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VELOCITY DISTRIBUTIONS ON TWO-DIMENSIONAL WING-DUCT INLETS
BY CONFORMAL MAPPING

By W. PErL and H. E. Moses

SUMMARY

The conformal-mapping method of the Cartesian mapping
function is applied to the determination of the velocity distri-
bution on arbitary two-dimensional duci-inlet shapes such as
are used in wing installations. An idealized form of the actual
wing-duct inlet is analyzed. The effects of leading-edge stagger,
inlet-velocity ratio, and section lift coefficient on the velocity dis-
tribution are included in the analysis. Numerical examples
are given and, in part, compared with experimental data.

INTRODUCTION

Inlet contours for wing-duct installations, such as those
used to conduct cooling air to engines, are generally designed
on & more empirical basis than airfoil sections because the
geometry of a wing-duct inlet, and hence the determination
of its velocity distribution, is more complex than that of an
airfoil section. By means of the conformal-mapping method
of reference 1, however, the ideal incompressible velocity
distribution over two-dimensional wing-duct inlets for arbi-
trary lift coefficientis can be caleulated with about the same
labor as in the corresponding caleulation for an isolated
airfoil.

This method was applied to an arbitrary two-dimensional

- wing-duct-inlet section at the NACA Cleveland laboratory
in 1945 and the application is presented herein. The theory
is illustrated by numerical examples, which are, in part,
compared with experimental data.

ANALYSIS
SYMBOLS
The more important symbols used in the paper are listed
here. All velocities are expressed as fractions of the free-
stream velocity; that is, the free-stream velocity is taken
as unity.

¢ chord of duct-inlet section

¢ section lift coefficient

d horizontal distance between leading edges of duet
inlet :

k vertical distance between leading edges of duct
inlet

ro stagger ratio in {-plane

8 stagger ratio dfh in z-plane-

? velocity on surface of duct inlet

Upw velocity infinitely far inside duct

U velocity at duct inlet

P plane of circle

z plane of duct-inlet section {(z-}iy)

¢ plane of chord lines (¢+1in) )

) )
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(a) Actusl

(b), Analyzed.
FIGURE 1.—Wtzz-duct fnstallatfon.

THE CONFORMAL TRANSFORMATION

The actual two-dimensional wing-duct eonfiguration of

figure 1(a) is replaced by the contour shown in figure 1(b).

The two changes made in the original configuration are (a)
removal of the internal flow resistance, and (b) replacement
of the streamlines A’B’ and C’D’ by the parallel, straight,

rigid boundaries AB. and CD. Change (a} results in a flow
field of constant total pressure, and change (b) in a simply
connected flow field. The analysis is thereby considerably
simplified. Both effects associated with the replaced features,
namely, variable inlet-velocity ratio and angle of attack,
respectively, can be adequately represented in the flow
function for the simplified configuration. For conventional
wing-duct installations, the region of interest at the inlet, as
regards velocity distribution, is sufficiently far from the

region in which changes (a) and (b) were made that their

influence on the required velocity distributions is negligible.
(See section Ilustrative Examples.) ’
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The simplified duct-inlet contour in the z-plane is now con- .

formally mapped onto the staggered semi-infinite parallel
straight lines, QAB and PCD, in the {-plane (fig. 1 (b}).
This mapping is accomplished by the Cartesian mapping

function (CMF), defined as the vectar distance z—{ between.

conformally corresponding peints in the z- and {-planes
(reference 1); thus

z—{=(z—§) +i(z/—-n)}

. (1)
=Az+1Ay
The calculation of the CMF is carried out by considering it
as a function of the central angle ¢ of the p-plane circle into
which the {-plane contour can be conformally mapped by a
known trapsformation. Inasmuch asz—¢is regular on and
outside of the z- or {-plane contours, by the conformal
transformation from { to p it is also regular on and outside
of the p-plane circle.
CMTF on the circle itgelf are therefore related by

Az(p)= —%_‘J:Tziy {¢') cot é‘—;—qb d¢’ 2)
27 - r__
by =g [ "ha(@) oot L2 aw ®)

The conformal transformation of the {-plane, steggered
semi-infinite parallel lines; into the p-plane circle is carried
out in two steps. In the first step a Schwarz-Christoffel
transformation takes the {-plane polygon into the real axis
of a {-plane such that the upper-half &-plane corresponds to
the {-plane. . With. the correspondence of boundary points
indicated in figure 2, this transformation is (reference 2):

7
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FieurE 2.—Conformal relation of {-, &, and p-planes.
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The real and imaginary parts of the .

=0 g—(u2+u4)t-{—ugu,, log, t:|+03 (5)

The six constants given by u;, u, (real), and (}, C; {complex)
are determined for the orientation and the scale indicated in
figure 2 hy the six cenditions:

(a) C)real (staggered lines horizontal)

(b) a=1, scale {actor in {-plane

(c) requals desired stagger in {-plane, {(us)=r+r—1%

(d) us=+~1, scale factor in ¢t-plane

(e) upper leading edge in {-plane at point (r, 0) or
- t(ugy)=r (two conditions)

The constant r is inserted in condition (e) in order to
locate the leading edge of the upper inlei scetion tangent
to the y-axis. By use of the foregoing conditions, equation (5)
reduces to

=) EG) e o

The quantity m=wu, is the following function of the stagger
ratio r:

rr=log, m+% (m—% M

Equation (7) is plotted in figure 3.
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FiavRE 3.—Stagger constant as a functlon of stagger in {-plane.
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The second step of the desired transformation from { to p
consists in mapping the upper-half {-plane onto the region
outside of the p-plane unit circle by & bilinear transformation,

here taken as L
_;(ptl1
t=1 (’p—l) ®)

The correspondence of points for equation (8) is indicated
in figure 2. The use of other bilinear transformations is
discussed in the section Illustrative Examples.

Equations (1), (6), and (8) constitute the conformal trans-
formation from the region around the duct-inlet section in
the physical z-plane to the region outside the unit circle p-
plane. These equations, with p=e¢*, give for conformelly
corresponding points on the boundaries .

f=cot g ¢l
r=E£+Ax

r== (— cot & —1) I:m — cot —— 1)+ I:I_ (10)

p log. p I cot %I-I-A:t(qb) +r

y=nt4y
y=Ay(¢) 0<¢<x upper-duct inlet section » (11)
y=Ay(¢)—1 7 $<2x lower-duct inlet section

The leading-edge points of the upper-duct- and lower-
duct-inlet sections may be defined as the upstream points of
tangency of normals from the “chord” lines OA and RC
with the duct-inlet contours (fig. 1 (b)). These points may
be found as functions of ¢ by minimizing # with respect to ¢
in equation (10). The resulting condition is

dAz (cot m) (cot ¢+1)

do am 8in ¢

(12)

YELOCITY DISTRIBUTION
The velocity distribution on the duct-inlet section is given

by
v='dn (13)
in which the complex potential 1V is
~ o4, B '
T —§'+; t+; log, t (14)

The term { represents a uniform flow velocity to the right, of
unit magnitude in the {-plane, and gives a free-stream veloe-

ity of unity in the physical plane. The term é t represents

a uniform flow in the {-plane and corresponds to a circulatory
fiow around the duct inlet in the physical plane. This
term gives the effect of angle of attack on the physical duct-

inlet section, although the geometric angle of attack of the

section analyzed must remain zero because of its semi-

infinite extent. The term = log. t represents the flow due

WING-DUCT INLETS BY CONFORMAL MAPPING Y4

to a source at the origin in the #-plane and gives the desired
inlet velocity into the duct in the physical plane.

The quantltatlve effect of the paremeters A and B in the

physical plane is determined by evaluation of the complex

velocity :
d’H (H_Adt B dt\ dt

where, by equation (6),

dt _ 7mt
ds (t—m)(@{+1)

and, because z—{ is regular on and outside of the p-plane

circle,
s < Ca
= o an
dz dp &\ ne,
_3__1_3?%7?“ (8)
dz 1+ xmi i ﬂ::,_.1

?3’ E—m)(@E+1) 5

Infinitely far inside the duct in the physical plane, the corre-
spondence of points is: z= =, {== by equation (17), t=0
by equation (6), and p=—1 by equation (8). . Hence, at this

d . dt 1dt
, d_gz'=1 by equation (18),(—{5;=0 and 7 3’;:=—"f by equa-

tion (16); and equation (15) gives for the veloclty uD, infi-
nitely far inside the duct

UD¢=1—.B . . (19)

The velocity distribution on the inner wall of the duct-inlet
section becomes almost constant a short distance behind the
leading edge. (See section Illustrative Examples.) The inlet
velocity , is defined as this asymptotic value. The inlet ve-
locity z, will be different from vp. if the height at the inlet is
different from the height (unity) infinitely far inside the duect.
Infinitely far upstream of the duct-inlet section the correspond-

point

ence of points is: z2=— o, {=—=, t=i=, and p=1, and
dz_ _dt_ 1di
consequently T ’ZZ_ T =0. Thisresult holdsinfinitely

far outside the duct in any direction. Hence, the free-stream
velocity is by equation (15), unity.

The quantity A may be evaluated either as a function of
thestagnation-point locations on the duct inlet or as a function
of a suitably defined llft coeﬁiment In terms of the stagna-

tion points, given by _clz_=0 in equation (15), and with equa-
tions (16) and (9),

(m—1) cot %"—cot’ ¢—”+m‘(1—B)
¢u o

A=
: m cot —

~

For a given A (end B) equation (21) is a quadratic equation
for the two stagnation-point locations. When quantity A is
alternatively regarded as a function of lift coefficient ¢;, the
section lift coefficient is defined in terms of circulation and
chord by the well-known isolated-airfoil relation

'rd.('+'n‘d§' ez (15)

(16)

o
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or
== - S (22)

The chord ¢ is defined as the over-all Jength of the wing-
duct-inlet section in the free-stream direction (OE. in
fig. 1(b)), and the circulation T, as the line integral of the
velocity over the circuit CFGHKMAEC around the wing-
duct installation. This circulation can be evalyated as the
sum of the potential difference over the lower surface &,—&,,
and the potential difference over the upper surface . —@,,.

The difference of potential over the paths GH and EC is
neglected because the velocity is here approximately per-

pendicular to the path. Hence, by equation (14) ... _ _

‘I’E—‘I’H—EE—EH'l‘*" (tE_tH)'I" Ioge :,

A B ta
Cg—Bc=c— _&‘ci-—-1r (ta—tc)+ p log. I
and

IT'=(Pg—24)+ (2a—%c)

I=(fe—Ec) — (Eu—

B oo, (telc
- log, ( i, tc)

Finally, when equation (23) is solved for 4, and I'is expresscd
in terms of ¢; by equation (22) with c==z_,

2 et =t | (o)

[2xg—(se—sc>+<sH to) | =B og, ;'Ef;;

(fe—tc)— (tu—ta) (24)

The quantities %, £ and ¢ at the various points indicated in
equation (24) are given in terms of the corresponding central
angle ¢ by equations (9) and (10). The various ¢ values

are known when the conformal transformation of the duct. .

inlet has béen carried out.

For a CMF Azx(q), Ay(¢), stagger constant m, and the
constants 4 and B corresponding to. the lift coefficient and
the inlet-velocity ratio, the velocity distribution on the
duct-inlet contour is given by the absolute magnitude of

dW/dz on the boundary. On the boundary, p=e*,
dz 1 +d(z—£)
dE dt

(25)
dz l_l_d(A:c—I—iAy) do dt
dk do  didt

Substitution of equations (9), (16), and (25) in equation (15)
yields for the velocity distribution on the duct-inlet section

$_ ¢ ¢
— (co’o m) (cot + 1)+mA cot —[—mB

AT oo

(26)

- PROCEDURE FOR CALCULATION OF CMF

The calculation of the CMF. Az(¢), Ay(¢), and slagger
constant m for a given duct-inlet section may be carried out
by a process of successive approximations similar to that of
reference 1. The steps are outlined as follows:

1. The duct-inlet section is drawn in normal form
{fig. 1 (b)). Point O is the origin and the scale is such that
the normal distance between the chord lines OA and RC is
unity. The stagger s=d/h of the duct inlet is, in gencral,
different from the stagger » of the chord lines.

2. A set of abscissas 2(¢) is calculated for a standard sel
of values of ¢ by equation (10). The Ax(¢) and r may be
that of a previous example or, at worst, equal to zera. _The
value of m may be taken from figure 3 for r=s.

3. The ordinates ¥ of the duct-inlet contour corr (,spnndmg
to the abscissas ¢ of step 2 are measured. The function
Ay(¢) is thereby determined (equation (11)).

4. The function Ax(¢) is calculated from Ay(¢) by equa-
tion (2).

5. The functions Az(¢) of step 4, Ay(é) of step 3, and m
of step 2 constitute by equations (10) and (11) a duct-inlet
section’ of which the difference in abscissas between the
leading edges is, in general, other than that specified. The
constant m is therefore adjusted to make this difference
equal to the specified value. To this end cquation (12)
(corresponding to the values ¢, and ¢, for the two extremitics)
and the equation for the difference ¢ in the leading-edge
abscissas

z(m, ) —z(m, do) =d 27

obtained from equation (10), can be solved simultaneously
for ¢,, ¢, and m. A more convenient procedurs is one of
iteration. ~Initial values ¢; and ¢; for minimum =z are
graphically obtained by plotting equation (10) in the neces-
sary regions. A valueof mis then obtained from equation (27).
With this value of m, values of ¢, and ¢, are again
graphically found for minimum z by equation (10). The
process is continued until ¢,, ¢z, and m do not change ap-
preciably in successive calculations. Finelly, a constant =
is 80 chosen that #(¢;)=0. The derived inlet section is
now in normal form.

6. The values of m and 7 derived in step 5 and Axz(¢) and
Ay(¢) of steps 4 and 3 vield a shape by equations (10) and
(11}, which can be compared with the givenn one. If the
agreement is not sufficiently close, steps 3 to § are repeated.

7. The velocity distribution is obtained by substitution

of the f_‘l:nal m and the derivatives % and %Aqby of the final

CMF in equation (26). The value of B is chosen to produce
the desired inlet velocity (the velocity given by equation (26)
on the inside walls of the duct-inlet section). The value
of A is chosen to locate the stagnation poinis in the
desired manner (equation (21)) or for & desired nominal lift
coefficient (equation (24)).

The inverse problem, namely, the calculation of the duet-
inlet section to produce a prescribed velocity distribution,
may be treated by the methods given in references 1 and 3.
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ILLUSTRATIVE EXAMPLES
As o first application of the theory, the symmetrical wing-
duct installation (m=1.0), on which pressure distributions
were measured in reference 4 (shape 9), was analyzed. The
installation is shown in figure 4 and the ordinates are listed
in table I. The trailing-edge portions were actually flaps

FIGURE 4—B8ymmetrical duct-inlet seetion (reference 4, shape 0). mm1.0.

by which the inlet velocity was varied. The scale used for
the calculation was such that the distance between trailing
edges was unity, as assumed in the theory. An evenly
spaced set of 48 ¢-values was taken of which only 24 were
actually used because of the symmetry. Of these 24 values,
21 were included in the front 8 percent of the chord. This
portion of the duct inlet was therefore the portion effectively
analyzed. The leading-edge portion is plotted in figure 5
to a scale such that the vertical distance between the leading
edges, the entrance height A, is unity.

(y/R) + 0.2011
(]
[

1
»

_.a 1 I 1 1 I
g 2 4 .8 .8 ra £z
x/h

Figure 5.—Leading edge of symmetrical duct-Inlet section with #=0 and m=1.0.

The CMF obtained after four approximations (which
produced coincidence of the specified shape and the derived
shape) is listed in table II and plotted in figure 6. In the

3r or

2r Az (p)

Ayfy)

|

Azfp)

-5k \

I 1 1 ]

1 ) .
J 30 ag So 120 50 80

p, deg
Figure 6.—Carfestan mapping function for duct-Inlet sections.

first two approximations, the airfoil was drawn to an abscissa
scale of 25 inches for the chord and had an ordinate scale
four times the abscissa scale. The last two approximations .
were made for the airfoil drawn to a seale such that the
chord length was 100 inches; the ordinate scale was the same
as the abscissa scale. The values of Ar were computed, for
the most part, by the method of numerical evaluation of
conjugate functions developed in appendix C of reference 5.
Near 0° and 180°, because of the rapid variation of Ay(e)
in these regions (fig. 6), Ar wes obtained by plotting the
integrand of equation (2) and graphical integration. The
values of the CMF graphically obtained are indicated in
table TI. The velocity distributions, also listed in table IT,
were calculated for inlet-velocity ratios », of 0, 0.5, and 1.0
and for nominal lift coefficients of 0, 0.3, 0.6, 0.9, and are
shown in figure 7. The derivatives of the CMF used in
calculating the velocity distribution were obtained by graph-
ical measurement from the CMF.

The velocity distribution for ¢;=0 and t,=0.5 satis-
factorily checked that experimentally obtained in reference 4
for ¢;=0 and v»,=0.473 (fig. 7(c}). The reason for the
discrepancy between theoretical and experimental inlet-
velocity ratios at which the velocity distributions agreed is
not clear. Possible reasons are the changes in downstream
shape required by the analysis and a difference in the method
of specification of inlet-velocity ratio. The theoretical inlet
velocity v, has been defined as the constant value approached
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Figure 7.—Velocity distribution on upper and lower loading edges of symmetrical duct-Inlet seotlon with g0 and m=1.0.
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Flgure 7—Concluded.

by the velocity on the wall of the duct at a short distance
behind the leading edge. The experimental determination

of the inlet-velocity ratio in reference 4 was not made
entirely clear.

The velocity distributions for the ¢; values 0.3 and 0.6
were also compared with the experimental data of reference 6
obtained for the same duct-inlef section at various angles of
attack at & Mach number of 0.20. The comparison (given
in figs. 7 (¢) and 7 (d)), indicates the validity of the theoretical
analysis, particularly of the derivation of the nominal section
lift coefficient ¢;.

The feature of the velocity distribution shown in figure 7
that should be particularly noted is the closeness to the
leading edge (well within the 8-percent of the chord length
that was studied) at which the greatest changes in velocity
distribution occur as & result of a change in operating con-
ditions v, or ¢;. This fact justifies and requires the analysis
of & region very close to the inlet, that is, the concentration
of the chosen set of ¢-points close to the inlet.

In order to illustrate the use of the theory for the staggered
case, m>1.0, the CMF Ax(¢)} and Ay(¢) for the symmetrical
inlet was used with the m-values 1.5 and 2.0. These shapes
and velocities are shown in figures 8 to 11 and are given in
tables ITI and IV, respectively. In the graphs of the duct
inlets, the ordinates have been so adjusted that the upper and
lower leading edges are at 0.5 and —0.5, respectively. Al-
though the derived shapes are different from the original
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Figure 8.—Leading edge of nonsymmetrical duet-inlet section with #=(.132 and m=1.5.
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5 6~ 7 B

unstaggered one, evidently the effect of stagger is to reduce

the velocity peaks for positive lift coefficients.

When a more highly staggered inlet was derived for
m=3.0 by the foregoing method, the upper contour of the
resulting inlet was found to be excessively thick. The pointsin
the physical plane corresponding to Az(¢), Ay(¢), and m=3.0
were therefore rearranged by using the same Ar and Ay,
regarded, however, as functions of 8, with 6 related to ¢
by the bilinear transformation (see appendix B of reference 5)

in which, on the p- and p’-plane unit circles corresponding
to the duct-inlet contour,

p=e's, p'=e" (29)
The choice n=1.5 produced the shape shown in figure 12.
The ordinates are listed in table V. It should be noted that
the use of an auxiliary bilinear transformation (equation (28),
for example) provides a very flexible and convenient
method of distributing a given number of mapping poinis
in the optimum manner. The auxiliary bilinecar trans-
formation may also be used to smooth out a sharply peaked
function of ¢ to make its conjugate more casily calculabie.

ror

fyh} + 0./206

] i 1 ]

%" 7 3 ;] 70 72
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FierRE 10.—~Leading edge of nonsymmetriesl duet-inlet section with #=0.215 and m=2.0,




VELOCITY DISTRIBUTIONS ON TWO-DIMENSIONAL WING-DUCT INLETS BY CONFORMAL MAPPING 77

2
ag | 1= -
=
IC w
4 0
Cy 'y L
/
o ]
///
/]
? r/
i LA
had 4
g /
s |/
/
\\ i
N
/
s
a K\\ =3
%‘S.’
L& T
a i 2 3 < 5 Ns) .7 .8
xlh
(a) Upper leading edge.
2 T
0y
N
! aas==-
a
/
(
5 \
N
$ RN
R
! \\
\ ™
\GE <
o AN ~
\\{\‘\\\“-\
! < —
2 {b)
(7] / 2 3 < 5 .6 .7 .8
zih

(b} Lower leading edge.

FioTRE 11.~Velocity distribution on npper and lower leading edges of nonsymmetrical
duct-Inlet section with #=0.216 and m=2.0. #.=0.5.
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FIoTRE 12—Leading edge of nonsymmetrical duct-inlet section with $=0.280 and m=3.0.
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[}
CONFORMAL MAPPING OF LEADING-EDGE REGIONS

The requirement that the velocity distribution need be
accurately known only near the leading edgw permitted the
great simplification in the mappmg consisting in replacement
of the doubly connected region by a simply connected region.
The modification of the contour shape far behind the leading
edge did not appreciably alter the velocity distribution at the
Ieadmg edges. Corresponding simplifications can be effected
in other problems involving conformal mappmg of aerody-
namic shapes where only the leading-edge region is of interest.

Thus, for example, the lead.mg-edge region of an 1solated
airfoil can be regarded as ]ommg & semi-infinite shape, as
indicated in figure 13. The mapping of such a contour into
a circle is quite simple. The leading-edge contour, z-plane,

is mapped onto e semi-infinite chord line, {-plane, by the

CMF

z—r=Ar+idy=(z—E +i(y—n) (30)
The semi-infinite chord line is mapped onto an infinite
straight line, #-plene, by

=t @D
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~~ Z-plane
- f-p/ane

t-plane

FicURE 13.—Mapping of leadIng-edge reglon for isolated airfolls.

and, in turn, the {-plane contour is mapped onto a umt circle
by a bllmear transformation, such as

t= z(p—H @

On the unit circle p=¢*, equations (30) to (32) give for the
coordinates # and ¥ of theleading-edge contour in the physical
plane

x=cot? 125 +Az(s) (33)

y=A~4y(¢) - (34)

The mapping of the leading-edge contour by equations (33)
and (34) involves little more than the calculatlon of
conjugates.

The velocity distribution is obtained from the complex
potential

in which the term { represents the uniform free-stream flow
and the term Af a circulatory flow around the leading edge.
On the leading-edge contour _'t_:he, velocity distribution

|dW/dz| becomes.
( 1 +— tan d’) cot. csc’ ¢

\/ (cot csczd’ dAx) <dAy € 1)

A similar development can be ma.de for a cascade of leading-
edge regions, which bears the same relation to a cascade
of airfoils as the leading-edge region just treated bears to
the isolated airfoil.

W=r+dt G |

SAW-TOOTH FUNCTION AS INITIAL APPROXIMATION

In the mapping of semi-infinite contours, it may be re-
quired, or it may be simpler, to consider a contour for which
the thickness at infinity is finite, as indicated in figure 13.
The ordinate function Ay(¢) will in this case be discontinuous
at the value of ¢ corresponding to the point at infinity on the
physical-plane contour. The calculation of the CMF for
such a contour will be simplified if the Cartesian mapping
function Az-+1Ay is considered as the sum of two component
Cartesian mapping functions Az+iAy and Ax+iAy, of
which Ax+47iAy is analytically known and represents a
contour with the same thickness at infinity.

Thus, if the thickness at infinity of the contour in ihe
physical plane is T, the “first harmonic” saw-tooth funetion
(fig. 14) '

_9

33 37}

Ay () __

will yield & shape with this thickness. The function Az(¢)
conjugate to Ay(¢) may be simply obtained from the integral
relation for the conjugate derivative (equation (C3) of
reference 5)

dAZ(qS)__i

¢ i sin? = ¢ % —¢

=4 _y(f’_):éﬂ@_ do’ (38)

Substitution of equation (37) in equation (38) and integration
(using integration by parts) yields

dAlz T of, @ ..

s =gz-cot3 - (39)

which by integration gives for Ax
—Lloe sin®
Ax= - log, sin 5 (40)

The ordinate function derivative is evidently

%x_y___ﬁzT;.. A 3))

~Firet harmonic .

"ol 35|
gii

FIGURE 14.—8aw-taoth ordinate functions.
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The CMF for & “second harmonic” saw tooth (fig. 14)
corresponding to & duct-inlet section with thickness T (of
each component contour) at infinity may be obtained from
that of the first harmonic saw-tooth function by replacing
¢/2 in equations (37), (39), and (40) by ¢ and by doubling
the derivatives. Thus, for the second harmonic saw-tooth

function .
T/~
sy=2(5-¢)  0<e<s

(42)

ay=(%—4) w<o<on

A L

'Al:c=%’ log, sin ¢ (44)
ddif=%' cot ¢ (45)

The duct-inlet shapes corresponding to the second harmonic
saw-tooth CMT have been calculated by equations (10) and
(11) with m=1.0 (no stagger) and for 7'=0.1, 0.2, and 0.3.
The contours are shown in figure 15. For these shapes, the
velocity infinitely fer inside the duct is, by equations (43),
(45), and (26) with ¢=m=, .

's) A 2 3 — 4 5

Fi6uRre 15.—Leading-edge shapes for duet inlet using the second harmonic saw-tooth function.
am(; mml,

vpe =1 L e

which, when compared with equation (19), shows the effect
of narrowing the duct at infinity.

ArrcrarT ENcINE REsEarcE LABORATORY,
Nartionar Apvisory COMMITTEE FOR AERONAUTICS,
CLEVELAND, OHIO, April 1, 1947.
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TABLE I—ORDINATES OF SYMMETRICAL DUCT INLET
[Reference 4, shape 9]

Ordinate of | Ordinate
outer of Inner

Station
surface surface
(pcfo‘i?&‘t - (measured | (measured

liom | o cafer | o center
of o
leading channel) channel,

edge) {percent (pereeng
chord) chord)

a 3.843 3.34
.25 3.660 3.07
.5 3.835 3.05
.76 3.976 3.05
125 4.228 3.07
25 4.745 3.13
& 5.532 .25
7.5 8.137 3.38

1¢ 6.652 3.50

15 7.467 3.78

20 8.098 £.08

25 8.583

30 8.965 4.57

35 $.224

-ﬁ g.am £.90

% &% | s

55 9. 240

[ ] 8.968 4.94

65 8.810

70 7.804 4.271

6 6.878

80 &8.818 25

85 - 4.670

20 3.522 155

] 2.387

100 1.314 1.81

VACATN =~



TABLE II—ORDINATES AND VELOCITY DISTRIBUTIONS FOR SYMMETRICAL DUCT INLET WITH 3—=0 AND m==1,0
C [r=0; ¢y =75.00° $ =285.00°; ¢ =6.882°; ¢, =353.12°; h=2.4800]

08

Velocity, 2
)+ w=0; B=1.00000 . ' = 0.5; Bm—(.38907 u=1.0; B=—1.55000;
* z/b 2011 Ax Ay (2am=0; ) (Pa=0.5; 7} (2a=1.0; .55000)
(deg) (ordinate) | Co ' ;
1 a=0 | 03 0.0 09 0 0.3 0.8 0.9 0 03 0.6 0.9
| A=0 | o8sos | 116080 | 1.75488 0 0.58404 | 116080 | 1.75488 0 058404 | 1.16080 | 1.754s3
’ Uppar duct inlet section
B YA 0 —2.8502. | Q. 1.0000:7}" f56000' | 1.0000 | .1.0000-.] +30000. [ix: 1000 L[ 30000 | w0000 f 1 ?ooo +.1.0000 -
1 ‘g% »~5.1706 L6534 | 10897 { L1107 | L1617 | 1.192# '] 31.0638 |- 1‘.?8009 1-‘322&-“ 11863 [ 1.0880"| L }‘ 400 17 1.1810
2 12098 |a~1.2686 | ~ 25078 | L1719 [; I.2623 | 1.8%24 | 14437 [-.1437 |~y 2840 | EB2e2 | Ton4e | ri2M | Lo | L . 1,309
3 . —. 5144 1.8018 | L1944 3334 | L4724 | 1.6113 | '1.1288 | L2678 | ,E4067 | L5467 | 1.0730 | 1.2120 | 1.3518 .| 1.4008
4 7718 —. 2205 1.4174 | L2288 | 14157 | 16076 | 17003 | L1018 | 12936 | ‘L.4864.| 1.6773 9998 | 11916 | 1.8834 | Layse
5 —. 1306 L1644 | 12535 [ L5025 | L7514 | 20008 | 1.0529 | 13018 | 16508 | L7997 L1841 | 1.3830 | 1.6219
6 6121 —. 0546 L0217 | 18460 | mierer | 1.9982 | 23243 | £.0252 [<1.3513 .} Lier7a:|.2.0085 7571 | 1,088 1.400% | L7354
7 —. 0115 9190 | L4799 | 19068 | 2.3337 | 2.7606 L 18338 | 2.2607 . 5622 L0801 |. L4160 | 1.8420
8! L5410 . .osid8 | Te3d [ 1877 | 27400 | 3.2023 8782 ‘| 1,4306 | 1:0828. | ‘25281 | -I2454 ; L3500 | 1.9028
'y L5186 . .7839 | 1.88%7 6185' | 3.3544 | 4.0902 71651 |1,4509 | 2:1868 | 29228 | 2607 761 | 1,2110 |0 1.9468
10 .4996 .1060 7420 | 2.0239 0824 | 3.8408 | 4.7493 12770 | 2.1855 | 8.0040 | 10150 | 1085 .8020 | 17104
11, .4858 L1807 | L7078 | 1.7745 |- 2.6348 | 8.5951 | 4.5083 | ~.1212 L7801 | 1.6903 +| ' 2.6006 | L7056 | .7952 161 | 1.0263
12 . 4768 1623 .6840 | 1.2088 [ 191090 | 26161 | 8.3213 4691 | -.238L | o414 .| 16467 | Lsesy | 1.1638 | L4583 | 2470
13 4713 L1879 . .6716 L7681 | 1,275 | 17857 | 2.2900 | ...6167 21 4039 .1, 9142 | L7716, | 1.2813 .| . 7510
4. . 2268 L6609 [ .4md .| 8805 | L1ges | 1500 | I, Y- w0780 ) . | 1.5607 | 1.2105 . 8512 gﬁ
15 4682 | 2656 . 6640 L2001 '| . 5609 .8227 | 1.0848 6814 | S1078% | V1540 | L4000 | 11472 |- 8854 .
18 4675 .8168 .6621 1061 | L3047 5038 . o vore | 0250 | 1.2088 | 1.1051 0065 7079
17 4600 . 3685 8659 1 12067 .2883 .4401 73083 ;) .1s05 | 1.2378 | l.0%30 | 9282 VT34,
18 4705 .4879 . 6607 L0868 . 2060 .2280 13664 . 1.1889 | 10678 - 9467 . 8258
.19 L4788 .5131 L6773 £ 0548 + 1480 2416 .4135 | ..3108 | L1483 | 1.0648 -9610 ~8673
.20 . 4760 L6195 | ' .6349 .0324 .0319 .1740 AA5B2T T 1.1100 | 1,0482 L9774 | . L9007
1oy 14789 L7400 | . .6008 | 0178 f . .0677 . L1832 4849 1. 4344 | 1.0000 | 10395 |- ,9800 . 9385
22 .4843 . L7040 . 0069 0874 . 0670 , 4825 {7 ,4519 | 10034 L0720 [ 0424 | o119
23 L4980 : [ = 1.2595 7208, [ L0017 | .0167 o318 | . . . .B181. [ 4680 . 9985 .0836 0884 ' .08B4
2% L2011 | »3,0448 o 6} 0 ) 1o L8891 | 1.3801 | 1.38L:| 1,801 —— R
o m N Al FE I ' ey I} P L. it g ¥ [ L [N . |
Lower duet-inlet seotion
2% —0.2011 | =3.0449 0 0 0 0 (i 1.8801 [ 1.3801 | 1:3891L | 1.38p1 | 2.5500 | 25500 | 28500 | 28500
25 0.7401 | —.4960 | =1.2505 | —,7808 0017 . 0184 0284 L0484 . 5432 . 5582 , 6733 . 5883 . 10185 | 1.0286 | 1.0436
.28 —, 4843 . —. 7040 0069 . 0287 . 0847 5485 . 5740 L6045 6350 | 1.0084 | 10340 | 10645 | 1.0050
C 27 L8912 | 4789 T —. G0 .0172 .0328 0330, . 1844 5850 , 6366 6870 (7375, | 1.0800 | L1407 | 11910 | 1 2416
28 L8007 | —,4760 L6195 | —. 6849 .0324 + 1091 1790 5048 , 6656 . 7363 8071 | 1,1190 | 11807 | 1L 1,8313
29 2368 | —.4738 5181 | —.6778 .0543 . 0363 . 1829 . 2266 .6008 | . .6944 . 7888 8817 | 1L 1.249 | 1, 14292
30 21842 |~ 4708 .4879 | —, 6807 .0858 -0384 ,1665 | L2778 6086 L7207 . 8508 .9719 | 11880 | 18100 | L4311 | 15623
a1 1885 | — L3685 | ~.6660 -1305 .0248 L1791 .3339 .6148 7698 0244 [ L0792 | L1278 | 13926 | L5473 | 1.7021
32 1034 | —,4675 .8168 | —. 6621 1961 - 0026 . 2012 3999 . 8210 810 | L0182 | 1.2160 | 1.3038 | 1.503¢ | 17010 | 1 8097
83 o718 | — . s, G640 2091 .0875 . 2248 14364 6314 18032 | L1660 | L4168 | L4090 | 1.6708 | 19326 | 21044
3 JOTL | — 4890 .2288 | —. 6660 4713 .1120 .M72 . 6085 L8405 18800 | 17183 | 13,5697 | 1.9280 | 2.2889 | 2647
26 —. 4713 L1879 | —. 6716 7651 2548 L2555 | . .76%9 (6107 | L1271 | L6374 | 20477 | L7y | 2am1e | 27923 | 3.30%9
28 0136 | —, 4768 L1628 | — e840 | 1.2086 | .5004 . 2048 .9100 A1 | 11748 | 18705 1.8087 1 25780 | 32792 | 3.
.87 - 1307 | —.7018 | L7746 .8642 -(4al . 9563 (1212 | 10314 | L9417 | 2.8820 | L7066 | 2.6187 | B.5361 | 4.4364
.28 0017 | —. 4998 1080 | ~—.7420 | 20230 | L1185 L2070 L7014 . 8688 5399 | 14484 | 23568 | 1.0150 | 1,0234 | 2.8319 | 3 7403
39 0041 | —,5165 0699 | —.7839 | J.8827 | 1.1468 L4109 .3249 L7151 , 0208 L7867 | 1.4925 L2807 .9966 | 17225 | 2,488
40 021 | — 5410 L0400 | —.8448 | Y6384 | 1.0881 . 5308 .02 .8782 , 3250 . 2264 . 77868 . 2454 . 3060 .8502 | 1,4114
41 0524 | —.5708 —.0115 | —.9100 | L4780 { 10831 . 8261 1992 . 9800 . 5531 .1263 . 3007 . 5622 1383 . 2016 . 7185
2 1225 | —.6131 —.0M8 | ~1,0217 | 1.2460 | 10198 L6937 3678 | 1.0252 .0901 | 3730 - 0468 7571 4310 . 1049 2213
3 —. 6895 —.1308 | L1644 | 12585 | Lone . TBBT 5063 , 8040 . 5651 2062 . - 6363 . 8874 .1385
“ 5162 | —.7713 —.2265 | ~1.4174 | L2288 | L0320 . 8402 1L 1018 .9100 L7182 5264 . . 8080 6162 L4943
45 L —. 9250 —.514¢ [ ~1B0I8 | L1044 | 10554 .9165 7775 | 1.1288 . 0398 7119 | 1.0739 ,9249 8570
. 48 28117 | —1.2008 | —L 2506 | ~2,5076 | L1719 | MOXI7 LQLL 9013 | 1.1437 | 1,0535 0632 8720 | 11301 | Loome .9308 L8404
47 12.8540 | —.3682 |»—X17%6 | ~1688¢ L0287 9377 467 | 1063 | L0228 0813 9403 { L Loz | .9760 . 8850
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TABLE III—ORDINATES AND VELOCITY DIS- TABLE IV—ORDINATES AND VELOCITY DIS- TABLE V—ORDINATES OF NON-

TRIBUTIONS FOR NONSYMMETRICAL DUCT TRIBUTIONS FOR NONSYMMETRICAL DUCT SYMMETRICAI, DUCT INLET
INLET WITH 8=0.132 AND m=1.5 INLET WITH s=0.215 AND m=2,0 WITH s=0.280 AND m=3.0
[rm—0.0341; ¢, 100°%; ¢ ==280.81%; d=0.51%; ¢ =353.12°; h=2,0667] [ro= —0,0374; ¢, =114.08°; g =280.13°; ¢, =6.10°; & o=358,12°; h=2.8525] [ne=1.5 r=0.0810; k=2, 6813]
Veloclty, v Veloelty, v [] @ /M - 0,1300
(g”w_ (Pa=0.5; B=—0.38007) Wb+ (04=0.5; B=—0.38007) (deg) (dog) #lh (ordinate)
(d:g) x/h , 1650 (dtll) z/h 1
{ordinate) | ;g 0.3 0.8 0.9 , (ordinate) 1,9 0.3 0.6 0.9 Upper duct Inlet section
A=D,01518| 0,88001 | 0.76385 | 1,13068 : A=0,03088( 0,30446 | 0.57852 | 0.36250 —
0x7b 0 @ 0.1306
Tpper duot-inlet seotion Upper duct-Inlet scetion 1 5. 004 6. 1980 . 7619
P 10. 032 1,77 10729
- 3 15. 108 .30 8077
0x7.5 o 0. 1650 L0000 | 1.0000 | 1.0000 | 1.0000 0x75 e 0.1206 | 1.0000 | 1.0000 | 1,0000 | 1,0000 1 20. 256 L » 0632
1 6.3028 . TB50 L0751 | 11182 | 11871 | 1.1986 1 8, 6137 L7002 | 1,0856 | 1,1088 | 1.1481 | 1.1895 5 . 28,503 .01 , 5682
2 1,2840 1.1053 12487 | L3s0 | 1.4583 | 1.5656. 2 L6084 9097 | 18818 | 1,5022 | 1.6226 | 1.7430 o - 80.874 0011 ,Bl45
3 , 4257 L 8407 1,2072 | 1,8709 | L5346 | 1.0983 3 » 1545 L7522 | L,2524 | 1,4466 | 1.6408 | 1.8350 7 - 30,308 , 4760
4 .1 . 6985 1,1028 | 1,831 | 1.5608 { 17900 4 L0444 L6176 0828 | 1,1822 | 1.4817 | 1.6818 g » 42,103 L0812 L4481
b .06 . 6016 L0626 | 1.2680 1,5753 1.8817 5 . 0019 . 5288 . 6065 , 9101 1.2818 1, 5442 48.021 0630 » 4352
8 . 0159 . 5481 7630 | L1475 | L6712 | 1,0349 6 , 0009 . 4788 .1917 . 5168 L8308 | 1.1636 10 4. 184 0820 104
7 0 . 5096 ,4219 8743 | L3207 1 1.7790 7 0091 - 4427 L1627 1446 L4410 . 7393 11 60. 625 . 1007 . 5066
8 . 0057 . 4818 . 4 L0451 | 11,8088 8 . 0302 L4107 , 8887 . 1280 , 1866 . 3908 12 7. 880 . 1407 + 3880
9 0184 . 4500 - 2708 . 1409 . 5614 L9820 9 . 0480 . 3054 L8511 .3185 . 0880 ,1466 18 74, 183 2 1704 + 3830
10 . 0206 .4433 . 5018 1377 . 2264 , 5905 10 0727 . 8807 . 8559 , 4525 01 . 0468 14 81, U89 2050 + 3800
11 L0455 . L8440 .8838 .0236 . 2866 11 0943 ,8887 7284 5408 L8711 L1025 15 89, 870 A . 3801
12 . 0667 L4219 7169 L4503 L2018 . 0568 12 L1 . 8607 , 7650 .8112 . 4587 .8028 16 28, 218 . 2451 V8704
13 . 0876 4160 L7479 . 8367 . 3235 L1112 18 L1486 , 3560 7797 6474 6151 | ,8897 17 107.018 + 3208 + 8809
14 L1153 4147 . . 5600 8022 2235 14 L1781 .8540 . 7563 . 8461 . 5370 L4278 18 116, 208 L4008 ,8828
15 1446 , 4140 , 0004 . 5654 .4815 . 2075 15 . 17 8334 . 4537 19 120. 031 14410 + 8851
16 1 .4133 L6740 . 5663 . 8509 16 . 2300 , 8627 . L 614 5461 . 4726 20 188, 207 , 5150 '
17 2184 L4147 .8561 . .4813 8939 17 . 2778 . 8540 8717 L0111 . . 4900 21 146,773 < 0037 - 3001
18 . 2855 . 4161 . 6408 . 5700 5 L4200 18 8240 . 6531 ,6086° | 5641 , 604G 22 157, 858 - 7849 + 8963
19 .3182 . 4100 , 5608 5184 .4578 19 8751 . 3580 , 8350 . . . 5182 23 1 0460 .
20 3875 L4210 8128 . 5267 4837 20 4417 7 . . 5687 .5279 2% 180, 000 © + 1306
21, , 4697 L4240 . . 5678 5361 . 5040 21 , 8627 6030 5814 . . 5363
22 » 6063 4200 . 6615 . 5324 . 5188 4042 22 ' 3674 . B850 5412 5273 . 8184
23 . 8010 4390 . 5469 . B874 . 8379 . 6183 23 8325 . 8767 . 5485 . 54168 . 5347 . b277 Laower duct [nlet sectlon
24 = . 1850 1,881 | 1,3891 | 1.3891 | L8s@1 2% @ 1206 | 13801 | 1.3801 | 1.8801 | 1.3801
Yower d % m | odur | st
Lower duot-inlet seotion wer duot-inlet section . 3 -
20 202, 342 7684 —, 5097
; 7 alg.2m |- .es18 | —.5046
24 o ~0.2100 | 13801 | 1.3801 | 1.3801 | 1.380L ! @ ~0,2300 | 18801 | 1.3801 | 1.8891 | 1,8801 2 23, 763 - 5700 —. 0025
25 0. 80632 =, 4840 . 5308 o 5495 L5502 . 56D 25 0. 8300 —. 4801 , 5384 , 5488 . 5520 . bses 28 233, 909 . 5223 —, 40068
20 .B0B8 | —.4740 | K873 | .66TL | .b760 | . 2 (6687 | —4788 | 5845 | .GdO1 | .6mE | L5784 80 243. 707 4817 4908
27 —, 4080 L5778 0105 .8430 , 8766 27 A28 —, 4721 , 5788 . 5083 . 8228 8474 81 - 253, 982 L4478 —, 4954
24 .4088 ~—, 4869 L5843 . 6775 . 7241 b1 L4716 —. 4701 , H708 . 8146 . 0493 . 6830 82 281. 787 .4 — 4939
29 3452 —. 4640 B8R7 " 6807 Rt 1748 2 L4130 ~—, 4075 . Bs38 , 6209 . 6763 7228 33 270, 130 4024 — 4048
80 . 2085 —, 4611 Yy 6760 . 7867, 30 . 3702 —, 4048 . 5900 . 6504 . 7108 L7173 h 278, 081 ) 3808 — 4054
81 . 2578 —. 4507 L8010 L0468 + 8081 Sp118 31 3328 -, 4635 « 5067 . 6736 7512 8280 88 285, 517 , 8102 — 4075
32 . —. 4583 . 7406 8740 | 1.0073 32 L8043 —. 4621 . 6028 L7050 . 8083 . 0036 36 202, 620 <8700 —. 5025
33 . 1078 - L6198 . 7084 L0714 | L1474 o] . 2782 —, 4828 L6165 | 7400 .8816 | 1,0140 87 200, 375 , 8835 -, 8111
34 17684 - . 6322 . 1.1143 | 1.3554 34 —, 4835 .6828 L8140 L9068 | 1,1766 88 306, 819 3040 —. 5239
35 1574 —~ 4810 L8187 L1215 | 1.0294 ab LAl -4 . 6221 8744 | 1,1%88 | 18 311,978 4119 -, 4397
36 14 —. 4860 LABT4 0380 | 1.ass7 | 1.8304 0 . 2311 —. 4701 , BOB7 .8261 | 1.1665 [ 1.4970 40 817,807 A454 —. 5626
Ed L1802 | —.4754 | 2085 | .7858 | 1.8231 | L.880M 87 2215 ~, 4781 . . Losm7 | 1, 11 23, 002 +4928 —. BI04
38 .1 ~, 4883 1844 .3848 L0540 | 1.5232 88 , 2183 —. 4001 . 0828 ,8270 7867 | 1,1484 320,128 » B787 —, 6200
30 .1 — 5040 | 8214 o187 | .4s40 | .omas 30 . 2160 - 3085 5 ( .3688 | 7388 42 334, 497 <7176 —. 6827
40 J1485 | — 5288 | L7811 | .3287 | .0837 | .4011 40 . —, 6261 6178 3004 | 0168 8339 4“4 83, 744 - 0830 =
41 1614 | —.5546 | 8883 | .&81 | ;@™ | .1 41 + 2355 —. 5522 | 708 6207 | . ' 45 844, 802 1, 8028 - 9222
,2081 ~—, 5881 . 9600 7018 , 4380 , 1856 42 . 2702 —, 6382 , 9072 ,B814 , 4657 2200 40 840, 908 2, 0347 ~—1,1874
43 . —.0468 | 10283 L8150 ,8013 48 . - . 9906 8060 | 8215 4300 a7 854. 006 10,1469 =
4" L4663 —~, 7415 | 1.1048 . 0347 . 7651 . 5055 a“ . —~.7200 | 1.0874 )
45 8267 —.8857- | 1.1860 | 10375 . 9091 + 7806 45 + 7182 —, 8817 | 11876 | 1.0673 471
48 L8803 | ~L1508 | 1.2070 1. . 0466 10 14681 | —1,1091 | 1.2884 |- 1,1787 . 1, 0091
47 7. 6068 —, 8300 1,0715 1, L0045 , 9560 47 5. 3187 —. 8008 1, 1, » 9924 1 9659
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