speci-
fied values of the independent variable x using the cubic equation
with the calculated coefficients,

The subroutines will handle almost any type of input curve if the
data points are properly selected according to the following rules:

1. The independent variasble x must be lequencéd from the
minimum value to the maximum value.

For each value of x on the input curve, there must be one
and only one value of y, i.e, y= f(x) is & single valued
function. (Of course, one y may correspond to more than one
x.)

The interpolation method may be considered analogous to
passing a flexible beam through the points Xy ¥g- There-
fore, the user should consider whather the curve can “escape"
from the desired shape with his proposed selection of input
data points. Generally, points should be closely spaced
where the curve has sharp corners and rapid changes of deri-
vatives.

Rapid changes of the spacing interval are unadvisable. A
usable rule of thumb states that an interval should not te
more than double nor less than half the preceding interval.

’l" A e, . ' e 4 - Y] ’ Je s

FPigures Cl"and C2 show a ol&élo Po* clrve with satisfactory
and unsatisfactory selection of input data points.
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APPENDIX D

DECK SET UP FOR 919K (U* V* ITERATION PROGRAM)

There are two versions of 919K, version A which iterates to find
V* at the leading edge and version B which uses an 1nput value of

v* The deck set up is

w.
l. 919K deck, either version.

2. Subroutines - any order but must include

CCDIS
TDSEQ
SIGMA
SUMI

3. Card #1001s Mach number, 91, 62, accuracy.

4. Card #1002: Number of Cp, cese identification.

5. Cards #1003 and iubscquent card,: g and Cp values

listed in order of increasing £

6. For version B, & card giving V* at the leading edge.

No card for version A,

For additional cases repeat steps 3 through 6.

Control cards may bc required by the particular digital computer

system.
1.
2,
3.

For the Norair 7090 FIB system, three cards are required:

$ EXECUTE
* XEQ

* DATA

FIB

first card
second card, placed before program deck.

placed between program deck and data,
before card #1001 11 this instance.

M
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APPENDIX E

Deck Set Up for Boundary Layer Input Program BB62-A and Inte-
gration Program BB65-A.

l. Control Card:s $ Execute Fib (for Northropis 7090 IBM System)
2. Control Cards *XEQ (for Northrop!s 7090 IBM System)

'3. Card: Chain (1,"8)

4, BB62A Pfogtu Deck (Main input program and .ubroptines)

5. Card: Chain (2, 8)
6. BB65-A Program Deck (Main integration program and subroutines)
7. Card: Chain (3, 8)
8. Three cards corresponding to subroutine chain (3, &)
( 9. Control Card: *Data (for Northrop's 7090 IBM System)
DATA REQUIRED BY INPUT PROGRAM BB62-A
Card 1: Control Card (for Northrop!s 7090 IBM System)
PROGRAM IDENTIFICATION |
Card 2: General Inputs
Card 3: Integration Steps Inputs
Card 43 Set of Programming Control Indicators
Card 31 Symbols Card
Card 61 Number of U* Data Points
Card 7 to (m-1)1 !z versus U* Distribution
Card m: Number of F,* Data Points |

Cards (m+l) to ns {z versus Fo* Distribution
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20.
21.

22,

Card (mtl):
DATA REQUIRED BY INTEGRATION PROGRAM BB65-A

Card (nt2): Set of Programming Control Indicators

Card (n+3): Set of Control Indicators for Printout Purposes

Cards (m+é4):to (nt+40): Set of Optional Initial Profiles

EXPLANATION OF BB62A/5A KEY PUNCH FORM

Card 1:

Column 1l: write 1l

Columns 14-193 write INPUT

Columns 20-72, alpha numeric data to identify case being

calculated.

General Inputs. Format (7 F10.5, I2)

Columns 1-10, Free stream Mach number

Columns 11-20, Free stream temperature in (°k)

Columns 21-30, Free stream static pressure ir. atmospheres

Columns 31-40, wing leading edge sweep angle in radians, 01

Columns 41-50,

wing trai:ilng edge sweep angle in radians. 62

Columns 51-60, wing leading edge non-dimensional potential
flow velocity VW g (with the current program
the selection is V¥ p = sin 92)

61-70, reference chord in feet

71-72, control indicator "L CODB," write O or 1; if
"L CODE" = 0, L', is supplied in the output
in feet

1f "L:CODR" = 1, L'y is supplied non-dimen-
sionally

1£f "L CODR" = 0, a later used indicator in the
integration program called "IND (14)" must alao
be made seroj if "L OODE™ = 1, then IND (14) =},

Input Data Required for Direct Suction Calculations




CRLE 20-7A
(e 11-83)

Patl

NORTHROP CORPORATION 2.49

CMECKER

NORAIR DIVISION REPORT ¥O.
NOR-67-136

June 1967

MOOTL
X-21A

Card 4:

Integration step inputs. Format (2 F10.5, 10I5)

Columns 1-10: Step length internval along the § direction
FORTRAN name: DELSKI = Af

Coluvmns 11-20: Step length interval along the 7 direction
FORTRAN name: DELETA = AT
(Use 0.0 when 2-dimensional case is considered)

21-25: Maximum number of steps in the § direction
FORTRAN name: IMAX = imax

26-30: Print out frequency along the chord
FORTRAN r.sme: 1IFRQ

31-35: First chord station at which computation starts
FORTRAN name: IMID = starting value of 1
1f starting at leading edge IMID = 0

Maximum number of steps in the T direction
FORTRAN name: JMAX = jmax
(use 0.0 vhen 2-dimensional case is considered)

Columns 41-45: Print out frequency aleng the Tl direction
FORTRAN names JFRQ (use 0.0)

Control Indicators: Format (30Il)

Each indicator called "IND( )" is defined by a number 0 or
l.

IND(1) to IND(20): 1f any of these indicators is zero, the
corresponding boundary layer equation ccefficient A that has
the same indicator subscript is not calculated. If any indi-
cator is 1, the corresponding A coefficient is calculated.
IND(1) 1 Al is computac

0 Al is vnot computed
IND(2) A2 is computed

A2 1s not computed

—~ e —— e e e e 352

NI A s
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Card 53

IND(20) . 1 A0 is computed
A20 is not computed

IND(21) to IND(28) are not used in program; set equal to 0.
IND(29) is used for non-stagnation zero calculation.

If IND(29) = 1, then the starting value of I =0 is
‘hot the..stagnation point.

I1f IND(29) = 0, then the starting value of I = 0 is
the stagnation point.

IND( 30)s If zero, integration program (linked to the input
program through a "CHAIN JOB") is executed; if 1, it is not
executed.

For "similar solution" swept tapered wing, A(7)=A(11)=A(12)=
A(14)=A(18)=0.

Symbols card. Format (12A6)

As shown, unless progrem is changed, IT is used to print out

the names of the variables UX(1l) to UX(10) which are calcu-

lated in subroutine SUB4. The user may choose to change the
program to calculate different sets of variables. With the

current program the selection is:

UX(1); XI1-8Q = gz UX(6); p: - f:t?r

ux(2); vr = ul/el  ux(7); m/PT = R0t Q BT

UX(3); V¥ = V'/Qo;'_ ‘UX(8)3 XA(PT) = CI(L?) (m.o_z);2
o : =

e gy < et - g
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UX(4); CP = cp

UX(5)3

Card 6:

Columns 1 to 5

Columns 6 to 71:

( Card 7 to {(m-l}

Q = (Uritywd)¥

Number of U* data points.

€2 versus U* distribution.

UX(9); THETA = 0 =(91-92)€2

Ux(10); x/C =

. sin @
cos O

L! cos 9)/sin )
Ct

cos 01

'Formaﬁ (15)

Number of points supplied in the given
tangential potential flow veloc%ty distri-
bution along the chord (U* vs §4). Maximum =
100).

Not used in program; available to user to
identify case.

Format (10F7.4)

with 10 spaces of 7 columns each per card, the given U* versus
€2 distribution, in order of increasing gi
(Maximum of 20 cards)

*
Number of F,

Columns ) to 5

Columns 6 to 71:

Card (m+l) to n

'd.tnlanNlntulo

2 *
§" versus P, distribution.

Format 15

Number of goints supplied in the given
suction Fy~ coafficient distribution.
(Max{mum = 100)

Not used in program, available for identi-
fic.tiono

Format (10F7.4)

Suction coefficient distribution inputed as done with the

U* distribution.

Card ntl Diréct suction input data.

Column 13

(Maximum of 20 cards)
Pqtnnt (11, 5r10.5)

Pirst column is reserved fcr IND(15)

'1£ IND(15) = 0 a suction ccefficient

distribution 1is inputed as done in cards
(IIPI) to n.

B

B S
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1f IND(15) == 1 the program will calculate
the suction coefficient distribution to
satisfy certain stability criterias and the
corresponding boundary layer development.

Columns SARG, defines the minimum margin of crossflow
stability. SARG = (RNS) -(RO.1). If
considerable margin is required, a value of
0.004 is appropriate; if no margin is
required a value of SARG = 0.0 may be used
(RNS = RO.1).

12.21s TARG, defines the maximum momentum thickness
Reynolds number Re max (called TANCRT in
program) for the tengential flow stability
criteria.

Columns 22-31: SLP, defines the maximum rate at which the
suction coefficient may vary along the chord.
( A value of SLP = 70 should be used.

FOMIN, defines the minimum suction coefficient %’
required by the designer all along the chord
except the L.E. region.

TARG2, defines a convenieat maximum momentum
thickness Reynolds number in the region of
adverse pressure gradient. In general, a
value of TARG 2 = k TARG with k, varying
from .95 to 1.0, can be adopted.

Card mt+2: Integration program control indicators card. Format (1415, 12)

Columns 1-5¢ : Maximum number of steps in the § direction,
i max. Same as IMAX of input program.

Columns 6-10: IND(1)s Pirst chord staticn to be computed;
must be zero or an even integer. Same as IMID
of input program.

Columns 11-15¢ IND(2); number of Iterations desired on :nitisl
profile, must be an even integer; if IND(1l)= O,
then IND(2) must be sero.

- s gy
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Columns 16-201

Columns 21-35:

Columns 31-35:

Columns 36-40:

Columns 41-435;

I£ IND(1) = 0

g ———— e A e ~ —— o _-..-‘at.
»

IND(3); iteration printout frequency must
be an even integer and a factor of IND(2);
if IND(1) = O, then IND(3) must be zero.

IND(4); integration printout frequency,
must be an even integer and a factor of
imax.

IND(5). Side data control at j = 0. If
sero, it will proceed with 2-dimensional
calculation; 1if 1, it will proceed with
3-dimensional calculation.

IND(6), side data control at j = Jmax.
Same as IND(S5).

IND(?). Boundary layer profile punch control.

0 - no punch out desired

1l - punch out iterated initial profile only

(i.e., u, t, ©® , at last iteration station)

2 - Punch out final integration profile only
(ioeo. vy, t, ¥, Ag. L'O. vay ta, a at

= 1 = Io)

3 - Both the iterated and integrated profiles

are punched as described above.

In case IND(3) and IND(4) are not factors of
IND(2) and IND(1l) respectively, then the
punched profiles will be the last calculated
profiles and not the last printed profiles.

IND(8), Initial profile input indicator.

IND(8) = 0 I: itial profile is calculated by
progiw

IND(O) =] Initi‘l profilu vy, t, @ are read
into program
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IND(8) = 0 or IND(8) = 1, The initial

If IND(1) 0 profiles V, T, ¢, Af, L'y and v,, t,, @,
from previous run are required.

Columns 46-503 IND(9); Additional printout in input program
0 - No printout

1 - UX functions as calculated in SUB4 are
printed

IND(10) Gas type
0 - Ideal gas assumption will be used
1 - Real gas assumption will be used

IND(1l) = n; Derivative control, 2- or 3-
dimensional calculation control

0 - 2-dimensional calculation
l - 3-dimensional calculation
IND(12), subscript K, definition (vertical

steps)
=03 K, = 20

7k 0; then IND912) = Ko (l(o even integer)

66-70s  IND(13) Error computation (¢)
0 - Error is not computed
1 « Error is computed

IND(14) Output data dimensions control.

1f "LCODE" = 1, IND(14) = 1 and output data
is provided dimensionally; if "LCODE" = O,
IND(14) = 0 and part of the data is provided
dimensionally.
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Card nt3: Boundary layer profile control indicator. Format (915)
Set of control indtédtors used to determine which particular
functions must be printed; their order will also determine
their printout order. There are 17 built-in profiles
(BLP (k, 1)...+BLP (k, 17) in internal program nomenclature)
and 3 more may be programmed as required. Only 9 indicators
may be used. The number defines the BLP (k) profile; their
sequence, the printout order.
The subuqucnt cards are only included if the initial pro-
files are supplied, avoiding the iteration process. The
requirements are different according to the starting point
of calculation, i.e., if Istart (IND(1)) is the stagnation
line or not. Each profile requires a set of 6 cards.
Cards (n+4) to (nt9): Initial velocity profile. Format (4E15.8)
S (V(J,K), K = 1, KMAXNH])
( FORTRAN Symbols 'V  Definitions v
For similar solutions Jpayx= 0
Cards (n+10) to (n+15)s Initial temperature profile. PFormat (4E15.8)
(T(J,K), K = 1, KMAX+1)
FORTRAN Symbol: T Definition: ¢t
Cards (n+16) to (n+2l)s Initial shear stress profile. Format (4E15.8)
(8(J,K), K = 1, KMAX+1)
FORTRAN Symbol: 8 Definition W
Card nt+22: Step length interval along the § direction. Format (4E15.8)

Same a3 in Card 3.

65 =_1
THAX

Li, = reference imth
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NOTE: Value of L' in dimensional or non-dimensional
form depending on the value of the LCODE control
indicator.

FORTRAN Name Definition
DAL, XLOPRL At, Lt

Values of DAL and XLOPRL used are thecse obtained
. from previous calculation.

Cards (n+23) to (m+28): Forward velocity derivative va. Format (4E15.8)

(VA(J,K), K = 1, KMAX+1)

FORTRAN Symbol Definition

VA Va
i
( Cards (n+29) to (n+34): PForward temperature derivative. Format (4E15.8)
(TA(J,K), K = 1, KMAX+1)
FORTRAN Symbol Definition
TA te
Cards (n+35) to (mt+40)s Porward shear derivative. Format (4E15.8)
(8A(J,K), K = 1, KMAX+1)
FORTRAN Symbol Definition
8A | e,

NOTE: If IND(8) = 0 *nd IND(1l) = 0 (stagnation starting
point) then cards (n+4) to (n+40) (initial profile
cards) are not needed.
1f IND(8) = 0 or IND(8) # 1 and IND(1) P O (non-
stagnation starting point) then cards (nt+é) to
(hfko) are required.

I1f IND(8) = 1 and IND(1) = 0 (stagnation starting

( point with profiles known from previous runs),
then cards (m+é) to (nt2l) are required.
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APPENDIX F

Definitions of Parameters Printed by Boundary Layer Input and
Integration Program (BB6-2A/54).

PRINT OUT

DEFINITION

INPUT PROGRAM

Mach No.
TO. PRIME
'DEL SKI

. IMAX

JMAX

JIRQ

A(1)

GIVEN USTR
X1-SQUARE
USTR

Number of flow parameters (25)

l('d free stream Mach mnbor.

?’6 free stream temperature
88
Imax = I,
Priut out frequency (I)
1 start
an
= J
Print out frequency (J)

Input control IND(I)

;2 coordinate direction

U* = U' non-dimensional velocity
Q ° ’
component

GIVEN SUCTION DISTRIBUTION

XI-8QUARE
FO-STAR

;2

XY t. *_“'?u h%l&l.

.
i3
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2.9

APiENDIX F (Continued

PO’ PL (atm) free stream absolute
pressure (static)

Qo! Q'° (ft/sec) free stream velocity

Lot L'y (ft) 1f LCODE = 0

! '
L' oo {f LooDE = 1

c!
R' U*P unit Reynolds number

° ¥1Z
Streamwise surface chord length in
feet

R'o (1/ft) free stream unit Reynolds
number Q'y A'g

Bo
i, chordwise step

J, spanwise step (equals O for
similar solutions)

V, external flow velocity component
(non-dimensional)

T, external flow temboratuto (non-
dimersional)

P, extermal flow pressure (non-
dimensionsl)

G §, wall temperature (if specified)

Q Q, external flow resultant velocity

Al,A2,00000,A30 Al flow parameters

Uxi, Ux2,...Ux10 UX(1) Zunctions (defined in App. B)
INTEGRATION PROGRAM

First two pages contain general information
1 i
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2.19 APPENDIX F (Continued)

J

PO*

= —_  non-dimensional pressure coeff.

o

Q ~ . non-dimensional external flow
0 velocity

g = (r'g')/Q'oz non-dimensional wall
temperature

Q' (ft/sec)
T * k) T,* = Q' 2/r

=Pl T *
Po* (atm) ?o* 4 o'l'o /T'o

BOUNDARY LAYER PROFILES BLP(1l)....++BLP(17)

LCOPE3¥ 0 LCODE = 0

v

T

v
T1(*K)
Z'(fe)
N /MO!
DT /2!

DUt/Z!

x

L.CODE 3 0
v
t
?

s =3'/Q S = gt/Q
n=n'/Q n=n'/Q
P.u' (ft/sec) u! (ft/sec)
vt (ft/sec) vt (ft/sec)

£ (°x) ¢ (°x)

s --:—:/lc' s'(inches)

w'iuty wt/uty
At /1) /38 der /381 (°x/£e)
du/ds dut/os' (1/sec)
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2.19 APPENDIX F (Continued)
No. LoODE £ 0 LCODE = 0 LCODE # 0 LCODE = 0
13 DvV/D2 Dvy /20 du/ds dut/dz! (1/sec)
14  Ds/Dz DSy /2! os/3z ds1/3z! (1/sec)
15 N/DZ DN1/2) 3n/dz © 3nt/3st (1/sec)
16 T/T1 T/T1 t/T t/T
17 . U ‘ U u u
The 3 remaining BLP can be programmed by the customer and in
the present program ares
( sQ - ' s!'/Qo!

NQ - n!/Qo!

PRINT OUT DEFINITION

DEL. S 81s -j‘(l-x--t) ds!
AQ?

DEL N bln-fn_l.él ds!
Q' AY

DEL SS 81ss = [(1-81/Q1) (81/Q') (A1/AY) ds?

DEL N8 G'ao-fg_:_%%:_ ds!

DEL NN _ | O'nn--f(%;)z%:_ ds!

DEL U ' l'u-f(l'-_:_:.%:_) ds!
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APPENDIX F (Continued)

PRINT OUT DEFINITION

A
=[O g e
cSJa

L o =fa-d

DEL V

DEL UU - By A G e

'
DEL UV )‘, dz!

- viy vt A
DEL WV 6'w—j(1 -y v 9

NOTE; If LCODE = 0, then &'

b =8y
20.1{

= &' (£t); 1f LCODE# 0, then
‘Gt

LCODE = 0, then RO.1 =

(——9-) max 0 lnm‘

LCODE # 0,

LCODE = 0,

o
1f
1f£

R, {

1f LCCDE = 0,

LCODE # 0,
LCODE = 0,

LCODE ¥ 0,

Regs
1f LCODE ¥ 0,

then RO.1 = RO.I/ch'

then lh = RnA/Rc'

then Rg_ = (M1QV8",

then Ky i= aGol‘/‘c'

then Ry, = (O,

then Ry, = qu”‘c'

H= 6./6.. = §*/0 form factor

l!t - (ll+l 00)*
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APPENDIX F (Continued)

PRINT OUT DEFINITION

HWPR n'  (BTU/sec £t2) h' = k! (a:-)
w v w
os! .

CFU Cfu = B vall (au' LCODE = 0, Z'(ft)

susll (2u)

WMigQ e 102! /gy

LCODE # 0, z = z'/R.'
c!

CFV Ccfv = u"wall‘ (bv' )
Wo'Q' N\ 4y

Chordwise coordinate

Spanwise coordinate
U*

If LCODE = 0, Z'p“k
zpiili

1f LCODE 0, 2!,

O.Inu“

Z
0. ln-.x

{If LCODE = 0, Z

. 2!
1f LCODE¥ 0, 20.1n = _ O.ltmax /R '
“max Q

Tng
~ 1f LCODE 7 0,8y = (102-1.29N2Z)/R !

T ot ™'

Crossflow suction coef{ficient 'o"
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2.19 APPENDIX F (Continued)

A(J,20)

TFFO

Flow parameter

Tangential flow suction coefficient F *

Al

WALL DENSITY RATIO wall

RHOS

FS

VOLS

W/A

FSTARR

A'o

Wall density, )"\ull (slugn/fta)

Suction inflow velocity for continuous

suction feet/sec) = w'! = f!

Specific volume of air at surface =
(1/32.2 mHos)

Suction weight flow = 32,2\ 'wvall w'
F *A!

M= "o o-!l/‘c'
Mol o

UX1l, UX2,¢0004,UX10 UX(I) functions (defined in App. E)

FLUID PROPERTIES AND OTHER CONSTANTS

°t
o'y

073

3.5
3.35 x 10712 (1/°0)*

2.85 x 10°12 (1/%%)%
avzt*‘

4
oty
1716.0 (ft/uczol)

(1 + 14T Y /o1 (101,11 4)

-5 ( cal )
476 x 10
e-. » K.

Fe

= e A Te————
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APPENDIX F (Continued)

xlz = \)'2

a necessary condition for K constant and Kt = 0.0

=5 ( )
vt = 1.422 x 10 —E—;
l an“c(ol()

vi, = 112,0 (°x)

vty = 0.0 (°x)2
-4
B /11, = 292155 x 107 e
gsecC

2 r! o
To* = H'o T'o,/(l-;;) (’K)

T, = (6'- 1.0)/(c'M" )

P, = Free stream pressure (atm)

=T
o

Po* = P'OT*/T'O(lm)

QI = 491 (1.8 T1 ) w1 (£e/sec)

R (1) = 3.2794397 x 102 2o (1/£¢)
N T!
o O

2, ( )
NO o= 3 /‘rvo/(l-wtz/tlo + viy/m %) c_-.g.;

2, ( cal )
- l'l'r'ol(l'H"z/T'o*-D’/‘l'o) c—-.;-@a

‘0

" = Qg'VIKk! = g/k Prandt]l number

~. AT o= 1 =
. ey Y vy ey ’AY v ¥ 9 - -t
E 2"y % [ 4 % L, s

:: v P g * i " ‘6" X 4 ;"f

P p—
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APPENDIX G

*
Outline of Program Model of Operation for Suction Optimization

An observation of a wing chord boundary layer deveiopment with
suction shews four types of crossflow velocity profiles.

a. Stagnation zone velocity profiles

b. A forward-chord interval with totally positive
crossflow velocities along the boundary layer height.

A mid-chord interval with crossflow velocities of ..
both signs with negative velocities close to the wing
surface. (Cross-over type profiles.)

d. A rear-chord interval with totally negative crossflow
velocities.

Each of these areas asks for different suction requirements
according to the boundary layer stability criteria that have
to be satisfied, and the corresponding stability margins
required by the custcmer.

The program respects the following stability criteria:

1., BNS = (102 - 1,29 N2Z)//R ! (critical crossflow
Reynolds number) with a ninimum margin of stability

m = RNS - RO.1

2. Rg‘. = Rg<2000 or any desired level (critical tan-
gential Reynolds number) (see 2.8).

The crossflow criterion {s not used where crossflow velccity
profiles of the "cross over" type are present. No ciiterion is
available at present, and in the program it is assumed that the
tangential stability is critical. The program will calculate

a local minimum suction coefficient at each point, which pro-
bably will not render the best practical suction distribution
for a given margin of stability, but will define minimum levels
to smooth out data conveniently for each application, so from
the first run a good theoretical minimum suction distribution
is obtained. These levels may be somevhat changed in certain
chord stations when sensitivity (variation of stability margin
with suction changes) allows it. A minimum suction coefficient

*Dircct Suction Option, Ref. 2.9.




CAM 20-7A

(R.11-63) ENGINEER PASE

NORTHROP CORPORATION 2.69

REPORT NO.
NORAIR DIVISION NOR-67-136

MODEL

June 1967 X-21A

APPENDIX G (Continued)

magnitude may be specified as an extra requirement along the
chord. The stagnation zone stability criterion Rg < 100 is
not included presently in the suction calculations. It is
indirectly satisfied, however, when a specifieid amount of
leading edge suction is input at the first chord station pro-
ducing a different set of initial profiles, used as boundary
conditions. This suction will not show in the output, except
through the effects or variations manifested in the initial
profile characteristics. If the leading edge suction is
reasonable, the program will accept the corresponding new pro-
files and will proceed to calculate the minimum suction
requirement as well, This is done, for example, when it is
required to start with a profile of specified momentum thick-
ness Reynolds number obtained experimentally.

The suction change required when the tangential stability is
more critical, is obtained through a combined exponential
linear function which assures a continuous and sufficiently
rapid variation. In this way, the iteration proceeds along

the chord eliminating the time consuming process of stopping
and recalculating each step with no sensitive output effective-
ness change.,

The same methods may be applied to suction calculation determined
by the crossflow stability condition, with ~qually successful
results. Nevertheless, the program offers a more direct
possibility due to the form in which the critical crossflow
Reynolds number definition is supplied. It will be briefly
described in the following discussion.

The critical crossflow Reynolds number is available as a
function of the second derivative of the crossflow velocity
profile at the wall, the so-called crossflow criterion.

ws = £, @%nasd) ()

On the other hand, one of the boundary conditions is a function
¢c, depending upon the suction coefficient ro*.

W= £y (EW) @*

From definitions provided in the study of the applied boundary
layer equations, 8 new equation was derived.

1¢C = derivative of @ with respect to {. ( = 1.0 at the wall.
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APPENDIX G (Continued)

2 2
P = £, (3"n/32%) (3)

At each chord station the solution is calculated from essen-
tially the values of the unknowns at the upstream points,
which means that at the point 1 + 1, j, k the solution of the
difference system of equations is obtained using data at the
previous step i, j, k with the corresponding boundary condi-
tion. The crossflow velocity profile at station i + 1 is
obtained from the boundary layer velocity component profiles
i (v, u) at station i according to the analytic properties of
| the differential system, and no iteration is necessary at a
given station since, according to Eq. (3), 9, is then estab-
lished for step 1 + 1 from data belonging tocstep i.

The stability condition requires that ENS > RO.l where RO.1

is the actual crossflow Reynolds number and is known. If it
is specified that the crossflow stability margin be m, then

RC.1 + m = RNS.

Once RNS is obtained, equation (1) supplies the required value

of (bzn/bzz) and equation (3) the corresponding ©. Finally,
equation (2) determines the required Fo*. The suction coefficient
thus determined will maintain the desired stability margin. 1In
certain areas it may result that RNS is rlightly above (RO.1 + m)
due to accummulated errors in the computation, but never less
than (RO.1 + m). In other areas, to maintain the margin 'a"
would require positive mass transfer (blowing) since the margin
is naturally larger than "M" even without mass transfer (suction).
At these points, the program uses the minimum possible suction
which is either sero or a specified value if desired (FOMIN input
defined in Appendix E).

Region of Positive Crossflow Velocity Profile

At any station, the suction coefficient is first calculated to
satisfy the crossflow criterion. Immediately after, the
program tests whether or not the tangentixl critericn is also
met. If not, suction is increased over the last suction
coefficient value found. The program then proceeds to zepeat
the same process at the next chord station. The suction change
required from one step to the other is determined by the
nature of the boundary layer equations and boundary conditions
vhen calculating to satisfy the crossflow stability condition.
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In the region of crossover profiles in the mid-chord span

there is no satisfactory definition of the critical and actual
crossflow Reynolds numbers. Since no crossflow stability cri-
terion is available at present, the suction is calculated under
the tangential stability condition only, with the same procedure
used previously. The only difference is that in the second
region the minimum suction requirement is determined by the
crossflow criterion and it is tested or recalculated, if called
for, to assure having the ‘533 below a specified value. Thus,
when the Re.' approaches the 1limit the suction is increased,
and when it tends to move below the limit the suction is
decreased.

As implied above, there is no crossflow stability history

along this chord-interval where crossover profiles exist,

but at the end of it when the crossflow profile becomes totally
negative, crossflow stability must be assured. It is possible
that in the last station of this interval the suction is also
sufficient to cover the crossflow condition with sufficient
margin., If it is not so, that is if the crossflow margin is
too small or even negative, it is necessary to introduce suction
a little before the profile becomes negative. This occurs very
near the point where the adverse pressure gradient becomes
strong. Adequate suction may be provided by slightly lowering
the maximum allowable R§gq requirement at that point. An input
TARG2 (defined in Appendix E) takes care of this. On the other
hand, 1f the margin is larger than specified, nothing need be
done about it, since the calculated suction is already the
minimum needed tc satisfy the tangential criterion and cannot
be lowered.

The Last Chord-Interval

Suction is determined here by the crossflow stability condi-

tion and tested or readjusted, if necessary, to meet the
tangential stability criterion also. The calculated suction

will try to maintain the specified crossflow margin of stability.

_— e e e ——— - - ~ o
S



!

|

ODATA SHEET reow 20.172 (r.4-82)

L

—_— 2 .
s
!
i
e .- =g o __11
4
!
y
[
4
4
i
—_—

—
5 o
L .
singp|

O — ; ‘

: S B



SORM 20-TA
(R.11-043)

CNGINEER PAGE
NORTHROP CORPORATION 13,
CkICKER .
NORAIR DIVISION L —
DATE MOOLL
June 1967 X-21A

APPENDIX 1

Incremental Equivalent Suction Drag Computing Forn

1
2

3

10
11
12

13

14
15

16

17
18
19 *

o e e—

M,
P'g
T'
P

t'wall 1if GWT = o} tiy,)] = Tg'

FSTARR
2
M,
8,2
8Mo2P
PH
2 .

&

2

0354
PY4 - .03

By
FrY - 038>

-

wp

(&),
4%

s =

¥ J.-"

@2
Dx 1.4

]



CRM 20-7A
{R.11-63)

CHECKER

NORTHROP CORPORATION
NORAIR DIVISION

2.74

REPORT %O,
NOR-67-136

June 1967

MODEL

X-21A

APPENDIX 1 (Continued)

21

22

23

24

L




FORM 20-7A
(R.11-49)

L 4

NORTHROP CORPORATION
NORAIR DIVISION

3.00

REPORT NO.
NOR 67-136

June 1967

MOOEL
X-21A

SECTION 3

SUCTION SLOT DESIGN

K. H. Rogers

“April 1967




- ORM 20-7A
(R.11-¢2) pase

NORTHROP CORPORATION e i-ol
NORAIR DIVISION =Ny
MODEL
t June 1967 X-21A

INTRODUCTION

The suction slot design, described in this section, is the first of a
series of flow devices through which the sucticn air passes from the
suction surface to the suction pod exhaust. The entire flow sequence
of the suction system is shown in the following chart,

Reference

Suctjon System Flow Sequence Section No,

Suction inflow representing distributed suction

{

Slots or finely perforated outer surface

|

Plenum chamters beneath outer surface

|

Holes through inner skin

\

Tributary ducts and nozzles for inflow distribution

v

Main suction ducts

v

v

Suction system compressors

v

0 Suction system exhaust (propulsion)

» Mixing
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3.1

INTRODUCTION (Continued)

The primary objective of the suction surface design is to provide a
suction distribution approximating the calculated requirements for
distributed suction. The design must be practical from the standpoint

of manufacture and maintenance; and irregularities in either the surface
or the inflow must be minimized. In the suction surface design, the wing
geometry, LFC flight conditions, suction distribution, and boundary layer
average properties already have been determined.

The use of fine slots for the suction surface, rather than porous or
finely perforated panels, was considered at Northrop Norair the most
practical design. The suction surface design of fine spanwise slots
saved in the outer skin, with spanwise plenum chambers beneath the
slots, has been developed at Northrop Norair under the direction of

W. Pfenninger. The slot width is made approximately equal to the sucked
height of the toundary layer, and the slot width Reynolds number (or
flow rate per slot) is made sufficiently small so that rounding of the
leading edge cf the slot is considered unnecessary. The possibility of
using a finely perforated suction surface instead of slots in the wing
nose region to improve laminarization is discussed in Section 15.7.2.4.

NCMENCLATURE

Lower Case Letters

wing chord, ft.

pressure coefficient, Ap/q,

Ap slot/q,

slot spacing normal to slot direction, ft.
altitude, ft.

momentum thickness coefficient, see Fig. 3.5.1.
incremental length of slot, ft.

crossflow velocity within B.L., ft./sec.
(orthogonal to s')

static pressure, lb./ft.2

increment of pressurs, lb;lft.z

free stream dynamic pressure (% uz).'
2

dynamic pressure (ghui). 1b./ft.

resultant velocity vector within boundary layer
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r = radius of leading edge, ft
s' = velocity component within B.L., in direction of potential
flow Q!, ft/sec (orthogonal to n')
t = thickness of outer skin = depth of slot, ft
u! = component of q' normal to element line, ft/sec
ﬁ' = average slot velocity, ft/sec
u_ = velocity of free stream, = Q'o, ft/sec
v! = component of q' parallel to element line, ft/sec
Ve = distributed suction velocity at surface, ft/sec
w = gslot width, ft
z = (Jistance from external surface, ft

( k

Capital Letters

B.L.

F*

ne

sucked height of boundary layer, ft

boundary layer

Vs Rc's, suction volume flow parameter

Uy

PeVs Rc’s, suction mass flow parameter

Pl
Laminar Flow Control

Mach number of free stream

n!
Q'
local velocity outside B.L., ft/sec

u,» free stream velocity, ft/sec

chordwise Reynolds number = p_u_c/u_

slot width Reynolds number = p.u.vlu'

unit Reynolds number of free stresm = p.u.lu. {

somentum thickness Reynolds number of spanwise
flow at the leading edge attachment line. See Bq. (1).

-
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RO = equivalent to RG“, used in Section 1
5 = s!/Q!
TR, IR ractions a8 5 and Ny b D o5 P
(sgp + M) =8’ (__¢c )
dz Q' R o5
c
U = y1/Q'; see Figure 3.3 ©
| \' - =V1/Qt; see Figure 3.3..
! ur,vt = orthogonal components of Q' outside B.L.; see Fig. 3.3
U* = U'/Q'o, see Figure 3.3
| 29 = z,/w = sucked height/slot width
, : Greek Letters
8 = glot parameter 21’/Rw = dlwlw
( g = -u”
U
A = gweep of wing leading edge
m = absolute viscosity, 1b uc/ft2
P = mass density, llug/£t3 or 1b sec2/£t4
T = glot parameter 2t/w
T§ = thickness ratio of ellipse containing leading edge shape

Subscripts

® = freestrean

s = glot

3.3 CHORDWISE SLOTS IN THE LEADING EDGE REGION

Wind tuunel experiments conducted during the X-21A program show that
chordwise slots in the leading edge region of a swept wing (in the flow
attachuent zone) are effective in preventing the spanwise propagaticn
- of disturbance from the fuselage or from a roughness particle of the
- like. Chordwise slots, in conjunction witi: a smaller leading edge
radius, are included in the revised design of the inboard wing nose
of the second (AF 55-410A) airplame. The chordwise slots are .0033
( wide, spaced .75 inches apart, and extend chordwise somevhat bejyond
/ the chordwise limits of travel of the flow sttachment line for the
various LFC flight conditions. The leading edge radius is about 1.5
inches over most of the inboard wing, increasing to stout 1.8 inches
at the inboard end of the final installation. The nev nose section is
added onto the old and is commonly called the fgcadb-on” nose region.

E
¢
E

— e Bl S . P T
11_15' o . e
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The chordwise slots lead to chordwise plenum chambers with holes connecting
to the scab-on duct. The design is similar to that of the spanwise slots
except no tributary ducts are used to guide the flow spanwise into the
internal, scab-on, duct. Most of the flow from the chordwise slots turms
and flows spanwise along the scab-on duct to control-valves at the ends of
the scab-on installation; but additional inflow is led into the original
nose through numerous holes drilled into the original nose and through the
original spanwise slots in that area.

The primary design criterion for the chordwise slots is sufficient suction
to reduce the momentum thickness Reynolds number at the attachment line to
values below 100. The momertum thickness Reynolds number is designated
Rﬁss in Section 2, but oft:r is designated simply Rge

Due to the chordwise distribution of surface pressure, relatively strong
suction, sufficient to meet the requirements stated, always exists along

the attachment line when the scab-on internal pressure is low enough to
prevent outflow at the ends of the chordwise slots. Best LFC results appear
to coincide with strong leading edge suction.

The size and spacing of the chordwise slots are based on wind tunnel tests
as well as practical considerations of fabrication. In a typical LFC flight
condition, analysis shows that the impinging streamlines cross about eight
chordwise slots before reaching the first slot in the region of the spanwise
slots. The suction flow rate and the slot width Reynolds numbers along the
attachment line are greater than those elsewhere on the wing.

An approximate equation for the momentum thickness Reynolds number ‘6 at
the attachment line, useful in proliminary design .tudios, is

R'g Tcos A’
Ry, = Kg tan A [TTQ;r;:S-J (1)
The coefficient Ke is plotted in Figure 3.1 as a function of the suction

coefficient Fo*, The value of the parameter T,, the thickness ratio of

an ellipse fairing into the nose shape, 13 about twice the thickness ratio
of the airfoil. If the chordwise gradient of potential flow velocity at
the stagnation line is known, then the momentum thickness can be calculated
more accurately from the equations of l.5.1.

SPANWISE SLOTS

3.4.1 Slot Design Process and Criteria

The basis for the slot design is the distribution of surface suction
required, the distribution of surface pressure, and the computation
of average boundary layer charactaristics as described in ths pre-
ceding Sections 1 and 2,
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An allowable value for slot width Reynolds numter Rw is assumed
(e.g., let R <100 for cruise), and the slot spacing bc_ is
calculated. Later the calculated value of Acn may be modified

because of practical considerations such as avoiding stringer
structure or providing a slot drop-out pattern on a tapered wing.
The sucked height z, is calculated, and the slot width w is

made approximately equal to the sucked height. The pressure-drop
through the slotted surface is calculated, and the result must be
compatible with internal pressure requirements for the plenum
chamber beneath the slot and with the pressure requirements of
the suction duct.

Some adjustments in suction distributions must be made to accom-
modate various flight conditions. The slot design process

and the performance of the design for various flight conditions
are iterative and have been adapted torcomputer solution.

Progressing from root to tip on a tapered LFC wing, some slots
will drop-out, and some slots may be reduced in width., The slot
velocity should be gradually reduced to zero as the drop-out
point is approached in order to minimize vortex formation at

the end of the slot. This gradual reduction in suction can be
achieved by omitting the last several holes beneath the suction
slot.

As a matter of convenience in analysis, the nominal slot spacing
used in converting distributed suction to slot flow rates is
determined by dividing the duct width by the number of slots in
the duct at the particular span station analyzed. The true slot
positions are used in determining the external pressure a* the
.loto

The basic equations that apply to the slot design and to the
slot performance are derived in the following subsections.

Derivation of Equation for Slot Spacing Ac

In Figure 3.2 assume a suction strip Al wide normal to the slot

length. Equating the average inflow normal to the surface to the

flow into the slot,

Ve Ac:'l = .u., or

Acn -».u.

v
]

Pp——




P YT gy

Ch 20-7A
R.11-93)

PASE

NORTHROP CORPORATION 3.07

NORAIR DIVISION REPORT #0.
NOR-67-136

MODEL

June 1967 X-21A

In equation (1), Wiy is porportional to the slot width Reynolds
number R, which is a measure of the mass flow rate per slot, and
vg is proportional to the distributed suction strength parameter
F*_ . Making the conversions, in order to use the parameters
available in the bounds: . yer computer program, equation (1)
becomes,

(2)

Derivation of Equation for Sucked Height z!

Again in Figure 3.2, assume a suction strip 41 wide normal to the
slot width., The lower or cross-section view of Figure 3.2 shows
that the sucked height z' is approximately equal to the slot with
w. Equating the average inflow to the surface to the flow in the
sucked region of the boundary layer, and assuming a constant velocity
gradient du'/dz in the sucked portion near the surface,

z'2, or

Acn v z'
2

= du!
s dz

z'2 -2 be, Ve 3)

dll [
Yre

The distributed velocity v_ is proportional to the suction
parameter F* through the relation,

V.‘Q'O Fw
n.s
[

’ (4)

and the velocity gradient, in terms of paramoters available in
the computer program output, is

du! = Q'nc.s

dz

2 2 (3
(8,5 + Ngp) 3 y! — -
g (w4 v1%)°

g-o 93

where the values of velocity components u' and v' and velocity
gradient components Szg and Nzp within the sucked layer are assumed
applicable to the boundary layer height §=.93, where u' = .10.

See Figure 3.3 for velocity vector diagraa. U
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Substituting (4) and (5) into (3), and noting that

Yo-u, then
Q! U*

£ 2 oc P (ar? + y12y°5
R'_ U* " s +nl)eS

ZR ZR = .95

Equation (7), although more complex in form than equation (3),
is easier to use in the slot design program because of the
availability of parameters in the boundary layer computer >utput
program. The sucked height z, should be approximately equal to
the slot width w.

Pressure-Drop Through the Slot Acpslot

The pressure-drop coefficient (APglot/qg)o¢) 18 shown versus the
parameter B=2n/R, in Figure 3.4, The pressure-drop relationship

( has been derived theoretically and confirmed by experiment. See

Norair Report NAI-58-19, for example.

If the value of B. becomes less than about .03, the flow will
separate from the forward lip of a sharp edged slot and may or.
may not reattach to the slot wall. It is considered best to keep
the value of B well above the value .03 in order to avoid the
possibility of unsteady flow due to the separation phenomenon.

The pressure-drop relationship shown in Figure 3.4 is derived
for flow between two plenum chambers. The error involved due to
external flow across the slot is considered negligible for LFC
slot design because of the low energy level of the sucked layer.

For convenience in design and analysis, all of the pressures in

the suction system are referred to the flight dynamic pressure

Q = (&2.) o On this basis the pressure-drop coefficient for the
/=

suction slot is expressed as followss

Apllot ( qolbt)
qllot %W

AcPllot = Al"ll.c.ot/q., =
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Equation (8), converted to a form containing the parameters
appearing in the boundary layer computer program output, becomes

AP R, 2 u 2
slot 8 F*
Acl’slot = ( q ) (

) (=) oo 9)
slot R'mw He Fo*

3.4.5 Typical Values for Slot Dimensions

Typical values of slot spacings and slot widths for the X-21A
spanwise slots are shown in the following table:

Portion of Wing
Design Parameter Fwd. Intermediate Aft
1% to 5% 5% to 40% % to 100%

Slot Spacing Acn~1n 1.1 2.0 1.2

Slot Width w~in .003 006 005
004 .007 005

The vazlues shown in the example are not intended as design guide-
lines but simply order-of-magnitude data for one particular wing
section. The calculated slot dimensions become larger with larger
wing chord and with higher altitude operation, and become smaller
if the allowable slot width Reynolds number "w is reduced.

Although not shown in the preceding table, the strong suction rates
are in the forward and aft regions of the wing chord. 1t is
interesting to note that the slot widths and the slot spacings tend
to be smaller in these regions of strong suction. Regions of strong
suction are associated with relatively large velocity gradients

near the surface and sasller sucked height (or slot width) for a
given mass flow into the slot. The mass flow per slot tends to be
equaliszed by closer slot spacing in the regions of strong suction.
The foregoing explanation is oversimplified but provides some insight
into the reasons for the chordwise distribution :f slot width and
slot spacing.
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4,1 INTRODUCTION

The flow passages from the suction slot to the suction duct (main duct)
are the plenum chamber beneath the slot, the holes through the inner

skin, and the plenums (tributary ducts) and flow metering nozzles beneath
the inner skin. The slot plenum and holes are designed to provide nearly
uniform inflow along the suction slot, and to minimize disturbances within
the plenum and at the hole inlet. The nozzles beneath the inner skin
provide the design distribution of suction arc¢ direct the flow downstream
in the suction duct.

4.2 NOMENCLATURE

Lower Case Letters

a radius of hole, tube, or nozzle, ft

0O

velocity of sound, ft/sec

constant pressure specific heat, .24 btu/1b°R

=]

©

pressure-drop coefficient Ap/q

©

diameter of hole, ft

diameter of tributary duct at exit, ft

o

acceleration of gravity, 32,2 ft/sec2
depth of slot plenum chamber, ft
ratio of specific heats = 1.40

- X T e a a B> o

length of tributary duct, ft

mass flow rate through tributary duct and nozzle, slug/sec

pressure, lb/ft2

T Be

increment of pressure, lb/ft2

[>d
©

2
dynamic pressure, pu

2
pressure ratio p/po

£

(2}

spacing of holes, ft

thickness of skin, ft

velocity, ft/sec

average velocity, ft/sec

width of slot, ft

effective length of tributary noszsle, hole, or tube, ft

< X £ €1 C =

chordwise offset of holes irom slot, ft
sucked height, ft

-
._,

R il
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Capital Letters
A effective area of nozzle, ftz
Ag gross or actual area of nozzle, ft
J mechanical equivalent of heat, 778 ft 1lb/btu
Mach number
R gas constant (air) = 53.3 ft 1b/1b°R
Ry diameter Reynolds number pud
"
R, radius Reynolds number pua
H
Rw slot width Reynolds rnumber puw
H
R'y unit Reynolds number of free stream,(ﬁ-!)‘n

temperature, ®Rankine

velocity ratio, u/u_

Greek Letters

B hole or nozzle design parameter 'r/Ra
Y slot velocity variation ug ..
-1
Us
Y4 steady state spanwise variation in slot velocity, due to
tributary duct,
Ye fluctuating slot velocity variation, due to combination of
slot width Reynolds number R,>100 and plenum geometry.
Y steady state spanwige variation in slot velocity, due
primarily to hole location and plenum geometry.
" viscosity, absolute, 1lb sec/ft
density, .luglfta = 1b aoczlft“
T ratio t/a or x/a

Subscripts

o reservoir condition
d duct or tributary duct
e tributary duct exit (ahead of nossle)
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f fluctuating
g gross (area)
h hole
max maximum
n nozzle
slot
© infinity or free stream condition

4.3

e AR RERTDeRTE

SLOT PLENUM CHAMBER AND HOLE LOCATION

Part 4.3.1 applies to the design criteria for plenum chambers and hole
locations for t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>