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SYMBOLS

Flow area ~ ftz

Activity factor

Lift curve slope ~ dCL/d a
Number of blades

Zero 1ift drag coefficient

Lift coefficient ata = 0

Lift coefficient

Moment coefficient

Duct or propeller diameter ~ ft
rorce ~ Pounds

Ratio of equivalent internal flat plate drag area
to flow area

Horsepower

Clearance between hlade tip and duct
(1 +f)

Function of Vp/Vp

Lift ~ Pounds

Moment ~ foot pounds

Mass rate of flow ~ slugs/second

fto-lbs-

Power
sec.

Pressure lbs./ft.2

Dynamic pressure —~ lbs./ft.z'

CONFIDENTIAL

60-030

— —— e —




- — | — —— — L e———— L e eeSem— | — sty —-— 'y
namg vare )|
seessste | 4 borse 11/0/75  HILLER HELICOPTERS ot 1 l
cmEcuE0 [ [ [ nree: ) . “ooe 31 '
i 1 Aerodmariecs of Jucted Propellers
[P '3 . ] |
APPRQVED ﬂ ns ;\[‘pl‘.' ¢ he Platforrm Prin 1P1( a¢P08Y NO. i
CONFIDENTIAL
u!’}j’ULb
(Cortinued)
i Juct or propeller radius ~ ft !
r Propeller station radius ~ ft .
Sip Shaft horsepover input
T Thrust ~ 1brs
v Velocity ~ ft/sec
g jross weight ~ 1lbs
‘ e fesl
W Disk loading .. 1l:ts/ft
a Duct acrodymamic ansle of attac: (§ - 3)
B Anrle between the horizental and duct centerline :
Np Propeller e:ficiency :
e Anprle between the norizontal and the free stream ricw
o Fass density
W',’ s
B datio of induced veloecity to blade rotrtional velocity ps —
Joa
é Inflow anrle
7 Flou coefficient
5 Anpular velocity rad./scc.
. I I |
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SYMBOLS
(Continued)
Subscripts
) Free sirean
1 Duct inlet
2 Propeller inlet
3 Pronellar exit J
Duct exit
5 \ake, far benird |
D Duct or drag
H Hover
INT Internal
N Net
P Propeller
t Resultant

Sollng Sea Level

5 shroud
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I. SUMMARY

T:is report is intended to provide analytical means of prn-
dicting the performance spectrum for ducted propeller aircraft
that maintain an equilibrium of forces by adjusting the angle
between the vertical and the exit stream tube. Equations are
derived relating the tilt angle, free stream velocity, propel-
ler characteristics, and available power, to the net force pro-
duced by the platform and to the direction of this force. Par-
ticular emphasis has been placed on the relation between the
duct exit velocity and propeller tip speed for fixed pitch pro-
pellers, because this variation determines the relation .between
the power available and the power required.

It is impossible to determine the accuracy of the individual
relations without further test data, because they must be com=-
bined to determine the overallperformance, and the overall per-
formance - no* individual performance contributions - was all
that was obtained by test. The net force calculated for the
condition indicating the greatest difference between theory and
test (V = LS knots, tilt angle = 31°, and 100% power) produced
a net thrust of 515 pounds directed 8.05° aft of the vertical.

The test data of Reference 3 for the same conditions of tilt
anrle and velocity indicate a net thrust of 624 pounds directed
aft 12°, The difference between the theoretical net thrust and
test net thrust is 17.5%. This 1s rather poor correlation, but
the error carnot be completely attributed to the theory, because
the net thrust is dependent upon the square root of the available
power cubed. The test was conducted at full power. and it is not
apparent exactly how the power available varied with RPM or what
effect tilting the engines had on power output. The expressions
for the moment. are empirical and involve non dimensional parame-
ters which were determined from the truck test data of Reference
3; therefore the moment equation cannot. be checked apainst the
experimental data to determine their accuracy.
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INTRODUCTION

This analysis is complete for coaxial fixed pitch propellers, but not
necessarily limited to exclude other types of propeller configurations.
The procedure for calculating the performance will be outlineds Curves
are presented which allow rapid estimation of tilt angles and power re-
quired for all disk loadings and power loadings. All information is
based on the assumption tnat the flow does not separate from the duct
lip. The flow will actually separate from the forward lip at a high
duct angle of attack (a) (Figure 1) and large free stream velocity, but
the 1lip shapes and disk loadings currently in use have shown no tendency
toward separation.

The advantage of good internal aerodynamic design is_obvious from firure
2 and the definition of the quantity [ 1 + (A,/A2)f] . It can also be
seen that high values of disk loading will require lower tilt angles

for a given forward speed., Figure 2 indicates a,minimum cruise power
for platforms designed to cruise where VoQ:/wpq) = 8 to1.0. If a
platform 13 to be designed in this region, particular attention should
be given to the moment, both from a standpoint of magnitude and the
possibilities of the rate of change of the momert with velocity becom=
ing negative.

A. Procedure for Performance Calculations

The conditions of altitude and temperature under which the plat-
form must hover are used as a starting point. The required flow
area and velocity are determined, and the propeller blade design
is straight forward once the actual diameter and internal drag has
been determined. The power required under these conditions is
readily determined, since the flow velocity, areas, and tip speed
are known. Fipure 2 may be used to determine the relation between
tilt angle and velocity. The external drag is very small compared
to the 1ift; therefore the assumption that T/L sin § is zero
(Equation 1.15) will be valid and will allow the determination of
VO7V » consequently ¥, and an estimation of the pitching moment
may ge made. An indication of the hover ceiling and power required
can be obtained from the curves by assuming that the propeller ef-
ficiency does not change.

If the performance obtained thus far is desirable, the relation be-
tween Vg/Vp and VO/VS: given by Equation (L4.01) or (L.02) should

be determined. This information can then be used in Equation

(2.07) of Section 2. Equation (2.07) should be plotted against
VO/V55 this holds for all conditions and with Equation (1.0L) relates
the actual shaft power input to Vg and Vp. The power required along
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the flight equilibrium line can now te calculated as Vo/V¢ and
thus np are «Nown.

Sufficient information is available Ior the calculation of per-
fermance for conditions other than rlirht equilibrium,

The cf'ect of tip clcarance on power loading for the snrouded
oropeller of Reference L is given in Figure 5. If the veloclty
over the lip increases or the lip is made sharper, the tendency
teward (low separation is increasced and the tip clearance rust
te Lield to closer tolerances.,

Tie product of the number of blades and the rctivity factor is
used ir most propeller weipht equations; of interest here is tne
sesign value of b(AF) wnich may be calculated using the velocity
and tio speed under the same conditions usec to design the pro-
reller. Tne method outlined in Section P is straight forward.
The assumption of constant taper is put into the egquation, but
an ideal taper blade will actually have a b(AF) slirhtly lower

than the calculated value; tnerefore the asswaptici. is conserva-
tive.

ANALYSTS

Aerodvnamics of Ducted Propellcers with Particular Avplication

to Platforms

Tne peneral cjuations relatins vover and thrust will te calcu-
lated using vhe conservation “f enerzy and the momentun cjuation.

Station —?ijj_‘>- ) .—zl ; ij){i) - <i>4—_ ‘ _—(ij
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Tre equation for tne net thrust is oblained immediately by tre
use of the momentum equaticr. between stations (0) and (5)
Ty = Vg - mVg * pohg - prhg - polAs = Ao)
A pressure equilibrium exists 'etveen the iet stream and the sure
roundin> air at station §; thzrefore pg = pg.
Ty = Ve (1 - VplNe) (1.01)
Tne chanre in kinetic eners is ¢jual to the power ~u% into ithe
air stream.
P = KE(s5) - (o) * DKE(0) - (5)
2 _y2 , 22E0) - (5)
P e 8 (1 vo? ¢
Tne energy lost by the air in passing from station (0) to (5) is
equal to the integral of the product of the drag and velocity from
station (0) to station (5).
If the conservative assumption is made that the internal dray is
acting at station (2) where the velocity is the preatest, the
evaluation of AKE(g) . (g) is sirplified.
DKE(o) - (5) = DV
and
D - Cp A;(EF. Q2
By definition
CD ARgr
P om i (1.02)

60-030
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S
but A ¢
1 (-5‘-) f =« K
2
by definition 2
,vf2 - YA 7
. — 2 = —0 l :’”)
p 5 } Ll (VF & (1.03

2 e d 8 s

The term defined as "X" has a larpe influence on the total powver
required; the definition of f, Equation (1.02), shows that the
equivalent flat plate drag area (CpAgr,) nust te kept small,
“ne; he plaitform is noverinp, the velocity diminishes rapidly
as tne distance is traversed fror station (1) to station (0).
Trerefore, if tnere is an appreciatle arount of drap area a

| larce distance atove the duct lip, tnis drag area snould not te
i included in calculating the value of "K". Instead it should te
: included in the erternal drag, since the velocity in this region
| is more nearly that of the free stream.

The power put into the shaft is greater than tne power inout to
the air by the parasite power and induced drag power.

. horsepower input to air
p horsepover input to shaft

' SHP - (HPo + HPy)

O SHP
’ - _ HPo + HPj
p L 5P
| Ly rx V")L )
ont = L1007, L Ve S
i

The power inout tc the air is equal to the product of the rro-
peller thrust and the velocity of the air throurh the propeller
diske

§ =7 e

V
2
o TPG_C’EG = SHPT]P

[ S

5 e p—
F_y
. B =~
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Tp, = SHPT 4vg T
K

mVS A
2

=1

Tnis ~ross propeller thrust is actually the thruat that the -ri-
peller is producing; however part of thic tarust is required to
draw the air through the shroud, and the 12t propeller thrust ‘¢
all that is actually lifiing the platforn.

Tp; - D = Tp,

nVg A2
"l vl R

When Vg = 0

Ty = aVsg from (1.01)

2

mVE K

110011P

. ™ /Y
SHP = Tﬁfﬁyﬁ; (squw K

SHP =

3/2

) ;10851007 L
(olos, 1, b))’ ke

/3 (s e/3
T]\: = ].)4'?2 (p/p\- T All) / <ﬂ2_>

Veise K

SlP

wher. Vg # O

The equations for thrust involve both velocity and direction;
therefore it will be necessary to express the equations in
terms of their components ir the directions of 1lift and thruet
so that the equations for equilibrium flight can be shown ex-
plicitly. Defining the angles, as shown in Figure 1, and as-
swning that Vg is parallel to the centerline of the duct, the
equitions for lift and thrust become:

CONFIDENTTIAL
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(1.06)

60-030




-
-

- e o

e o —————

i ® i fea .

e ¥ |

s

e [ ————" }

LY ] |

A. Morse

Oate

1
| 11/30/56

HILLER HELICOPTERS

| P
[ ZY-14

C-
4

APPROVED

$ —
-+

1 '

1 ALY
Aerodymarmics of bucted Propellors

As Applied to the Platform Principle

“oostL 1

3 -'l‘
PR

CPOBY 8O.

4

56=-108

CONMFIDENTIAL

SI1GN CCNVENTIONS

& BN

6) |

mV 0

/

n VO

CONFIDENTIAL

(a)

(b)

FIG, 1

60-030




. — ad B s e

nawg oav? | s
ce8rants |A. Morse 111/32/56 | HILLER HELICOPTERS - € |
* Y
IV, 8
—— | Aerodmamics of Ducted kropeliers |*°%% 1031-A
PN As Applicd to the Platforn Principle | . ,oerme. fo-] 7"

CONFIDEMNTI AL

CONTF

L » n(Vesing -Vosir.éi)

Vo s8in & = Ve sinf --‘lf

4

2
2 G L
sin" @ = T sin p - ’-_xv-_;)

T = n (Vg cosp - Vp cos ©)

/ 2
2 U 4 T
cos @ \ 75 cos § - =mn

v

(&)

/

ktut sin2 o+ cos2 9 = 1,0

o2 2
(e o Ve 2 LY /1Y 2 sins
(v2) ot 6 +(F) worte +(35) () - 22nk

p A, Vo

R 2T :os*r_l e 1

0 AL v,,‘

2 2
V. / A
5 L r oL . T
<Vo ) ! \mVo> l:l +Kf> :I —=— (sin p+ g cosf) +1

2 2L V.©
T 5 , . .1 .
+<f>]= 5T (sin § + 1 cosp ) + (V,ﬁ”o)

~
o]

2

| 2 2
b g2 2Lf.. . .1 Ph) Vo L N4
V.z‘ - Vg pAh <0Lnl‘f‘ + L Cosp + 2L + -p—A-—): l i- = U
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MY
L2 L T o PR
£ p—A-:(sinp 1 cosf T )
; 3
ML T p"‘*\'“z\]? LY | 3l
+ Sinf ¢ = cOS p ¢ = -(—-— L ' (r")]
]“E—Fl' ( ‘3 I P c)L pA;}/ . &
¢
(1.13) []
gquation (1.13) is verr cumtersome. If @ = 0% unich 15 the
actual case for equilitrium flirht, the solution is greatly
simplifiad.
6 = 0°
'J:) 5in @ = V. sinj =-= !
. L
\lS sin 3 5 "5 |
]
vooe LB (1.11)
Vycos & = V. cosfp - =
cos ® = 1.0
. T
Vo o= V. cos p = —=—-
) I/ pA)JV[;
ZQ = COSB = !
5 pA;!\»'gz
but ' 2 L
5 pA, sinf
v
0 . T _
T C cos B - 1 ein p (1.1°)
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2
LI ‘A
; JL U'n? - 11 \s‘n P [{ - (f?:\ ] - t.o&' \1.
a8 r - ~
. i _ o M -
P oy L B} sin § J

LJ/: K | 085 = T/L &
SHP = — [1-( 2 J “ﬁ)j (1.1%)
{ 00 ‘ :
_ 11 Mg (pAL) sin

Zquation (1,10) pives tie .orsepover required to produce a riven
it ond © rust vhen @ = 0° ard P is the anple defined. For L = W,
Squation (1.07) becores:

{ /N
)/ /— I

SiP, = =
) 1100 oA, )«
ﬁpu(; h)

and Equation (1.16) becomes:

SHP_ Py 1 Fi _(cos p-T/L SiQ_E)2]
' K

(cos p - T/L sin;p)2

1 )
npSIPy, | o372 1 - % ] (1.10)

Figure 2 is a graphical representotion of Equation (1.17).
Another cquation is required to delermine what tree stream
velocity is associated witnh the different tilt angles (90 - ﬁ).

The equations cbtained from swwnin-~ tne forces in the directions
of L and T with the acsumntion of 3 = O ill provide the neces-
sary relation. This is equation 1.19 which is alsc showm on
Firure 2.
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L = wic sinp

V.S . ( L )
p,‘l'»l 3in p

and
T = n(Vpcosfp -V}
V‘; cos f ET’LTT— - vV
h 'S
v -
0'| U COS'J - -—.‘—-1
g pA .
Vj -
V—s- = cosp - Isinp
but L
"Dy &
i
:
Vy = ( L >‘ . (cosp - % sinf)
pAh sin® g
vy (-L) s~ (cosp -1 siak) (1.1
WD' .= L
11 sin* B
From Figure 1 tin cxit velocity is dirceted § desrees Cros the

herizontal, and the assumption was nade that the _letterr as
tilted to an ar-le (900 - 5). If it is assumed that toe nlat-
form tilt angle remains zero (B = 90°) and only the exit etrean
is turned throurh the angle (90° - 8), the force diasran rerains
the same. Therefore, the til: angle (90° - p), shown irn Firvre 2,
can be interpreted as the angle through vhich the exit <trean Is
turned. The moment produced by a platform propelled by turning

the exit stream, rather than tiltinr the platform,will be -:ifected
to a large cxtent. This can he seen if the cquaticns for ihe thrust
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produced by the duct are founds This can be accomplished bty
taking the cquations obtaincd for L and T and subiracting the
corponents of Lne propeller net taruse

- 1 Ve A
rpr: S — 92

2 n)

L = = (Ve sin p - V5 vin Q)

"

* (Ve cos g -V, cos @)

2 ( . \ ) AE . ‘ 1
DL. g \SIn P =g Gl =) e == = SlL p
e Y L

: A2 '9\] Vo sin 6
TDL- nvg sin g l-m 1-(‘v—£]-v§sin

Pl

2
Tt e A2 A (Vo) 0y s‘.r._:l
b, = 1 g sinp oa, T \Te) T A : ]

m Vg (cos

5

m Ve cos
b

Examination of Equations (1.20) and (1.21) indicrte an ircrease
in the tctal duct force wien @ = 0° and VO/V5 is increascd. The
point of application of the resultant duct lift moves forwvard

as VO/Vr increases and the duct 1ift becomes larger; therefore the

moment will increase rapidly with VO/VS vhen fne tilt ancle
(90° - g) is small.

The drag te lift ratio is difficult to determine, Yccause the
directicn of the streamlines over the external surfaces are not
easily determined. If Equation (1.15) is plotted (Vo/Ng VS p) for
T/L = 0, 8 = 0 and the truck test data for the platform rodel 1031
is corrected so as to keep the 1lilt equal to a constant (Fisure 3)
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reasonably good arreement betuean test and theory is found. Tnis
indicates that the drap component in the direction of flirnht is
very small and can te nerlected. The method used to correct the
test date and an oxample calculation is shown in Apperdix A,

POzl R-QUIRED

Tie term Mp has appearca froquently :ith no rention of how it s %
Le obtaineds To o this, it will “e nacessary to determine unere the

total power put into the nropeller shatt is consured.

The total power required is the sun 2 the induced nover, the Ylade
profile po:er, the siroud profile now-r, and the induced Jdrag nower.

The irduced drap power (PL) is the power necessary to overcome the
torque causcd by tne component of 1ift in the nlane of rotation.

The shroud profile pover (Pos) is tne power necessary to overcome the
resistance o flow caused by the shroud and internal objiects in the
flow fields Pecause the propeller thrust must overcome the shroud
prclile powecr, the product of propeller thrust and velocity through
the rrepeller is equal to tne sum of the shroud profile power and “he
induced ;wwer.

A),
P#Pp. r ToVp, = Tp v”\-?-

s s \2
buu - _ ‘v 5’ VO\
Ip = == K - Vg

Ae Tnducad Dree Pove

: Pl
dQ 5V, e ryp sin ¢ dr

‘J?
but  Vp = e
2
dQ = -E'—Sm— rdr
Vo
and e¢in g = tang = o

CONFIDENTI AL

9 2
wWe A, [ Vo .
Pl t P 5 = 2 rz LK - ‘\‘E (2-0;)
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B

o S % V, cC, &r rdr

2 L
M 2
iPL . % V2§1‘ 3L cr dr for one tlade
b * 2

CL cr dr for b blades

The induced drag nower is small compared to trne induced nower
and shroud profile power; therefore the assumption of constant
Ct, and ¢ will be adequate.

. pbcd
"PL = —T CL Vszﬁ

v
R R I -% R (2.02)

Expressin~ the oropeller thrust in terms of the oropeller blade
section characteristics, and raking use of the assumptior of
uniform chord and 1lift coe{ficient, t.ie induced drag pover can
be related to the propeller thrust.

] 2
Tp ( E(sr)C b

‘0
b ¢ RC 2
- Bl
Vs
Poe TpyR (".03)

Propeller Profile Power

Py = b cRPCD VT3 K! (Reference 1)

v
where Kt = V% by definition (Fieure )
p pb cRCL VT2 J o CTg
0 8 LT ¢
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c
£ Tp up K1 C{Dg (2.0L)
v, .
3 Dp Y2 ,
PO . PL - Tp [KVT K'E—L— + WR] (2.03)
2
a Ve A
but  Tp, ”—2-51-13‘ - (-v—”)] from equaticn (1.05)
2
T PhTs X2 fy -9
P3 2 YR [ v.
C. Summation of Pover fequired
Pp = Py + Pog ¢+ Pp + Pp
- [ @) b ()
n o om— + - o —
r 2 Vg L Ve,
3 C P R]
VD K' =— 4
L f It Vr
2 -
- n Vg? P Vo\ L.h2 3V D AR ;
L - — + — e—" . —
r 2 | Vs ) AL, LLVe ™ T Ky )
vhen Vg = O
2
T = nVg = pAyVc®
¢ \?
Vo ={ —==e
5 (P )
Pr - L i’ Bl
2 pl\l1 L / T
3/2 [ A :
T K ‘ pAL Y XK' C
1100 o4, u L i
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R

Al

where K = [0(—> J
A2
D. Propeller Efficiency
n,  Jorsepower input tc air _ , _ HPo + HPD
P horsepower input to shaft R
m Vg Ay [ Vo 2 Cnp V2R
HPg + lIPy .mk—h‘[‘-< ﬁVTK' VT—_J
n VC2 '1'0 2- »
SHP = oW, l_v T, from equation (1.0L)
B LR R CDo’Vza:]

Np A, P L 7_ Wy AL

1__1_23 T, D0, AR

Mp A L Ve TL K-é v-'I-'
cut Ay

2dRT e 1.0

2 V1
Therefore, the approximation of R/NT = RN, vill bte -ood, partic-
ularly in view of the fact that Vo was foung to vary very little
whan the five foot Hiller platform was truck tested. Tnis data
:as rot published.
(2.07)

. 5V Cpp A
np VS CL Ay, VTH

BLADE DESIGN

This analysis 1s concerned only with counter-rotating coaxial
blades. The method of analysis r~iven in Reference 2 nas been
shown to sive rood results, provided the substitution of

Cp = (aa + Crn) is made rather than Cf, = a a. The above
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substitution uas necessary to reneralize the ejuations for uce
with other than symmctrical airfoil scctions. Tuis elfects
orly Equation (ICS and (11) of Huference 2

If no substitution is used for C| but % i{s used as de¢fined irn
this report and Equations (10) and (11) of Reference ? are solve
for the chord, the resultin~ equations can be used .0 delerrine
the variation of chord with radius.

2R Km (r/4) usin fy
2 W Cr kb

sinilarly for tne iow«:r propellcer,

2R ¥u (r/d) usin go
Cp b

(v~

The optirur rropeller desigm is cne which has a rmaxirun 115t o
drag ratio at all “lade stations (Cp = constant).

If the required porformance is known, V2 can be calculated from
Section 1; a tip speed and nurber of tlaces can bte chosen, thus
civing all tie information necessary to compute the variation of
the chord with radius. Blace anrles are then computed in accor.i-
ance with Reference (2). wher design requirerents dictate a
constant taper, proceed as 2tove and approximate the ontimum chord
versus r/R curve with a straiznt line and usc the constant taper
variation of chord with radius to determine the tlcole ar-le set-
in~s as per Reference (2).

VARIATION OF TIP SPuiD WITH LUCT EXIT VELOCITY

FC FIXiD PITCH PrOPELLLRS

The variation of propeller e'ficiency vith forvard velocitr is
dependent upon the variation of the iuct exit velocity and pro-
peller tip speed (Equation 2.07).
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a - 5
dT =
[o]
dTB-é-
- £
dT = 5

a0 v
tanl :

Qr
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dfF = SL%
dF cos f =
dT =

CL

5

tut. tor small an-les

2(d

dT

Lg—ﬂL)-J “r bcdr

(812

— 2.1
%CLS:K‘ (r? +V2)' bedr

CL
n
daa+"1‘0 [l+ )

e (gr? OVZ) bedr cos #
3 CL 2

+ V22)2

v,

A =bcdr
".lt2 '&_I"; . \é‘

(& -

<

COS p v —= s )!
"©woe-
e
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?

CoONPF

[} Vo \ TN
m -2 : a \
2
Lo (12 Y '
'—7(;';} ]"“"
The 123t three terms in the trarc:cy are smoll cormar~d to tie first
three,
p_02 Y5 Cip
¢T = "T&T (;f-:;_*—g-)“Cdl‘
ro= %
Ir = aa(,’{)
mo. & 2 v CLO r\2 r
v = 3 pVy™ d (p - *T)bc (g) d(j{)

Vr ()

This element <f force summed over r/R must equal the propellcr thrust,
I: smet Yo remerbered that blockare and the necessary fairin-~ of ri
tlade near tiue rcot will elter the flow in that area., In practice,
tren, it will te necessary to account for this durins summation.
Pernapc the simplest method would ke to assume ideal blade conditions
down to some minimum radius, producing uniform inflow beyond and zcro
velocity inside this radius.,

loo (‘loov v . ?
Tp = dT=%aVT Ri(p-——+20) e & o &)
(Z) J(‘") "(® |
R nin R mi
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i
] P \
LoV r&.o
! 2 TP ‘ r e r V2 | r r
5— * pe(3) ¢ (z) -y ¢ (7)e (g)
“t‘pv‘r 2 \(r) ‘ J(r)
R rin R rin
1.0
Lo € y
ry | SUNER L
,ﬂ
! =)
. T omirn
1 3
Lo
-~ r T
! C, = pe (g) ¢ (g
r
! ®
in
g
! 1.:
r r
' C2 ¢ (B a
Jr
' @
min
|}
1.0 c
% 2@ e
Vo r
®
min
{
2 Tp v,
—_— = (0, == (s + C
abp vT2 R b :
2 Tp V-
e g eoy = 0 (1.01)
oy 0] ul U A = \ Jel i
abpVet R T ~ ’
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froa Section 1: !
S S PR . : . (o] (1.05) !
Ty = . - | zquation (L.
P -~ F‘: - \ 2 \v; ] ’l ! "
. ’
Now define: -
RN AV
ﬂ‘ » ' - -
vd F Ll * \ LY ‘ \r JI
- 2 [} 2 re
P & % Ag ,( v;
8y centinuity
Ay
:’2 - v; -,'\-E
1 |
Equatior 4.0l now reads
\Ic'\2 Ac C Vg A
"";"'5-“:+V2 Cr-(Cy #C3) = ©
(VT/ abf(-‘ T B 2 1 3
Vg PRCy|[A(Cy +Cy) A, (A2
-’- = A,. [ad J & - A " w4 1.
Vr S R CA Lo
Ve b R Gy
\T‘.a v -Z_A;-CT— [}; Gl + l:] -1 Bauation L.
T ~ ) ¢ 4
1ol Sas) C = '\(UI - ‘/3' A!‘ (ﬁ)
Vi uq R 5
a il v2 Ah
PITCHING MOMENT
The variatzon of the pitchines moment with rfree stream velocity is very
irportant {rom the standpoint of its effect on stability -nd maxirum
forward speed. The maximum rmoment can become very lareo, varticilaerly
with low thrust per unit area,
; N
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The wrree dinenidional sharacter cf thi- flow about a nlalrors an
non=syreeirie flnw L larce ar-les of a*tack razes {v impossitle
Lo calculate tne n1tenin’ norent iy « Simplified two dimcusional
-!;‘.’d“)""!..

.

Tre only ind

oraation availalle on Lircains a¥4
fro= a ducv o
"
&

L o cata ot tajned
" larqe len~tn to 4diswter ratio and Lhe caca Jbtaln

v H#il] ne nodel aued wes a five foot duct (idefrrence 3), T i3
report has measurenments of rorment. 117y, thrusi, and a s-ali: amoune
f pressure rurvey data. Usine the yronsure survey data <o deter-.rne
tie norent contlrituled by vhe fucer o Vollevin~ rosul o were of tad,
At 17 tile anele ithout dumsy a0 Tot foruari secen
salculated mourent Lo r-lts.
Feasured nurent 170 [1.-1bs,

At 310 til: anrle withouvt dum ¥ and 37 inots
Calculated moren: 16 ~1h e
Hansured normers il ?..-113.

The calculatea roments are in very -06c 4;Teerent vith ihe messureid
values, particularly in view ol he fact shat the pressure survey in-
cluded only four staticrns: Sromt lip. rear 1in 160 and 92¢ 1

and LTt vl
tions.

The conciusion draun “rom 1hi€ dita 15 thot une oooal norant ¥
aced b the duct, This dovs ret solve <ne oreblem of Jdeterrinibe
the nmorenl Lo he cxpected from any arvitrory dected oo o3 S
1t decs sghed sore liphi on the vrorierm.
the roree recauzoe he norent o5 nite tnleeral of tie NI
Lhie veloer e ireresces Uron the Uteoe sirean value o the dutioex.e
vaige. If the flovr dees not separate (rom the duct sur{nse  a toiag
turnin~ an-le is clofincd Y othe duet lip shape.
The tilt ancle and the ratio of free =tream to exit velocity i 2
indication of the wernings anrle.
Iy = Ac Vg (Vo o T@) From Ejnation 1.51
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This ron-dirensional paramcter (§) hes been taken as a representation
of the flow field. The moment must increase dircctly vith the diame-
ter and with the sjquarc of the veloc!ty over the lip, bul at he sane
value cf Vg/Ng tnis is ~roportional o the square of ihe ‘ree streas
velocity. For this reason the norent coe ficicnt hac *een taren as:

C ] ,——-i;—_. (f
o 290 Y o'\!‘ ‘

Tae five foot glazforn truck test data nes tecnh nlotied in coefficiont
form (Firure 4).

It nas previously teen mentioned tha: the only rcrent data available
is r'ron one configuration, tut it is telieved that the use of Figure
uill at least give the order of magnituce and trend of the rorent %o
te expected from an abitrary sclected ducted prcpeller.

PLATFORM HOVER CZILING

Equation 1.08 indicates that tne power required varies with the recipro-
cal of the density ratic. The power available is also a function of ‘ne

density ratio; therefore to eliminate trial on error the equations have
been combined.

The variation of pow-r availabie with density ratio is riven in deference
1

i ass

SHPypp = SHPy (1.132¢ b g = .132) (C.01)

By comtining Equation 1.09 and Equotion 6.01 the variation of thrust
vith altitude becomes:

/-

- 2/3
1/3 b.iP‘\ T " p.
TALT = 1he22 (b 1 A)) [_ = T P-"-LTTI Equa“ion 1.09
: 3
1/3 [siiPs, mp. / |
Tsp, = 1h.22 (A)) [————@K (6.02)

2/3 1/3
i Mp 2
o% TfLT = <, ALT) (pALT > (L.132e/p - ,132) /B(L,n3)

oL L
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2/3 1/3 )
T N /3
ar (PaT) | P . . 132 6.0L)
;:.?L— (“PSL ) (9—;1') 1l.132 p/pJL .132) (0.0L4)

For convenience Equation 6.0L is nlot:ed in Figure S. To deterrine
the thrust a: a given altitude, the thrust for a corresponding power
setting i3 calculated at sea level. The product »f the ratio of
propeller eificiencies and the function cf density ratios read from
the curve pives the correction facwor to be applied to the sea level
thrust to obtain the thrust at alti:ude., To determine the raximum
hover altitude the :ross weifht is divided by the maximu~ sea level
thrust; the propeller efficiency ratio is assumed equal %0 1.0 and
an altitude is read from the curve. The actual propeller efficlercy
ratio is then calcvlated and the altitude is again determined. The
propeller efficiency does rot channe rapidly with altitude and the
second altitude is normally very accurate.

PROPELLERR TIP CLEARANCE

The effect of tip clearance on trust and power does not lend itsel?
to calculation; therefore test data must be used to determaine the
marnitude of the losses. The test data of .tererence S has lLeen re-
plotted so 2s to reflect the variation of shroud thrust to horse-
power with tin clearance to diameter rztio (Firure 6).

ACTIVITY FACTOR FOR DUCTED PROPELLZRS

The thrust required to hover and *‘he 1lift that must be maintained at
forvard speeds are dependent upon the gross weight. The loads azting
on the duct have teen riven in equation form, and the weirht can bte
estimated. Equations for the propeller thrust have also teen given,
but most propeller weirht equations involve terms contsiniug b and AF;
therefore the ducted propeller has teen analyzed to facilitate cal-
culation of the quantity b x Ar.
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|
{ J
| [ |
G 3 g . x 1.0
Assune Constant Slope
105 1.0 q,. 1.0
e O oa - B {f X ¢ dx
‘}.3 0.3
e = n(x - .3 + 3‘_3 vhere m = slope = —%—3—_%

D16 AF(10)

16D(AF) (10)

16D(AF) (10)

CONFIDWLwIUTIAL

n=1,0l3 (Cl.f) - 3.3)

.‘r‘ l.')\t
= ( x3 [m - o3m + ’1.3] x

\I.)
1.0 1.0
r mf x" dx +( (0.3 - 3m) x> dx
-3 "3
1.0 1.0
m_5 ] X
= X + (C - .3(’1) T
B 3 3 g
=”‘(1-.F)+ (€ 5= m) (- .39
5 SRS B .
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16(10)™" D(AF)

AF =

|
a' =
CI' =
cp *
Cr- =
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01 4():': ® Wil : v -, ,‘h,r'ﬁ
oJ

- 01 :‘i:' * ol ‘f COJ !'UL mes [, .3(:1. - ‘.})
- 01‘ Vl. o 01' 96.} *r . “:'.‘
™ .1"’ ,)Cl. ., 41"‘.
~ ..\H}‘( . :“.,) * ':.})
0691 S [ con
“ep (1007 (259 5+ € )
4. 31(10)°
—===5—= (2.5% 0+ C3)
m(l + f) psin gp N, CL
L —— N = '
ACL 1 : but m n c.o 4 Ad a
E 2 r
2r n(1 + 1) ; V2
_C—L‘h_— SN P, and y = T
v Vs5R
’n 2 . _ 2n o Y& Qe A _
CLb(1+f)?.-Slndr-CL}‘(1+f)VT—SLLDr = =
2unVs (1 +£) D o 2V,
L o V7 sin g, and sin g, = 2 St
Vo £ )+ Vn© ‘
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A typicnl curve ottained from cquation ( .O1) is shown on Fi~cre 7.

CONTRCL MCIENT

Wher » ducted proneller is placed in a flov field witn the rroreller
axis pnrallel to .he flow, the rropeller thrust is acting alonr the
arxis, and .te duct forces form a con:, the apex of which is on the
propeller axis sore distance above the duct lip. . hen the axis ef

the ducted nropeller is at some anrle with respect to the free strean.
the oropeller thrust continues to act alens the axis of rota*tion. but
the apex of the cone form:d by the duct forces moves upstream. The
apex of this cone will continue to move upstream until the anele be-
tuveen the propeller axis and free strean reaches 9C .cerees; as the
cngle is increased, Lhe apex ot the ccone will move tack until it arain
lies on the axis of rotation of the propeller at 1 0 derrees, The
platform maintains an equilibrium of forces by tilting the axis of
rotation of the propeller into the free stream velocity and the ceiter
of aerodynamic forces is continually cnangirg as the free stream velocity
1s increased. The center of gravity of the entire mass can be moved,
vithin limits, vy tac operator while in flirht. Howcver, when the mac:
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of the pilot is small compared to the total mass, the distance through
which the total center of gravity can be moved diminishes, and insuf-
ficient control results, The duct produces approximately one hal! of
the total lift; therefore, if the total lift remains constant, but the
diameter of the duct is increased, the moment arm and thus tne moment
will increase and again insufficient control results. The necessity
of additional control furces is obvious. Several methods have tcen
considered and are included in this report.

The method used to calculate the performance of a ducted propeller
outlined in Appendix II of this report has been superseded by this
report. However, the differences are small and the description of
the forces and moments are not affecteds As indicated, the use of
duct exit puide vanes for creating nose down pitching moments are

not advisable, unless exceptiorally large distances between the exit
vanes and C.G, location are possitle, The maximum moment obtainable
from a means of propeller tip clearance control (sce Appendix II)
such as boundary layer removal at the blade tip, can quickliy te esti-
mated,

If the test data shown in Fipure 6 of this report can be extrapolated,
a tip clearance to diameter ratio of .00S will decrease the duct
thrust 16.5 percent., The model 1031-A has a duct thrust of apnroxi-
mately 250 1bs.; therefore the loss due to this tip clearance is lj1.3
lbs. If it is assumed that the clearance is reduced to zero over one
half the duct, an additional force of 20.6 1lts. would be created, and
the moment arm would te aporoximately «7R = 1.75'. The maximum moment
would be 36 ft-lbs. The propeller tip clearance should bte kept at a
minimum value to minimize losses, but any attempt to cause a cyclic
variation in tip clearance to produce a control moment will be non--
rewarding.

The third means of producing a control moment, discussed in Appendix
II, and also in Appendix IX of this report, has to do with the control
of the duct lip forczs through the boundary layer. The natural circu-
lation due to a differential 1lift would probably not reduce the moment
to a large degree. If a powered system were used to direct the flow
field, the moment would be significantly reduced and at the same time

additional 1lift would be produced. This appears to be a promising means

of reducing the moment to the point where kinesthetic control would be
adequate.,

An analysis has been presented, Appendix III of this report, which indi-

cates promising values of moment obtained from duct inlet lip vanes.
This information is believed to be misleading in that the forces cal-
culated would be cancelled by opposite forces originating due o the
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interference between thic lip nnd vane. The calcilated zarust, assum-
{rz 1C0 pereent inlet drffuser efficlency, $novs vers ¢oo1 aprecmen
with test data. Thercfore, additional inlet gulle vanes carzot (==
prove the perforeance o the inlet hfrfuser %0 a laree excony, am

ne moment calrulated =uct b in ersce,

A cyclic piten chanpe car te effected Ly changunpe the inflow diresiion.

Tids means of producinz a ;itening .oment was investipated, Aspendix V of

this report, ard found crpatle of uroavcing arnroximately one tenth

of the required morsnt with eusentialiy rno loss in performance., I1°
would be necessary te increave tne propeller curenpth, but Luls tyre

of system should show pocd reifabilic: due to simplicity of the mechan-
18i%,

CONCLUSICN

-

The maxinum nose down pitching moment developed ¢ the control ]
Jiscussed are of the oraer of ) perient of tae total :.05¢ up mome
For this rcason, it veuld appoar that attempts o desrease the nopco
by chanres in 1ip conficuraticn sony Ve more recardine than atiew
to overpower the note un ncrwit. Tre porarad tounzars layer wouala
arpexr Lo Lows the greavest oesoitality ¢l controllins the roment in
that {t cap b oused either o . crvase or decrense the norent by uov
ing vn Lne S:oll quantity of arr v fhia the rourdary laver, vhich i,
v alters the wntire low 1f1eld.
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COMPARISON OF THEQ:G.TICAL AND EXP-RIVENTAL DATA
FOR MILLER MODEL 1031-a PLATFORM

The detailed analysis found in Section L of Hiller Report Yo, S6-108
has produced the relation betweer Lip spch and exit velocity.

')
v% g i2avi [c Ce + 1.] - %J Equation .02
alery ey o« fpe Ba@ - omr6
c, =S e ®a@ - 9

LJ ry2
¢y = J ¢ (0% (E) = 00385

2
= P‘h\Z Vo 2 ., Vo
Wty fo\w) LA

2
L(Cy + C3) A A?
G5 = = 2} — -
abRC,Z \ Ay 3.168

Constants Cy, Cp, and C3 vere integrated graphically.

The simultaneous solution of tquations (L.02 and 2.07) of Report io. S6-108
allous the computation of propeller efficiency, power required, etc.

To do this it is necessary to use onl:* the hover tip speed from test

data. This analysis, then, is functionally independent of the test

data, and is numerically dependent onlv upon this one value.

L., 30y oo k2, R ‘
s l+-ﬂ V-S-K T I + T, Equation (2.07)

This was calculated over the range of VO/V from O to .7 which is well
over the maximum forward velocity attainable. The value varied only
from 1,240 at hover to 1.219 at high speed; the value at hover may be
taken over the entire ranre, ~iving a small margin of surplus efficiency
in the upper speed ranges.
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c1DENTIAL

The power required may be written {u the forms

oA v53 Vo\2 P A v53 )
P.'i L Wﬂp le+f - v-t: ]' W—Y‘P vh

Yalues of C; and V¢ at hover (V. obtained :rom the :romentur, equation)
were sutsbikuted as$ a cross chelk, yielding a value ejual tc the
available power. To determine the ranre of VS, Vr, and available
iorsepower, the assumed fPM vas increzsed fror 3”g0 20 310, ‘When
the correspending values were substituted, it was found that sha
poer required decreased with increasing Vg, In this range, the
tern X - (VQ/VETZ_FdﬁE;Sls in spite of the fact that Vg is cubad,
Tnis means thal not even tnis srall increase in availafle souer can
te atsorbed, and this, in turn, shovs that <he norsenuwer and APH
are constant rerardless of the value of Y in the operating ranee.

Y

Experirental data definitely confirms thnis.

The qualitative interpretation cf th se data is that, as torward
speed increases, iore and morc thrust iz shifted Crom the nroncller
Lo the duct. Firure 1 shows the nrodicted decrease in nower required;
Liis curve appearad as the D/L = 0, 1 + £ = 1,2 curve of Fieure 2,
Hiller teport No.S6-108 . Durinc the itk tests, aouever, the pover
125 not allowea to decrease. As should he expected, ihe prooeller
produced a Vg -~reater than that requirad for lift. In Fipure 7 of
Hiller deport 670,2 the 1ift curve tor drag-thrust equilitriun re-
flects the decrease in nover required for cauilibrium, having the
peak lirt iust short of' the bucket of tihe nower curve and decrcasing
to 1lift% equilibrium arain just short of required power equal to hover
CCWer.

The test data contain 1lift, thrust, and thrust equilibrium curves for
full vower. A curve of V;/VT versis VO/V5 has already been calcu-
lat>d. lNow it is possible to draw a curve of Vg versus V, since Vp
is a constant for full pover operation. This is done in Firure 2,

The forces on the platform may be found by momentum theory.

L

"

pA V52 cos a

T p A Vs (VS sina - Vq)
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These curves are plotted in Figures 3 and L. EZxperimental curvecs
ray be found in Figures 7 and 8, Hiller deport lo. 670.2.

A thrust equilibrium curve may 'e drawn in wo ways. First, the
thrust equation may be equated o zero, reducing the condition of
equilibrium to:

Vs sinag = VO

This curve is plotted in Firure S. As a check, a cross piot of the
intersection of erch thrust curve with the V- axis rnay te used,
These points deviated by a small arount, con’.:ming the calculations.
leading to the 11+t and tnrust curvas,

The condition describ>d4 above docs rot constitute a true equilitriun
since the vertical fcrces are not talanced, In fact, no such egui-
lidbrium is possible at full nower cxcept at a sinple V, already ex-
cluded b+ otier linitation and, of course, at hover. =zauilitrium can
veeur only alons the (3HP)v/(#iP):y curve of Fieure 1, I% is nore
easily and directly don: by simnly cqurting forces. Tais curve also
app:ars in Fiwure 5.

In order to check tne propeller operation, it is necessarv Lo cormar:
p ! ’ A .
the .iesimm and test values for Vg, Vo, 7, and Py.

Desipn [est Lrror
v(; 11207 l't./S(.‘c. 11‘;. ft./SCC. :;
Vo 112.7 » 110.5 7 o
V-T -77-,)—_’.—- = ,159] 57T = ,103 o W5
i a3 1k, v00 1b. 3.5%

No direct and definite information as to either power available or
power actually expended is available. However, the design estimation
of nower required left but a small margin from the maximum output of
the engines. Therefore, since the expected \’5 and T were ohtained
at. full porer, the estimnation was reasonably pood.

It is safe to conclude that the propeller was properly desismed, for
a 5lirhtly larrer than predicted anount of pover vas absorbed produc-
ing the predicted tarust.
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‘ I. DISCUSSION:

; Before the merits or cisadvantages o! a control systom can te dotormined, it
is necessary to understand how the vasic forces produce lift ane thrust,
Figure 1 shows these forces in novering ana lorward {lipnt, and the accormpanying
diagrams illustrate how Hiller Report 120,5 is used to calcula®e the net force

! (Fg) and its direction. If tnis rmetnod is applied correctly, very good agreement
between theory and test results are obtaineds The assumptions essential to
apply this theory to cucts at forward speed ana angle ol attack ares

l. The net force is in a direction opposite to the flow inrougn the ducte

2. The direction of the {low tarourh the duct is wne vector sum ol tne
free stream velocity and a vector (X) parallel to the duct axis.

[ e ch M et

Je The magnitude of the vector (X) is tne vector sum ol the Iree sirean
A | velocity (Vo) and the duct exit velocity (Vg)e

»' Returnirg now to Figure 1, first, we must define tne terms usede

! Fo Net Aerodynamic Force
g' Fo Control Force
. l L (Vertical) Component of F
| } T Horizontal Component of F i
L ¢! Gross Weight i
8 v Induced Velocity
Vo Free Stream Velocity
Vg Duct Exit Velocity
P A Point on the q, of the Duct
{ Ma Aerodynamic Moment ‘
‘ ' Mo Control Moment
a Duct Angle of Attack (Figure 16)
| é (Angle of) Inclination of the Net Thrust (FG)
B Angle Between the Vectors X and Vg

f o
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I. DISCUSSION (Continued) |

It will be noted from Pigure 1, (c) and (d), that a platform hovering in still
air sudbjected to a gust vill develop a drag force in the direction of the gust
and simultanecusly a variation in 1ift along the duct lip, creating a moment
Mg which rotates the duct and tips the vector Fgj because there is only a small
translation (Vo ® 0) § 8 a and a force T ¢ D is produced in the direction .
of the gust. The translation velocity is increased, but the moment M, will not i
vanish until the translation velocity reaches the velocity of the gust. At
this point Mg = O, but there is no restoring moment. However, if the
translation velocity exceeds the gust velocity a restoring mcment will develop
which will stabilise the platform approximately at the speed of the gust if
sufficient time is allowed.

Now that the direction of the serodynamic forces can be found, it is possible
to see hov a platfora may be controlled by a shift in the center of gravity,
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I. DISCUSSION (Continued)

Pigure 2(a) shows a hovering platform; all forces are in equilibrium, and no
momsnt exists. In Pigure 2(b) the c.g. has suddenly been displaced, and &
moment appears due to the shift in weight with no corresponding shift in 1lift,.
If this cege position is maintained, the velocity is increased, and the lift

on the leading duct 1lip becomes sufficiently larger than that on the trailing
edge to produce an ssrodynamic moment equal to the weight moment. At this
point, the thrust vector (Fy) is inclined at the angle § and Fg sin § = drag.
The entire system is in equilibrium, FPigure 2(c). If the c.ge is returned to
its original position, Pigure 2(d), the aerodynamic moment restores the platform
to the horisontal position, and § decreases to sero; thus the thrust (Fg)

1s again equal to the weight and equilibrium is again attained as in Migure 2(a).

Now let's examine the platform with exit vane control.
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In Figure 3(a), the situation is the same as in Figure 2(a). In Figure 3(b),

the operator has initiated a force intended to roll the machine clockwise, btut

in 80 doing he has created an unbalanced control force Fp, which starts to move
the platform backward. If a constant control setting is maintained, the entire
machine will rotate so that # increases, and a component of thrust overcomes the
control force and forward motion is initiated. Eventually, an equilibrium point
will be found, Figure 3(c), where the control moment and aerodynamic moment are of
oequal magnitude but opposite in direction, and at the same time the control force
and drag are equal and opposite to the thrust (T) and Fg is still sufficient to
maintain a 1ift force equal to the weight,
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DISCUSSIUN (Continued)

shen the controls are revturned to neutral, there is an aerodynazic moment
tending to return the platform to the upright position, but tne balance of
the horizontal forces has veon cestroyed, and the tnrust is greater than the
drag, Figure 3(d), and tie platform will accelerate. If the controls are
maintained, the macnhine will begin to decrease its angle of attack. # and
consequently T will reduce, and again it will return to a balanced position,
Figure 3(a).

If we examine rigure 3(c) in lignt of the test results of the present platform,
we find that the control moment is very large. Hiller Heport 5LS.91 indicates
an equilibrium at approximately 25 degree tilt argle and 30 knots forward speed.
The moment that must be overcome is 380 footepourds. If we assume that the exit
fins are located 3.8 feet below the cege, Fg, Fifure 3(c) has a magnitude of 100
poundss Now T ® Fo ¢ D for equilibrium. Tnis adaitional 100 pounds must come
from Fg; therefore the tilt angle must increase considerably as well as the
magnitude of Fg. Therefore, the forward speed for any tilt angle will decrease,
and consequently the maximun forward speed will be reducea by a considerable
amount .

The larger the distance between the c.g. ana the control {in, the smaller Ffp
required to overcome the moment, ror instanoce, ii' the distance between the c.ge
and control fin were 10 feet, Fg would be 38 pounds or about twice as large as
the drag force De

In practice when the control force is applied ana the machine commences to respond
in the opposite direction, more control is applied and by this time the angular
acceleration has produced sufficient tilt angle so that the norizontal component
of Fg, that is T, nas bLecome predominant and forwarua motion is increasing. The
reaction is to decrease the vane deflection which increases T-(Fc + D) and the
forward acceleration increases. In brief, though rot unstable, it is a difficult
means of controle

METHODS O CONTROLs

If spoilers are used to control the platform, a control force will be associated
with a adecrease in thruste If suction is applied to the duct lip, a stable

machine results with the opposite effect on required power as the spoiler; however,
the tendency to follow a gust is not alleviatede.

How, then, can a platform be controlled satisfactorily?

A plenum chamber connected to the duct lip and vented through the lip will reduce
its natural stability as will be shown. Fipure l(a) shows the hovering ducte.
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11, METHODS Of CONTROL (Continved)

There is no flow because all portions of the duct are lifting uniformly. When
the duct is subjected to a gust or forward flight, as in Figure L(b), the
velocity over the duct lip increases on the up stream side and decreases on
the opposite side. A relatively high pressure will develop on the side with
the low velocity, while reduced pressure will prevail on the upwind side.
Thus a flow will be developed in the plenum chamber from the high to the low
pressure sides The boundary layer will be forced into the plenum chamber on
the side where the velocity is V - Vg and the low energy air will be forced
into the boundary layer on the opposite sides This will tend to neutralize
the 1ift and moment; however, there will always be a restoring moment, which
is less than the non-vented platform.

This, then, is not a means of control but rather a means of reducing the sta=
bility. The control force need not be as large with the vented lip, but exit
vanes below the c.ge will still produce undesirable forces. Therefore, a
spoiler or other means must be employed to produce the control force or moment.
If vanes are desirable, they must be placed in a stream of high energy air,

both in hovering and forward flight. Vanes placed above the c.g. in the inlet
stream would produce both a favorable force and moment but would probably be
ineffective in hover due to the low velocity. If vanes are placed in the vi=-
cinity of the duct lip, the vane on the down wind side can be used to produce
additional lift and a desirable moment at low forward speeds. At high forward
speeds the velocity over the down stream lip is insufficient to produce the
necessary lift; therefore, a vane on the leading duct lip must produce the same
moment and force change as spoilers. We find ourselves reverting to c.g. change
or boundary layer control for the control force, if we do not wish to accept a
means of reducing lift, such as, spoilers. The change in c.g. location is good,
and with a vented lip should give adequate control. Boundary layer control with
the vented lip should be adequate, but the vented lip is in reality a boundary
layer control, and at high forward flight speeds where Vg &Pproaches V, suction
on the rearward lip would become ineffective.

CONFIDENTIAL

e ———————————




P e et B o

CONFIDENTIAL Airborne Platform Progress
Report, March
Appendix I
Page 6
II. METHODS OF CONTROL (Continued)
It 4s known that the propellsr tip clearance is quite critical in producing
duct lift. This, then, is a possidle means of con'gl. 5
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FIGURE 5

Figure 5(a) shows what 1s happening at the propeller tip. The higher pressure
air at the down stream side flows over the blade tip, causing separation ahead

of the propeller. Figure 5(b) shows possibilitiss of local control, which would
cause a cyclic 1ift, The first method may not be possible, due to the bending of
the blade, but, if possible, should result in a smaller quantity of air to be re=-
moved. The duct lip is an extremely handy source of low pressure, which could

be used to supply the suction. This could be accomplished with only a small over-
all loss in thrust, because the duct lip thrust is reduced but the propeller
thrust is increased.
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lntroduction

Ar. irle! cuide vane contrel Las twen Svovestes as a means of
platrorn contrul. The vane would te located in toe viciniey of
e duct lip, either on the orward side, the rearward side, cor
voth. If toth fore and aft vanes are used, tiev would act in
opposite directions; that is, the fumrard vane would cause a la-

crease in 11t on the foruard duct lip and a nerative vane 1ift,
and the ~°t vane woulce ncre:se the 147U or. tne aft nortion ~f

ne cuct and nroduce a liftin~ force on the vane,

This « 1lysis :8 not intended to rive absolute valu:s, :ut an
indicrticn of tie fTorces ani the f~isibility of such a means of
sontrol, either for pust starilite or forvard flirit,

Hdower Analvsis

P e

[osts vere cenducted to dot riins: the velocity »nro¥ile 1n a ver-
tical direction atove the dast 1ine The tees v-s run 1 round
e'fect with tie duct exit ansroxirately one oot alove Lic nayed
surface. The velocities o tainud vere c uverted tc dyramic pres-
ure. (1) ~nd plotted araiisy the distance atove the lin in inches
(n), Firure 1.

Tne variition of dvnamic pro swre alonr thz swfrce ot the duz*
is saown 2 Frure 200 The values of dvnamic mie sare for a *ii:
er.sle of 09 and Toreard velocity of O “nots are nrotarly aquite
atcurate; however the values for a forvard specd of 3F knot: and
a tilt crele of 300 are semevhal in error, Jue to the ascmamtion
Lt the total poessuce is cqual to the static precsurce In
realxty, the total pressurc 1s £lichtly hirher than static; how -

ror *fe veloci ties arce prorably of the reneral order of marnitude,

The tcst resulis arc duct lip precsurc below ambient nressure,
This was ncsumed to - the same as static to total pressure i de-

teridning the values of dvnanic pressure. Actually the total nres-

sare on whe af't lin Is atove arbient as evidenced by the ract that
3 pressure of one incn of vater atove ambient wac mecasurcd =t 1 =
or the aft duct lip for the conditicns of 3f 'mols lorvard :peed
and 1 tilt ansle of 30°.

Beca iu 1 a2 vertical Jorce, that is, desired from the inld!
ulde vaney it 4 s been assum-~d that the maximmm chord is of the
order of six inches. This asuintion enables one to evaluate the
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the 1ift {rom a ~iven vane length from the cxpression:
L =CLaA

If it is further assumed tha' a 1lift :oefficient of one can te
obtained and that th¢ duct vwill contrivute an additional orce
equal to the {orce produced ty the veane, the total 1lift ‘ecomes:

If ve define yas in tee
accompanvine diarran, 3 is —
independent of y for hover.

Sircwrference = wD

m . wD
the lenrtn of th contrel vane = %0 (V) -\"1)
~

vhere ¥ is in defrees.
If the 1irt ic considered ¢ the center of the 2rea, the roment

arn can te computed.

Morent Arm = Q& cos ( 5

m
i

e moment in {oot nounds is:

‘l/a = ‘l{ ‘y') = W
Ii 1 cos (—:--7;-—1-) Lp = 22 cos (-—L—-:,-——l-> A

"’ y © Wl
diy A cos | ——m——

]
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: I In hovering flight the air enters symmetrically over both "airfoils".
LI

firure 2

| Lift, Ly, equals 1lift, Ly, and if we consider that the 1ift is

' generated by a circulation about the two airfoils, we can see that
< the fan is generating the velocity and the circulation about both
airfoils, but the circulation is in the opposite sense on each air-
foil.

PV ““E,f’\ﬂy

//_\\/

Figure 3
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INTRODUCTION
L

This is a preliminary issue of the final aerodynamic
report to be submitted in satisfaction of Phase III
of Contract Nonr-1357(00).

The present content of this report covers only the
analysis of the radial inlet vane control of pitch-
ing moment.
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SUMMARY
L]

It has been suggested that propeller inlet guide vanes, or stator
vanes, be used t» direct the induced velocity into or opposite fr-om
the direction of rotation of the propeller blade, and thus change the
angle of attack and 1ift coefficient of the propeller. This will
again change the inflow velocity and, in turn, the 1lift of the duct
1ip.

According to the analysis, an optimum configuration is reached when
the area covered by the inlet guide vanes is a circular segment of
approximately 160° on the front and another equal segment on the rear
portion of the duct. If it is assumed that the propeller inlet guide
vanes are capable of turning the flow through an angle of 25°, the mo-
ment from the propeller will be 20.6 ft.lbs, and the additional moment
will be 67.6 ft.lbs, or a total of 88.3 ft.1bs. The thrust divided by
brake horsepower in the hovering condition will be reduced by .156.

If the machine develops L75 1bs. of thrust with the consumption of 77
BHP without propeller inlet guide vanes, the addition of guide vanes
would require an increase in horsepower to 79 BHP for the same per-
formance. When the vanes are deflected to achieve 25° of turning,
the maximum blade 1ift coefficient (assumed to occur at r/R = .5)
will be increased by approximately 0.5. This increase in 1lift coef-
ficient is associated with an increase in drag coefficient. The in-
crease in brake horsepower required was calculated and found to be
negligible.
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I, MOMENT APPLIED TC THZ PROPELLER BY CHANGING THE INFLOW L[IRECTICN

~

Vo0 )

tan p* = GV meIn T

V. suunyire )

n .
tan g* - T )

but e = 237 cooe v 2 and tand 4o
max :

YV, sinl 0.
t.an é | I i oo ooy e g
' wr e V05907

but 3in(90. &) = ~o.
and ccs(90 = <) = sin-
V. 208
' e Sy e %
tan 7 se -V, sin
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Vl 8in(90+¢)
ar -—V;coﬂydof,)

tan g% o

8in(90¢ ) « cos¢

208(90 ¢ &) = .2in:

Vl cose

tn b - e

|2 -
gt - gn = Vycose [m - m]
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VaY I

& (er)?
ANd e Lia = da
d
c]" = 5,73/rad.
dc
-ﬁi (da) = ¢y

5.73(2V12 cos: sin:)
d v
1 (sr)?
11.L6 V¥ coss sine

d w

G ()
5.73 V (2s1ne cose)  5.73(V) sin2e)

G, - RV] - /]
(sr) ()

L= Cahyage

1 42
9+ 7P Vhiage
2 2 2
vblade " ‘o + (er)

AL =

Vl2 cost 2sine: 2 \Il2 cos: sing

5.73 V12 sin2¢
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()

G T S e e b bee)

§

$0-030 ¢

s

R

. &




P e

——— — o —

—-.‘

howt atte
PeEPaBED

-

LI ¥ §
&ngcato .

-+ ]

aPPeOvED |

4. Morse b= ito  HILLER HELICOPTERS

PRELIMINARY AERODYNAMIC AMALYSIS

raE
! 6

“00¢L.
}

| scpoevmo | 119

101314

CONFIDENTIAL

If radial inlet guide vanes extending
from the duct to the hub are used, a
relatively large blade area experiences
the new angle of attack instantaneously;
therefore, it has been suggested that
vaes extending from the circumference

¢ & chord Zine be used.

Tha areaa of the blade experiencing the
changed angle of attack will vary with
agimuth position.

{ = length of blade influenced
by vanes.

siny = S22

R cos®

“siny

Rel =

'« R( 1..C0%8
¢ R<;‘ siny >

BuAl -
u ohao W +th| =
A ade cherd{C){iength; = C ¢
»
: cosh
4p = CR (l - sinV)
R
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2 -
Now: AN A 2.865 vl p sin2e(CR) v ~ (Qr)2 ] 1- cosQ
(ar) _ oIy
[
At ¥ = 0; r=R ~
™
\r ~~
and at y = 90°; r = Rcoso | | \\,
X B
~(R-%G-6)e - RN O ——
The average value of r should S R e
be closer to R than to R coe@. R : o

For simplification, assume that the average value of r is obtained
2/3 of the way between Rcosé and R.

2 2 R
e Rcos® + T (R-Rcos@) = 3 R+ 3 cos®
e 3» (2 + cose)

X = % (2 + cose)

2
and (ga.ﬁ)?., sa_g_ (2 + cose )
2
S —
-73-‘-’— ( f (2 + cosO)

The blade chord decreases linearly with radius from R = r to LR -

r/R = 1.0, c = .2 ft,
r/R = .l C = ,3182 ft,
'0. c > m IR-" + b

Evaluating the constants,

,397[1 . 1653(2 + coso)] . 2657(1 . 2075 -0s0)
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but Fay * § (2 ¢ 2080)

r—
e -;1 . % (2 & ~080)
and C = .357[1-.2653(2 4 2050) = .2657(1- ,2L75 cos0)

The moment arm (h) is the distance from the center of 1ift (2L)
the axis ¥ » 0, y = 180°. If the zenter of 1ift (/L) is aseumed *>
be 1/3 of the distance / from the tip;

Rcoso + 2/3¢ siny
. co%9°
RK; - m)

>
[ ]

but {

-

=
2 7y cose
h-R' . -
o 0 3oty 1-525)
=
-R:coso+gsinv-3-cosoJ
R| 1
h = = |ens6 + 2 siny '
c J

r4

p4
V. 3V
but < £_> E( 9;

VAN R !
b s Ty © &??R_ ool
(2 +cusd)

~ 2 ) 2
DO7BQVL )v : s/ 2 A ¢ el
.l. 1\ Sln?.f, l"‘»’\ S&R) (.2 + Cf)so)‘_ f\ -l . P24 7
N
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but ¢ ® «2657(1 - ,2L75 co0)

ALR) » AX and h e g |c0804 2 stny

(2 +cosd)

Constants:
i 283\%—%\ - 273

p = ,002378
V., = 313

R« 2.0

AM = 11_____78731n2 (.L 2.013(2 + coc0) -l(l 24752050 (cog6 + T3l rw‘]
(2+ coso) ]
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cosy .

" alny’

v 50 \
sm\y

OM = 25169\11 )—-!—mz—'-!tlo(;% 8(20 ¢:os°)2 V(l-.?h?Scon)(wsO»?s:nv)

60-030 €

T o




|}
Vi
) 171} 4 =8IVl
i 1 s I e HILLER HELICOPTERS [sot
cHEcuneo TNe “o0EL
L . o :U‘slk
PRELIMINARY AERODYNAMIC ANALYSIS
A APPROVED REPORTY MO | . 9
CONFIDEBNTIAL
FRISIILER  MIONENT
1
{ 0
i MAONMENT K Siv e FTa /
| 5 3¢
. 1 X
] [ ]
- /
: {
' 20
\ b }
"
I‘ i
! ~
! v
' 7
O
Q /O /
|
¢
g 40 80 129 160 259
26 ~ DEGRZEES
-
.3 ’ ! PROCICLER
' 8‘ AA’..: \TAf -
l “
2 /7
< e
P
)
(|
2
S
) S
I o /0 20 20 40 50
E ~ DFEGRETS
l CONFIDENTIAL
o 60028




e em— -

) 4

7t hoMorse  e-15-%  HILLER HELICOPTERS = 10
CnEcsto LS “o0e 1031A
- + . 4 . o . p— —
—, PRELIMINARY AERODYNAMIC ANALYSTS [ceromrwe 1149

CONFIDENTIAL

II. ADDITIONAL MOMENT DUE T0 INCREASED VELOCITY ON THE DUCT LIP

L v Cqpiy

L = (Py = Py)iyy

Now:
P-pl = Pl +q

but Py = Pp =P,

0.0 (Po L Pl) = ql
but p AV

= const.

p = const.;

iy P

and qwake = Q
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c.o (pz s Pl) - CLqR r—-—

V4 \
Avlade l I
di sk v : |
CLAME _  —————

i\ !

| ~_

i v

| ~~— - i

| L

v Y SN (. =
A = const.; V = const.

* P2 t 9 y I:wake + qwake

P2 = Po
C AbZLade
ql L°R :disk
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Aolade
but y g =0
disk
2 b4 2 2 2
Vl-cLVRo but.VR-(aa‘)ovl
o- -
v wco ) evl v golir) v o v)

s GO (Sa')2

R

C,
The blade chord, C, = C.B-\'—B-mﬁ> (r - .3R)

QB - L2757, C, = .200, +TSR = 1,75, .3R w .75

|2?5- .200

C=.,275 --'\_'1‘,71;‘">(1'° .75) = .275- .0L268r + .0321

If one rotor disk is used.

Yag . 2
Vl iy 1 . V) ® 7
(C-—-ll' f-—-‘-—-15“
LO \\ACLO /
AV ' s
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Because of inlet losses and boundary layer effects, the V

from tha equation does not agree with test data., The clo&o
point is about 7" above the blade tip,

We are interested in the change
the tip radius we are to consider

A 5.73% r V, sin2e |
® —=——1 - cos- 2 >
LT L |

Assume V) = 110 ft/sec., R 683 and R 2,5 ¢,

683
AV = = 128

L1 - cos ¥.1025 stnz ) ~ l_r

The duct 1ift LD “ 4PA, where _'P = Pp -~ P

Moment arm = ’:(R’r b)+ (R+ b)cosO—l'ﬁ— \ A

2- ? v _} -~ \
b=8"= 70 R =251 g
A= ,06550 (6 in degrees)

Moment arm = 1,,375(1 + cose)

CONFIDENTIAL

It will be necessary to use
no change in boundary _ayer
rease in inlet velocity,

lCL 5.73V1 ' Vl sin2c | from determinatior
"7*11-608:3-;5—— of maximum tlade
.’r | - — lift Coeffiu.eu'..

in inflow over the duct lip, .°. it e

and P'I' =P +q -
o.c P - P = = P ‘:‘ )
T EE v L
,/ \ -
7 . /K
A= (gEm)(o)() = T80 | g / .
!

obtained
st test
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vy sin(90+¢)

" T- Vlcos\90 +&)

tand - da

\
Vl sin(90 + €) Vl

. =da -tmd‘da-md-Sa--Vlcos(90+€)-§r-

<3

3 Vlsin( 90 + <)

IIT, CHANGE IN PROPELLER BLADE LIFT COEFFICIENT

Vl sin(90 + &)

d I = - Xl."
a x| Sr »Vlcos(90+ ) @r v,

(%

\
ﬂv_l_ ,(1 sin (90+ )
Qr 1 R v 3
’ [E—— al .
11~ cos(50 + L)_J )
but sin(90 3 ¢) = +cos¢
and cos(90 % £) = 3sin:
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The maximum change

but
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e "B da\gg. 9
C. 73V
1 coS ¢
W =~ —= 1 - v 3
\115— sin¢
Ul
Geine << 1
5,73V, | v il
1 , 1 A\
dCL' o Ll-cos;(lggsinc/
. -
.73 | v |
ch - 1-cos: % T sin 26,_J

in C, will be at the radius where Vy/ur is a maximum;

ISP -
1T TL I
C.o

L
b
Qr ('T'—T/
—_— .. ]
CLU
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At r/R = .5, C reaches a maximm value of CLS - .76.

é)' T o Ty " 368
AR (8.92-1F

ch e 5,73(.365) ':1 - cosg % -3!6-2 sin 2(:)
and CL + ch - 1.2'“x

ch L 1.2 = o7b - ohllmu

Ll = 5.73(.365) i~ cose * 1825 mza}
/
.210% -\1 - cos: * ,182¢ sin2e>

-.7895 a .cos: * ,1825 sin2 4
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OF PROPELLER INLET GUIDE VANES
b ——

7 S
7 /
/ y ’ y
/ // % B
k - /
L= CLqu

L«F and Ag=ch

F = WgdVe=Wpg V, sine

W 2 2 :

z Visine = pV) Apsine = pV) [hsine
CL .2

CLQAS - 5 le ch

0L 2 2
2 pV; ch = oV {h sing

l ] CLC
2 SIHE

1.
c 2 sint
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The total vane area required can be found from the force produced.
2 .2

DVI D"sin .. sin 20 \
D A
2
but FelL e CL—DV%._A-S.
. D sine / sin20

S - G

This is the vane area required when the maximum C[, and sin:¢ are used.
To this the supporting strut will have to be added, which has a length

of LRsin@. 1If a chord length for the supporting strut of L/12 foot is
assumed:

2
. D sin. /. sin26
l\s ‘q \0' 7 ) + 10333 R smg

ChA C.A
At D« Dy
nD /U R
AL = m ’ 9 sin26 1.333 Cpsine
CLn -7 ) —_'R—_
Af = li | sin ¢ /g 8in26\ | .33L sing
T l_ ¢, U7/
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From Hiller Report 120.5 and the condition of gero forward speed.
p -

W (lef)

918?:\%!
VD' S

Po \A
0'
P \ B 1 1 -
and A =26,6 -
b T ety (Qeg)
but 1+, = 1,05 and (1+r2) o (1¢ fl+At)

.. fl and f2 < 1.0

[ Po \,{bCD —sin= sin29\\ 33 ‘]
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Constants used:
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Ny sine¢
L\fp - ‘02665 [—-C'L—‘

4" = .75

'D - 2900

P,/T, = L.075

% = ,015 + interference
= ,028

Clpay = 110

/
ko-ﬂ‘;-z—o- - .03% sme]

/
Alp = =225 stz 0- gn_}g) - .0356 sing
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v. INCREASE IN FARASITE FOWER DUE 70 DZFLECTION CF

PROPELLER INLET GUIDE VANES
R M. SR

. J 3
Pl TI00

There is a change in drag coefficient associated with the change in
lift coefficient.

d
2 | dc, 4G
090-60462% dar' a '5.73

5., d
, B

: 5, 4ty \
s s —m— T S 73

3
oAF o] V K 2
drhp = ——Em— (.9125 x 10 d"L )

From the determination of the blade 1ift coefficient -

5.73 [ vy
dCL = o l-cosg,imsin 2¢
[ -
£.73 1 o
= 4—1_._.__ 1\ l-cose:tz/ I n 8in2s |
et L for: J
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2

32.85
ch B cm———

1
Ll

OAn P V¥

Constants: (existin~ platform)

e
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- i [ ] .:
o 1578 CL“ S
b = 17,22 X - 1.0°

. 2.378(10° - 1 1) e 11.33
V'r e 683 VT3 » 3,155 (108)

2
sin 2¢
d(l‘hp) = 12,13 l‘l-COSé b 4 m—]

- =2

l-coof oin 2: |
2 -1}

Co ™"/

2,85 [ L )
" > 4= CO .-7-T—'—
!\ =1 | 2\313-1
- coor &
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