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SUMIIARY

A study is presented of ground effect as applied to
the lifting airscrew of the type used in modern gyroplanecs
and helicopters., The mathematical analysis of thc prob-
lem has been verified by tests made of thrco rotor models
in the prescnce of a large circular "ground plane," A
method of approximating the decelerating effect during
vertical approach to the ground has been devised, The re-—
sults of the study are prescnted in the form of conven-
fent charts.,

INTRODUCTION

Proximity to the ground has a pronounced effect on
the aerodynamic characteristics of the lifting airscrew.
Ground effect is therefore of importance in the study of
the landing and the take-off qualities of gyroplanes and
helicopters., No comprehensive attack on this problem has
thus far been found by the writers although it has been
mentioned occasfonally in the literature (references 1, 2,
and 3), and an approximate mathematical analysis has been
made by Betz (reference 4).

The investigation described in this report was under-
taken to obtain a general solution of the problem of
ground effect on the 1lifting airscrew. It constitutes a
portion of a broad program of research on the lifting
airscrew that was instituted several ycars ago at the
Georgia School of Technology.

The investigation consisted of a mathematical analysis
o sgpotnd effect the,validity of which wasg 'verified by
tests of three lifting airscrew models operating in proxim-
ity to a large, circular ground plane, 4 method of approx—
imating the decelerating effect on a lifting rotor during
vertical approach to the ground was also devised and is
presented in the appendix,
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The present investigation was conducted by the staff
of the Guggenhcim Aeronautics Division of the State En-
gineering Exporimont Station and has beoen financed in part
by the National Advisory Committece for Acronautics. Theo
writers wish to acknowledge the valuable aid of Messrs.

R. H. Fagan and L, I. Turner in conducting the model tests,
and the oxcellent work of Mr. W. €. Slocum in constructing
the models and ground planc.

MATHEMATICAL ANALYSIS

/

In the approach to the problem of ground effect from
the mathematical standpoint, it was decided that applicae
tion of the reflection method to the static-thrust analysis
as developed in reference 5 offered the greatest possibil-
ities., The complexity of the mathematical analysis made
expedient the following assumptions:

1, The number of blades could be taken as Infind tes

2. The usual angle approximations could be made

because all angles associated with the induced
velocity werc small,

3. Rotational and radial components of velocity and
tip effects could be neglected.

4. The slipstream contraction could bec neglected.

These assumptions arec now generally used in lifting-
alrscrew analyses., It was discovered, however, that the
principle of the aerodynamic independence of blade clc-
ments (reference 5) is no longer valid whon the airscrow
is near the ground; hcnce an exact general solution for
ground effect is practiecally impossible. An approximate
solution was reached by the expedient of specifying, for
analytical purposes, that the circulation along the air-
screw blades be constant, that is, independent of both the
radius and the distance above the ground,

If the rotating blades are twisted in such a manner
as to keep the circulation along then constant, there are
tralling vortices only at the tips and the roots of the
blades. For a rotor with infinitely many blades, the
trailing tip vortices form a cylindrical sheet of vortic-
ity of strength k per unit length,
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When the rotor is a distance % _above bhe lgreund,
the effect. may be represented by placing a sccond cylin-
drical vortecx sheet of. cqual length and strength but of
opposite direction at the end of the first cylinder as
sbown in figure 1,. The first eylinder., which is asisociated
1

s
with the actual airscrew, is thus mirrored by the second.

Indﬁced Velocity

In reference 5 it was shown that the axial induced
velocity at a point due to a cylindrical vortex sheet was
1 dr
i 4w dZ
suibtended by -the ends of the eylinder, Thus, for a -point
P (fig, 1) the induced velocity in the Z-dircctionm due to

equal to times the difference din the soldd angles

ewiiendiee - A8 Ts. 0 0
(
wp = (21 = &) —
A 4y
k = 4L
dZ
where
& elxculation -
o solid angle at P subtendod by ground trace of rotor
Thist dindineed wveloed by duwel to eyldndey B is
3 k
wszu((x-.B)-—-—
4T
where P 1s the solid angle at P subtended by the re-
fection of the rToteor.  Adding thesc two veloeitiecs, the
iafueed velocity in the Z-~dircetion at point. P 1is fougnd
e be
i > %
W = W 2T = 2 e =
: Lt

it iide = = /R, 1 = 3[R,
grals for these solid anglos,
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0n reducing these elliptic intesrals to standard fornm,
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Do B e el 4x ) 1
L e XN ey
L1+ x> W V/QB + (1+x)2 J
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where ¥ gnd II are conplete elliptic integrals of the
first and the third kinds, respectively.

When the point P ds in the center of' the cylinder,
g6 IO and w reduces %o

o ase s aai-s (5

WhenwSthe polnts B dg gt the tip of the blade, E = 1%
but the expression in cquation (2) for w TDecones indeter-
ninate, Going baeck Yo eguation (1), setting =x = 1, and.
then integrating, the induced velocity at the tip becomes

k] -

2 k1 1
L R o ( > - ( ‘;~~> (4
m,/ 17+ 4 & Su./ 1 #1 LNTE

Phis expression turns out to be the result that would
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is assuncd

W dhimilnod fron: cguatden (2) 48 %£.= 1, @mpd it
co ses, 1s zero.

il
that thetindeterninate walue 0O X, which. ar i

Hor this particular indetermningte form, however, bthe
two variables involved are independent, and the indeterni-
nate forn cannot be evaluanted by the usual -nethods. Egua-
tion (4) is the value obtainéd when x approaches its
it iEirst’ and i motathe walue desired. The value re-
girvied sie obtioined when 6  approaches itis 1dnit " Eilriais
and then x approaches its liniting value; T Vs’ Vigiie! & s
different fron that obtained in equation (4).

Bn order to find, the diffepence in the twe mcthodsy
cimelder figurc l. If 1 approaches R frofh cither side,
2 is obvious bthatithe) solifh eangles e "and B are beth
continuous and approach the value they have whe B =R
On ‘the. obther hand, the solid angle of the rotor @lsK 1t
SeEtlials: 1 approackest RS from the ‘insidel, is da econstant
gndiwistiegial to" 2w, The  solfdrangle of thie rotwr disk
Weeas SEe VR 39 1 0 andy when . rt approaches RIVEron' the
ontside, the so0lid angle is zero.

Let

@;} induced wveloeity approached at tip fron inside

-

(wg) induced velocity at the tip
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Bhen, "when r = R,
) e, -'70 1
(wg) = 2222 P o
S
kK 2m - 2a + B
(wg) = - k
= i 0
(i) = B8 96 %
t ETTE .

Erom. these expressions, it . can be seen at-oence that
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(w%-) 0,25 k

(w;) = (wtj = OL25 i
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Phus, both (wt+) and (w, ) can easily be conputed by
+ :
using equation (4). Curves of (wy/k) and (wy/k) against

Z/R are given in figure 2,

When the point P i1s soncwhere between the center and
the ©lp . (0« »< 1), At 12 oxtronely tedious and d
cult to conpute the induced velocity with a high degree of
aceuracy if equation (2) is used, This difficulty is due
tol ther presence of the elliptic integral of the third kind
for which no tables are available, Thus, the exact solus~
tion is found to be of no practical wvalue,

i
I
e
!

Hethods of Approxination

Two methods of approximating the induced velocity bew
tween ‘the extreme values may be used. The first method
is to approximate the integral in equation (1) by Simpson's
rule., This method yielded a satisfactory degree of accu-
racy for wvalues of Z/R up to 2 except néar the ‘tip. 4s
X-#R, and for valueg of Z/R » 2, it was found impossis
ble to determine w with any degree of accuracy without
computing a prohibitive nunber of ordinates.

In order to obtain an expression that could be umsed
for the larger valucs of Z/R, the induced velocity was
expresscd as an infinite series of Legcendre's polynomials,

1

Let € (figz., 3) be a cireular vortex ring of strength
£y the: senter of which 18 Hakon to bec the opigin of B ayse
tem of polar coordinates. Hoto that small r in £ig. 2
is a different r than shown in fig. 1)

The potentinl at any point P due te this vortex
ring is

where  w 1 the soldd anglo subtended at P by the ring,
Il = 0, Whe polnt P . s en tho axis of the cir~
cle and

N

r
w = 2T <1 - 7_;‘5:;__—_;—_5_)
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Hence

T s
o = ;<1 % ‘“‘““—r-~——2>
i aa e 1

xpanding in ‘powers of r by the binomial.theorem,

St ok 2n
bx §O0 OEL L@;_l_éa\ (8
oy An-1 T/
el @ /n /n-1
which converges for sll 1ues o  p greaber than S " oiHasom
Eheite pesult 1t is possi b to deduce the potential at any
point in space outside a pere. whose TrTadins is. . 83

The potential sought is a solution of the equation

& ® = 0 and is symmetrical about the B-axis. The solu-
tion is therefore capable of being expressed as an infi-
nite series of %he form

(02) 2
Gt o) ol PR B LEY Nerdity (5a)
N=1 by
where the Bit's are constants angd thé Pn (cos 8) terms

are Legendre's polynomials.

QN ceis 8. =N Pn(l)

When 6 = = @ and
= £
@ & 3 B, il 851 (6)
E i
=l
When O = 0, the point P 48 on the axisynand egua~
6) must be identical. ZEquating coeffi-

fileme: (5 and
cients, solving

for the Blg, 'gnd-substituting them imn
equation (5a), :

e (o1)0+ lanel. 2n
o=0 2 === () i
A /n in=1 hd
bl o n (7)

Consider now a cylindrical vortex sheet of strength k per
unitv length, Let the length 6f the eylinder he Z and Let
the Z-axis of a roctangu¢ar set of axes be the axis of the

cylinder (fig. A Furthermore, let the near end of the
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cylinder be b wunits from the origin and let b De
greater than the radius R. ;

Consider an elementary scction of the cylinder of
loneth 4%2. Binte the stremgth . per uunit leangth is k,
k = dI'/d%Z, and the strength of the clementary section
is

=5
03

If the strength is considered to be concentrated along
the circle splitting the center of the clementary section,
the differontial of ths potontial at.the point P can be
found by using equation (7}, and

' n+1 : 2n

x @ (_l) !-;*:*‘—1 R / % =il g
QU = 5T = PR e B\ eos ban = a7

o n=i ?21- : /*1 /1._1 '\/—1’84’ < 2n\ Z

[ e A S S & a y (8)

]
; g ; ; : 2 2
The series in equation (8) converges if JFZ” $ &~ »8B
and, since b > R, the series converges over the entire
eyiinder
The potential at point ‘P "due to the entire cecylinder
is therefore

‘ But the indwced welocity in the Z-direction due to the

cylindrical vortex is

= b
3% oh ]
e
al . a3z
i 'zl+b

o

To simplify the expression for w, let

w2) = X g (—l), Lﬁ%:: / B Y B <:os tan™?t . 4
2 = g»z,r;—l -—2‘ /n...l. \Z@+a2/ o YA
Then
g b
O\/D“' \
w o= o | = (1) = ¥(zZ +b) (9)
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ilieht 1y valdidisas (liongias: b ER.

It i dmportent to note that 2t P (fig. 4) & E
equal to the difference in the potentialsg due to the two
ends of the.eylinder if -they are considered to be wvertex
rimess of strenegeth ;. k.- ‘Henee, 1t :1g clear that the dnduiced
velocity in the Z<direction at 'a point in the end of -a cyl-
indrieal vortex of length .Zy > 'R ds

W om = e (Ey) (10)

Hence, the ground effect on the induced velocity at
any point in the rotor is the differcnce between equa-
tions (10) and (9) whon both 2%, and b are replaced by
Zw . Thuls

e 2w Wl df F > R (11)

k

W e

2

Let bl E
&

G, :.a_'.

153

The first few terms of cquation (1l1) are

w o= 5-[[1 ) B (ooe 8y) = = > B, (cos 8z)
g W2 AT 8 \41%4+x°
5 . E 1 ( )
el ) B +1-2(—<-———;>P c
§ e s (Cos 62)] LA e 01

& i 2 5 ) B
-2 () mtoos 6y ¢ & () Releos o) | (12)

where
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Equation (12) was.used to compute values of w for
bo=2 cand b o= 8.

The values of w obtained by this second method of
approximation were checked against those found by the first
method. After cross-plotting and fairing, curves were ob-
tained that represent with a falr degree of accuracy the
induced velocity along the blade for various values of
Z/R. These curves are given in figure 5.

Thrust

The thrust coefficient is expressed in reference 5 by
the integral

.‘1
Cp = a, Gv/ (6~ x2 ax (13)

where (fig, 6)

a slope of 1lift curve for infinlite wing

o)
9 Fotor seliddty (Be/a®)
@ Dblade incidence
@ induced flow angle

r/R

B npumber of blades

g ehord of blades

By assunmption, the edreulagtion [ 1is constant aleng
the blade, and since for constant chord blades (reference
) "

I = 2C ag (6 -o@)Qr

o
~

= Eﬁ-ao (6 -¢) QRx

2

where ()2 1is the angular velocity of the rotor.

Thus
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(8 - CP) X = 73_(;_:,_02{_2——; = constant (14:)

Equation (13) may now be written

: 1
Cp = a, o(e - o) iq/ﬁ x dx

o
1L
== a, o(B = ) x
5 0 P
o :
Cp i
T = =5 = = a0(8, - @) = (15)

Equation (14) shows that the thrust is independent of
Z/R on the basis of the assumption that the circulation
I' is constant along the blade and independent of altitude.
The thrust can therefore be found from the thrust curves
for infinite Z/R obtained in reference 5. Thus, the
thrust coefficient may be expressed as

B =B

o (ego'~ Pg ) (16)

Q

Total Torque

The total torque cocfficient of the lifting airscrew
may be written (reference 5) as

R A +
o) og Qge QG&

Q¢ . -induced torque coefficient

il
Qo profile wariatieon tordue coeffiecient
€ :
Qo minimam pProfile torgue coefficient
& 2
(8/40%)
1) ninimum profile drag coefficient

of blades
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Profile-Variation Torque

The coefficient of profile-variation torque is defined
in referenck 5 by the integral

%

2
CQe =" g £ /qao2 (=) =x® dx

Again by using equation (4),

i
o g 2
© ol (6-p) =x x dx
Q 1 P
€ 3] .
0
ao®0¢ e
mpaed s D ssm) " xt
e
2
8 c¢ =
Qg = —— (85 = @5 )
0'€ 2 GO (¢)
=5 20F 11_\»2
~ L'O

Thus profile~variation torque is also independent of Z/R.

Induced Torque

Unlike the profile-variation torque, the induced torque
is not independent of Z/R.

In order to compute the induced torque from the induced
velocity alrecady determined, it was found expedient to de-—
rive a relation between the induced torque, the thrust, and
the induced velocity for g single finite cylindrical vortex
sheet, and then to spoecialize the rosult for the case of
the double vortex sheet representing the ground effect,

The induced velocity approached at the tip of the
blade for a finite cylindrical vortex shect

.
S

(=5
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o))
e |
S
e |
5
o

% : . (I%)

|

joF
3
i
=
TN
L3
o]
~
1

-
=
o

az Bd
where ¥
2% Wiy

Using these relations, equation (17) becomes

S0 4 W,

ol & T o il 7 A ]
W, y //u Q I‘iu\uc) = wiZ J|
i : L iy
Using this value of w,, equation (17) becomes
df o 6
= = e ngil___ (18)
dZ '(Zz‘ - W(Z,)x
v X1

Now
by

i =
; \ S da
Wil =i ;"‘r<z;\/ T "l<dﬂ)!
L e e
Using the value of aI'/dZ from equation (18)
S A | A \ 17 -
. 20r | [w(Z;) = w(Z)]x< 1) (19)
L5 | {irr 5 (- Yy &7 4 l
a4 [w(Zz) ~ w(Zy]] J
R UL Y
Now
a
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o

P:O'EO(GG-CPO—)TTREQX,

.

O-QTTQ Ra TO'

Pleecing this value of I’ in equation (19)

1/2 | 2. ) 4 Gt .
TR LT l”ml} (20

8T (w(2;) - w(2,)]

x—>1

The induced torque is given by the expression

R
Bc aod/n (6-¢) T o OF r? dr

0
R4

Qi =

~

1
/’ (6-) x @ O° x° dx

vA

Since by equation (14), (8-») x is a constant,

Be 2,

o o

- )
Qi = -g- Be ag, (€ -p) x: B / o OF x® ax

or o
a
B, = w X dx
i CIER: R
"o

Using equation (15),

3

2 T
Wi = 74 R,//‘W % dz

o]

Using the value of w found in equation (20),

1
3/2 r

T , i
Qo, = > 7172 ‘/ {Ftw<zh?~w(zl)} ) % 4=
* A/ Bﬂ[ w(Zz)-w(Zl)‘ et dx< 1) taty

Jx——1

In the case of ground effect, instead of the induced
velocity merely being proportional to the difference in the
solid angles w(Z;) and w(Z,) as in reference 5, a more
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complex relationship exists. 1In order to change equation
(21) so that it represents ground effect, replace

(wiZ.) = wiZ;)] by [w(Z/R,x)/E}#4n wheres w(Z/B,z) 1is
the function given by equation (1).

Hencey in the case of ground effect,

»\/——T 3/2 <~[_-£’X
1/2 X dx

Qo’i-:[
W'—

() - f‘ /ﬁ___)d

'~f<>93‘2>
1
Z 3/2
£ (Z2) 7
i <R>0

sShnee Wwhe thruist Hs constant.

e

Then

>)
Q
!

or

A convenient method of expressing ground effect is to
Plot the change of torque coefficient against altitude for

O
qQ
1l

the condition of constant thrust coefflc'cnt ‘fhe Wse.of
the coefflcwent (rezerence 5)
_Qvg' &= Q’O'-~ Q
= Qy, *+ Q4
1 €

gives the simplest result.

O'min
The anglysis has shown that

Bg't = .8 (%} fe e e T
3 (0] o]
and ’ ’
Ut 1L B2 2
QGO A T@.O £ 12€ TUo
How

S

e
=
1
3
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The change in torque may thus be written as

A =

and this parameter is given in figure 7 for a range of

values of TG »
o

EXPERIIENTAL DATA

In order to verify the foregoing mathematical analy-
sis, tests on three rotor models were made in the presence
of a large, circular ground plane. These tests were made
in the open throat of the Georgia School of Technology
9~foot wind tuanel,

Rotor Models

Three rotor models with two, three, and four blades,
respectively, and a diameter of 5 fecet were used. The
same models had becn employed previously in the static-
thrust tests (rofercnce 5). Each blade had the NACA 0015
profile and a chord of 2 inches from the 5-inch radius to
the tips Therc was no twist. The blades were hinged hor-
igontally at a radius of 1 inch and werc balanced about
the quarter-chord line, which intersectcd the axis of rota-
tion. The blade incidence was -adjustablo.

Test Apparatus

The method of mounting the nmodels and measuring the
forces 1s described in refercance '8, An improved drive,
however, was used in the present tests. It consisted of a
l-horsepower, thrce-phasc synchronous motor driving the
modell through gearing andg' shaftie. Fhus, the nodecl speed
was constant within small 1linits at 900 rpm beeause the
frequenecy variations in the line were negligible,
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The ground planc consisted of a disk of 1l/4=inch ply-
wiolodl, 152 feet in diameter, gen€rously-reinforeccd ‘at Hwhe back
alstgshiownrdin: fisdure 8 B was wounbed sé as ibe slilde:tonia
steel tube suspendcd by cables. A spring-opecrated pin one
gaged holes in the tube to lock the plane in pogition with
respect to the rotor, which was turned into the tunnel down-
witnd direction, as shown, . This arrangement spernititied, a»
range of distances from 0.286 1o 2420-in terms of tho robor
radius to be used. Figurc 9 shows the sct-up. with. the
threewblade rotor as vicwed from the entrance cone;oef the
tunnel, it N

The test procedure consisted of sctting the blades of
the model at a given angle using the incidence Jjig de-
scribed in reference 5., The rotor was then -nounted in the
tunnel, and the thrust and the torque were neasured for
eaech position of the ground plane.

The experimnental data thus obtsined were reduced to
the nond1 ensional forms used in the mathenatical aBglysis
with the aid of the following equations:

m
I, ® q2 B b i
G b Tk
1 = )
Mg = g M Hopen .
D — v
s 2(Q Qi
BN el 3

gamal - MR ET D

the neasured torque where 0 = 0,

Z
5
(]
Le
[©]
D
&
e
(=]
et
0w

tedst s wilith thodse

2 eonpearison of the results eof the
of the mathenatical analysis is presented in figure 10,
In each of the sections of figure 10 the curve of Qs
against T(j or. Z/E = o is plotitied as obiained fren

3
the torque cocffi-

table I of re nce T 6
IR v 0 2 G 02508 1.@3,41.50, and 2,00 have
E 1

edent Low. 74
been conpute

O
q-.
i
=
»)
Q
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wherc the appropridte valuesg of A :have been obtained fronm
figure 7, Thoso curves of Qg ' are glso drawn in the fig-
ures, and the test poinbs are spotted in:for cenmparison.

It will be noted from these figures that the agreement
between the experimental and the analytical values of Qg
1g guite ebod exeept for Z/R = 0,25 gnd 0,50 where, as
might be expected, the rotor blades begin to stall at the
larger angles because of the sharp reduction in induced
veloeity, This stalled condition was, of course, accentus
ated by the low Reynolds number at which the blades were
operating during the tests,

The agreement between the experimental and the ana-
lytiecal results is a1l the more notable in that the dis=
tribution of circulation along the blades is cntircly dif-
ferent for the two cases., Even large changes of distri-
bution appear, however, to produce only slight changes in
total thrust and torque, as is generally true of airscrews,

Inispeiction of TabllesiT tio LIl shows that, for constants
chord, constant-incidence rotor blades, the torque coeffi-
cient changes very little at distances from the ground
greater than Z/R = 0.50, This form of airscrew might,
therefore, be termed the "constant-torque" %type in contra-
distinction to the hypothetical "constant-thrust" type
used in the theory,

Evidently then, the constant-torque rotor will experi-
ence a change in thrust as it approaches the ground. An
approximate representation of this thrust variagtion is
given in figure 11, which was obtained by cross—plotting
the eurves of figure 10 fer constant values of Q4.

CONCLUSIONS

The following conclusions may be arrived at as a ree
sult of this investigation:

l, On the assunption that the circulation around the
blades of a lifting rscrew is independent of
radius and-ground distance, the variation in in-
duced velocity due to ground cffect may be set
Aup cither as an elliptic integral or as a series
of Legendre's ‘polynonmials.

43
v
.

2L
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2« CGround eoffect on %He Chrptst and the btorgue of &
lifting airscrew rapidly decreasocs with alti-
tude:,” becoming practically negligible at a height
equal to the rotor diameter.

8. The ground=effect test data obtained on the
constant-chord, constant—-incidence rotor models
show satisfactory agrcement with the calculated
results,

4, These tecsts also indicate that the torque cocffi-
cient is substantially constant except at very
small heights above the ground but that there
is a large thrust-coefficient increase as the
rotor approaches the ground.

5« It is possible to arrive at an approximate thaos
retical determination of the thrust-coefficient
variation with ground distance for conventional
constant-incidence rotors by using the constant-
terque-coeffieient condition.

Daniel Guggenheim School of Aeronautics,
Georgia School of Technology,
Atlanta, Georgia, May 29, 1940,
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APPENDIX

Deceleration Due to Ground Effect

An inportant application of ground effect is its
in the vertical landing approach of a helicopter. The
celerations thus experienced can be shown to be suffic
ly large to afford a method of landing such an aireraf
autonatically and without appreciable shock,

The general eguation of motion of a helicopter in
vertical descent is

moa = T osl
where
a acceleration
n nass of machine
W weight of machine
i :thrust
Phis equation.will ﬁave the following forng:
PR -
§§t§=r~w
or
£ B aw
at w
where

¥ velocity of vertical descent
Z vertical distance above ground
t tine

Equation (2) may be written

Qs
<
Qa
[ax
08

|
r
l

(T - W)

=
[NN]
foR
g

use

de—
ient-
b

(1)

(2)
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1L
or o (— AR (3)
. 0N

In steady descent at altitudes greater than Z/R = [ 2Rk
the initial thrust, T,, nay bec taken as equal to the

weight W, and so

I 1> az (4)
IS
= 8 R'<2— - 1) al (5)
; T (0]
where ) :
ot
g

Intcgrating both sides of cquation (5),

v l 1
m A
1 il L J/} b /P i
gR | il gl
% 2 i
.01‘
o " 1
v el V ‘ T_ B
I T R B T R (6)
2g¢ R . Ty
(0]
7'0
where

dnitial vertical velocity

.L altitude ratio at which ground effect becomes
appreciable

More conveniently

to
. & )
VN i e 2gR TR Ay 9 of (%)
v v 2 & Ty
(6} 0 . 0 g
1
Tl speiciial case of « T =10 gt W < lo is of interest

because it represents the. condition of landing without
shock, TFor this case, equation (6) becomes
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/
v, = /zgR TR / fj dﬂi (8)
1

An exact solution of ocgquations (7) and (8) is impossi-
ble at present, because the exact form of T5/Ty, = £(1)
is not known for vertical descent in proxinity to the
ground, An approxinagte solution is, however, possible.
It widldl bel notiod (dnsdigure il ithat the effect of
ghipnzes 1n Q' on the ratio U45/T4 is noet large. In

addition, a recent investigation (re%erence 6) on heli-
copbter vertical motion conducted at this institution has
indieated that, for rates of vertical descent up to 20
feet per second, the changes in the thrust or the torgue
of a constant-incidence rotor are snall,

Henee, by the use of a value of of Qoﬁ = G051+ wihiiich:

is representative of mnodern helicopters, the static-thrust
variation of figure 11 nay be used in cquations (7) and
(8) to deternine the vertical velocities of approach to
the ground, Thec result is shown in figure 12, which gives
a set of specinen curves that arc illustrative of the ap-—
preoxinatc fsolutiien of the!problen, A nore exact determi-
nation would, of course, require taking into account the
snall effect of veclocity on thrust and torque.

Exanple

The following exanplc illustrates the use of the
cunvies of Fisure 1L2%ferta theolllicopbter rotor of 20-foot radie-
us standing 10 feet offf the ground when the airecraft is af
rest: .

Case I: To determine the permissible velocity of de-

scent Vo for "automatic" landing without shock ~ that

i tind SRS )

The vallue oft %/R ab the ground is 0,50. TFor this
value at
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and Yo &5 "1408"R
= 070 feeb peor seciond

Gase II: To dotermine the vélocity of impact for
Vo > 17,0 feet por sacend

fior
i1y
Y = 19.2
W )
— = 0250
‘ro
However, since VO = v/19.2 R .

fl

19,6 feet per second

r

AL K'V;

1l

9.80 feeot "pertseciontd

't shoul'd be noted that, for an increase of only 2.6
feet per second in Vo’ the velocity of impact V changes
from O to 9,8 feet per second, indicating that the aubto-
matic landing condition is somewhat critical,

Case III: To determine the behavior of this helicop-
tew when V., < 17,0 feet per second would reguire further
anvestigation, It is ewident that the maehine would neb
reach the ground and might even perform one or two verti-
cal oscillations beforec coming to the steady condition of
hovering. No knowledge of the damping coefficient of this
motion is available, however, and thc actual behavior of the
aircraft under such conditions cannot therefore be predicte
ced with assurance.,
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TABLE I

Ground-Effect Test Data for the Two-Blade Rotor

(0 = 0,0424)
Z/R = 0,25 28 =.045 LR = 1ab
8 i gr T g " T Q.1
(deg) (0] (G @i o (0] o
1 0.41 0.08 020 A 8.6 fu Bl | 00D
2 100 .35 R e .56 .19
4 Sail " Ball 169 1590 352 1 408
6 '3.41 2.16 3.13 2.29 2.69 2.49
8 4,20 B 47 3.93 i@ 57 g.58 05
‘10 S WL 4,20 4581 4.24 8.92 4452
y "B 4&0 " BB 5425 6.42 5.01 6.66
14 6.00 8,50 6.01 9.12 5.84 9,15
BB = 05 Z/R & 2840
6 T 8. it Q!
(d_eg) (0] o (0] (o)
3 Dl B '0.00 0.14 0.00
2 . .48 ¢25 ol .21
4 1,41 1408 #ilheBY 1465
6 2.49 2.57 2,46 . 2.8
8 3.29 3.83. 3 .35 B85
10 3.66 4.52 359 4.58
52 4,77 6.87 4,70 6.92
14 5.58 9.04 5 58 9.49
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TABLE II
Ground-Effect Test Data for the Thrce-Blade Rotor
(0 = 0,0636
Z/R = 0.25 1 Z/R = 0.5 | Z/R = 1,0
!
€ TG Q*O‘J TO QO" TO O‘O’l
(deg) ,
1 40 2B 0,05 Ot -0.02 032 0,00
2 .60 .18 o438 » 09 ~B3 .09
4 [ wdhe 28 .51 1,09 .43 .89 .46
6 e L2 1,00 1,83 .96 1,85 402
8 | fR BB 0,7 2462 1.83 231 | 18,95
10 3.69 3.35 3.60 G e 41 | RBL87
: |
Ak R T i 2R = 2.0
Bl 4 i Q' | s Q'
o : 0 o
(deg) i |
X 0.08 0.00 ! 0.0 0,00
2 o b " &1 | «25 B
4 .79 .45 ‘ e W5 43
6 1.41 1,03 I Lo ? 1:08
8 i, 1] 1.93 ; 2,08 1,95
10 819 3.68 j 3,14 3.68
i
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TABLE III

Ground~Effect Test Data for the Four-Blade Rotor

(0 = 0,0849)

/8 w 0426 248 = 0GB /0. = 10
1
6 1y s’ £ Q'a' &y Qvg'
(deg)
o 0,17 0,02 D21 0,00 0,07 0,00
2 +40 .05 .28 « DE w20 .03
4 .95 .25 <75 o .57 <30
6 1.46 52 1.24 .52 1402 .53
8 2,02 .98 1.82 1400 1,56 1,08
10 2,53 1.55 2,38 1,59 2:15 1470
2/R = 1.5 | %R o 00
I
T Q! | T L
o Y 0F o
(deg) =
1 0.05 001 0,05 0,00
2 .16 <08 .16 .03
4 .50 w20 Al al9
6 .93 .53 .89 .52
8 1.42 1,03 1,38 1,08
10 1,99 1470 1,93 1.68
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Fige. 2,5.
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Figure 5.- Induced velocity distribution alomg rotor blade.
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Fisure 8.- Side view of ground plane mounted
in 9-foot wind tunnel.

Figure 9.- Three-bladed rotor model and ground plane
viewed from tunnel entrance cone,
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Figs. 10d,10se.
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