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Y Abstract

A method of designing‘shrouded propellers using a computer
algorithm was developed which enables the designer to investigate
designs quickly and efficiently. An outline of the resultant

~

design procedure is included along with an appropriate discussion

‘of _the methdd. Results of a specific design are compared to

an experimental model. The comparison shows satisfactory agreement.
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List of Symbols

Propeller disk area

Cross;sectional'area of the propeller hub
Number of propeller blades

Number of exit vanes

Propeller blade chbrd length

Shroud chord length

Exit vane chord length

Airfoil drag coefficient.

Shroud drag coefficient referenced to area
given by chord length times circumference
6f shroud

Alrfoil 1ift coefficient

Force coefficient acting in a direction
normal to propeller axis

Force coefficient acting forward in-
direction of propeller axis

Net thrust coefficient of the propulsive
unit T

qA
Net thrust coefficient of the propeller
alone Tp
gA
Drag force, 1bs.

Shroud drag

' Swirl factor wr

Va

Induced velocity factor
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Total head rise coefficient
Lift force, 1lbs.

Power ft—-1lb
sec

. E 2
Freestream dynamic pressure pVO

2

Apnulus dynamic pressure pvi

2.

Resultant dynamic pressure pvi

Torque force, fﬁ—lbs.

Radial distance from the propeller axis
Radius of propellef hlade

Radius of shroud exit

Shroud length to radius ratio

Net thrust force, 1lbs

Velocity, fps.

Velocity:increment due to the shroud‘
Vj -V

Non—dimensional radial distance r/R
Camber ratio

angle of attack

angle of attack for zero lift

Propeller blade pitch angle



o~

Velocity increment ratio VF )
/V

o
Velocity increment ratio due to the energy source
Velocity increment ratio due to shroud circulation
Efficiency
Lift to drag ratio

Rotation velocity of propeller, radians/sec.

ﬁ%ternal rate of advance V

9
Qr
A Internal rate of advance VA
Qr
¢ Propeiler advanée angle
P Angle betwcen flow direction gt the tralllng edge
' of the exit vane and the propeller axis
6 Exit vane advance angle
© Rotatlonal velocity 1mparted to the airstream by
the propeller
Subécripts
A annulus
B propeller blade
3 jet
o free stream
P . pfopeller
s shrqud
v |  exit vane



INTRODUCTION

There has been a renewed interest in the shrouded propeller
recently because this device has several advantages compared
to an open propeller in certain flight regimes. The propeller
shroud is known to increase thrust and efficiency of restricted
diameter propellers 2at static and.low—speed states of operation.
The shroud is also known to reduce propeller noise if designed
properly ﬁgigure 1). A need exists for a tool that will
enable the designer to study various shroud-propeller combinations
quickly and efficiently to meet performance design requirements.
To meet this need, a program to develop computerized methods
for designing shrouded propellers has been initiated at

Wichita State University.
ANALYTICAL METHODS USED

The objective of the research is to incorporate methods
of various authors into a satisfactory algorithm which will
give aerodynamic design information, (number of blades,
blade chord, twisf, etc.) to meet a set of performance
6bjectives (Figure 4). The meﬁhod of Kucheman and Weber (Ref. 1)
is used to determine the influence of the shroud cn the flow
velociﬁy at the propeller plane. A modification of G. N. Patterson's
methcd for ducted‘propeller design is used-f@r.the propeller

blade and exit vane design.

L3



ANALYSIS

-

The analysis of the shrouded propeller is én extension
of ordinary propeller analysis with the blades surrounded
by a cir¢u1a£ fairing with airfoil shaped cross sections
(Figure 2 ). However, the flow conditions at the progpeller
plane of the shrouded propeller differ considerably from that
of an open propelier.

As a cbnsequence of the mechanical energy input there
is a sudden increase in preésure at the propeller disk; there
is no sudden change in kinetic energy for continuity reasons.
The pressure increase is subsequently transformed into a
kinetic energy increase iﬁ the slip~stream. By application
of Bernoulli's equation to the flow upstream and downstream
of the propeller, the velocity through the propeller disk

is obtained.

VA %(Vo + Vj) : (Eqnf 1)
Denoting (Vj —'Vo) by w, Egqn. 1 becomes

v
Vé =1 4 = - (Egqn. 2)
o o :

According to Kucheman and Weber (Ref. 1) there is an additional
velocity increment at the propeller plane of a shrouded

propeller due to the fairing ring, given by

V. = &V _ (Eqn. 3)



This velocity increment disappears in the slipstream but at

~ the propeller disk .
v .
'{%:1+-§¥7 + 6 (Eqn. 4)

Equations (2) and (4) demonstrate the difference in the
velocity at the propeller plane of an open and a shroudea
propeller. It is evident that for equal diameters the mass
--—flow th¥ough a shrouded and an unshrouded propeller is not
the same. |
From a momentum analysis (Ref. 1) and the defini£ion of

the total thrust coefficient, the following relations are

derived:
w. W (Plain propeller)
) CT = CT = 2[1 + EVJ T (Egn. 5)
P o ©
Cp = 2[1 + LAY g- _ (Shrouded Propeller)
2v, ° (Egqn. 6)

The thrust coefficient of the propeller itself is given
in either case.by Egn. 5. The velocity increment (w) can

be expressed as:
W VI TCr - 1. . | (Eqn. 7)
Vo kY Tp L3 q--
Thus the difference in the total thrust coefficients is:

ACqp = 26 (V1 + CTp - 1). (Egn. 8)




This additional force mﬁst act on the shroud. An increase in

annulus velocity (6 > o) yields a thrust force whereas a

decrease (§ < o) gives é negative thrust or‘"induced drag"

force acting on the shroud. It is important to note that thé

analysis has not included viscous flﬁid effects w to this point.
The jet efficiency of the pr&peller is given from momentum

methods as

n2 = 2 . SR (Egqn. 9)

] 1+ Y1 + CTp

This efficiency depends only on the loading of the propeller itself

~-and not on the total thrust. This implies that by use of a shroud

with 6 > 0o, a gain in thrust may be achieved without a loss
of efficiency, or the same thrust may be obtained at a higher
efficiency. |

Since the additioh of a fairing around the propeller blades
increases the wetted area, the viscous shroud drag must be included
in the analysis. To accbmplish this, a shroud efficiency
is introduced.

T - Dg mcg D Cpg

— _ 2 2
Ng = ""'—,f,—— =1 - A CT (l + YA /,Vo ) (Eqn- lO)

A )

The overall efficiéncy of the shrouded propeller is

n = ngn, - . (Eqn. 11)

-
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Figure 3 (from Ref. 1) éhows that the efficiency varies
considerably with Cpg and cg. For any given shroud drag

the efficiency is maximum at a specific proéeller thrust coeffi-
cient. At thrust coefficients less than the one for maximum

efficiency, the efficiency decreases rapdilv. Thus it is

-evident that it is impractical to shroud a lightly loaded

propeller. It is also evident that the required value of §
must be achieved with a short fairing with a low shroud drag
coefficieni.

The value of § must be determined in order to evaluate
shroud and propeller thrusts and to determine thé flow conditions
at the propellef plane. According to Kucheman and Weber (Ref. 1),
the additional velocity increment due to the shroud consists of:
(a). the velocity increment due to the inherent shroud circulation
(6o0) ; and (b) the velocity increment due to the presence of an
energy source in the annulus cf the shroud (81) .

' ‘Kucheman and Weber evaluate 8§, by the method of singularities,
modeling the shroud by a cylindrical distfibution of vortex
rings. This mefhdd leads to complex integrations and functions.
However, Helmbold (Ref. 4) has simplified the analysis by
limiting the camber ratio and the shroud length to radius ratio.

Within the usual range of interest, (0.5 252 2.0 and

.05 5z =2 0.1) accordihg to Helmbold,

1.

- [Re] © | 458 + 4.431s |, 2.033 + 4.88s __,| _,

. o - b=
R 1+ 1.089s 1 + 0.893s




The velocity increﬁent due to the energy source can
be computed by modeling the propeller by a uniform distribution
of sinks on the propellgr disk (Ref. 1). from this
analysis, it is found that §; is proportional to the strength

of the sirks representing the propeller and thus is given by

53 = K(/ T ¥ Cp, - 1) (Eqn. 13)

where K is a "constant" of proportionality that is a function
of radial ﬁbsition, shroud 1ength/diameter; and propeller
position within the shroud énnulus. A list of mean values of
K can be found in Table 1. Equation (13) demonstrates that
§i increases asithe flight velocity decreases. For this reason
two different rates of advance are defined for the shrouded
propeller; first the "external" rate of advance is given by

);e = == . (Eqn. 14)

second, the internal rate of advance

-, o »

o T ora . (Eqn. 15)
The latter is much more significant because the propeller actually
experiences Aj. With a properly designed shroud, the actual
rate of advance X; may be maintained more nearly constant than iAa.
This will reduce the necessity of variable-pitch propellers,

~although experience so far indicates. that this potential of

shrouded propellers has not‘been realized (Ref. 2).
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If the freestream velocity and total thrust required
are specified along with propeller diameter and geometry of
the shroud, the velocity conditions at the propeller disk and
a required propeller thrust coefficient can be calculated by

the method just outlined (csee Figure 5).

e ' " Propeller Design

The actual propeller design method used is a modification
of the method of Patterson.(Ref. 6). The method used is quite
similar to open>propeller design (Figure 6). Two conditions,

however, make rather important changes in the blade design of

- shrouded propellers. Because of the shroud there is no

immediate contraction of the slipstream behind the propeller.
Secondly, the shroud acts as an_end plate for the propeller
blade provided the tip clearance is smalli This not only
minimizes the necessity of accounting for vortex downwash
but also acts to increase blade loading toward the tipé;
These conditions produce a considerable difference between
shrouded and unshrouded propeller blade planform;

It has already been stated that no increase of axial
velocity?can occur through the'propeller disk, however, the
propellef does impart twist to-the airstream and consequently
increases its absolute velocity. The "swirl factor" e is

given by

e = — ) (Egqn. 16)




where w is the rotational velocity induced by the propeller,
Half of the rotation imparted to the flow is thought of as

being indﬁéed in front.of the propeller disk and the remainder
is induced in the slipstream. The value of e must be determined
to completely describe the velocity-which the blade section

of the propeller experiences (Figure 7).

According to Pope (Ref. 7)

&= —r | "(Eqn. 17)

where K~ is the total head rise coefficient given by

-
= “— _ - (Egqn. 18)
9 Vp (A= A

Kf

Combining Equations (17) and (18)

)4

~= . - ' 4 9
e =12 3 TV, G- A B (Egqn. 19)
_ TVO .
where P= —— (Egqn. 20)

From the prbpeller flow diagram (Figure 7 ), it can be

shown that the advance angle ¢ is given by

1 ..VA..

Qr - %evA

¢ = tan (Egqn. 21)

- which differs considerably from the advance angle of an unshrouded

propeller.
) If a propeller rpm is specified then the resultant flow

conditions are completely described for each blade element.




The force coefficient of the propeller blade element acting
in the axial (thrust) direction is: : ‘

-

Cy = Cp, cos ? - Cp sin ¢. : (Egqn. 22)

The force coefficient acting in the plane of rotation (torque
/
component) is:
Cx = C1, sin ¢ + Cb cos ¢. (Egn. 23)

The elemental thrust and torque are given by

gmp = Bc Cy gdr R dx 3 . (Egn. 24)
and dQ = Bc Cy g, R? x dx (Eqn. 25)
" where x = r/R . o (Eqn. 26)

The blade element efficiency is defined as
“BE = _Q—d_Q_— ’ . (Eqn. 27)

which reduces to
t
(L - ———a$ ¢y .
(tan ¢ + 1/v)

where y is the airfoil 1lift to drag ratio. From Egn. 28 it is
. Vv AAOL | YA WA

seen that for a given radial positioneke elemental blade
efficiency of each blade element)the airfoil section chosen
for the prbpeller blade must operate at the angle of attack,

and'consequently the C;, for maximum y. The mean blade

element efficiency is determined by

ng = yTR Jo ngg &% , (Egn. 29)

10



Using this valuez and ng the total efficiency is determined
by

c A
n = np 0s T/CTp (Eqn. 30)

- which yields & more exact unit efficiency than the efficiency

given by Egn. 11l. The ratio of total thrust to propeller
thrust coefficient must be included in Eqn. 30 because the
propeller blace efficiency is defined asta function of propeller
thrust alone.

Using Egn. 24 and solving for ¢ gives the required chord

distribution

1 aTy,

B R Cy gy dax | : (Eqn. 31)

CcC =

It is found that the radial thrust distribution is reguired to
determine the chord distribution. One approach is to specify

a constant radial thrust distribution. However, this requires
extremely large blade chords at the root of the propeller blade.
To alleviate this problem the thrust variation is allowed to
increase linearly with the radius. By specifving the maximum
root chord allowed the rgquired radial thrust variation cén be
determined. The required chord distribution may then bev
computed from Eqn. 31. The angle of pitch (8), réquirea at
each radial position is simply |

B = ¢ + a ' (Egqn. 32)

The compiete propeller geometry {i.e. chord, pitch, etc.)
is now known along with the shroud-propeller unit efficiency and
thrust. Using the improved computation of efficiency a new
power requirement can be computed from Egn. 20 and the propeller
design method is iterated untii_convergence of pbwer required

is achieved. '
’ o ' 11




EXIT VANE DESIGN

As stated previously the propeller'induces swirl or
twist in the airstream. - It has also been shown that for high
efficiencies the thrust coefficient should be high, which implies
high power requirements. If the power input is high, large
amounts of twist are impartéd to the flow and some meahs of
transforming the rotational energy to a pressure rise must be
used. The;ﬁupporting struts required for the shroud may be
designed to serve also és flow straightners. The general
procedure for designing the exit vane is shown in Figure 8.

Two requirements are specified for the exit vane design
(Ref. 2): |

l. The thrust produced by the exit vanes must be greater

| than zero.

2. The torque induced by each radial blade element of the
exit vane must equal thé torque induced by the propeller
at that radial station.

Examining the exit vane flow diagram (Figure 9), it should
be noticed that the magnitude and direction of the flow at each
radial station is determined by the propeller design. The angle
between the flow direction and the shroud axis is

0 = tan-l (/2 e) : (Egn. 33)

b
It is desirable that the flow at the trailing edge of the

exit vane be parallel to the shroud axis. For large angles of
© this condition requires unrealistic amounts of cahber. Thin
airfoil theory indicates that for a two-dimensional airfoil the

air flow direction at the trailing edge is parallel to the camber

line and the slope of the camber line is equal to the angle
12
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of zero lift. By this theory the angle between the flow
direction and the axial direction is minimized by minimizing
the angle vy (Figure 9). Choosing the airfoil on this basis,
the section characteristics are known.

Transferring the section force coefficients to the

shroud-propeiler axes yields

Cy, = Cr, sin © = C, cos o 1 (Eqn. 34)
Cx, = Cf, cos 6 + Cp sin © ) (Eqn. 35)
P

which reduée to

CyV = C;, cos O (tan 0 - l/yv) ' (Egqn. 36)
_ tan o
va = CL cos 0 (1 +. Yo ) ' (Egqn. 37)
To maximize the thrust produced at each radial station, Y, must

be maximized. Therefore the airfoil section, angle of attack, CL
and yy are known.
From the torque design requirement

r dr, By ¢y Cxy = ¥ gy B ¢ Cx (Egn. 38)

and solving for the vane chord required

ABichrACx .
c. = (Egn. 39)
V. By %y Cxy
-where
qr cos? o )
= > (Eqn. 40)
9rv sin
%
which is specified by the propeller design.
The elemental vane thrust is given by
- dTV = R By, Cy Qry Cyv dx (Egqn. 41)
then the total vane thrust is
1 :
T, = g Bv [o cy drv Cyv dx S (Egqn. 42)

13



which is_integrated numeriéally by the computing foutine.
If Ty < 0 then the first design condition is not satisfied, and
an airfoil section with a higher maximum yy, must be chosen. If c§
required exceeds the allowable vane chord then the number of exit
vanes must be increased or the section must operate at a highér Cy,-
If the second alternative is chosén, however, the condition of
Ty > 0 becomes more difficult to satisfy.

Sincefthe design criteria requires a specific thrust from
the propulsive unit, the thrust produced by the shroud, propeller,
and exit vanes must equal the thrust required, or

T =Tg + Tp + Ty A : (Egqn. 43)

If the thrusts match, the design of the unit is complete. If

the right side of Egn. 43 is greatef than T then the thrust

" required of the propeller itself should be reduced until

Tp + Ty =T - Tg (Egqn. 44)
This method requires redesign of the propeller blades in

order to keep maximum efficiency.

DESIGN PROGRAM

A computerized algorithm was programmed on Wichita State

University's IBM 360/44 computer to design shrouded propellers

'by the method outlined. Figures 4, 6, and8illustrate the basic

logic associated with this computerized method. For those
interestéd in the details of thé program a Fortran Listing can'

be found in Appendix A. The input data required and the method
of input are described in Appendix ﬁ. The program does

not require a great deal of storage and is bperable on an IBM 1130

with 16K core configuration.

14




COMPUTATIONAL RESULTS

Typical results of the com?uter routine are shown in
Figures 10 and ll;, Figure 10 is a comparison of chord distri-
bution and blade pitch angle for an experimental shrouded
propeiler model and shrouded propeller designed by the method

outlined. The design conditions were:

Velocity = 60 mph.

‘o Thrust = 10.0 lbs.
Diameter = 1.16 feet
Altitude = 7000 feet
Advance Ratio = .82
EFFICIENCY
Calculated ' Measured
.68 (present paper) .62 (Hoehne, Ref. 3)

The experimental shrouded propeller tested by Hoehne was
not designed by the specific method outlined herein. The radial
~thrust variation of the Hoehne propeller was non-linear and for
this reason the theoretical results are not expected to coincide
precisely with experimental data. In view of this difference,
the comparison is deemed to be satisfactory. The blade pitch
angles calculated are extremely close to the actual pitch angles,
és shown in Figure 11, This is due to the fact that the
pitch anéles are not directly dependent on the radial thiust
loading. The blade chords of the two propellers are shown
to be quite similar. Estimation of actual efficiency is

slightly non-conservative.

15



No comparison of exit vanes designed by Hoehne was attempted.
The design method used for the exit vanes differed considerably

from the design method gsed in typical experimental work.

CONCLUDING REMARKS

The discrepancy betﬁeen actuél and measured efficiencies
may be due to tip clearance effects which produce changes in
the airfoil characteristics. The effect 6f radial thrust
variation)ghould be studied and the variation chosen which
produces maximum performances. |

A logical improvement will be to incorporate off-design
performance analysis and open-propeller design capability

into the computer routine. These additions will greatly enhance

the value of the present program.

16
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A(/;ROPELLER PLANEﬂi-f .

-

Figure 2. Shroud &haracteristics
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Shrouded Propeller Design

Inputs: (1) Flight Velocity

(2) Flight Altitude and Desnlty

(3) Net Thrust Required

!

Inputs: Shroud Characteristics

(a) 1length (c)
(b) diameter (@)

camber ratio
drag coefficient

’ v

Inputs: Propeller Characteristics

(a) diameter (e) max. tip Mach No.
(b) maximum chord (f) desired rpm
(c) number of blades (g) airfoil section
(d) hub to tip ratio characteristics
!
Determination of annulus velocity
and propeller thrust.
‘Propeller Design Routine
gz;;rZ3nes Yes - Inputs:
(1) Number of exit
vanes

No

(2) Maximum chord

(3) Airfoil section
characteristics

=5

l

Exit Vane Design Routine

Figure 4. Shrouded propeller design procedure
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Determination of Annulus Velocity and Propeller Thrust

/o

G=D

K is found from Table

CTp is computed using
Egs. 6, 7, 12, 13

i

8§, computed from Egqn. 12

&

6i computed from Egn. 13

\

J,

Total Net Thrust
T=T + T
o) S

Does net thrust
match required
thrust

. Va computed using Eqns. 4, 7

- \

“j computed from Egn. 9

v

ng computed usihg Egn. 10

D = T(l—ns)

,sl'

Net Shroud Thrust

TS =T —-Tp - TS

Y

Yes

Propeller Design Begins

propeller thrust

23

Figure 5. Procedure for determining the annulus velocity and



Propeller Design

li computed from Eqn. 15

l—>—

-

Swirl Factér e computed
from Egn. 19

l

Advance angle ¢ computed
from Egn. 21

1..

CY computed from Egqn. 22

l

Cx computed from Egqn. 23

J,

Chord C is computed from
Egn. 31 ‘

l

8 computed from Egn. 32

&

Blade element efficiency
s is computed from Egn. 28

v

Blade efficiency np is computed
by numerically integrating Eqn. 29

Y

——! | Exit Vane Design Begins

Exit Vanes
Desired

Figure 6. Propeller design précedure

-
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~ © PROPELLER DESIGN

-

Figure 7. Flow diagram for Propefler Blade Element
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é&x

Exit Vane Design

r =1 <2
L l -
- )
6 computed from Eqgn. 33 <&1—_f' r - r + Ar
Y y
Air foil chosen to minimize Vane thrust T, is obtained by
angle 4 where 4 = 6 - (a-o ;) numerically integrating Egn. 42
C.... computed from Egn. 36 b
yv
C,, computed from Eqn. 37 i\
' ' Airfoil with greater
Y must be chosen
1 max
' Vane chord é; computed from
Egn. 39 -
-— o —
T = TS + T  + Tw %
A

Does T match
required net
thrust

Return to propeller design

Figure 8. Exit vane design procedure
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;J . v
Length : K (mean value)
Diameter Propeller at ‘ | Propeller at
Exit or Entry Central position
0 0 0
.25 .24 . ’ .33
.50 .25 ' .39
.75 .25 ' .43
1.0 .25 .46

Information from Ref. 1

Table 1. Induced Velocity Factor

30
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Appendix A:



QAN TV 3A0ON-TGS-4T79 3-5

-~

[eNaNe

C
C
C
2
__I*
5
5
499
300
c
7

17

MAINPGH DATE q3/14/772 TIME

SHRUUMED PRIPPELLER DESIGN PROGRAM
PROSRAMMED 8Y TOM SHEEHY

COMMON INMDEX, [THDP . NV, tiyea

REAL LOC,LI9,X,LATT(5D))

DIMZASTIAN PU53),ETARC(S0C),CH2RD(S50),X(50) +3FTA(SG) ,EFF(50),
e (a0 ), Pl (5D ), ELASD ), TLISD ) v D2DXL521,CXP(50), TYPE(20)

STATEMENT FUNLZTIUNS

GA“S(Y)=2,05VA/(DPHAVEY)

EX{Y)=GAM3 (Y} HPOWR/[ROAXVAREZ O (AD=A))

ELAMACY)=CAMBLY ) =vC/VaA ’
TANGIY)=GA IR (Y)Y /(1.0= S%EX{Y)%38213{Y])

ETACY)=CLAMB LY I {1.0=1.0/7L0D%TANG(Y) )/ (TANG(Y) +1.2/LND)

READ(14,2)IP,EPS

READCING S)R0,VN,T,YS,A
READ(IM,412,X0,0p
READ( 1My 5)3PM, TMACH

READ(IN, 4)LSD,CL, ALPHA
READ(IN,5)SL,£%,C35,L0C,DE
QEAN{IN, 6)CHAY, 3MAX
READ(IN,492)TYPE NV
READ(ING S5O0 IV,CV, NV MAF wi o
FORMATIIL),F10.5) o
FOPUAT(2F10.5)
FORUMAT(5F15.5)
FORAAT(2F10.3) »
FCRUAT(2014) o
FORMAT(IS,F10.4,215)

IF{J0-E"S5)7,7,8

ME2C=2
GO T4y 2

Moc=1

CONTINU=E

Rv=y\v

TV:'.:‘.O -
T2=T ' |
p2=n."

VC=YE5289 .2 /3A0C.0
ALOPHA=ALPHA/ ST .3
PI=3.1416
AP=DI*DP*HP/4.O
R=N"/2.,2
AEZP[=DE#NE/ 4 .0

AH=P I 2X34XOu0PEIP /4, 0
I1=1

14,

- .
e




AN

v

i Ne)

OO0

[eNeXal

O

3600-FN=-479 3-5 MATNPGH - DATE 03/714/72

T1=T7
CT1=2.0xT/{RUFVOEVCxAP)
DEL=2.0 A

o, L '-.' .'- oFe e whe Wl ale Aty ate o \— l(J-J J -~ l
33 E<R 6% H S LIRS HE e b e o

1° CT 2 ,0ET/{RD=RY Y YE AP)
SI1G=2.0%SL/NE
DELDLI=[,45% 4, 421010 )0
DELN2=(2.033+44,.88%SI16G)%5 1
RECRP=(DE/DPIR{(NE/DD)

~

1.086x%S1G)

/{ +
o CR/I{1.0+,9G3%51%5)

10
wORK

THE VELOCCITY FRACTION INMDUCED 3Y THE SHRGOUD CIRCULATION
1S REPRESEMTED BY DELND '
DcLﬂ“(P:”QP)*(1.0+DEL01+DEL?2)*].O
IF(L:L/SL— A0Y20,20,22

20 K=
GO TJ 26

22 IF(LAC/SL-.7)24,20,29

24 K=SART(.0312%(SL/DDP- 94))4,30

26 CONT MU ,
FCTIPL={2.,0=0FLG-4,0%K)
FCTP?2=4.,0%(1.n+2,05K )} {CT+1.,0-2.0%K+2.0%DELD)
FCTIP3=2.n%{1,0+2.0%K)

Q000 FORAAT(ESD.5)

FCTP==FCTPL/FCTP3+SQRT(ABS(FCTPI%42+FCTP2))/FCTP3

THE VELOCITY FRACTION IMDUCED 3Y THE PRESCENCE OF THE

PROPELLEP AND HJT MITHIN THE SHROUD IS REDRESF«TFG BY DELI

DELI=K*(FCTP-

THE ANNULYUS VELCCITY IS GIVEN 3Y va

28 VA= VOH{1.0+,5%(FCTP=1,0)+0ELTI#NELD)
CALCHLATE SHRNUN EFFICIENCY
ETAS=1.“—4.0*§l/W“*CDS/”T*(]+V&“V\/(V3*VD))/Z.O
NS=,25%RxNP AP [ XSLHCASH VALV A+VIHY])
CALCUL&TE JET EFFICIENCY
ETAJ=2.0/11.0+FCTP)
TOTAL EFFICIENCY
ETAP=ETAS*ETAJ
P(I)=TxV2/ETAD
POwWR=P (1)
CTP=FCTP=FCTP-1.0
TP=,52RI=VI#VOARCTPxP [=R=R

CNET SHROUD THRUST
TS=T-Te-NS
CTS=2.0%TS/ (RNAVOXVIRAD)
THT=TP+TS
IF(ARS(TNT=T1)-SPS)2°,29,27
27 TF(TNT=T1)50,29,55
50 TR=T+DS/DCL
T2=T
D2=0S
GG TD 50

TIME 14454



nAYM

[

85 T=712
nDs=N2
DEL=DEL*%.,0
T2=T+NS/V L

HQ T=TR
CT1=2, 0T/ {REVORYDRAP).
GO 1O 2+

29 CONTINUE
T=11
CT=CT1
CYpPJ=CTP
TpU=Tp

25 CONTINUE

e ot dosle ek e de s ke s S st oz oo ool e e e '..A.J-JJJ.)JJJ P R R I R T B Rl RO BB TRV T s
(R (9 KR A A I A 3 X1 N ST AT oo e e e ke S RININI IR R

PROGRAM NJW ENTZRS PROPEZLLFR DESIGN PRACEDURF

A sl e Wls Wy e yle wle Jo by e
RS RINT LRI T R g

aNaNel

AV=2.0%P 1LRP4/60.0
DX={1.0-X0)/1P

3¢

RS
l’l "
.

2

(vl B I T P B R A At A il R g e F S T U S U YT S VO TR DA S TN YA YA S T T
b R R RO AR SRR ARG LR AR N e P SRR R R r RO R A L8 KB AP AR AR A S 7 dP A ti 5 11 SARIRI SR R I YIoye

2 AR
J= 1
X{J)y=X9
TXCT=TRP/ (1.9~ Yq)
PHILJ)=ATAN{TANGI(X(J)))
TXMO =, 5%RDuYAS V\ AEB/LODHCLHCHAX/STMNIPHT (I )= (LOD/(TANSIX(J)))=1.)

W o

b l..l.J .A. -I.J..A PRV S
C *‘AJJ)L . )) .AJ.A.JJ JJ'::J¢ Y

IF({l.n-, 5% LX(X(J))’”A'R(%(J)))
33 DD”IN““.C/AV SVA/X(JY/SART(1, 98¢
WRITE(T13,9002)9P~IN .

st A e e o] %
kR sl

’L

e
%2

34 FORMAT(/10X, "DIAMETER HAS 3EEN INCREASED VO ALiOW DESIGN TC CONTIN
1UE MEW DUAMETER IS ',F10.4/)

° IND=2
DP=DDMIN
GU TO 17

4. -'a S sl o ate e b e b e Se s e de o e we o Sl e e s o e mbe wle e W oo ab e ale gie e drle Jr o Se e wle e s e Jo gle s e Wl e e oo ade s e Wb W e e
B RS AT RTAT AT ARTAR 3L RE RIS JRARE AT AT R0 AT AT R0 2 058 3 5 K ¥ A sl v o st A g sendr A ge ool e e e e ol A ode sl oo o ofe e oo e ool
= * p< e 3 o4 3 k3 3

25 COMTINUE :
LAM{J)=GAMI{X(IY)
FLII=EX(X{J))
PHILIY =ATAN{TANS(X(J)))
BETA(J)=PHI{J)+ALDHA
DYDX=2 0% (TXCT=TXMC) /{10~ X”)*(X(J)—Xn)+TX1r
TLLJ)=NTOX
CHN=2.0%DTODXXSIN(OPHI(J))
CHO=ROHVARVAXRSR/LODRCLE(LOY/ITANGIX(J)))=-1.0}
CHORD(J)=CHI/THD

QR HSERIN(VA/SIN(OHI(J)) ) *x%2 .0
CX=CL*(SIN(PHI LI )I+COSU(PHI(I) ) /LTD)
CXP{J)=0X%

T — Y SRR TS A R

1V 360N-FC-%79 3-5 MATINPGM DATE 03/14/772 TI4e, 14.5%

Y




A

<

Pz

IV 360N-F(i-472 3-5 MATNPGH DATE 03/14/772 TIME 14.54

c3

O

(@] [N OO0

[ Ne)

OO

100

102

103

49

42

45

P
P4

102
110

115

116

502

534

519

e
AT

DANX{J) =RFCXHQADECHORD (J) %¥R#AR%EX(J )
ELAMII) =SLAMBIX ()}
ETASE(J)=CTA(XLI))
IFUIP=—(J=-1))102,103,102

J=g+1

X{J)=xX(J-1)+0X -

GO TO 35

CONT INUE
VR=VA/STNI{PHI(J))
TMN=VR/VS

o 2 e % N fo ok sl e B ek e ek oo vg e

Rk e vie B

IF(THACH=-THANYSGD, 45,45
[NDH=2

sho e oo D2 e she She wbe o he Sl She wbe Ste oo
PR 2 (4D g A4 £ I K b A (b LIt P X G- X g

FORMAT(/ 19X, "TI2 MACH NUMRER EXCEENS MAXI®JIM ALLDWED RPM HAS 3EE

IN SET TN ',F10.2/)

RPM=6G, CaSARTLATMACHRY S ) %22 , Q=VAXVA) /{PT%DP)
GO T 25

CONTIMUE

Wiz de e oo e s vtz Wig R Tooafe e ahe s e Be 8 e o e e oL
pA A o KIS E R TR A AR A 1 B e g e s

e e r ate yle o oY, Vo b oS c o2t s Yo d st o ¥ o P Yo e ve s
S RT ST TT T RT3 NI o sk tabi4 SN ST NI R R ST R N IE VL NS

3¢

= TR Te SR RRIR

BLADC FFFICIENCY IS CALCULATED BY A WEIGHTCD AVERAGE OF
BLADE ELENENT FFFICIEMCIES

QSF CALCULATES INTEGRAL OF BLADE ELEMENT EFFICIENMCIES
BY SIMPSONMIS RULE (SCIENTIFIC SUBROUTINE PACKAGE — IBM)

CALL NSFIDX, ETAJE,EFF,J)
ETAG=EFFE(J)/(1.7-X0D)

Pooale e e Vgt sl sir o wr whe e e v gl whn B B b he e e o he e ol Do ode Sa ofs
RENK SR T YT NI T T vk 3RO R T =

e 2, e e b al st W ot SN
Peged xy A ¥ IR AR A A R A b

e o e ale PNl
Bl N N SR AR SRAS AR AR

ETAP=ETAR*ETASHCT/CTP
P(I+1)=T#VI/STAP _
TF(A3S(P(I+1)/2(1)=1.0)=EPS)IL115,115,110

P=1+1 : - ~

POWC=P (1)

G TN 32 - : :

AVERAGE SLADE CHORD 1S NETERMINED TO COMPUTE SOLIDLTY(SIGH)
CORN=I.,3 , !

o s S, e wls e e b o wtr by s e Vo ke s W ots he Jo 2 uts b Ao s e Jo w1 by wle B b ale 2t F, e ute b o,
i e e st sl e Y ol i L e f vz e e esle Mo e s sl s e sl e vk e s Y S sl s sk e de e sl ez kot

GO TN (116,1173,1Y

&

+
i3
13

£
¢
¢
53
2*
3
}
¢
.
4
w
,L

1
SHRRGUTINE VANE DESTIGMS EXIT VAMES IF DESIGNER HAS 2EQUESTED VANES

CALLVANE (JsR 4BV, CV,E,PHI ,CXP, CHORDy Xy NAF , DXy Ry VA, TV, 20)
1F{TV1522,502,504

INDP =2

6D _TD 117

TP1=TPU=-T

TF(ARS(TP1-TP)=EPS)520,510,510

To=Tp]



T2AY TV

[N eNe]

aEaNeEeNe]

IEN-FO=-47C 3=5 MATNPIN DATE 03/14/72 TIHE

CTP=2,0xT0/{RCEYD=RVOEAD)
INDEX=2
G0 T 25

529 TP=TP1
CIP=2,0%TP/{RANEVIEVIRAP)
INDP=2 ' .

ol et e gt 2 el sl el e 2R el s e e e s s e g IOl O e A A AR e e S s oK e sk ek
117 CONTINMUE
CTV=2.0%2TY/(ROxVIOxVO=ADP)
DO 118 TJ=1,4
CORB=CORD+CHORAND( 1Y)
118 CONTINUS .
ACNIN=CORY/ J
SIGR=8xALHRR2 0/ {P]1%DP)
HP=P(1+11/550.0
AVI=VARAQ G/ (RPMF1DD)
AVE=YI*AVI/YA )
R e gt SOl A R gl gl e o et ot dete s ot s e e et el e st g ol e el Sl o R e e

NESIGN HAS BEEN COMPLFTED RESULTS ARLC NOW READY
FOR PRINTOUT

VO=V2E3850.0/5220,0
VA=YA%3505.0/5230.0
ALPHA=ALPHARST7 .3
WRITE(IO,202)
2C0 FORMAT(1HIL, 33Y,'SHQUUUEW PROPELLER DRESIGN'/24K,25(1H=)/ /356X,
LPPROGYAMMED Y T,4, SHEEHY!'/)
4°IT;(IJy_03)V9;VN,A

295 FORAAT (13X, ' FLIGHT CONDITIONS W/ 20X, 1ELIGHT VELGCITY =1,F10.2,
LY APHUY /20X, "ANNULIS VELOCITY.,  =1,F10,2,' MOH® /20X, "ALTITUDE
» =1, F10,0,' FT1/) '
WRITF(17,210)5L,0E,00S,0R
210 FORMAT(10X,'SHR2UD CHARACTERISTICS: ' /20X, 'LENSGTH =1,
1F12.2," FY',7Xy *FXIT DIAMETER =1 ,F10.2,! ET/20X,'DRAG COEEEIC
ZI[V ST, E10 4,10X, YCAYDZER QATIN =Y, FlC.4/)
RIWC(rJ,_zsyap,xn,apw,Lo y3,SIGR, THY ~
215 FOR4AT (19X, ' PROPELLER CHAT\ TERISTICS:'/ZOX"DIAHETER =1
LeF1N.2,10 ET1,7X,04UR/TIP BATID =1 ,F10,2/20%,'RPY -
2 =1, F10.2,10%, TLACATION IN SHRNUD=' , F10.3,' FT1/20X, '\NJ. OF BLADE
38 =VLF10.0, 10X, 'SOLINITY FACTOR  =9,F10.3/20X,'TIP MACH NO.
4 =, FI0.3/) B :
GO TN (217,214}, 14D T St

216 WRITE(I,34)D0

217 GU TH (91",713),1’\19?-1

213 HRITFE({IN,4Z)IRDOY

219 WRITE(IN,499)TYPE
WRIT'_:(I?q??()iLODyCLyA!_DH!\ .

220 FORMAT(/25%, t{L/DYMAX ST, FEe2538X,1CL =13 FAHLI,5X,TALPHA =1 ,F5,2/)
HMOTITEA(T ,2206)AV ], AVF -

225 FORAATLLAC, ' [NTEZRNAL ADVARGCE SATIO =1,F103.3,5X, VEXTEPNAL AOSVARCE 8
PATID =1, F10,3/7/)

llf-



TR AN

™

IV 360N-F)-473

no 3246
BETA(M)

3-5

N=1yd
=OFTA(N)*%57,3

MATHPG™Y

DATE

03714772

TIME

320 PHI(N)=PHI(N)*57.3 -
MN=(J=-11/13
00
C St et v ar v e e sl sl 20 vz nie sl v vl sle vl e se Sl S sn s s e ole sl sl e ole sle sk o oo sie sl sz e sl s e e i e e e sl g sk
223 illF(IP.?(ﬂ)
225 FORMAT(ISX ' X(R) 45X, "LAM(E) !
LOXy "BETA,7X, "PHT T 35X, *CHNRI ,TX,
DO 232 N=1,Jd,"1Y
X{INY=X(N)*.NG201
WRITEC(LD, ’\'HJ((H,FLA‘!(\J),L\
YCHORD(N) , FTABF(N) , TLIN)
230 FORMAT(10X,48TF1C.44F13.4)
232 CONTINUE
233 CONTINUE W
ARTITE(ID,235)1HP, T,T7S5,70,

FI8
"
&

55Xy PSATIRLY,
tNTP/DXY/)

JAY L TLAM(T) Y,
PEYAY,7X,

{N) s E{N) y3ETA(N) ,PHI{N),

ETAPLWFTASLETAR,CT,CT2

235 FORMAT(/ /710X, *PROPELLER PERFIPAAMCE:Y//20X,'PAER REQUIRED =1
14F10.2, HP'//?DX,'TQT\L THIYST =V,F10.,2," LBST,6X, 'SHROUD

2THRUST 1y F10.2, 0 LBSY/AHL1X, YPREGPELLER THRUST =1, FlC.2,*' LES
3]//20X.'TJT“L £F!ICTF!CY =V, F19.4, 190X, "SHROUD CFFICIENCY =1,
4F10.4/761X,'PR22 EFFICTENCY =V F10.4//20X,0TOTAL THRUST COEFF, =

S5T3F10.%2 10X, 'PRAP THRUST COEFTF.
WRITE(TD,237)CTS,0TV
237 FORMAT(6D0X,'SHROUD THRYST CNEFF.=1,
1=, F10.4/)
C Kook sl sjeale Sle e ok ot e sk e e
GO TO (23A,240),1Y
236 CALLVANMT{I P 4yBY,.CY4E,PHTZC KD,
240 CONTIMNUE
CALL EXIT
END

=1,F10.4)

F10.4/761X, ' VARNE THRUST COEFF.

Pty O s G e e by s aty o N D wle gTe whe o We 2t Wrale wts o e sle o ol e 4t R, A wle v gaale
2 e o Y g e ool e ol sl oo vz e sig e 2 3ie N N2 2 K Ne Neie N Yo e ne oo sl s e e o ooz el

CHORD Xy NAF DX, Ry, VA, TV, RD)

PR e
e Ne kv ek

14.%



C1eAN IV 360N 3-473 3-5  VANE DATE  03/14/72 TIME 14
SUR20UTINE VAME(JyB3,BV,CV,E,2HT,CXP, CHIRD, X, NAF,DX4R, VA, TV,00)
COMHBNY THOEX, INDP My, NV a
REAL L2OV(50)

D INTEGER AFS(50)

DIMENSTIN E(53),PA1(53),CXP(50),CHAPDLSA) , X{50)
DIMENSTON AMAYIS0) ,YELR(5G) yCXVISI) ,O0LYI50),
LAGLESD) y ANSAL50) ,VELSD) , DETAVIS30) ,LI50),FEX(5D),CTVIS0) ,Y(5C)
PI=3.1415%
INDVC =]
1G=5
IN=5
D=5702 —i o oaley e w
C e \ ~
GO TO (1!)0'2 3)9INDP
1 60 T (2,7), INHEX
2 DO A = I’MAF
PFA“(r\,a)«rf(1),«1L(I),«\rm('),CLV(1),LODV(1)
4 FORAAT(15,4F10.4)
AGLETY=ARLIT)/D
ANGA(T ) =ANGA(T)/D
6 CONTIMYS
7 CONTINUT o comd 709
DO 40 I1=1,4
ALGY (T =ATAN(L(T)/2.0)
VELR(T)=CASAMGY (1)) /SINIPHI( L))
NDEX=0
XDIF=10602.0
DO 20 N=1,NAF
~“ DIF=ANGY ()= (ANGA(MI=AGL (N))
IF(ARS(IIE)=XDIE)10,10,20C
10 XDIE=ARS(DIF)
NDEX=NDIX+]
20 CONTINUF
L{I)=NDEX
N=MIEX
. CXVIT)=CLY(N)=(COSIANGY (T +STN{ANGY (1)) /LODVIAN)
VC{T)=8/2VaYELR(T)SVELR(])A fxp(t)/bkvxx)nbuaaw(t)é e
CTVIL)I=CLY (M) = (SINCANGY (T =COS(AMSY 1)) /LIDY (\) )
QV=R0/2.0%(VA/CISIANGVIT) ) j %2
FX{U)=2%3Y%CTY 1) HYE (T 3%0V K
BETAVII)=ANGVIT)=ANGA(N) : Corn = Lomy v Vois
COIF=VC(I)~-CV '
IFICDIF)6Y,42,24
26 IHMDVC=>
C . :
29 FORVAT(/10X, tAXIYIY VAME CHORD HAS 3EFY EXCEEDEN  NUMRER OF EXIT
1 VANES HAS REEN I[NCREASED 1) 1,F5,0/)
c
BV=1V+2,0 o e ia
G 19 7 (_Q\ - ;}/ 1 ': w NTge L -
40 CONTINUE, - - =6y = F T SR
C Feade o1z 3t % e sk e s e oyt 4 sk e e sk et sl A e e e de sl e sl s 3t e R e e e ot o i e o e e g e s e e e e 2 e ok e s e koo
C .
B ¢ SURRAUTINE OSF USES STADS3YIS ALT TO INTEGRATE FOR NET THRUST
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TeAN TV 34

C
c
Y
c
C
c
C
C

TIME

AN-F-4T79 3- VANE DATE  03/14/72 14
ORTAINED FROYM THE EXIT VAMES
CALL OSF(IX,FXyY,J)
TV=Y ()
RETURN ~
50 CONTINYZ .
Bl geste el e 4w sl st s o s o ol e el e o e e e e o el e ke s el s At okl B e A e e Ae gt Ao e ok A g ek ok
EXIT VANE DESIGN COMPLETE
RESULTS ARE NOW READY FOR PRINTOUT
WRITE(17,100)
100 FcRuAr(lHl,Lox,-Exxr VANE CHARACTERISTICS'/1NX,2611H%)/)
RITEIIT,1101CV,RY )
110 FvR" TOLIX, P MAXTIMUM CHORD ALLOWED =',F10.%,5%, "NUMBER OF EXIT VANE
1S =',F5.4/) e )
GO TO (232,220), IMDVC et elr tee\ T
220 HRITE(ID, 25)%v“w,,,,”.’f— TR,y R
250 WRITE(TD,112) im0 s =
1T2 FORMAT (26X, 'VANE VANE '3 15X, PAIRFGIL ' /17X, 1X{5) ', 8%, 1{HORDT,

LSX, ' PITCHS
24X, 1OTY/ID%Y /)
DO 120 I=1,J
AGLD=ADL (L) )3
ANGAD=AMGA(L(T)
AMGYO=ANGOV (T )]

BETAN=3ETAV(I}):=D

<)
)

WRITE(ID 1111)Y(I)1Vu(1)1R
FATGLDZANGADG,FALTY
114 FOR \T(ll’(,ﬂ'lu 3,110,45123
120 CONTINUT

WRITE{IN,122)YTV
122
WRITZ(ID,130)
FORMAT(//10X,
DO 140D I=1,NAF
READ(IN,135)
FORMAT (!
WRITFE(17,135)
CONT INIIE
RETHEN
WRITE(TID,210)

1 T SATISFY THRUST>O
RETHRN '
END

1 OX *THETA 4X, 'SFCTIGN?,

FORAAT(/1OX, "NET EXIT VANE THRUST

FORFAT(/ 19X, 'EXTT VANE DESTGN HAS BEFN
FEQJIREME

EXyPL/DUy TXy PADLY 65X, TALPHA!

TAD, ANGVD,AFS(LIT)),LODVILIT) ),

«3)

=1,F10.2," LBS!/)

YAIRFDIL SECTION DESIGNATICNSY/)

')

TEIMIMATED DUF T IMNASILITY

FENTUV/ )
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Computer Input Data

Data cards are used to input data to the shrouded propeller

»

brogram. The cards and the data required are listed below:

Card 1.

Columns

2

Card 2.

Columns

Card 3.

Columns

Card 4.

Columns

1

11

16
31
46
61

11

21

11

10

20

15
30
45
60
75

10
20

30

10
20

Integer designating the number of
blade stations for which results
are desired. Must be greater than
ten - right justified.

Real variable designating the desired
Z€ro accuracy.

Density in slugs/ft3.

Freestream velocity in mph.
Net Thrust reguired in 1lbs.
Velocity of sound in fps.

Altitude in feet.

Number of propeller blades desired.
Hub to tip ratio.

Diameter of the propeller in feet.

Desired ﬁropeller rpm.

Maximum allcowable tip Mach number.




Card 5.

Columns, 1l -10 Propeller blade maximum lift to drag
. ratio.
11 - 20 Lift coefficient for max. 1L/D
21 - 30 Angle of attack for max. L/D in degrees.
Card 6.
Columns 1 -15 Shroud length in feet.
7”16 - 30 Shroud airfoil camber ratio.
31 - 45 -Drag cocfficient of the shroud.
46 - 60 Dis%ance of propeller plane from leading

edge of shroud in feet.

61 - 75 Exit diameter of the shroud in feet.
card 7.

Columns l1-10 Maximum propeller root chord allowed
in feet.

11 - 20 . Maximum number of propeller blades
allowed.
- Card 8.

Columns 21 - 80 Any alphabetic or numeric characters
that designate the airfoil used for
the propeller blade.

Card 9.
Coiumn 5 : Enter 2 if exit vanes are not desired -
‘ leave rest of card blank.
Enter 1 if exit vanes are desired.
Columns 6 — 15 Enter maximum allowable chord length

of vanes required in feet.

16 - 20 Enter number of exit wvanes desired.
(Integer - right justified)



23} - 25 Enter number of airfoil sections from
24 - 7o which exit vanes are chosen. "Designated
k. "NAF". (Integer - right justified)

Cards 10 to "NAF".

Columns 1 - 5 Airfoil integer designation for program.
(Right justified)

6 - 15 'Angle of zero lift in degrees; if
' negative must be entered as such.
16 - 25 Angle of attack for maximum lift/drag
o in degrees.
26 - 35 Lift coefficient for max. L/D.
36 - 45 Maximum lift to drag ratio of airfoil.

Cards (NAF + 1) to 2 (NAF).

Columns 5 -10 _Airfoil designation number for program.
(Integer - right justified)

15 - 55 Any alphabetic or numeric characters
: used for standard airfoil designation.

Cards 10 through 2 (NAF) are not required if exit vanes
- are not desired. If exit vanes are desired the number of
cards supplied must equal twice thé'numﬁe; "NAF" entered in columné
21-25 of card 9. Unless otherwise specifiéd all values are

entered as floating point numbers.

S
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