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SUMMARY

This repor: describes an exparimentsl investigation of
the heave stability and beave damping characteristics in hovering
flight of an electrically powered model Ground Effect Machine,
arraiged firstly with a thick arnular jet and, secondiy, as a
simple plenum chamber.

The lift, rise height and pover relationship were deter-
mined and the fan characteristics of the thick annular jet were
measured. Air was bled from and fed into the air cushion to eval-
uate the GRM's change in 1ift. Finally, the machine was allowed
to hover at a specific height and then forced to oscillate. From
this the heave stiffness and damping ratio were determined.

The results show that the physical basis of the theory
is correct and that good cstimates may be made of the heave charac-

teristicsa &, and 2%/,  from which, of course, ¥ can be
determined.

However, it is suspected that other aerivatives may be
present, ospecially in the case of the plenum chamber, where
unstable oscillations in a narrow attitude band were observed,
and in any case the measured value of 2?/1.0. was much less than
theory would predict.

It is considered that the latter result was not due t2 an
unstabie fan characteristic, but rather to an instabiiity of flow
in the plenum chamber itself.

it
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PREFACE

This report presents the results of an experimental
investigation of the heave stability and heave damping charac-
teristics of thick annular jet and plenum chamber type model
ground effect machines (GEM). The work was sponsored by the
U. S. Army Transportation Researvch Command under Contract
DA-44-177-AMC-19(T) and was performed by the members of the
staff of Norman K. Walker Associates, Incorporated, at the
firm's office and laboratory at Rethesda, Maryland, during
the period from June 1963 to December 1964.

The model GEM was adapted from one which had been
built by the hexicopter Model Research Company, Arvada, Colo-
rado, and had teen used in previous investigation.

Mr. Norman K. Walker and Mr. David A. Shaffer were
the principal iavestigators on this study and were assisted
by Messrs. Richard Brooks and Peter Ford. Mr. Peter Payne of
Peter Payns Associates, Inc., contributed to the analysis in
Appendix I and some selected sections in this report.
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length of base to inside eg~ of jets
perimeter of Lase
discharge coefficient of the plenum caamber
fan pressure coefficient = gotal head immediately benind fan
fan diameter
air supply paramefoar for plenum chamber =
A/ N
oQ Pt_ L2 aQ Pto
(stabilizing if negative)
fan and ducting stability parameter for annular jet Gz
acceleration dve to gravity
thickness of jet at exit (Normal to flow)
height of jet exit above ground plane
height of jet exit above ground plane at equilibrium
height of base above ground plane at eguilibrium

effective equilibrium height of je!i exits (includes
Eames correction)

damping coefficient

damping coefficient - jet "overfed" {GEM sinking)
damping coefficlent - jet "underfed" (GEM rising)
gross iife of machine = Pbo Sb

mass of vehicle

st.atic pressure of atmosphere

base pressure relative to atmosphere at.equilibrium
total head at jet exit

bese pressure relative to stmosphere
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total iwad at Jet exit at equilibrium

total head just behind fan

dynamic head just behind fan

dynamic head at the tip of the fan due to rotation
volume flow through fan

volume flow throuzh fan at equilibr ium

base area

Jet area

velocity of jet when axhausted to atmospheric pressure
pitch sngle from horizontal

Tulin's stability parameter
(Stable 4f A5 < 1,0 )

retio of specific heat for air ( ¥ = 1.4)
danping ratio
damping ratio (Thin Jet)

diffuser efficiency {i.e., dynamic head recovery)
dynamic head at inlet

mass dansity of air
jet angle from vertical (positive if directed inwards)

fan airflow coefficlent = average velocity througn fan
tip speed of fan

a function of h, G, A
/
af/gh, b,
'ndamped iraquancy in heave

damped frequency in hea.«

==

free flight angular frequency =1/ g/ho

angular frequency of heaving rig

Poo/ P
3¥[n/ i,



INTRODUCTION

Altnhough the steady-state perf rmance of a GEM is fairly
weli understood, at least qualitatively, the picture is by no means
as clear as far 4as performance under dynamic conditions is concerned.
The difference between the two states lies in the time dependent flows,
of course., We might characterize the "steady-state" conditions as
perfectly controlled hovering or flying with a forward velocity over
a smooth and level surface, or by th> operation of a GEM model in a
wind tunnel. The flow is "“steady state" because, at least so far as
its gross details are concerned, the picture seen does not vary wita time.

In contrast, dynamic effects are experienced in flight over
irregular terrain, or over waves at sea, where the height and angle
of the vehicle is constantly varying with respect to the local
ground plane. Also, even over a plane surface, dynamic effects
govern the vehicle’s respor=e to a control movement by its operator,
the accuracy with which he can control it, and the vehicle's response
to an ex ernal disturbance,

The simplest dynamic case is that of vertical or "heave"
motion, Until recently, relatively little attention has been de-
voted to this case berause most GEiMs are both staticaily and dynami-
cally stable in heave, and usually possess adequate damping.

Recent developments have emphasized the need for a better
understanding of the mechwnism of vertical motion, however, (1
Briefly these may be summarized as follows:

(a) The trend towards increased base loading in small
size GEMs will result in lower damping values, pos-
sibly below an acceptable level, at large clearance
heights.

(b) The use of skirts and trunks at low aerodynamic
clearance heights can result in a large increase
in heave damping and frequency when the skirt is
essentially inextensible. Even on the very small
Bell Carabao, for °xample, it was found(2)», | |
that over small steep waves the ride was similar
to a Jeep over cobble stones and most unlike the
soft wallowing ride expected from GEMs"

(c) Heave damping, expressed as a ratio of critical
damping, increases linearly with vehicle size,
for gonstant clearance height and base loading.



For exampie, Reference 3 indicates that if the

fan characteristics aprroximate to constant mass

flow, a 300-foot plenum GEM with a base loading of

100 pounds per square foot would be critically damped.
For this case, the accelerations caused by operation
over waves could well be intolerable, from a phys-
iological point of view. Most practical fans are

less "stiff" than the limit case of constant nass

flow, but on the other hand most future GEM's are

likely to have less than a three-foot edge clearance
because of developments in skirt and trunk technology,
coupled with thz ever-preseat need to reduce power
requirements to a minimum. Thus we are in the position
of being concerned over both too much and too little
damp:ng in heave. It is evidently necess..ry, therefore,
that we should be able to estimate the damping accurately
at the design stage, and that we should find ways of
"tuning' the damping to the : timum value for each parti-
cular vehicle. This present report is concerned with
developing the predictive ability which is essential to
the accomplishment of both aims,



CONCLUSIONS

(1) Neither the '"constant momentum flux" {(constant mass flow
constant volume flow for incompressible conditions) nor the alter-
native "constant total head" theories agree at all well with experi-
mental measurements of heave frequency.

(2) 1f the theoretical! formulation is extended to allow for the
measured variaticn of total head with mass flow, then the theoreti-
cal results for heave frequency agree quite well with measured values
for both annular jet and plenum chamber GEM's.

(3) However an equally good result car be obtained by assuming that
the heave frequency is calculated directly from the measured slope
of the curve of lift against alticude.

(4) 1In each case there is a small residual discrepancy, pussibly due
to an additional stability derivative--perhaps assoclated with the
base vortex system.

(5) No simple theory gives a good estimate of the damping ratio 5
per se, unless corrected for fan characteristics.

(6) However, a much better description of heave dynamics can be ob-
tained by separately estimating W, , the natural frequency (for 2 or
3), and also 2.%4;, which theory shows is independent of fan charac-
teristics and only dependent on the geometry and loading of the GEM.

(7) The calculated values of 24/ .- are in good agreement with the
measured results for the aninular jet GEM, showing that the physical
basis for the damping theory is in this case essentially correct.

(8) The results for oscillation tests are not in such good agreement
for the plenum chamber, although the direct measurements derived from
feeding and bleeding the air cushion are. Apparently in this case
there is a large additional destabilizing damping derivative present,
and it is believed this is caused by instability of the flow in the
plenum chamber itself.

(9) Undamped limit-cycle oscillations, apparently due to the same
cause, were observed in the case of the plenum chamber. No instability
could be found in the case of the annular jet machine, although several
fan combinations were tried.

(Apparently an unstable fan characteristic can only be obtained from
a high pitch fan of much greater solidity.) Fan instability will, in
any case, show itself as an unstable variation of 1lift with altitude,
without making cscillation tests,



THE EQUATION OF HEAVE MOTION

Mcst dynamic motions can be dascribed, at least for small
oscillations about an equil.brium position, by the equation

X + 28wx +w'x = £(t), (1)
where x is the disturbance from the equilibrium position
x is the velocity of the disturbance
X is the acceleration
w is the undamped natural frequency of the system

% is the "damping ratio®, or the ratio of the damp-
ing to the "critical valus" for deadbeat motion.

Zor stable systems, if € (1.0 tks motion is a damp=d oscilla-
tion, while for $ > 1.0, it is a simple convergence to the trim value.

\\ l
Trim Point T T T !
% : \‘
Lare i :
llLl | I e
I | . —-—"
| ( * —_ r
' Slope ¥ _ Asrodynamic Lift
l dL/dh [
|
| [
0 : 0 .
Clearance Height "h" Clearance Height "h"
(a) Hovering (b) At Forward Spsed

Figure 1. Variation of Total Lift With Clearance Height.

For an ACV the natural frequency is given by
wi2 _3L/3h / u, (2)

where 3L/ 3h is the local slope of the total 1ift with
respect to clearance height




and m is the total vehicle mass.
As indiczted in Figure ', since the cushion ani jet momentum
1ilt generally diminish with increasing clearance heig?g)in hover,

an ACV is stable. In practice, the frequency is found‘/’/to be
roughly

szs. 2)/:3:/-3—)1_7;—', (3)

where h is the clearance,
When the vehicle has an appreciable forward spesd we may
generalize by saying that the cushion 1lift 1s reduced, but that
this is more than made up for by the aerodynamic 1lift generat?&)

by the "mound flow" over the upper portions of the GEM. Payme
bhas shown that the 1lift coefficient of a GEM correlates well with

C, = 4, (t/1), (&)

where t is the maximum height of the body surface above
the ground plane

1 is the body length

7;13 the mound flow efficiency, (for most GEMs = 0.5),

Since t = to + h this gives the lift derivative
3L/3h = (307)(1b)(2/1)
= pb¥¥, (5)

Accepting the cushlon contribution as that given by equation
(3), the heave frequency in forward flight is therefore seen to be

w’= 16/h - pbV/m (6)

w = 4/n o/ 1-(g/8)(n/1)(a/Py,) - (7)



Obvisusly the frequency will fall to zero when the dynamic
pressure qQ due to forward spead is

q/Pbo =1 [ vehicle length (8)
L (?learance heigh

This will correspond to a divergence upward. In this simple
criterion we have ignored the reduction of cushlion 1ift witii forward
speed, of course, so tiat equation (8) is somewhat conservative.

Information on the variaticn of %total 1ift with forward speed
is given in References 5,6, and 8, wnere it is shown taat the loss in
base pressure due to forward speeds of the order of -q is due to suction
around the periphery.

However, intake ram pressure recovery from the intake is at
least + q, so the net res:lt is a reduction in base pressure of 4iq.

Equation 8 can then be modified to

q ¥ 1 (1/n)
Pbo - §i n
or 9. = 1/h
Pro L'+ 3(1i/n

The damping term in equation (1) is a little less cbvious
than the frequency (or "stiffness") )
term. We can understand it by ccn- Plan Area =5
sidering the simple bellows arrange-

- Orif =3
ment of Figure 2, however, where the ¢ lce Arau= 3

collarsible bellows is assumed to be R =N\
completely flexible. At any height

( h ) tne intarnal (of "cushion") pres- ]
sure is squal to tne outside pressure AP

(P, = 0 ) if the orifice plate is b

stationary; and if sufficient time has

elapsed to permit "steady state" condi-
tions to exist. Figure 2,
Simple Bellows Damper.



Suppose we now move the orifice plate upwards from an initial
position ho. Air will flow into the cushion region via the orifice,
and the total mass fow corresponding to a movement of A h will be

- ﬁ d - S . A h.

™ 3997 O

Thus the mass flow rate will be

m - > m - S dh . (9)
j BCJ Pb Bt

The effective (discharge) ares of the orifice is S CD' where
Ch is the coefficien of discharge. The velocity of the airYlow is
obviously

= a) Qe ) aR,

from Bernoulli. Thus the air mass flow rate through the orifice is

9

m = @S, Cp vj -sj Cp 2/ e ) &p) (10)

Equating (9) and (1C)

o S Oh_= s . C, ,APL\.Pb

Nt 3

ot

IS —(_‘c’_b_r__> e <__§_:)a'. (11)

Thus the damping is not linear, for this example, but varies

with the square of the displacement velocity; this is generally known
as ‘orifice damping.'

When the pressure inside the chamber is greater than ambient,
due to air being pumped into {: by some external means, such as a fan,

we find that a linear damping term occurs also, and that equation (11)
assumed the form

2
P, = K, Oh =K DR\ . (12)
TS )

For small perturbationes the linear term is the most important
and will generally be sufficient to define stability but the nonlinear
terns will have an important influence upon the motion over waves or ir-
regular terrain. In the pregent report we pay attention, generally, emly
to linearized theory, since we are primarily interested in stability.

The importance of the nonlinear terms is such that they should be studied
as soon as possible, however.



HEAVE STABILITY AS AN INDEX OF PERFORMANCE OVER ROUGH TERRAIN

h ~
1 \.\\ - V
(a) Cuare y IH \\‘_,’// \\->"h
X
NVatw

.
N

(b) Change of Slope

—
—

h -
i Lift Increase to

(c) Concave Ground Cortour ng + Ve / R,

Giving Reduced Clearance

Figure 3. Tiree Idealizations of Irrezular Terrain.

Three idealizations o: typical terrain featires are sketched in
Figure 3. In cach case the nature of the terrain -hange is such that
the vehicle will approach closer Lo the ground during the transient
phase of adjusting its flight path to the new terrain conditicns.
It is obvious that the grcater the heave stiffness and damping, the
greater the terrain disconcinuity which the vehicle can cross
without impacting its structucc on the ground.



The importance of this aspect can be seen by considering the
case of a change in slope, depicted in Figure 3(b). This is analogous
to the sudden application of a downwards magnitude.

Vsin’x

Using linear theory we can shw(a) that the maximum excursion
is given by

Xnax * v—%,i"""i ° }{7(;‘ -vy/)fz“' 2;7:?, (13)

where sin & = }7 /"’ 2 3 (first quadrant)
sin § (second quadrant)

f 'W‘XO / 0 ?‘in%, 7: ’/T'_*j?z‘

Xo

trim value

For the zero damping case this can be simplified to

s

Vsink /

X
max

~
s
~

N’

21
_1/1,*,(\! sin X ) .
-’Eﬁx w x, )
o
Substituting equatioa (3) for w, and since, from Figure 4%

kx, = mg = (b -bh)k,



Trim Point
kx, = W
Force i
E PE T e ‘|—
kx |
\ x=0
L]
: sh=h
j ’/
h —> = Xq - x
Figure 4., Linear Relationship Be-
tween x and h.
Xpax h -h
b‘-h°=ng,’k=g/w2 and —_— = __'____ﬂi_n
Xo h -ho
2 2
Xmax =1+h°w -w hmin
X, g 4
N S el
b, ’3 [ (Wsinx)” | ,
i o= o §.. - ! 4 g . (15)
hg (2 2h,

An obvious limit is when the vehicle strixes the ground;
that is, when hyyp, = 0. Tois is given by

V sin ‘}’] :-"1/‘-%- ho : (16)

max

Thus a vehicle travelling at 50 knots, with a clsarance height
of 3 fest, would strike the ground if the slope changs exceeded
about 2¥. Although the inclusion of finite damping would increase
this limiting angle, the smallness of the result justifies the
crude linearizations used to obtain it.

A vehicle so limited would have little practical utility at
high cruising speeds. Hence it is of the utmost importance, on this
score alone, that we obtain a more comprehensive knowledge of neave
stability, and a b tter predictive ability.

10



HISTORICAL SURVEY

TULIN 7

The first ngilshed account of the dynamics of a GEM in
heave i3 due to Tulin’?; who examined the case of a thin annular
jet machine witl compressible flow, snd constant momentum flux.

Tulin showed that in addition to the ordinary "balanced”
operation of the jet, two forms of "unbalanced”™ operation could
occur; and he coined the terms "overfed"™ and "underfed™ to desczribe
these characteristics. In the ™overfed” case the momentum f lux
of the jet is instantaneously greater than that required to sup-
port the base pressure. Hence the jet splits and part of the jet
supplies additional air to the base region. Conversely, the ™un-
derfed” jet is too weak to support the base pressure and base cav-
ity air is forced out below the jet. These flow regimes are de-
picted in Figure 5.

Obviously these conditions are tre.sient, since the sup-
piy of air to the cavity will rapidly ruise the base pressure in
the case of the "overfed™ jet, while the leakage of air from the
base region with an ''underted'" jet will rapidly reduce the base pres-
sure until the pressure differential across the jet is balanced by
the momentum flux.

Tulin's results showed that if overfeeding of the jet
occurred when the GEM 18 rising, and underfeeding when it is sink-
ing, then the motion is stable.

However, with very large base loadings or a large hollow
below the base the converse could occur and the motion becomes un-
stabie when the parameter /Q equals unity,

+P
That is, for stability /3 - Do 4 (—L ‘)/M'O 17)
hy, Pb
where = gpecific heat ratio = l.4

-4
hb = height ot base above ground

o
]

height of jet exit above ground
at equilibrium

g/
L]

b base pressure relative to
atwmosphere

P = »itiiic pressure cf atmosphere
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Bote that with a flat base ( by =h, ) instability can
Le7er ocour, but if hy = 14h, then a baae pressure of 220 pounds
per square foct and more will cause inatability.

Obvioualy, except in special cases, /35> 1 and the neave
wotion will alwaya be dynamicilly stable. Under tbese conditions
“underf2eding” will alvays be sasociated with a sinking motion of
the GEM,and "overfeeding™ with a rising wmotion.

Tulin shows that the characteriatic equation of motiocn is
inhomogeneous and of third order, with two resanant frequencies, and
that the coefficients differ {n value depending on the condition of
the jet (overfed or underfed). The natural frequencies of the heave
motion are unaffected and are equel to

w =T w, 2V

s 10,11

A very detailed discusaion of stability iz heave and pitch
was given tvy Eames in Reference 10 and summarized in Reference ll.
In general, Eames agreed .ith Tulin'’s treatment and derived similar
results, but showed that the time taxc: for the iets to adjust to
changes in pressure distribution s very small aud vc be neglected.

Provided that /3 1is large, the characteristic cubiz equa-
tion in heave can be reduced to a subsidence of very short time con-
stant (approximately 1/3 - 1) , and a quadratic. The frequency
of the quadratic ia as found by Tulin, end the damping ratio is bi-
valued according to tneé condition of the jet. Zames recomrended the
use of the harmonic mean of the two damping values as being most accu-
rate for a linear solution. Paynel2 subsequentl: showed that this was
incorrect, and that the arithmetic mean should be used. Most of Eames
work aszsumed that the fan supplied constant mass flow irrespective of
the back pressure, but at the suggestion of the first author he later
made a correction which assumed the fan provided a r .ustant total head.
This latter is mich wmore representative of the truth, and leads to re-
duced stability.

THE INFLUENCE OF FAN CHARACTERISTICS (NAY!3, WEBBER AND LINl&  FAYNE?®

Nay13 investigated the heave stability of the Hughes Hydro-
streak in 1960, and included terms to account for a linear variation

13



of fan prezsure with flow. This is believed to be the first time
that general fan characrteristics were included in an investigation
of GEM stability.

Webster ana ‘"% and Payne? solved the problem of heave
stability with genera: «a characteristics in 1962 and 1963 res-
pectively, but the soiutions are not readily applied to the stan-
dard type of fan characteristic curves, and Reference 14 continues
to overemphas!‘ze the jmportance of/AQ .

16 17,18

cross13, STRAND® AND WALKER

The assumption of "constant total head"™ was applied to the
case of the GEM in heave by F. G. Cross, who took advantage of Eames'
linearization to assume that he would be justified in calculating
separately the "derivatives" or partial differentials of the heave
antion, and specifically, the force due to rate of change of height
through the equilibrium height, and the force due to change of
height at zero rate of change of height; i.e.,

[;.ﬂ,
on L= ho
end
[_a_r-]
°b i -0, b= he

Strand made a similar calculation for the "underfed" case only, and
Walker attempied to corrclate these thecies with experiment. How-
ever, the results differed greatly (Figu‘e 6) and dia not agree well
with experiment or with the theorstical values recalculated by Walkor’%
thus in 1962 he proposed to USATRECOM that an attempt should be made to
solve the damping problim experimentally, suggesting:

1. that the derivative should be measured directly as
3L/ dh and 3L/ 3h , in the former case
using the artifice of sucking air out of the cushion
or blowing it in to cause the "underfed” and "overfed”
jet condition to appear as a steady phenomenon.

2. that the damping and frequency calculated from
these measurements should be compared with the
total damping coefficient and frequency derived
from oscillation tests and various theories,

14
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3. that the fan characteristics of the model be deter-
mined and if pcssible the importance of these be
demonstrated as ne had suggested in Reference 1.

DESCRIPTICON OF MODEL AND THE EXPEZRIMENTAL PRCCEDURE

The model GEM had been built for a previous investigation19
and required little modification for the present work, It is i1llus-
trated in Figures 7 and 8, in tne forms used for tnis part of the re-
port and also for the previous roll investigation - Part 1. Figure 7
shows the overall dimensions applicable to all versions and the base
used on the thick jet model. The sectional view of Figure 8 shows
the annular jet in greater detail and the removal of the base leaves
the outer rousing to act as a plenum chamber. The modified plenum
chamber with 4 'nozzle' type fairings used in Part I of this report
was not used in the investigation of heave damping.

Further details of the model are given in Part 1 of this
report,

MEASUREMENT OF LIFT
A. Thick Jet Model

The model was placed in the arms of a horizontal weight
beam (Figure 23) whers the axis of rotation of the machine was
slightly above its CG to permit t ratural roll stability t. hold
the GEM parallel to the ground plane. The weight beam was pivoted
to allow the machine to rise and fall vertically. The beam was also
provided with a counterbalance so that the vertical force as seen by
the GEM could be varied and measured.

The rise height of the machine - the clesrance between
the ground board and the GEM - was determined through an optical
system attached to the weight beam and a fixed reference point, With
the machine power off, the machine rested on the horizontal groumd
board. The 1lift of the machine was varied by adding weights to the
GEM or to the weight beam. Data recorded were the rise height and RPM
of the GEMs fan for a fixed 1ift. These results are show: in Fipure
9 and in Table 1. Since the 1ift is proportioned to the square of
the fan RPM, the results from Figure 9 can be replotted to show the
variation o rise height with RPM/10002/L = /L in Figure 1¢
and in Table 2. From these plots the rise height can be determined
from any given value of a fan RPM and 1lift.

B. Plenum Model
The same procedure used with the thick jet was followed

in measuring the lift, fan RPM and rise height. Figure 11, the varia-
tion of rise heighi with fan RPM for fixed 1lifts, shows a region of in-

16
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stability between .65cm and .75cm altitude, which was apparently due

to the flcw separation in the corners of the plenum model since the
control altitude was not affected by change of weight or fan RPM,

These results are substantiated in Table 3. As bafore, & consolidated
plot of 1ift/(RPM/1,000)2 versus rise hnight is given in Figure 12 and
Table 4. (A wide rangs of groups were tested inforamally on the anmular
jet model but the instability could no’. be fourd in this case. It is
therefore not due to the fan,)

FAN CALIBRATION TESTS

A, Thick Jet Model

A duct was constructed as shown in Figuro 13, such that the
total pressurs in the jet of the GEM and the volume flow could be
measured. Restriciions (blockages #0 to #10) were placed downstream
from the wind-tunnel nozzle to vary tne back pressure, so that d4if-
ferent rates of flow were obtained while keaping the fan RPM and tne
exit conditions frcaz the 3E¥ ncuizl: constant,

A first test conduc-ed was to check and see thit there wis a
linear variation of pressure rise with (RPM)<. Figures 14 through
17 show, for different blockages, a linsar relationship of total pres-
?uro)%n the GEM nozzle (hy) and duct exit dynamic head (hy) with fan
RPM )<,

From the slopes of tnese curves the fan characteristics
C.and A ware calculated (See Appendix I).

P
Cp = Tctal pressure at exit of GEM jet
Dynamic head at fan tip due tc rctation
or C = 8 Pt
P {Ow &- = 8-81 !h
14 (N=RPM )
( 1000)
>\ = Average fan intake velocity

Fan tip speed

- g = 1.61./hy

N
<hare Q = total volume flow through both fans.

The veriation of Cp witn A for the thick jet model is
plotted in Figure 18 and tabulated in Tables 5A and ©B,

23
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Figure 12. Consolidatad Lift Results - Plenum Chamber GEM Model.
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Mgure 14, Duct System Calibration for Various Blockages.
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B. Plenum Model

The equipment used to determine the fan characte-istics
for the thick jet model could not be used with the plenum model
because the plenum would exhaust lengthwise into the duct instead
of laterally on to a ground board and the flow conditions would
not be duplicated. This couid only be done by measuring the air -
flow at the ake of the fans, and restricting the outlet with a
ground board and contract funds did not permit this. However, the
variation of C_ with Acan be determined from the lift curves for
the plenum (aessuming that the pressure in the plenum is uniform).

Assuming L= Sp

8 P
then Cp = m

8 L
- . (18)
/3;;252 S

From the 1ift curves we can read of 1lift as a function of
RPM2 for each rise height.

5ubstituting into the above czquation yields

C = for a particular rise height.

p
0,0045 L -8,81 L/S X. (19)
Nz r 1 « 8 /b
b Q .
Also >\ o (20)
Where Q = the volume rate of flow out of the cushion
=1
2P
—= 292,
Taking tve discharge coefficient Cp - 0.62,

31



and by using 2Py, = C, 2/8 wé R = Vze ’
. e —_—
then A =1,29 Ch iC
'ﬂ*é NP
(21)
now C = 118,7cms
D =13.0 cms

— lamnnl
‘\JCp = 0,087 h ~L

N (22)
Figure 19 and Table 6 show the relationship of Cp and

for the plenum model, including the region of flow
instabilicy, 31

DETERINATION OF “3W BY FEEDING AND BLEEDING THE AIR CUSHION

ylelding = 0,28 h

A. Thick Jet Model

The model was set up in the apparatus while the GEM was
in * 9 weight beam, as shown ir. Figure 20. A reference height
was _hosen, then tha GZM power and the air pump were turned on,
Wwelghts were added to the GEM or weight beam to return the GEM to
the reference height, which was monitored by an optical system. By
changing the plumbing, the zir pump could either draw air out of the
air cushion or feed air into the cushion. Data recorded were the
references rise height, (hy = 0,95 and 0.35cm), the wsights added, and
the density and temperaturs of air bled or fed into the air cushion.
The test for a particular rise height was conducted at a constant fan
RAPM,

The results of this test were plotted (Figure 21) in the form
of AL/ly  versus h/h, and tabulated in Table I,

wWhere ALl = change in 1ift
Lr = 1ift of GEM when trimmed at
reference altitude hr
Now h__ = AQ_  AQ = flow rate into or out
h-. Shy. of cushion (23)
S = Baso Area

h,= referance rise height
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and tne value of the derivative 3L/ Bﬁ/ 3L/ 3h,. can be obtained
for each rise height and for both feeding and bieeding con-
dition, Note that as expected these two results are apprec-
lably different.

Results are also given in Figure 33 fer _oL , to fa-
ciliate the comparison with the 1ift resalts. N i

B. Plenum Chamber Model

The same procedure was followed here as with tne thick
annular jet model. The test was conducted at the same two rise
heights, h. = 0.35cm and 0.95cm. The parameter al /| was again
plotted against h/h., as shown in Figure 22 and Tabie 8, and
the slope measured for each condition.

Results are given for L in Figure 3.
Noh
DETERMINATION OF 3L/3h AND dL/dh FROM OSCILLATION TESTS

A. Thick Jet Model

The purpose of oscillation tests in heave was to aetermine
the natural frequency and damping of the GEM model and to relate
these guantities to the derivatives 3L/3»\and. BL/B\R , a8 measured
in other experiments and aiso calculated by various thaories.

In practice, however, the GEM must be restrained in some
way to obtain this data and a greatl simplification results from us-
ing the constrained data direct without conversion to the hypothetf-
cal results for a free flying model since the derivaiives can be de-
termined directly from the constrained tests.

The GEM model was suspended from pivot pcints above the CG
in the same pivot frame which was used for the 1ift tests. Hence
the model is free to 1ift, but can also rotate and roll so that the
natural stability wii. hold the base parallel to the ground plane.
Weights could be added to the rear of the frame thus reducing the 1ift
force needod to maintain equilibrium, or to the model itself, thus in.
creasing the necessary 1ift. In this way tests could be made at dif-
ferent hover heights with a fixed fan RPM. The fans were started and
the model allowed te stabilize at the natural hover height which was
recorded. The model was then disturbed in heave and the oscillations
recorded with a friction-free electrolytic pickoff and Honeywell Visi-
corder. The oscillations were analyzed to give the damping ratio and
natural frequency. At the greater hover heights and those at hover
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heights under 0.2 cm, a small undamped oscillation tended to per-
sist and care was necessary to exclude the small arplitude oscilla-
tions in the determination of damping,**

In some cases the residual oscillation was so large that
two determinations of damping were needed. In one case the decre-
ment of the total amplitude was studied, and in the other case the
decrement of the amplitude in excess of the residual amplitude was
analyzed. This later data is denoted by * 1in the test figures
and tables.

Tests were run &at rise heights of 0,18, 0.30, 0.38 0.62,
.84, 0.97, 1.20, 1,33, 1,76 and 1.77 cms and at several RPM set-
tings of the GEM fans.

Typical results are shown in Figures 24 and 25 and several
oscillatory profiles are depicted and exp'ained in Figure 26« They
were analyzed as follows .

Consider the GEM mounted in the pivoted frame as below

g 2 g

— PV

- i o |
. 1 |

e

$
Irm ho f

T\ i

S/ /S 7 S ST T 777 /’/f,/ J/77 77777 777
Ground Board

Figure 23, Heave Rig and Model GEM System,

s*Note: Note that in most cases no weights were added to the GEM and
the results are directly applicabtle to free flight, since the fan
inertia was small, Results needed correction in free flight if the
GEM weight is counterbalanced. 3See paze 42 .
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Figure 24. Oscillatory Amplitudes Versus Cycles for Specific
Hover Heights - Thick Annular Jet GEM Hodel.
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Figure 25. Oscillatory Amplitudes Versus Cycles for Specific
Hover Heights - Thick Annular Jet GEM Models.
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X

The GEM has a mass m and is loaded with an additionsl
mass m] both situated at & distance 1l; from the pivot 'P' (or
alternately the GEM is partly counterbalanced by a masg m, situa-
ted a distance 1; on the other side of the pivot) to reduce the
iift required for trim, The frame itself has a momeat of intertia
of If' 4 MasS nf, situated 1lf from the pivot.

If the damping and stability are linear, then the equation
of motion is:

6+ 88 +-4p = 0, 24)

where @ is the angular displacement of the frame from
equilibrium,

An engular displacement J; corresponds to a change of
height such that

Sho = 1.dy
S Mg = IMPP = 3L/3h (18) 3h/3¢
M = JL/3h (1 )Z (25)
or ¢ g .
Similarly, H; = JL/3h (18)% (26)

The equetion may &also be written

¢ + 25w + wig = o, (27)

whera w? EM#/I (28)

and 2§1¢ - M,&/I. (29)
42
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Hence,from the oscillation tests

JL/3h = w-ZI/(lg)z (30)
JL/dn - :aswz/(z.g)2 (31)
and
ah/)ﬁ = 25/w. (32)
Since the values of the trimmed lift varied with the

fan (RPM)? this effect was eliminated by adopting as the final re-
sults for comparison with theory and the smoothed lift results

aL
(a) (33)
; oh
L
b : 3%
(b) Y (34)
©) 22 - %‘-;: - (35)

These revised parametexs are also listed in Table 9.

OSCILLATION TESTS - PLENUM

The tests conducted on the plenum chamber followed closely
the technique used for the thick jet model in the previous paragraph.

However, in this case serious instability in hesve occurred
around a trim alzitude of 0.65-0.7> cms,6as was noticed in the lift
tests, and as a result no measurements with oscillations were possible
in this region. The altitudes tested were 0.10, 0.15, 0.30, 0.55, 0.62,
0.84, 0.97, 1.08, 1.20, 1.42 and 1178 cms.
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Results are shown in Figures 27 and 28 and the oscillatery
profiles are shown in Figures 29, 30, and 31.

Table 10 1ists the parameters aL/Nzah, AL/Naﬂ.
and ah/3h for the plenum chawder model as determined from
the oscillation tests.

CUMPARISON OF MEASUXED VALUES OF JL/3h AND 3L/>h WITH DETERMINATIONS
FROM THE DIRECT LIFT MEASUREMENTS ALLOWIKG FOR FAN EFFECTS

(A) 3L/3h

If the theoretical structure assumed to date is correct, then
certainly the circular frequency of the damped oscillations is given
by

.
w =--1;3L/9h .

But we have calibrated lift versus altitude,and therefore we
can determine

3L/3h

by simply me.suring the slopes off the curve without making any further
theoretical assumptions or requiring a knowledge of the fan character-
istics.

The results for the thick jet model and for the plenum chamber
are plotted in Figure 32 and tabulated in Table 11 in the form L/N" h
versus hover height.

The general form of the curves is very similar, but in each
case the "oscillation” recsult is appreciably and significently lover
than the "static"™ result. This is most interesting and surprising. If
further investigation confirms this result there must be come other deriv-
ative present, as yet unsuspected which has a destabilizing influence
in the dynamic case.

(8) JL/dh
dL/oh cen be determined in three different ways from the
results, First, we may obtaii. 9L/ah directly from the feeding and

bleeding tests, dividing by N to eliminate the effect of fan speed,
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Figure 31, Oscillation Profile in the Unstable Region
for the Plenum Chamber GEM Model.
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Second, an estimate may be derived for the static lift
results, In the case of the plenum chamdcr, we may simple assume
that an increment in velocity, -B,  expresses a volume flow from
the cushion, AQ = -)h3, and that this is equal to

where V = ;/%Pbbo (36)

and Pb - Llft
Base Area

Hence AL, the equivalent change in height of the GEM;is equal to

Ah= 4Q/V, CCp. (37)

C) = the discharge coefficient for a plenum = 0.62 and an
equivalent change in height can be found for each of the measured
flows, and the appropriate change in lift read off from the static
lift curve, Figure 12,

Hence we may plot the variation of AL/L (the lift change
expressed as,a fraction of the reference lift -"the lift with no base
flow) with h/hp where h_ is the reference altitude. A comparison
of the curve derived from the static lift measurement with the experi-

mental feeding and bleeding results is given in Tigure 22 and shows
excellent agreement,

In the case of the thick annular jet G, a precisely similar
calculation can be madse for the case where air is blown out of th
cushion (i.e., "underfed" jet) but not for the other case where the jet
splits.

The comparison is shown in Figure 2] and it is apparent that
the theoretical result using Cp ~ 1 {is much too low, but is improved
if Cp = 0.61,8s for the plenum.

Third, we may obtain3L/oh  from the values tabulated for
% and w from the osciilation tests using the methods described
in the oscillation test section of this report.

These are listed in Tables 9, 10, 14, and 15 and again, to
eliminate the effect of fan speed,they are divided by N.
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These ~esults are compared in Figure 33 with the results
of the feeding and bleeding tests. The resuit, derived in Appen-
dix II is that

.
3L _ Sn /2 AL L
NE  ccV2R, ok N (38)

for the plerum chamber and the case of the GE{ sinking (underfed’ jet).

The lowe:r curve shows the results for the plenum chamber,
As one would expect from the excellent agreement in Figure 22, the
feeding ard b_eeding test results agree exceedingly weil with those
calculated from the static lift tests. However, the oscillation
tests give an entirely differert recult,with a very much lower value
fer this damping parameter except when the altitude tends tc zero.
It 1s possible that these results could te due to a large difference
in flow pattern in the plenum chamber on either side of tha unstable
region as was postulated in Reference 18,

Two curves are given for the thick annular jet GEM, results,
calculated £ . the static lifts, as there is some doubt whether
Cp =1 (full Line) or Cp = 0.52 {dotted line) would apply in this
case, (This point is being examined further by Payne; also see
Appendix II).

The oscillation results are scattered, but lie mostly in
the region between the ocmives. However, the results from the feed-
ing and bieeding tests are much higher than either of the two "static"
curves or the oscillation results.

COMPARISON OF TH{E RESULTS WITH SLAPLE THEOR! {(APPENDIL II),
ALLOWNING FOR FAN EFFECTS

FREQUENCY OF OSCILLATION

The simple theory states that the equation of motion of
tha unrestrained GEM is:

b+ (27?)“’2 b+ wf (b~ by) =0, (39)

25

where == 1is a parameter only, dependent on GEM geometry and
* loading, independent of the air supply characteristics,
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dnd'w = h(g«)

where {- %) is an

air supply parameter dependent on the fan
characteristics Cp, aad A and also on the
theoretical characteristics of the jet.

In the case of the Plenum Chamber we have no direct cali-

bration of C_. versus

A , SO no otrer comoarison with tneory is

possible exceyt tne direct comparison of JL/Nedh, derived for

static lift curve and

oscillation tests described previously.

In the case of the thick jet machine, however, we have a
separate calibratior. of C versus X\ , so we can determine how
closely the observed values of w~ agree with y/é/h (- $()1
as calculated by theory.

The theory yieids:

- fipr Hy

where =

f

A/c ac/ax
)/c aC /a>

a function of jet angle and hover height

1
such that Q = f(h, G.)\}(Et)z

A= 3 f13/ny)

7&
A%

4

= & function of Jet angle and hover height
such that = #(b, G, NP,

- JV/A(h'/ho)

Using the exponential theory,

£lg
31y

whence
henc 5

_ 2x
- 1) er -1

Sl

the

(1)

(42)

G43)

€D

(45)

(46)

(47)




-0,u8

0.6

-0,06
F
-0,04 /
-0,02L ‘\\\i-ﬁ
0 0 il ol oJ N oD
CP
Figure . Variation of Air Supply Parameter "F" With Fan
Pressure Coefficient "Cp' - Thick Annular Jet
GEM Model,
=08
=0,6
—
<04
=02 "//,
J
0 0.5 1.0 1.5 2.0 2.5
h= Rise Heieht (cms)
Figure 35. Variation of Fan and Duct Stability

Parameter " f " with Rise Height "h" -

Thick Annular Jet GE{ Model,

55



For every value of 'h' there must be particular valuss
of Cp and X  giving the correct 1ift and airflow., Assuming that
the exponential theory applied (and this is known to give gcod correla-
tion of base pressurs against total head), we calculated the thso-
retical variation of Cp with ). , stown in Figure 18 for comparison
with the test results.” It is obvious that the curves are very simi-
lar apd as the measured values of C_ were not averaged over tine en-
tire perimeter of the jet; the calculated values apply to
particular values of 'h', These celculated results have been used tc
correct the stability theory.

Hence, wa can derive the value of F from equation (45) as
plotted in Figure 24, and also assuming the exponentizl thsory again,
the variation of j? with a, Figure 35.

From this we obtain
W, :4/E}h (- 5§I)'

In the oscillation tests the GEM model exsrted a 1lift
m, g but had an effective nass of mp.

dence a free flying model having a mass in engineering units
equal to ths 1ift would have a much higher frecuency such that

ar% = tui S m (48)
S L

where S m is the effective mass of the GEM and rig,
located at the c.g. of the GEM

2 L is the 1ift exerted by the GEM

(This correction was only appreciable when the GEM weight was
counterbalanced to give a greater hover height.)

The corrected values are given in Table 16 and are plotted in
Figure 36 against the theory (note that results for a given hover height
but different 1ifts and fan spsed are quite consistent.)

It is clear that the two usual approximations of constant mass

flow ( 3%/ JC_=0) and constant total head ( BCp [3N=0) do not
agree at all well with the measured points.
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The corrected exponential theory, using the fan char-steris-
tics from Figure 13, agrees extremely well with experiment, bui the
experimental values arg rather lower, as would be expected from tho
comparisor >f oL/dh N° in Figure 32.

It is possible that in additional term is present which is
as yet unknown, perhaps due to the base vor*ex system which produces
the moderate discrepancy betwaen the static stability as determined
from the 1ift curve and the static stability derived from the dy-
namic tests,

However, as a first approximation, the static 1ift curve can
be used to give w; .

RELATIVE DAMPING RATIO &
4
The damping ratio of a GEM, S » varizs with base loading, so
in the proposal a new parameter % was described which is independent
of the GEM size and loading, but which varies with "x" and the various
theoretical deviations,

5/ = 5/2 where

6.3 % 3.2 " Jem .
%C V%Pbo 'y/s/h

This car be calculated from the experimental results or the
product of

2 Su~ (which is independent. of the
»ig balance weights)
5% [0
C Pbo
and Weor (which is ccrrected for the
W, rig balance weights)

where W, = -,/g/h .
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The results are tabulated in Table 17 and plotted in
Figure 37 for comparison with the original curves given in Ref-
erence 27.

It is obvaious that the experimental points do not agree
at all well with the constant total head theory (Figure 37) which
is not surprising in view of the results for the frequency compar-
isor shown in Figure 36

Similarly, a comparison with the exponential theory for
constant mass flow is given in Figure 38 and shows poor agreement.

This is to be expected since the fan did not operate
oither at constant total head or constant mass flow.

However, it is quite clear that the curve attributed to
Cross in Figure 37 is unquestionably wrong and on examination a
printing error was found in the original paper.

3 2
THE DAMPING PARMETER 2 9/,

The "static® physical assumptions underlying the theory
of Appendix II shows that 2 ©/w- is a parameter, dependent only on
the geometry and loading of the GEM but not used on the fan charac-
teristics; the same answers substantially are derived regardless

of the theory used.

These are:

Plenum; 22w - -%— which is independent (49)
Eh / Pk D of "h",
C V2R,

For the Thick Jet the theory is;

(a) GEM Sinking (Feeding) = »or 1 4f Cy =1 (57)

éﬂ_n

- 2 <X - 1 (51)
b) GEM R B = S __~1
(b) GEM Rising (Bleeding) N o
following Walker as amended by Payne (Appendix II) in assuming the ex~
ponential theory as formulated by Eames applies and extending it un-

warrantably into the thick jet region without allowing for the effect
of jet thrust. (A simple allowance for jet thrust was, in fact, made
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by taking the reference area to be the same for the plenum and
annular jet models.) The mean of the two theoretical values is
assumed to apply to the oscillaticn.

We can also aerive the simpler result for &« '"thin'" jet:

2900 = xeof70x - (52)

/P
C 2P

bo

Results for the thick annular jet model and for the plenum
chamber are plotted in Figure 39 and tabulated in Tables 12 and 13;
these show that the ''oscillation'' results are in surprisingly good
agreement with the simple theories, although the scatter is very
great and the exponential theory obviously is inapplicable when:

h <Ll.5 cms .,

A hypothetical curve tending toward the plenum theory re-
sult (Cp = 0.62) agrees well with the experiment in this region.

The results for the plenum chamber approach the theoreti-
cal value 1/Cp at very low altitudes, but near the unstable re-
gilon became very lcw and even at altitudes well above the region of
instability the value of 2 % /.- ie much less than 1/Cp. It is pos-

sible that in this flow regime the actual average value of the base
pressure is much less than the total head, whereas the simple theory
assumes these are equal. Such a difference could account for this
result,

Contract funds did not permit a further examination of this
interesting result. However, the trends predicted by theory confirmed
that there is fair quantitative agreement and that an empirical curve

of 2 & /u- will give a far better estimate of 4, than any theory
available to date.
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TABLE_1

———

VARIATION OF RISE HEIGHT WITH RPM FOR FIXED LIFTS

THICK ANNULAR JET GEM MODEL

Lift Rise RPM Lift Rise RPM Lift Rise RPM
Height 1000 Height 1000 Height 1000

(gm) (cm) (gm) (cm) (gm) (cm)
342.5 0.09 5.73 255.4 0.32 5.37 209.8 0.12 4,89
0.09 5.73 0.37 5.40 N.25 4.80
0.22 5.90 0.48 5.65 0.37 5.06
0.22 5.9 .51 5.66 0.50 5.16
c.35 6.14 0.61 5.80 0.70 5.49
0.35 6.14 0.61 5.85 1.27 6.54
0.48 6.41 0.74 6.10 1.43 6.7%
0.48 6.40 0.87 6.35 1.66 7.0

0.54 6.52 0.81 6.28
0.79 7.26 0.91 6.50 177.4 0.93 5.32
0.36 7.51 1.30 7.15 0.97 5.0hq
1.38 7.30 1.13 5.%4
304.0 0.04 5.35 1.50 7.50 1.25 5.08
0.10 5.40 1.25 5.78
0.25 5.64 210.5 0.68 5.38 1.39 5.96
0.25 5.60 0.78 5.56 1.51 6.09
0.37 5.84 0.92 5.80 1.51 6.12
0.50 6.05 1.04 6.00 1.64 6.25
0.50 6.04 1.08 6.10 1.77 6.39
0.63 6.35 1.17 6.17 1.84 6.45
n.68 6.47 1.30 6.35 2.41 7.15
0.92 7.20 1.39 6.50 2.52 7.27
1.14 7.50 1.93 7.30 2,64 7.42
2.04 7.49

Z274.5 0.17 5.36 2.17 7.68 176.7 0.12 4.29
0.35 5.52 0.25 4.38
0.5 6.02 0.37 4,56
0.53 6.04 0.50 4.74
0.79 6.45 0.63 4.90
1.14 7.05 0.88 5.37
1.28 7.36 1.15 5.75
1.25 6.00
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TABLE 2

CONSOLIDATED LIFT RESULTS

THICK ahNNLAa JET Sz=M MODEL

h Lift h Lift @ Lift
(cm) e (cm) T (cm) Ne
G.04 10.03 U.54 5.07 1.25 5.32
0.09 10.43 0.01 7.58 1.27 4.91
.09 106.54 0.61 7.45 1.28 5.07
.10 10,42 0.e3 7.35 1.3C 4,99
U.12 9.54 U.63 7.35 1.30 5.22
Veld 9.6C O.ot 7.27 1.33 4.79
U.22 9.C0 0.68 7.27 1.39 4.99
0.22 9.72 g,7C 6.97 1.39 5.0C
0.2° 9.50 0.74 6.85 143 4.65
0.25 9.70 .78 6.81 1,50 4,54
0.25 9.12 0.79 6.50 1.51 4.79
0.25 9.20 0.79 6.01 1.51 4.74
0.32 8.85 d.851 .47 1.64 4.55
0.35 9.10 0.86 6.08 1.66 4,28
0.35 9.10 0.87 6.33 1.77 4.35
0.35 9.G0 O.8¢& 5.13 1.84 4,27
0.37 B.76 0.91 6.04 1.93 3.96
0.37 8.92 0.92 6.26 2.04 3.76
0.37 8.02 0.92 5.87 2.17 3.57
0.37 3.48 0.%3 6.27 4.21 3.47
0.48 8.34 0.97 6,00 2.52 3.36
0.48 8.37 1.04 5.85 2.64 3,23
0.48 7.99 1.08 5.66
0.50 8.30 1.13 5.59
0.50 8.34 1.14 5.41
0.50 7.58 1.14 5.53
0.50 7.88 1.15 5.35
0.50 7.88 1.17 5.03
0.51 7.95 1.25 4,91
0.53 7.53 1.25 6.88
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TABLE 4

CONSOLIDATED LIFT RESULTS

PLENUM CHAMBER GEM MODEL

h Lift h Liftr h Lift
(cm) 52 (cm) 32 {cm) \2
0.13 9.35 0.70 6.98 1.04 5.36
0,13 9,92 0.71 7.31 1.04 5.73
0.13 5,06 0.71 6.74 1.08 5.66
0.25 8,83 G.73 7.30 1.08 5.74
0.25 9.05 0.74 7.08 1.09 5.50
0.25 9.25 G.76 7.19 1.09 5.27
0.37 9.08 0.78 6.57 1.13 5.08
0.33 8.76 0.78 6.68 1.14 5.28
0.38 8,38 0.75 6.85 1.15 5.32
0.38 8.68 0.73 6.50 1.18 5.33
0.42 8.74 0.79 6.68 1.21 5.22
0.46 8.19 0.32 6.68 1.22 5.15
¢.50 8.64 0.83 6.45 1.23 4.68
0.50 2,36 0.82 6.55 1,27 4,98
0.50 7.87 0.83 6.62 1,27 4,94
0.53 8.34 0.83 5.45 1.30 4.84
0.56 8.57 0.88 6.40 1.34 4,72
0.56 8.16 0,88 6.42 1,39 4.45
0.59 7.58 0.90 5.93 1.52 4.12
0.60 8.18 0.92 6.22 1,52 4.14
0.60 8.00 0.93 5.83 1.52 4,06
0.63 7.43 0.94 5.65 1.66 3.84
0,64 7.27 0.95 5.13 1.67 3.69
0.64 7.87 0.95 6.17 1.79 3.45
0.64 7.73 0.95 6.25 i.80 3.38
0.64 7.45 0.99 5.55 1.88 JoI2
0.65 7.55 1.02 6,04 1.92 3.18
0.65 7.73 1,02 5.91 2.04 2,90
0.06 71.67 1.02 5.93 2.20 2,68
0.69 7.12 1.03 5.46 2.38 2.46




T45LE 5A

PRESSURE COEFFICI!.T Cp AND FAN FLOW PARAMETER )~AS A

FUNCTION Or DUCT BLOCKAGE

THIC: ALLULAZ JET MNGODEL

Blockage Cp )N
0 0.02%6 0.083%6 C, = 8.8l he
1 U.0266 0.0642 N
23 0.0291 0.0651
24 0.0361 0.0695 A - 1.61  h,
33 0.0291 0.0630 N
3A 0.0368 0.0726
3.5 0.0363 0.0658
43 0.0273 0.0592
LA 0.0377 0.0632
4.5 0.0403 0.0554
5 0.0342 0.0466
6 0.0410 0.0384
8 0.0467 0.0230
0.0500 0.0142

Total
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PRESSURE COEFFICIENT C

TABLE 9B

AND FAN FLOW PARAMETER AS A

FUXCTION OF RISE HﬁIGHT "h" AS CAICUL~TED FROM

31ATIC LIFT RESULTS

h C

(cms) 3 A

0.18 0.0497 0.02¢3
U.35 0.04%4 0.0364
0.38 0.0434 0.0373
0.50 0.0421 0.0452
0,70 0.0352 0.0528
0.95 0.0341 0.0579
0.97 0.0349 0.0591
1,10 0.0335 0.0608
1,20 0.0336 0.0648
1.33 0.0327 0.0668
1.50 0.0321 0.0665
1,77 0.0316 0.0688

69

Thick Anmular Jet Model

Cp = 8.381 r L/S
N2 -2/h

Ll-e

N - 0.280yC, = 0.0187h /T
N



TABL= 6

PRESSURE COEFFICIENT Cp VS, FAN FLOJ4 PARAMETER A AS CALCULATED
FROM STATIC LIFT RESULTS FOR THE PLENUM CHAMBER CEM MODEL

h C A

(cm) b

0.15 0.0478 0.0085
0.25 0.0462 0.0139
0.35 0.0446 0.0192
0.50 0.0416 0.0264
0.60 0.0392 0.0308
0.84 0.0333 0.0395
0.50 0.0317 0.0414
1.00 0.0293 0.06442
1.20 0.0253 0.0494
1.40 0.0222 0.0542
1.55 0.0201 0.0572
1.85 0.016° 0.0615
2.15 0.0144 0.0668
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VARIATION OF LIFT CHANGE & WIT: THE HEAVE VELOCITY h

T

K hy

THRIC~ ALGULAL J2T Gov b ODaL

AL 3t Al h
_ hr Lr 1 h L!_ HL’
r
(cms) (cms)
0.35 Jeu97 -34,00 0.95 -0.05623 9.12
J.2053 -52,2C -0,1560 20,35
L J.129 -34,20 L -0.G760 9.50
{ :s) Ue2U0 -51,50 (:ms) -0.1400 15.30
27%.0 -0.072 25.50 270,0 0.1350 -15.10
-0.,074 25,40 0.1130 -12.,20
Die.. -J.llo 41,20 QM 0.1550 -17.40
S000 -0.J74 25,50 h720 0.118¢ -12.10
-0.070 26.35
-J.llo 33.56
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TABLE 9

THICK ANNULAR JET MODEL OSCILLATION TESTS

by Lr RPM o ¢ A/3h I /dn An/dh

(cms) (gms) (rAD/36¢) N? N

0.18* 340.5 6000 21.00 0.076 4,22 0.186 0.00728
0.18+* 276.1 5400 17.00 0,076 2.76 0.135 0.03J900
0.38 257.2 5460 17.95 0.140 3.15 0.270 0.01560
0.50% 340.5 6500 21,00 0,159 3.62 0.356 0.01520
0.57* 276.1 6000 20,30 0.116 3.20 0.221 0.20000
0.70% 304.0 6500 19.70 0.101 2.83 0.190 O.oluse
0.80% 340.5 7230 21.00 0.130 2.95 0.261 0.01240
(.97 175.4 5450 14,00 0.149 1.67 0.178 0.0214C
1.20 276.1 7290 17.45 0,159 1.63 0.214 0.0182¢
1.33 257.2 7240 15.70 0.124 1.38 0.158 0.0158(
1.33 208.6 6500 13,10 0.124 1.31 0.163 0.0190..
1.76 175.4 6500 10.50 0.174 0.905 0.195 0.03300
1.77 208.6 7120 12.10 0.166 0.93 0.177 0.02740
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Ta3l:Z 10

rlewtd CHAMDL ) MUDEL CoCILLATIG. TZ0T5

r Lr WX w f a\.{)h L /3h 3‘«/3\:\

(cms) (oms) (2RD/39¢) Nt N

Jvelv ‘3.0 340U 19,03 O YO 3.77 0.250 0.01073
Jel5 367 .0 04l 1S.LD Uavo O PP 0.257 0.00057
0.3v 30u.2 5v50 17.00 vl.uzsl 2407 0,271 J.01CU0
Cedd 307 .0 06z 21,00 Sok ‘ol 3,40 0.384 0.00200
0.02 300.c RYANY 1v.ud Qo 2.0 0.714 J.0u350
J.0d 300.0 700u 24,20 VRS 3.75 0.686 0. 00376
0.97 300.0 7300 Zl.uC L0300 2oud 0.409 J.00552
L.oo 210.v 03Cu 19.02 veublg 2.12 0.365 0.005u:
l.20 133.9 340U 14,95 Colbc? Z.33 0.346 L.0UY75
1.42 l63.3 5400 17.00 ven221 2.0 0,300 v.CUnl13
1.7¢ 13305 040U i4.%5 C.U715 locy 0.252 U 00900
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TABLE 11

CONSOLIDATED LIFT RESULTS

FLENUM CHAMBER MODEL [ THICK ANNULAR JET MODEL

h aL/dh h dL/5h
(cms) ‘f&z’ (cms) -fgf
0.10 3.15 0.18 5.08
0.15 3.2 0.18 5.08
0.30 330 0.38 4.90
0.55 4045 0.50 5.00
0.62 8.09  0.57 4.70
.34 7.10 0.70 4,20
C.97 4.05  0.80 3.90
1.08 3.46 0,97 3.60
1.20 3.2 1.20 2.46
1,42 2.49  1.33 2.05
1.78 1,92 1.33 2,05

1.76 1.51
1.77 1.51
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TABLE 12

THICK ANi.JLAR JET MODEL -

C)ﬁ{'“)

EE

Thin Annular Jet Thick Annular Jet Oscillation

Tests
S [f1 B Sy /1 35 S, /7
CV2E By E e  F/EE
Y 0.500 0.50 0.18 1.12
V.2 1.132 53.40 0.18 1,26
0.4 1.392 7.56 0.38 2.11
0.6 1.600 4.5% 0.50 2.36
c.8 1,768 3.74 0.57 2.8C
1.0 1,920 3.43 0.70 1,52
1.2 2,050 3.30 ¢.80 1,93
1.4 2.180 3. 24 J.97 2.40
1.€ 2.228 3,23 1.20 2,55
1.8 1,408 3.25 1.33 2,14
2,0 2.500 3.28 1.33 2,32
3.0 2,956 3.51 1.76 3.69
1.77  3.35
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IABLE 13

FLENLY, CVAM3EKR MODEL

——————

hr 2 é?)QQ)
Sy /1

(Cms) E.Pé,é.
0.10 1.173
.15 0.851
0.30 1,168
0.55 0.396
0.h2 0.652
0.84 0.439
0.97 0.645
1,08 0.503
1.20 0.759
1.42 0.526
1.78 0.859
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TABLE 14

L/3h
N

THICK ANNULAR JET GEM MODEL

HEAVE DAMP ING PARAMETER

CAILULATED BY VARIQUS METHODS

Calculated from Lift Csiculated from feeding
Results and bleeding tests
(Feeding) (Feeding) (Bleeding)
h dWh  p pn B 1V2) S NP

(cms) N CD N cms) N CD N

0.18 0.198 0.319 0.35 0.521 0.392

0.18 0.195 0.316 0.95 0.423 0.322

0.38 0.198 0.319

0.50 0.209 0.339

0.57 0,205 0,332 Calculated from C, and A values

0.70 0.190 0.308

0.80 0.072 0,278 (Feeding) (Bleeding)

€.97 0.175  0.264 h L/ah L/oh

1.20 Q.1. 0.208 (cms) “Fih N

1.33 0.11v 0.178 0.18 0.1%4 19.10 Thick Jet

1.33 0.109 0.169 0.35 0,201 15.80 Theory

1.76 0.087 0.142 0.95 0.162 0.79

1.77 0.089 C.142
0.18 0.405 1.140 Thin Jet
0.35 0.302  0.905 Theory
0.95 0.206 0.501
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TABLE 15

HEAVE DAMPING FARAMETER é%éeb CALCULATED BY VARIQUS METHODS

PLENUM CHAMBER GEM MODEL

Calculated from Lift Calculated from Feeding and
Results Bleeding Tests
h 3L/oh h SL/o%
(cms) N (cms) -~

0.10 0.250 0.35 0.302
0.15 0.257 0.95 0,430

0.30 0.271
0.55 0.384
0.62 9.714
0.84 V.686
0.97 0.409
1.08 0.365
1.20 0.346

1.42 0.200
i.78 0.252
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APPENDIX I

DISCUSSION OF FAN AND DUCTING CHARACTERISTICS

FAN CHARACTERISTICS

The delivery of air to rhe jet nozzles (annular jet) or
cushion (plenum) is accomplished by one or more fans, followed by
ducts which may include bands and different sectionms.

If the fan blades have a large pitch angle, then they will
be partially stalled at low flow rates. Typical periormmance charac-
teristics for such a fan are shown in Figure 39.

The fan coefficients in Figure 39 are defined as followss

C = pressure rise above ambient (53)
P
¢
= air volume flow rate through fan (54)
(fan srea) x (fan tip speed)

@ = 4%

In terms of normally measured parameters,

c . 8AP
o " Pl

7ot 7 (55)

8 " .
R o - (56

o

Tt pressure rise A may be static ( & p, is often used
in commercia. fan work) or the total pressure AP . It may be mea-

sured right behind the fan (APpor Apgp Jor at the end of the duct-
ing to which the fan is connected.
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FAN PRESSURE COEFFICIENT Cp

CONSTANT VOLUME

| o CONSTANT

TOTAL HEAD

M FLow
O'Gﬁ | i
[
NO LOSS OF '
OYNAMIC HEAD)
| N
06 LN
- N
/DES/Gﬁy POINT
B //, #
02 — +
MFR'S CURVE FOR FULL
DYINAMIC HEAD LOSS

o/ 2

o3

0.4

FAN VOLUME FLOW COEFFI!CIENT )\

Figure #0. Chr-racteristics of a High-Piteh Axial

Fan (Globe Vax-.-NMM).
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plane

Figure 41. Fan and Ducting Geomwetry.

In the case of & faa connected to a ducting, it is reason-
able tec base the duct losses on the velocity, or more preciseiy, tue
dynamic head, at the fan station. Thus in Figure 40 (he total hea~
measured at the jet exit plaan. will be

APJ- APF - (1 -Y,D) SF

= ApF + V)D SF (£7)

where (1 - np) gpis the total duct pressure
loss, so that 7 represents the duct efficiency ( YlD = 1,0
for zero losses ),

From equation (54)

Aa B =8
b \Z
S N R L (58)

and c - C + 7 A 2 -1

(59)

1

(@]

(]

~—

1
~
[w)

S

>
[ 3%
—

These relationships enable the total pressure coefficient
to be plotted when only the static coc ficient {s known (as in Figure
39) and the influence of duct losses to ve included in fan character-
istics.,

89



Tne design operating point in Figure 39 corresponds to

_3_;1.-%. (60)
3

This may te shown as foilows., The pawer delivetsd by a
fan {s the product of its flow and total pressure risse(20 » which
can be expressed as

Pe = Apv &P = (ap Vpep) (AC).
Differentiating with respect to )\o

3P oC
F p
Sk - Gelrer (Gt Ay

Equatirg to zero, we find that the power is at a maximum
when the equation is satisfied.

In general, when the pitch angle is larze, the fan pressure
coefficient must be obtained experimentally, at least so far as per-
formance {n the stalled region is concerned, Many rethods exist for
estinating (and opiimizing) fan performance in the unstalled normal
operating condition, one of the best summaries being Reference 21.
Solutions are obtained by essentially iterat.ve procedures.

CLOSED FORM SOLUTIONS FOR SMALL BLADE ANGLES

2,22

Two of the mcre successful full scale GEMs and the model

GEM used in the present program have fan blade angles of less than
159 and there is reason to believe that this will become wmore common
in the future. Using extensions of helicopter rotor theory23 Payne2
has shown that closed form solutions can be obtained for C in terms
of X, and hence the derivative 3C,/)\ can be obtained.

Figure 42, Fan Geometry,
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The elemental 1ift on the blade element dr wide, in
Figure 42, is

dl. = ¢ 40V cdr - a(u-p) toivy 04 car
- Ve Rac 2 + L)e - ) dx, (61)

where x = r/R
a = 3C /3« (the lift curve siope)
but g = £ /wr = Alx
SdL = 1V Rac [B( A2 + x2) - Aax - A/x]. (62)

Since X\ < 1.0,}\3 is negligible. Integrating for N blades
we have for the total thrust

1.0
T = %/O‘;I‘ Ra¥ j (6x* - Ax) cdx
%o
1.0 o 120
. .g./ov% RaNCo[ j Eoerzdx - A goxdx] (63)
X, Xo

where C is a reference chord, usually the
largest value, °

The "twist intezrals"
¢ N1
kql b = 9 x ™ dx (64)
)

are tabulated by Payne in Reference 2> for many
practical cases. when the platform and blade twist are arbitrary,
equation 6% has to be evaluated numerically, of course. For the
simple case of uniform blade chord and constant pitch angle,
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=

-l o (1 - x,)

X - 4/3€ (1= x ).

T

AP, *

and

where ¥
0

CpF-

(65)

The relationship between thrust and total pressure rise {is

- A ASP

/OVZMCD [ « -;tz)\J

[kB -t Al

= the nominal solidity

The fan derivative is cbviously

C
p. 2B
X 4
For the constant chord, constant pitch angle case
‘)
2C s B \f (1 - x; )
FBY »

—

a\rc‘)/Z.

(56)

(67)

(68)

When the duct losses are allowed for by the use of equation 59,
we have, for the total pressure coefficient dowastream of the ducts

2
CPJ - CPF'U‘VD))‘

.. 3_:..C.Ej - -f_:‘-’tZ "2(1 -QD))\
N &
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2% Ty - t21- G-y, AZ (69)

(70)

[



- =55 20 -p0h (71)

for the constant chord. constant angle case.
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APrenDIY 11

THEORETICAL ESTIMATION OF THE HEAVE STABILITY COF

A GEM, INCLUDING FAN CHARACTERISTICS

{1) Introduction

This appendix is a concise treatment of the theory developec
earlier in Reference ', emphasizing the points shown to be important by
the experimental tests described in the main body of the report and giv-
ing more discussion of the physical assumptions underlying various theories.

(2) Equation of Heave Motion

It is assumed that, following Eames and others, the air is in-
compressible and that the equation of mnotion is

. . > ) X
h+2%w n+ws (h-h)=0, (72)

where 5 is the damping ratio

and W, is the undamped circular frequency (corrected

for low values of 30).

Note that, also following Eames and Tulin, % may be given one
value with the GEM sinking and another value with the GEM rising. (Pro-
vided that Tulin's stability criteria is met -- as is always the case in
praccice -- rthe former implies the jet is "underfed", and the latter that
the jet is '"overfed".)

Eames, Strand, Cross and Walker all agree that this equation may
also be written

hoegli (2 h o+ g/w IE(a-bg) =0, (73)

and that the derivative 2L/ 3h may be written

2L _ 3L .¢h | (74)
d3h oh 3h
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Previous work has concentrated on the prediction of param-
eters 8 and Wo, but Walker in Reference 1 suggested that it might
be much more ccnvenient to use the results for w, axd < 9/@5. since
the latter did not deperd on fan characteristiecs .

it is easy to see, comparing equations,that

wo - NS (75)
29 Jh .
and %o "B where dh is (76)

the effective change in altitude brought about by vertical velocity 35.

(3) Estimation of the Stability Derivative%—fi and the Undamped
Natural Frequency.

Let us assume that the characteristics of the fan can be com-
pletely described by the volume flow, so that the total head in the jet
is given by

P, = £( Q). (77)

A variation of base pressure will cause a variation in back
pressure on the jet and vary boch volume flow and Py . However, this can
be calculated by assuming that the volume flow is related to the total
head in the jet by a function of the height parameter, h/h_ .

Q= sy v, Flam) (78)
where Veo - [ZPt/,O_]% (79)

and the base pressure is also related to total head and height by the
equation

po = P, Mn/n). (80)
Now from (15), Q f'(Pt)% (81)
d/a = 3 P[P + ,E’/; (82)
where Q" = 30/> (n/hy) ete.
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P P
‘nd at —— ‘Bt- - l - + ——

oFy Py £
/
ot P Poo23
From (80) fb - + =
Po Pt }9
P’ ‘ ’
b
- O aF +
P, ;/{ y’/)ﬁ
P rd
and éi‘ - _L‘Eb
ah h

Now the undamped natural frequency is given by

wo - g/"N' . éL'Qh
and L Sb P H

therefore)

Note that the stability depends not only on F, the fan characteristics,
but also on the characteristics of the annular jet.

w, - [ga]? [ %]

1| - = [

- #
S

(33)

(84)

(85,

(86)

(87)

If ¥/«is negetive,

F could take an appreciable positive value before instability occurred.

Application of the Results to the Plenum Chamber

Q = CLhC Ve c

D
o]
but Q - sJ veoj (h/ho).
Hence, f (h/h )= CyCh / sJ
and f - CD c ho/ SJ

at h = h_,

Similarly, Py =P
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and FIg = o. (94)
Hence, for this case ¥ = ,’7/ F + ‘77/
= F. (95)
The undamped natural frequency wi is then
w, =/F Ve, . (96

Note that since 2 9/wr is shown later to be essentially posi-
tive, the motion of the plenum chamber is detsrmined by the sign of -F.

If .F is positive, the motion wili be a damped oscillation or
a subsidence, and if -F becomes negative a divergence will occur. No
divergant oscillation is possible, and if such does occur it implies that
the physical basis for this theory is not applicable in that region.

Note that the stability is also completely determined by the
fan characteristics,

Plenum Chamber - Constant Total Head

For constant total head, OPy/3Q =0 and F = 0. (97)

There 1s no variation of lift with altitude, no restoring force
due to displacement, and no damping. The craft has "neutral® stability
in heave,

Plenum Chamber - Constant Momentum Flux

This is exactly the same for incompressible flow as the
assumption of constant mass flow or constant volume flow.

Hence, R/ap, = 0 and F =2, (98)
whence, wy = 7/2g/h° . (99)
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The Annular Jet GEM

Results for the annular jet GEM are most easily appreciated
by assuming that some simple theory such as the exponential theory is
applicable. This gives results in terms of the nordimentional para-
meter x » Where

G
X = & {1 +sin X) (100)
{ 2
and gh-iﬁ}o- -X i@ ‘;ax . (101)

We are interested in small parturbations around the equilibrium coan-

dition, so h = ho

?%_2 -x 2()
and Bh ho X ax .

The exponential theory gives

) | - e‘x,
5%
! X . (102)
- 1 _
S0 f/; CeX - 1)
As x —= 0 , this function tends to 4x , the tnin jet theory result
and in the limit tends to zero.
For base pressure
P
B eyl e, (103)
P
t, =2X (104)
I 0 oe—r———y g
S0 /)L//y' e:Zx -

As x—= O , tnis parameter tends to x .1 (thin jet ‘heory result)
and then to -1. Taking the thin jet results, we find tnat for constant
total head

w, - Jelbg A1 -x (105)
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and that for constant mass fiow

wo = /&8 - (106)

(4) Estimatio. of the Stability Parameter 2 % [uwr

29 /uwr= 9h/3h, (107)

and this is most easily interpreted by considering first the case of the
plenum chember.

Plenum Chamber GEM

Suppose the plenum chamber is hovering at a given altitude h
with a base pressure Pb {tetal head) and an outflow of QO .
o

TRV
’> ,,,,.,,.,,,,,.. / \\\ \\g

l Pbo
h

T g — o] \
No <= — — >
7~ Vi N A N A A eV 4V Sl b A A e

\

N

S K R

Now the outflow from the cushicn will be

where Ve = velocity of jet exhausting fron base
0
- sz P //7
o
and Lift - Sb Pbo s



[

Now let the chamber be moving down througn t . equilibrium altitude with
a velocity - h .

(//77'
J ‘W
/ / )\
FAN FLOW
PRESSURE ¢
/ i
[ o N i
‘& e_/ﬁ//‘/ EXPELLED FLOW \\ T
h /// = LR \: g ho
G’ o - - ’A/;: - -~ t—»a =
7—/7\-7—7—//7//// N e i i AR L T A W A \',/5.7/
an

It {5 clear that if{ the internal flow conditions are unaltared,
then there will be an outflew due to the downward moticn equal to

AQ - -3 h. (102)

Now the outflow from the GEM will follow the same streamlines
as before t:om “he exit, and i{{ the downward velocity and resultinz chanes
Oof base pressure are small, then the total flow will be the same, and the
efflux velocitv will be substantlally t- e same.

Hence Ah = effective chance in air zap at the
periphery of the GEM to discharge air
from the fan

- Jh/CD
and AQ = 5 h
- cD Ah C o2 Pbo e {(103)
or oh/ dh = i’ I : (110)
c.C 2 Py
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The change in lift under these conditions is, of course,

2L Ap

AL = 3h and since there is a
reduction ia exi. area, there will be ¢ change in flow, and hence a change
in base pressure, but these changes will be included in the estimates of
AL/ 9. as previously given.

. 29 N LA VI (111)
Hence ===~ = = = . e e .
w 3h c c 2P

D b
o

It is easy to see that, for instance, in the case of a constant
total head air supply, h may be so large that the entire exit area is needec
pass the flow due to h .

Under these circumstances there will be no flow through the fan.
There will be no resulting increase in base pressure and no damping force,
but the value of-dh/dh will still be given by the above simple formula.

Since the flow pattern is unaltered if the GEM is rising rather

taan sinking, the same value of 29/“1‘ will hold for either case.

Annular Jet GEM - Sinking

If an annular jet GEM is sinking and Tulin’s stability criterion
is satisfied, then air will bpe forced out of the base beneath the curtain,
and the jet will be "underfed".

Here again the velocity of escape of the air, V, , will be deter-
mined substantially by the base pressure, and we may ignore the very snall
proportional change in Ve from Veo due %o the increase of the base pres-

SUrae.,

Hence we find that the edge of the jet curtain will be lifted
an amount £h such that

AQ = - h 5 ~ ¢ JhV,
c
and hence ,
Q<
du/h =-=2v --.S.P._ Q. (112)
C e, c 2 P

1
9]
o

A point which must now be discussed 18 the reiation between Jh
and dh » where Ah is the equivaiant change in static altitude
of the GEM.
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Henc: the basic cushion tuoble behaves like a piston, as shown
below:

"BUBBLE"

ANNULAR TJET

|| EFFLUX
.
J C
/ ™ | EXPELLED AIR
P NN // DiSCHARGING AT

\ v/ e Pb
TP LTI 10T L ek, Py

o S ~
LA DL ’; E S 2 B g A 5 Al L P T S S L S5 S ,r 27 7
/

“or thi: case Al - dh. (113)

However, the picture is unsatisfyinz since clearly the expelled
air must accelerate to atmo:spheric pressure,



e ——————

An alternative is snown below,

~%h
/

where 1t 1s assumed that the line of demarcation betweea "bubble" and ex-
pelled flow is flat to the point of contact with the annular jet, and then
ths expelled air asccelerates to atmospheric pressure,

In the case of a first approximation

Ah = Sh/C where C) is a discharge
D coefficiernt.

Tris further ass.mption presents pniloscpnical difficulties
zbout, tne variation of base pressure along the inner surface of the
J8t, but sc does the ordinary annular jet theory for the estimaticn
of base pressure, whers it is assumed tna* the static oressure along
tne inner edse of tne jet is cournctant until ~round contact is made,
when instantaneously the static pre-sure and atmospheric falls de-
manding a sud-en decrease in jet thickness. (Tuls point is currently
veing examined by Payme- .

However, the second result agrees with the Plenum Chamber in
the low altitude limit, which is obviousiy desirabla (especially if
the discharge coefficient is adjustaed for the angle of the outer wall
of the jet), and in any case gives better agresnent with the experimental
results in this report-

Annular Jet oZ4 - Rising

Suopose the GmM is rising through the equilibrium altitude.
Tre air to feed t!s cushion must now be derived from the annular jet.
Suppose the jet splits to supply air to the cushion at a rate Sph .

{11s airflow, being supplied from the cusnion side of the jet,
must be at a static pressure of py 1f the displacements are small.
[o]
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Walker then assumes that turbulent mixing dissipates the momentum
of this section of the jet as below:

) C_\_\_\

E AN a4 7 2 A 7 Zz 7 P50 N A a3

The portion of the jet supplying air to the cushion will have a
width of AG, and

ﬁsb - CAS Fr - % ; (115)
VI

Now the reduced jet width will support a reduced base pressure,
equivalent to a gain in altitude of Ah and we will have

46 _ b,
G hg
3h he 4G
- -

Hence,

e 1o
But AG = B S /—\%/—— .

[V
=
o g
()]

Hence, — (116)

I
l

Qr
o
(@]
(%}
as)
ct
]

But
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RS . W ,J K (117)

ok x c 2 P 1 % °

b
o

and thts solution was used to prepare the damping estimates in the pro-
posal.

Payne, however, has pointed out that the numerical result de-
pends on the assumption about the loss of momentum, if the jet does not
split where it enters the base, but splits at the ground board, &nd no
momentum is lost, then the net momentum ba ance is changed and so is the
change of base pressure., In particular, if the momentum {s all lost &t
that point then the factor i{s not “*3™ 2 bur Yx. Furthermore, 1f the
jet/splits at the ground, but no momentum is lost, then the factor beccines

2/x o

A similar discussion, with less definite conclusions, was also
given in the original papers by Eames.

The three possibilities are shown below:

O )

(a) {b) (¢)

A very elegant series of axperiments by D.L Hughes of
the University of Wales were reported by Walker in Ref, 28, in
which the streamlines in two-dimensional "overfed" and "underfed®
jets of watar in water were photographed and analyzed, The fol-
lowing picture from the report shows that assumption ¢ 1s the
most correct,

(
. X \ \
M \—3 N~
N S
;i- -
AP E L r Tl A7 P rr Rl Pl P2
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Accorcia-ly, the recommended formula for 2%/wr , GEM rising,
ts given by:

> € ‘ I —
A S VL S (118)
w- D ¢

x C jv 2 .bo -WU1 <A

25 . | 2
w ~ ! ~ 2‘
c *./_ PDO ‘\‘ X

and taking only the first terms of the expansion for er this becores:

/ ‘ 2y
2.823 (120)

22 (thin jet) = 2 [ A
L c 2P w X
%o

The experimental results snow that the average of the latter formula ard
the result for GEY sinking (Cp = 0.62) is in very fair agreemer: with the
experimental results (Lhe exponential form gous to infinity when x = 1,0
and 1s obviously not in acreement with experiment. This is deecmed t> be
a failing of tnis particular formulation, and doss not, we believe, in-

validate the pnysical assumptions causing damping.)

(5) surmarized Results

Pienum Chamber

—_
S j/g/ W oL/ dh

1L+ -
T m|
- */E/ho J-F (121)
- 0 constant total head
haih t fl
0 - con t ment
r _VZg/ho stant momentum f lux
29 1 Sy [
w C. ¢ VZ P e
e D bo

106



Annular Jet GEM

w, - -\/8/"" - oly >h

- @ =& (123)

- x ; 2x
‘\/37; [(- F)(1 - ) , )] (124)

e* -1 g<X

(Exponential Theory)

or g/ho [(- F) ( 3x) =« x +1 :' (125)
(Thin Jet)
—_— .
2_%. - ibivl Q2 1 +J—Z . (126)
wr C |2 Pbo 2 CD x
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Annular Jet GEM

w, = +fg/W -l ob’
. -/;/h: .\/.,;2" (123)

b 4 2X
'\/g/ho [(- F)(1 - x . 1) ( X . 1 )] (124)

(Exponential Theory)

or _1/ g/h, [(- F) (4x) = x +1 ] (125)

(Thin Jet)

é'iﬂ[1 +3J. {(126)
w
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