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ABSTRACT

Analytical and experimental studies have been made to
establish a method for the design of propellers and duct
systems for annular jet ground effect machines. Propeller
and inlet geometry and the effects of nozzle velocity
distribution on annular jet performance were analyzed.
Experimental investigations included tests of an axisymmetric
duct and a curved duct at various ground board heights and
inclinations. Overall and the detailed internal efficiencies
were determined and are compared with the analysis.
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S UM4ARY

An analytical and experiaeital investigation has been
performed to establish desigri methcds for pr-opeller and duct
systenms operating in ground -affect. Idethod are formulated
for the calculation of propeller-in-duct performance. A
s3L.ple analysis is made of the effect of exit nozzle velocity
di'stribution and it is found that a constant nozzle velocity
results in a maximum lift to power ratio. A qualitative
analysis is made also of the duct efficiency. The similarity
parameters of ground effect machines are determined.

In the experimental prograir. the effect of various
geometric and operational parameters on the internal perform-
ance of propeller-duct systems in the proximity of the ground
were studied. Maximum overall internal efficiencies of 78
percent for an axially symmetric ducting system and 68 percent
for a curved duct system were obtained.
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INTRODUCT ION

The potential of Ground EffecL Vehicl2s for various
phases of transportation has resulted in increasing activity
in the fields of research and development of these machines.
Early expectations of large increases of gross weight to
power ratios were somewhat disappointed, especially due to
the poor internal efficiencies of the existing research
vehicles. The present program was undertaken to study the
parameters that affect the internal efficiency with a view
of providing design methods for machines with improved per-
formance characteristics.

The aerodynamics of Ground Effect Machines can be
divided into four basic areas:

1. Air Intake
2. Air Propulsion
3. Internal Ducting
4. Air Exhaust and Base Pressure

The major analytical and experimental effort to date
has been concentrated on the last area, and specifically on
the determination of the base pressure. The present program,
on the other hand, was designed to further the state of the
art in the first three of the above areas. Both experimental
and analytical work was performed and the results of this work
are reported herein.

Two basic configurations were investigated:

1. A straight axially syn-netric duct
2. A 90 degree curved duct

Because of its relative analytical simplicity the
straight duct was the first subject of investigation. Both
geometric and operating parameters were studied and methods
for predicting the performance of a propeller-duct combination
in ground effect were formulated. Next, the effect of duct
curvature on the internal efficiency was determined and a
number of interesting results were obtained.

1
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Both duct configurations had large nozzle area to total
base area ratios. The reason for this choice was dictated
by the desire to simulate the duct system that should be
used for GEMs designed to operate at large values of 1/16 .

This report is divided into four sections and has one
appendix.

Section 1 presents the analytical methods formulated
during this program.

Section 2 discusses the test results of the experimental
part of this program.

In Section 3 the test data are correlated with the
analytical methods. The next section deals with a method
for the design of propellers and duct systems for annular
jet GEMs.

The test program and a description of the instrumen-
tation used as well as their accuracy is described in the
appendix.

I

12
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1.0 PERFORMANCE ANALYSES

1.1 INTRODUCT ION

The performance analyses presently in existence deal
mainly with the prediction of the vehicle base pressure based
on known flow characteristics of the jet efflux. The required
power of the entire vehicle is then obtained by multiplying
the jet efflux air power by a loss factor. There is a dearth
of data on the evaluation of this loss factor which depends on
vehicle design, as well as operating parameters. The purpose
of the present program was to increase the knowledge on the
parameters affecting this loss factor by suitable tests and to
formulate methods for the determination of the internal flow
characteristics of annular jet GEMs. The resultant methods
are shown to be capable of providing information on the pro-
peller, inlet and ducting geometry requirements.

This section presents the results of the analytical
endeavor of this program. The following items are presented:

1.2 Dimensional Analysis
1.3 Determination of Propeller Thrust
1.4 Determination of Propeller Power
1.5 Duct Efficiency
1.6 Effect of Inlet Ring
1.7 Determination of Base Pressure
1.8 Effect of Nozzle Velocity Distribution

1.2 DIMENSIONAL ANALYSIS

The formulation of generalized analytical methods of
predicting the performance characteristics of annular jet
ground effect vehicles requires that the significant non-
dimensional parameters be isolated. The determination of
these parameters is achieved by a standard dimensional analysis.

The physical parameters affecting performance are:

Duct Inlet

a. Inlet ring radius, rs , or projected planform
area of the inlet ring, A,

3
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b. Thrust, T

Propeller

a. Area, AP

b. Thrust, Tp

c. Rotational Speed,!a

d. Blade Pitch, ep
e. Solidity, J-

Duct

a. Length, 10

b. Total Pressure, R-

c. Static Pressure, Pi

d. Curvature, OD

Base

a. Area, A6

b. Pressure, Pb

Air Curtain

a. Curtain Area,'TDb

The effects of the parameters, ep ,ft , and LT on the
propeller performance will be substantially the same as on
unducted propellers. These parameters also effect the nozzle
velocity distribution which is the subject of an analysis in
Section 1.8. The effects of the duct parameters, Rp , and Oo
GD are examined in Section 1.5. The exponents of the

dimensions of all other parameters in terms of length, L
time, T and force, F are:

P6  A 5  AF TP Aj Ptj __ Ab 'TrDh Ts___
L -2 2 2 0 2 -2 -2 2 2 0
T 0 0 0 0 0 0 0 0 0 0
F 1 0 0 1 0 1 1 0 0 1
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The base pressure, ?b, is given by

R s"P A P A , P Ab - TD) s (1.2-1)

Equating the exponents of the dimensions of the factors
in equation (1.2-1), and solving the resulting equations, there
results that

__ f [ )T- IRAjT -p A (1.2-2)

where fL ]denotes a function of As TS , etc.
A? T?

The non-dimensional similarity parameters that affect
the base pressure are those given in the bracket of equation
(1.2-2) as well as any combination of these parameters.

It should be noted that the parameter,lrjh/AJ , is
particularly important in GEM internal performance analysis.
This parameter is the ratio of the vertical projected area
over which the annular jet must provide a seal and the area of
the annular jet nozzles. As will be shown in Section 2, this
parameter provides for correlation of internal flow pressures,
thrust and power data for significantly different configurations.
For configurations which have tQ/R values which are small as
compared with te/k , this parameter is equal to te/h

1.3 DETERMINATION OF PROPELLER THRUST

Experience with rotary wing performance analysis has
shown that the rather simple combined blade element-momentum
method for determining the rotor thrust results in reasonably
accurate predictions of the actual thrust. As will be shown
in Section 3, a similar method is also applicable for the
propeller-in-duct configuration when operating in or out of
ground effect. This method, which is presented here,
requires, however, some empirical inputs. Two analyses are
presented, the first of which assumes the velocity at the

5
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propeller is uniform and the second in which it is assumed that
the velocity varies with radius.

Referring to Figure I and using the momentum relation-
ship,

Solving equation (1.3-1) for (,

~~U2p- 2.. (1.3-2)

Ap AP

First consider the case where the velocity is considered
constant across the propeller area, equation (1.3-2) reduces to

v - _ =T _ p ) (1.3-3)

The propeller thrust coefficient is defined as

C o Ap (_-R) z  (1.3-4)

Introducing equation (1.3-4) into equation(l.3-3),

From blade element considerations,

Z'-2-'- V X)- d (1.3-6)

6
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Integrating equation (1.3-6) and solving for CT,
there results

where

((1.3-8)

The propeller thrust coefficient, C , can now he

determined if the quantities TS/T F and __-T are known. As

will be pointed out in Section 2, in the proximity of the

ground the ground effect is more important for the determin-
I ation of T /T than is the inlet ring geometry. It follows,

that in ground effect it may he arsumed that the inlet ring
area and shape is such that the inlet ring thrust can also he
predicted by use of a momentum relation. Out of ground effect,

this assumpticn is not valid and the dependency of 7T. on

the inlet geometry must be determ.ined in another manner.

Thus, in ground effect,

7
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Since Pt

it follows that

/T; = (1.3-11)

Introducing Equation (1.3-11) into the term A from
Equation (1.3-8),

4 )AL (1.3-12)

The determination of TS/Tp is discussed in Section 1.b
and a comparison between the theory and experimental data is
presented in Section 3.

Out of ground effect the thrust coefficient is given by
Equation (1.3-7) with

(1.3-13)

where the value of Ts is obtained as discussed in Section
1.6. f?.

For the case in which the radial velocity distribution
across the propeller blade, a6 well as propeller twist and
taper, are to be accounted for, the analysis proceeds as
described in the following.
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From annular momentum considerations

T,,+dTP=z'rrRi" eV2 + Pojxdx (1.3-14)

Assuming that dTS __TS and solvin Equation (13.-14) for Vp

TTs, I T2
d x (1.3-15)

Similarly to the development of Lquacionz (l.3-9)through
(1.3-11) but with the additional asiuytioi: that AL is equal
to Ap

2.

d~p ~ TpJ
A K (1.3-16)

It follows that

(I_ r ___~ TS\/
V - ( ," iJ (13.-17)

From blade - element analysis

dx L (.313
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Substituting Equation (1.3-17) into Equation (1.3-18) and

solving for JdC

dx

dCT TS - Z + x-2 + +

T? (1.3-19)

With (:70 - + (r, X
-g o + 61 x

{ =

jx T? 1-4' O. TS/T? 7-/

+X 0, (C- X+ ;t 2G+

(1.3-20)

The integration of Equation (1.3-20) gives the thrust coefficient
with linear twist and taper.

For zero twi.tT and taper, tLe thrust cocfficiunr iS given by,

fi, 7s)L (+8e - L(+ e )
2--T?,3+o ,) +--T 57'< ? TP

(1.3-21)

l i
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Out of Ground Effect, Equation (1.3-15) becomes

vp ~ +T ( T
(1.3-22)

and CT of Equation (1.3-19) is calculated replacing
_ elain

T? z

1.'4. DETERMINATION OF PROPELLER POWER

Tiic propeller power is biven by

(1.- 1)

where
-Ir

XW

O 0(1.4-2)

' " , VA
A ,.uiiing VPto Lc o L7.tUL L drd ainu zcrO cwisc anJd taper, tire
po ;,er coeffiCiuLkt b 2COmCJ,

+ X, (iL. t e

VP

rL R FT A+

T? (I -i
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For varving Vp , the power coefficient is obtained similar-
ly LO the corresponding derivation for CT in Section 1.3., and

where(_L t +~ anj2 (.4.

r is given by Eqation (1.3-22),

To calculate the powier coefficient, C F , for LOit of around

Efff.2ct ,ion.Jitior ,: Lc ... on (1.4-3) and (1.4-4) is

rplace, by +

1.5. DUCT " L "° ..

The &.22'. .._Li .. , '.. . -::-,, .. .. .. :'. I kz:le e:xit air
power dividL ' K c,-:ir- pc,;. - i_ ., 1 03 y, .rcen~t efficient
propcil .

+ S= I, Xj 2vj.

T VP (1. :-1)

whr '- ,, ASs AV

isitio- (.5-1) :Eqa.ioso e 2' n

1.5. DUC15

Tae .6Z,11 L ;i1:'i
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2 ~ factor, s uch that

±( /P. )(t (YAi (1.5-4)

The flow bit1the propellL-r is, -enerally, rotational
an, turbulent. "o adecquate! theoretieal method exists, at
present, to prce, *t the d'uct ef Liciency, 4~,or the duct

los fato, h .It becomeas necessary, therefore to resort
to emapirical1 d'LAta, as presented in I.eferenccs 1, 2, and! 3, etc.
The duct officienciez, and lossi factors experienced in the
tests undler thu prese nt programn are prescnted in Section 2.

1.6u. EFFECT OF I14LET iUING

By appropriate design of thie inlet ring the thrust of
a propeller-duct combinatioii texeeeds the thrust of the propeller
alone. In the evaluation o1 the effect of The inlet ring on the
perforuano u, -a ducte I propeller, two casc , must be 'disrLinguished:

a.) Operation In Cround Effect

i. ) Opcratiov; Out of Ground Effect

For annular jet GEMts only Case a.) io Of interest, but
oecause Of tile rcquiruiaent for perforuance analyses of ducted
7aiis out: of ~ effLect, Case3 b.) will also be discussed.

1.6.1 Op ration In Cround Effect

Tes6t data indi.cate that in GcCoun. Effect the geometry
of the ilet ring" is of zCCor1L:Vry iMporLaacez for the evaluation
c' f The thru,. L of a duclcu propel2ler, a. com~pared with the effect

Of thu back pre_-,sure, . T;,i im~plieb that the momentum

1)I



208A90-1

relation, Equation (1.3-1l) is applicable, or

Equation (1.6.1-1) can also be expressed in terms of
jet parameters, and the duct loss factor,.

1.6.2 Operation Out of Ground Effect

Out of Ground Effect the ultsign of the inlet ring
strongly affects tile ratio of shroud thrust to propeller

tlirust,T% A sharp( r inlet lip rusults in lower value of

T,/P .If the shrouc! cross section is an airfoil, camber as

well affects the inlet performance. It~ was not the purpose of
this program to identify thle rt!OSt "eLner.~ll -inlet geometry
parameter which vill result in a universal relationship with

shP.It ha6 beon foundi, i1oWCver, that for inlet shapes of

interest to GEM dc~ikL±i, the ratio of the projected inilet ring

and hub area to the prope.Ller ar.ea resalts in Ts/1 data that do

not vary --,or the two .reatly difLferent configurations tested in
this program.

1.6.3. Analytical Deterainoti.ii Of YOut of Grouod Effect

ConAder the ifileL geLoletry shown in Figure 2. An

iocremental ,Iiroud planfCornl areal, dAs , is given by

dA5s= (1.6.3-1)+ Cs .)1
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Neglecting the effect of the propeller hub the shroud
thrust, T. , is obtained as

1-dAS (1.6.3-2)
As

Where . is the gage pressure along the shroud inlet, it is
assumed that P5 varies linearly as follows

.S=-45Fi (1.6.3-3)

From a momentum relationship

R= IT(~
A? TPA? (1.6.3-4)

Substituting Equations (1.6.3-1), (1.6.3-3) and (1.6.3-4) into
Equation (1.6.3-2) and integrating

Tp T/A A? (1.6.3-5)

Since As=4TTR(rs)( +ryR) , Equation (1.6.3-5) can
also be written as.: < Y

Tp 4 T?/ p) Ap(1.6.3-6)

For fully expanded flow out of ground effect P9=o
The validity of the assumption made in Equation (1.6.3-3) and
the value of J;s will be discujbed in Section 3.
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1.7 DETERMINATION OF BASE PRESSURE

The major analytical effort to data has been concen-
trated on the determination of the base pressure as a function
of the jet total pressure. A review of the available theories
and a comparison with experimental data is discussed in
Reference 4. The correlation of test data with theory is
also discussed in Section 3 of this report. In general, present
theories predict a base pressure that is significantly higher
than that obtained from tests.

1.8 EFFECT OF NOZZLE VELOCITY DISTRIBUTION

The previous sections discussed the performance analysis
of the propeller-duct combination from the air intake to the
air exit nozzle. Depending on the propeller blade geometry the
exit flow velocity distribution can have various shapes. It
appeared from previous work presented in Reference 5 that the
velocity distribution which would result in a maximum base
pressure recovery corresponds to a vortex type turning of the
air flow from the jet. The basic performance problem, however,
is not only determined by base pressure recovery, but by the
total lift developed by both the base and the nozzles at constant
power. To obtain a qualitative underptanding of the effect of
velocity distribution on the lift to power ratio, LIP , the
following analysis was performed.

Considering the geometry of an annular jet nozzle as
shown in Figure 3, and assuming that the value of te/ A

is sufficiently small so that Ri can be taken as constant across
the nozzle,

,- (1.8-1)

The jet pressure for any value of X I- i is
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The nozzle velocity distribution is assumed to vary
linearly across the nozzle. With the notation of Figure 4

V = V ( + cx) (1.8-3)

Substituting Equation (1.3-3) into Equations (1.8-1) and
(1.3-2), respectively, and integrating,

P. = - (.8-4)

where E,-(I- ), EP 4 -(i-$)3

tx)+0x) xr(1.8-5)

For the case of constant velocity across the nozzle,
V V, and

Pb Lte2 JV eA

(1.8-6)

The airpower for a circular annular jet is given by

P= 21R f(,.+Iv )vx, V, x-

Substituting Equations (1.8-3) and (1.'-5) into
Equation (1.3-7) and integrating

=+DE+ 7 t j (1.8-8)
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where

2 ,-,"R) +*za2

E, -6- te/)

For constant velocity distribution, 0 and

PVA IT L(R i Ij(1.8-9)

For constant power, it follows by equating Equations
(1.8-7) and (1.8-8)

3 PEsDE, + iEj + D4E + js

(R+'v)s - SR .L. o

The vehiclc lift is given by

L= L Lb =(P + V/')A (l.A-+1)
I Al

The ratio of the lift of the vehicle for varying
velocity across the nozzle, L, with the vehicle lift at
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constant velocity, Lva , is given by

L t.. V~1 A\~ 2, t
VA (1.8-12)

where

B - R?,. + a33 R/R(I1 0y +

R

The variation of L/L-VA for constant power vs.

normalized, non-dimenisional slope of the velocity across the
nozzle, 'Vo/ , is shown in Figure 5. It is seen
that the nia-:ium lift, for a given nozzle air power is obtained
for a constant velocity distribution across the nozzle.
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2.0 TEST RESULTS

In this section the results of the test program are
presented and discussed. Data from the literature is also
presented where applicable. The details of the test program
are listed in the Appendix. The tabular test data may be
obtained from Kellett Aircraft Corporation upon written
request. The configurations tested may be summarized as
follows:

1. Duct Configuration

a. Straight Duct, (axisynraetric, straight walled)

b. Curved Duct (90 degree angle between propeller
plane and nozzle plane)

2. Inlet Rings

a. Large Quarter Elliptic

b. 4.5 inch Semi-Circular Cross-Section

c. 1.5 inch Semi-Circular Cross-Section

This data will be compared with the theory in the next
section.

2. 1 OVERALL PERFORMANCE

2.1.1 Performance as a Function of Height-Diameter Ratio

2.1,1.1 Straight Duct

The overall performance of the straight duct
for the tests performed with this configuration are shown in
Figure 6, in terms of the lift to power ratio against altitude

k
to diameter ratio, /0 , These tests were performed at

constant propeller disc loading, /A . The numbers shown next

to each test points denote the ratio of the total ground board

reaction to the total base area of the duct, L/5. It is noted

that maximum power loading, Li/p , is obtained at an 1/6 of about
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0.1. At values of '/D lower than 0.1, the propeller stalls and

any potential gain in h/ that becomes available with decreasing

is more than compensated for by the loss in propeller

efficiency due to blade stall. At very low height ( '/ = 0.03)

smoke studies have shown that there is almost zero net flow
through the duct; however, a pressure is maintained in the duct
by a recirculating flow through the propeller. This recirculating
flow enters the propeller through the inboard portion of the
blade and escapes from the duct through the area swept by the
stalled propeller blade tips. It should be noted that the
performance at zero height is not a trivial condition since the
static height of the nozzles can be zero for any GEM depending
on the landing gear and the terrain. However, propeller blade
stall can usually be eliminated for these conditions by reducing
the blade incidence and increasing rpm.

Examining the variations of L/S at constant

/D and L/P it is seen that comparative performance must be

evaluated at constant */S . The available test date were cross

plotted and the results are shown in Figure 7 for area loadings,

L/5 , of 10 and 15 psf. Calculated performance for the nozzle

inclination and nozzle thickness of the test configuration and
the performance of an annular jet with optimum nozzle angle and
nozzle thickness are also shown. The calculated performance
curves are based on the Strand theory as corrected to agree
with test data in Reference 6. An internal efficiency of 60
percent was assumed for these calculations. It may be seen in
Figure 7 that the tested performance is slightly better than
that equivalent to a 60% efficiency at 1/D values less than

about 0.3. At "/D of 0.15 the apparent internal efficiency is

about 67 percent for both of the area loadings shown. The
cested performance is also better than the calculated optimum

performance for the /of 0 psf at from 0.22 to 0.44 for

this assumed internal efficiency.
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2.1.1.2 Curved Duct

The overall performance of the curved duct is
shown in Figure 6. This duct is described in detail in Appendix
I; however, it should be noted at this point that this unit has
a nozzle area to total base area ratio of 0.33 as compared with
0.80 for the straight duct.

It is seen from Figure ' that at the same

propeller disc loading, 7 , the curved duct produces more
A P

pounds per horsepower than the straight duct at all values of

'/D below about 0.15. However, the curved duct also produces

less L/5  than the straight duct except at values of '/D less

than about 0.04. As pointed jut previously, a suitable comparison
should be made only at constant T/_ .

It may be observed from Figure 8 that the
performance data does not evidence propeller stall effects with

decreasing h/D of equal magnitude as was found for the straight

duct tests. This is due to the effect of the smaller nozzle to
base area of the curved duct which reduces the propelJer blade

angle of attack for a given / . As will be shown later in

this section, propeller blade angles of attack are a function of

the blade pitch setting and the parameter rD/A. . Therefore,

the curved duct does OloL experience propeller blade stall until

a lower h/D than the straight duct and at lower "/D the increase

in performance due to 8round effect masks the effect of blade stall
on performance.

It may also be noted from tills figure that with
the curved duct the large quarter-elliptic inlet ring gives
slightly better performance than th 4.5 inch inlet ring at all
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heights tested. Also the curved duct with the plenum gives
slightly poorer performance than the curved duct alone.

As an independent check of the test data
the data from Reference 7 is also plotted on this figure.
The data from this reference is from an axisymmetric duct
which has a propeller to jet area ratio of 0.618 ani a nozzle
to total base area ratio of 0.103. This duct also includes
radial stability augmenting slots in the base. This referenced
data includes the losses in one transmission between the torque
meter and the propeller. The data shown from this reference
in Figure 8 were obtained at a constant lift at a similar total

base area loading, 5 , of 10 psf as for the curved duct tests

and show a very similar performance to that of the curved duct
of the present program.

2.1.2 Effect of Detail Geometry, Nodifications on Performance

As noted in the previous section the variation of

the two dependent variables L/ and L/p with 1/) or configuration

precludes the comparison of performance data in this form. This
difficulty does not occur if the performance data are presented
in the form of the power factor, Z • This parameter is used in
Figures 9 and 10 to show the effect the following design
modifications:

2.1.2.1 Inlet Geometry

The three inlet rings described in the
Appendix were tested on the straight and the curved ducts.
The effect of these rings on performance is shown in Figures
9 and 10 for the straight and curved ducts, respectively. It
may be noted from these figures that the quarter elliptic inlet
ring gives about 5 percent bettcr performance in the straight
duct than the 4.5 inch semicircular iillet ring. The curved
duct performance is almost idenLical with either of these inlet
rings.

The effect oi the loes inlet oij the performance
of the straight duct is also shown in Figure 9. As shown by this
data, the performance with the long inlet is about ten percent less
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than the short inlet at large and small '/D. At an /D f

0.2 the performance with either inlet length is essentially
the same.

2.1.2.2 Internal Modifications to Curved Duct

From tuft studies it was found that the flow
in the curved duct was separated in the region of smallest

curvature of the outer wall (-= 0 e 2 = 30) . To improve

this flow the following modifications were tried:

1.) Guide Vane

2.) Axial Streamlined Body

It was found that both of these modifications reduced performance
as shown in Figure 10. At low height the effect of the body is

small; however, at %/Dof 0.20 the body reduces performance about

18 percent. The guide vane also caused about an 18 percent
reduction in performance. The above reduction in performance
were evidenced despite the fact that the tufts in the duct
seemed to indicate that the flow was improved for each of these
modifications. This apparent paradox is probably caused by the
drag losses of these objects being larger than the energy losses
due to flow separation.

2.1.3 Performance with Pitch or Roll Inclination of the
Annular Jet

2.1.3.1 Straight Duct

The effect of ground board inclination on

the performance and flow of the short duct and the short duct

with the nozzle and base extension at an '/D of 0.14 is shown

in Figure 11. The total base area loading decreases slightly
with increased ground board inclination and the power loading
remains essentially constant. The maximum change in the
power factor represented by these changes in performance is
about 10 percent of the value of 7 without inclination.
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2.1.3.2 Curved Duct

The curved duct performance when inclined is
as shown in Figure 12. It may be noted that the changes in
performance are somewhat larger than were noted with the
straight duct; however, performance is significantly improved

for nose down and left side up inclinations. At an k/D of

0.182 the maximum performance was achieved at minus seven
degrees pitch and plus seven degrees roll, and it was not
until these inclinations were about twelve degrees that the
performance decreased to the value without inclination.
The performance decreased at about the same magnitude as the
straight duct for nose up and left side down inclinations;
that is, about a 10 percent increase in Z , for a 12 degree
inclination.

2.1.3.3 Control Plug in Curved Duct

To provide some insight into the performance
penalties which are required for control an exploratory study
was made into the effects of two sizes of a plug inserted into
the nozzles of the curved duct. These plugs were tested at
various azimuthal positions. The effect of these plugs on
performance is as shown in Figure 13. The effect of the plugs
on the center of pressure of the annular jet is as shown in
Figure 14. From these two figures it may be concluded that
a center of pressure shift of 20 percent of the base radius
can be achieved in any direction with about a 20 percent
increase in power.

2.1.4 Overall Internal Efficiency

The internal efficiency of the test units was
measured at various ground board heights. This efficiency
was determined by measuring the velocity and total pressures
in the flow at various radial and azimuthal positions. From
these measurements the air horsepower was calculated. The
internal efficiency, in percent, is then 100 times the ratio
of the air horsepower to the input shaft horsepower.

The tests indicated that the maximum internal
efficiency with the straight duct test unit was about 78
percent and with the curved duct the maximum internal efficiency
was about 68 percent. The variation of these efficiences
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with '/D is shown in Figure 15. The reduction in performance

due to the duct turning angle was caused in part by losses due
to a flow separation in the duct and in part by the losses due
to the asymmetry of the flow through the propeller.

2.2 PROPELLER DATA

The propeller tested in the curved and straight ducts had
zero twist rectangular blades. All testing was performed at
the same pitch setting. The unit tested permitted the measure-
ment of the thrust produced by the propeller alone. The
geometry and instrumentation of this unit is described in
detail in Appendix I.

2.2.1 Thrust

The propeller thrust coefficient data obtained for
the straight and curved duct are shown in Figure 16. It may be
seen in the figure that the propeller thrust coefficient for
the straight and curved ducts are coincident when plotted
against the GEM clearance area o nozzle area ratio, TD I/A;
The curved duct and the short straight duct plenum with the large

base modification show a somewhat higher thrust coefficient.

2.2.2 Power

The propeller power required may be shown in
nondimensional form as a power coefficient. The data obtained
for the various straighc and curved duct configurations are

shown in Figure 17 plotted against TD /A . While there is

some scatter in this data it appears that for a given ITD6/A.

the configuration with the plenum requires a slightly larger
torque coefficient than the straight duct. The curved duct
requires a slightly smaller power coefficient than the straight
duct. Out of ground effect power coef.ficient data is also shown
in this figure for the straight duct and the curved duct with
the plenum.
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2.2.3 Flow Conditions at the Propeller

The flow conditions which produced the above
mentioned performance have been measured in detail. In
general, these conditions result from an interaction of
the propeller and the duct; however, the general flow field
and the inlet flow will be described in Section 2.3. The
flow conditions which directly affect propeller performance
are the following:

a. Magnitude and distribution of the velocity.

b. Swirl angle in the flow.

To determine the velocity at the propellerflow
surveys were made at various distances before and after the
propeller. The data obtained for an out-of-ground-effect
condition is shown in Figure 18, with the velocity non-
dimensionalized by the theoretical value of the velocity
for uniform inflow. The out-of-ground-effect conditions
are shown since for this case the velocity at the propeller
is largest and the velocity distribution is most pronounced.
It is seen from Figure 18 that before the propeller the
velocity distribution is uniform and the velocity ratio is
unity except for the boundary layer at the shroud and a
decrease in the flow near the centerbody. For the measure-
ments nearest to the front of the propeller (0.13 of the
propeller tip radius) the boundary layer flow occupies about
10 percent of the inlet area and the reduced flow near the
centerbody is about 90 percent of the theoretical value and
covers about 30 percent of the propeller area. Over the
remaining propeller area the velocity is uniform at th
theoretical value. Thus, the area weighted average velocity
is within ten percent of the theoretical velocity, but is
lower than predicted. The propeller changes the uniform
approach velocity to a trapezoidal velocity distribution which
of course, cannot occur discontinuously, and which is not
quite established at a distance of 0.17 of the propeller tip
radius behind the propeller. The change from a uniform flow
to the trapezoidal flow requires that there be a radial com-
ponent of the velocity. This trapezoidal velocity distribution
is probably the most nonuniform velocity which would be achieved
unless the propeller was specially desigr'd so produce a non-
uniform velocity (with reversed twist or an inversly tapered
blade planform). This non-uniformity of the inflow velocity is
small enough to expect the assumption of uniform inflow to yield
reasonably accurate results for performance calculations for
installed propellers.
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In the curved duct the propeller also produces a
similar velocity distribution, however, the curvature produces
also an azimuthal variation on the flow through the propeller.
The dynamic pressure of the flow after the propeller at an

of 0.182 and TP/Ap - 16 psf are as follows:

/R of Measurement o0ojJV..TIA

0.52 3.8 2.2 Sin (V -2700)

0.80 10.0 2.0 Sin ( -2700)

0.92 13.1 1.9 Sin ( -2700)

This data indicates that there is about 10 percent of the velocity
near the 75 percent blade radius.

The magnitude of the average velocity at the propeller
depends on the requirements of the annular jet as influenced by
the duct system, as has been discussed previously in Section 1.8.
However, the ratio of the velocity at the propeller to the
propeller tip speed may be calculated from any of the following
relations:

Z zCTC /T

14 C, PtN k P )(;V rY z
In the test program these pressure and thrust ratios

were measured independently. Therefore, the velocity ratio at
the propeller was calculated using each of these relations and
the results are compared in Figure 19.

It may be noted from Figure 19 that the relations
which depend on the momentum relations discussed in the
theoretical analysis result in a lower value of the velocity
at the propeller than the velocity data which was measured
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directly at the nozzles and in the inlet. It should be noted
that the propeller velocity ratio is the same for the curved

and straight duct at the same T "/A.. This gives considerable

support to the test data since a large number of measurements
are involved with two different test bet ups.

The propeller also cause3 a rotation or swirl in
the flow as a reacLion to the propeller torque. Typical
swirl angle data are shown in Figure 20 fur the straight
duct. This data shows that swirl angle varies with height.
This variation is of sufficient magnitude that it would be
difficult to design an anti-rotation vane system which
would give good performance at all heights. It should
also be noted that at low heights when the ;qirl angle is
large the flow is reduced so that the rotational energy loss
is always small (about 2 percent of the air horsepower).
This conclusion, of course, only applies to configurations
similar to those tested.

2.2.4 Propeller Efficiency

As given previously the efficiency of the propeller
is defined as:

p 7= T? VP
65"o t-P

This relation may also be expressed a8

These parameters have been measured and ;he efficiency calculated
with this relation is shown in Figure 21. It .iay be noted in
this figure that an average efficiency of ,4 prcent is reached

at about a lT1k'A of 1.7. This efficiency for the propeller

is unusually high. A maximum efficiency of about Q5 percent was
expected for this zero twist rectangular planfori propeller.
If the value of Pt was 0.9 of the meadured value, IF would

be 85 percent. As is discussed in 'cction 2.3.2 there are also
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other reasons to suspect the pressure measurements.

2.3 DUCT PERFORMANCE

The function of the duct is to channel the flow to the
propeller taking advantage of the negative inlet pressures to
increase the flow. The duct then delivers the flow from the
propeller to the nozzles, and should in conjunction wi.th the
propeller provide the velocity distribution which will give best
annular jet performance. To determine how well the duct performs
this functionsurveys were made of the flow into the inlet in
the duct and at the nozzle exits. Typical examples of this data
are presented in this section to show the general flow field of
the test units.

2.3.1 Flow Field Data

For the straight duct out. of-ground effect, the
flow field in the vicinity of the propeller and inlet was
investigated and the data obtained are shown in Figure 22.
Upstream of the propeller the total pressure is approximately
atmospheric and therefore, the static pressure data shown
also is indicative of the dynamic pressure of the flow into
the inlet. Downstream of the propeller the static and total
pressures are increased so that the total pressure in the duct
is about 80 percent of the propeller disc loading. The static
pressure in the duct downstream of the propeller is slightly
negative (gage) apparently due to propagation of the negative
pressure induced at thc rziphay of the nozzle and at the base
of the centerbody.

The effect of a change in the length of the inlet
on the inlet flow is also shown in Figure 22. At the inlet
the flow is shown to be similar for the two distances to the
propellers that were tested. However, for the case where the
duct inlet is close to the propeller the velocity is signi-
ficantly larger near the outer end of Lhe blades. The differ-
ence in the shape of the velocity distribution shown is apparently
due to the change in the proximity of the inlet to the propeller.
As will be explained later, the difference in the magnitude of the
inflow velocity in this region is apparently due to the difference
in the disc loading of these tests on inlet performance rather
than due to the effect of the inlet length.

For conditions where the nozzles are close to the
ground, the flow is as shown in Figure 23. This figure shows
pressure data obtained at various locations in the duct. The
inlet flow data given in Figure 23 can also be compared with
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the data of Figure 22. This comparison shows that the inlet
flow pressures become a smaller fraction of the propeller disc
loading as the nozzle height is reduced. The static pressure
in the duct is shown to be fairly uniform in the region behind
the propeller to the nozzle, and varies from nearly zero gage
pressure out of ground effect, to a value slightly less than the
base pressure when the nozzle is very near the ground.

It may also be noted in Figure 23 that at '/D= 0.12

the velocity of the flow through the duct (as indicated by the
difference between the total and the static pressure data) is
almost zero near the centerbody. This indicates that the
effective nozzle thickness is less than the actual nozzle thick-
ness. Tuft studies show that the flow in this region is reversed,
apparently due to the influence of the base pressure on the flow.
The reduction of effective nozzle thickness with height may reduce
the base pressure which can be achieved for a given nozzle total
pressure and also may reduce overall performance.

Typical nozzle flow data for the curved duct are

shown in Figure 24 for I/D of 0.181. This data shows azimuthal

and radial variations in the total and static pressures at the
nozzle. As shown in the figure the nozzle static pressure is
negative at zero degrees Yb apparently due to the effects of
the small radius of curvature of the duct in this area. This
effect causes some changes to the annular jet performance, as
will be discussed in a later section.

2.3.2 Duct Efficiency

The efficiency of the duct system may be determined
by measuring the total pressure of the flow at the jet, Pt, ,

and the propeller disc loading, TP/A . The ratio of these two

parameters is the efficiency of the duct, D , since this ratio

is equal to the ratio of the air horsepower delivered to the
nozzles divided by the air horsepower produced by the propeller.
This is derived in the theory. The duct efficiencies of the test
units are shown by the data of Figure 25.

It is noted that the product of the duct efficiency
and the isolated propeller efficiency is the overall internal
efficiency. A comparison of the data in Figures 25, 21 and 15.
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shows fairly gooa agreement of j with the product of and

D , this product being about six percent less than Z

This difference is possibly due to the manner in which the data
of the total pressure was averaged. It should be noted that
the total pressure varies with the radius. For this report,

all average P data are an area weighted average, which is the

one which should be used for determining forces. However, for
determining air power a flow quantity weigaited average should
be used. Since the flow quantity increases with Pt when the

static pressure is constant a flow quantity weighted average
is larger than an area weighted value. Therefore, the data
given in Figure 25 indicates a slightly smaller duct efficiency
than the actual value.

It should !e noted in Figure 25 that duct efficiency
is reduced by duct curvature. Abour 13 percent less efficiency
was obtained for the curved duct ttian the straight duct. The
addition of the plenum caused a further uecrease in efficiency.
Still it is noted that the efficiency of the configuration with
the plenum is unexpectedly high. Since this configuration con-
sisted of the straight duct, the plenum and then the curved
duct in series it is expected that the efficiency of this
combination would be tlC product of th efficiency of the
components. This woucld,.te theft the efficiency of the
plenum was 91,. percent efficient at a rD of unity. It

was expected that the plenum efficiency would be considerably
less than this value. One reaoLi for this large plenum efficiency
is probably due to the alignment of the straight duct exit with
the inlet of the curved duct. Also it is possible that the curved
and straight duct efficiencies benefit from this combination of
ducts and plenum.

A portion of the data which relates to duct efficiency
hias an apparenL discrepancy w iich csioft be explaiaud. That is,
for numerous data points \.'ith the stright duct at all tested
heights aid icr thle curvcd duct atTrDh Lreater than unity the total

pressure behind The propeller was fouled to b. less than the
total presiuru at the nozzles. This Uata is shownL ia Figure 26.
Although Lhe Jicrepancy i6 of small magitude, it is of
Z;ignificanc 5iI2 it was meaiu:ued at so :many points. Possible
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explanatioius for this discrepancy are:

1.) The rotation in the flow

2.) Unsteady flow fftsnear the propeller

3.) Instrumentation inaccuracies

The inlet performance "nd dIuzt losses are discussed
inl the followinig:

2.3.2.1 Inlet Performance

The inlet ring& produces a thrust which is
related to ati icrease of iass flow -ic the ducts. This thrust
is cause' by th,: negative Static PreSSU:e acting" On tht; area
of the inlet ring1.

IT'e inlet rL.-o surfacc static press3ure was
measured during thaese tests and typic al Iata for an out-of-
ground effect coodition are shown in Figure 27. For this data,
the propeller disc loadling i- used as ano-rcsicizg
paranietor. The dc ta shows that the flow~ separnto; from the
surfacc at ain Lilat ring- cross-icctioni agle, es , of about

13" "-groees. Soparatiori i6s irndicated, by t1epeoik in the curve
of siurface staflie. p-.e;uzt.- \.ith iinl.1t ao,6l,. TheO thloutst of
11,u inlet rin6 was cttiimato.' by Int Lqrat iig the Yikasured pressures
acrosis tihe irla ing; an1d thel vr , Cai oE inilet thZust to
propeller thiruct cvt-of- roun3eC:c fowvJ to be: 0.70 for
the specifie t0st, coiif4 ,U!rt io6.

The, in-lzt Tlc. also C'aau. L) :,:UUcLion in the
surface static prz.re on thie Liosc of the, -2entorludy. This
static pru ssur. %,As ivcwasured and the, t,:picail data oLtailled are
showin in Fi6-.uro 22. Tha , t~ut :L11;hi press6urc "isitributioln
represents wa, aL~o obtaioed by nuuieric.ally integrat.L16 tle
prebsure, ailu fur the out-0f-~,iwul-d effectcn~in was found
to be &cout,( )J.1 of thU p1:OPell__ thrust. I'hec tcuiterbody niose
cont~ributioni decreases with decreabioZ iozzle height and becomes

insignificant, at values ok hy lczs than 0.3.

-it.; otrjighL _'uct L..SL lai _L4ciS 1so testuud
ouL-of- ,rouri, c_-foct ~ihan increao ad inlelt loogth. That is
a dUct etebinabout th'ree propeller rcdii long wa., placed
between thle propelle2r ad Ltt inlet rin-g. J3tatic and total
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pressure measurements were made at the mid length of this
extension and the data are shown in Figure 29, and similar
inlet data measured close in front of the propeller are shown
in Figure 22.

The total pressure data shown in Figure 29
indicates that with increased disc loading the outer wall
boundary layer becomes less thick. Since the inlet loss
is the total pressure times the flow quartity a decrease in
this boundary layer indicates improved performance. As a
consequence of the increased boundary layer the static
pressure to disc loading ratio becomes of larger magnitude
(more negative) with decreased disc loading. From momentum
relations and Bernoulli's equation, it can be shown that:

mP p

Since the measured Ts/TP seems to be independent of disc loading

it appears that AL/AR varies with disc loadin since - P A

is shown to vary. This effect may be considered as a contraction
of the flow into the inlet which appears like a separation or
a thickened inlet boundary layer. From this data AL/A ? is about

0.76 at TP/A of 9 psf, and is equal to unity at T/, of 15.6

psf. It should be noted that consideration of this effect may
provide agreement of the propeller velocity ratio data shown in
Figure 19.

It may also be noted from Figure 29 that the
static piessure-disc loading ratio generally increases negatively

near the centerbody at' 0.5, as compared to values at

This indicates that the velocity near the centerbody is higher
than the velocity near the outer wall boundary layer of the
duct. This effect is apparently due to the inlet since the
velocity after the propeller is larger near the outer wall.

The data shown in Figure 29 can also be used
to estimate the loss in efficiency due to inlet separation.
Since the total pressure was zero until the loss due to the
inlet, the negative total pressure near the outer wall represents
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-a loss of une-rLgy. Th-is luu~i a be Licw o rupr,.Sunt ebout
0-1. the inpzut hers power at a disU_ oos1i.6 csf1

hcay al50 be .nc! tej1. Fi-ur(- 2S9 that tlia cc
110oL afa.'c j:. a '. re;onc Aie oal prk. ,Lu near

theo cntcrx'ody. This woul.] siubstacotiate the' con.--usion that
the rea3o-n for thle thi-ck luoundary ltyor netar thc~ outerT jall
L; due to th.e inlct rinL, flow separation and not due to a boundary
layer caused by skin friction.

Ther~aed iLtrim, tLLru:j.L (c't.-Cf-eIrolnd
for che 4.5 j~e-t-fmi~cc-,lar crosi Leciun inletL ring is com-
pared With18 s ile1:r _Latal f rGM thE li atr in 1.2ur 30
Sinc,3 this Uatc-- agr.:as frl l withL tLI.&e 4ata froim the
litarature th~ere .-as no further cAffort to correlate the thriist
of the other iolet con-igurations with titis cut-of -ground effect
data. As previously -;3tod f-he oth-er inlvt rings6 were testedl
to determine: the effoCrt of the iilet rin sig on overall
perf ormance.

ThE th-eoretical Variation of iolet ringp
thrust with inilet rcing area Is -ilto pre,-_nted in this figure,
as will bc diJscuLs6cd in 3.2ctio, 3.

?ie ffect of toe hei-ht of the noacles fromi
t !e --round" on t1he inlet th-Irujt is shown i-n Fib:',1iru 31. The
r:atio Of iknlet LOus to propeller: Lxs e:a With
1 'ltcIvt s inre focr a -Zv oi i ~rc Pe 11-- 1 -1, L.he. flow throug-h
1-.-J luct decreatjs with. ithIe hiih) L~ihAslcin i te

flow into the inler LL, static prt-u're. -. , the, J'll~t iLrass
nn3 iohnce the thruslt: cntriibatioon, c.L-l,- th -LL ii . dcreabieb .

Ujhekn Plotted agaiL~sL-rrD '/A Li, ai 3 .C S 'C TF u- c J cn.

tor 'Lc straight ane urvd

IL hudW ;L La .. t. ,,-&e -. u .iU5iiLnlA

thrust varies with the propu_:Ller azr..,utL.i :~,''. Typical
oata are ohowi- in Figure2 32 that Sjo hi e-~:.a on .

relation:

is - 6t"-. 4 0.4 3 cY-,zo)
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This relation was determined for the data shown for 7 "A of

2.2, and would only be expected to be valid for conditions near
this point.

2.4 ANNULAR JET PERFORMANCE

The characteristics of the annular jet determines the lift
producing capacity of the GEM and the purpose of the previously
discussed GEM component characteristics is to provide inform-
ation on the internal flow feeding the jets. The present
program was mainly concerned with the internal aerodynamic
problems and the greater part of the test effort was confined
to this area. Tome measurements of the jet characteristics
were obtained howe.vver, and this data is presented below with
a brief discussion.

2.4.1 Base Fressure Recovery

The primary performance parameter of the usual
annular jet configuration is the ratio of the base pressure
to the total pressure of the jet. The test data for the curved
and straight duct configurations is shown in Figure 33 with
comparative test data from Reference 7 and various theoreti-
cally predicted data based on the theories from References 6, 8
and 9. It may be noted from this figure that the test data
are considerably less than the theoretical values. At

7r D //4j of unity the test value is only about 76 percent of

the theoretical value. The test data from Reference 7 is not
exactly comparable to the test data from this program, since
the GEM tested in this reference had inclined nozzles and had

a small nozzle width to diameter ratio, te/D , as compared

with the straight or curved duct configurations. A comparison
was also made of this data with the appropriate theory and it
is seen that the data of Reference 7 are also about 20 percent
less than the theoretical values.

It may be noted that the curved duct has a somewhat
lower base pressure recovery than the straight duct. This un-
expected loss in base pressure recovery is apparently due to
the peculiar nozzle pressure distribution for this duct which
was noted previously.
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2.4.2 Nozzle rressure

The nozzle static pressure data for the curved and
straight ducts and the Reference2 7 data are showni in Figure 34.
This data shows that the nozzle static pressure-nozzle total
pressure ratio reaches unity at zero height vhen there is no
flow from the nozzle and becomes negative out of ground effect.
It can be shown that most of t;he theories predict that the
nozzle pressure is one-half the base pressure. The nozzle
pressure data is presented as a ratio to the base prebsure in
Figure 35. This figure shows that the nozzle pressure is
one-half the base pressure at only one height. At IDh/-4

values less than about three the base pressure exceeds this
theoretical value. Since as shr;n before the predicted base
pressure recovery is optimistic and the nozzle static pressure
is greater than predicted, it would bu e:pected that annular
jet configurations should have larger nozzle area to base area
ratios than the theoretical optiriuci.

2.4.3 Augmentation Ratio

Thi6 ratio is of very question.ablc value; however,
the test data obtained have been plotted in Figure 36 with
comparative data from References 7, 10, and 11. It should be
noted that the comparison of this data cannot be related to
the annular jet performance as presented in other sections of
this report.
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3.0 CORRELATION OF ANiALYTICAL METHODS WITH TEST RESULTS

In this section the analyses of Section 1 is compared
with the test data of Section 2. The degree of correlation
between analysis and test data is discussed.

3.1 PROPELLER PERFORMANCE

In Sections 1.3 and 1.4 methods are presented for predicting
propeller thrust and power, respectively. Propeller performance
calculations have been made with the method ascuminj constant
velocity at the propeller and also with the method in which
radial variations in the propeller inflow velocity are considered.
The calculated data are shown with the comparative test data
in Figure 37 for propeller thrust coefficient and in Figure 38
for the propeller power coefficient. These data were calculated
assuming a constant slope of the airfoil section,5.73/radian, and
a power series drag polar with coefficients S. of 0.0087, S,
of-.0216 and :Lof 0.4. These airfoil characteristics are based
on data given in References 12 and 13 for the tested 0012 Section.
The calculated thrust coefficient data are not more than 10 per-
cent larger than the experimental values of all TrDA. values

larger than unity. At values of D/A smaller than unity the

calculated CT increases more rapidly with decreasing TrDk%/A5

than does the cperimental C . data. The reason for this

divergence of the calculated data from the experimental data
is that the propeller blade tips are stalling. This may be
shown by calculating the blade tip augle of attack, cTi ,

using the following relation

TIP Tip - 0 T

The blade tip angle of attack based on the experimental value
of CT is shown in Figure 39. As sho n in Reference 12 the 0012
airfoil of the tested propeller 6talls at 11 degrees at the
tested tip Mach niumbers. This stall angle is in good agreement
with the test data in that 10.5 degrees tip angle of attack

are reached at W-D'/A' of unity. At angles of attack beyond

stall the measures thrust should be le a than the calculated

38



I 208A90-1

thrust since the calculations were made for a constant lift
curve slope with no consideration for stall. If it was desired
to predict the thrust coefficient for conditions with stall
the airfoil section data from a reference such as Reference
12 should be used together with Equation 1.3-13. The value

of jP/_SLRis then found by an iteration method using numerical
integration techniques.

It is seen from Figure 37 that for the sarmple calculation
point the thrust coefficient based on a radially varyinig iin-
flow velocity is approximately equal to that obtained using
the constant inflow velocity assumption.

The calculated propeller coefficient is compared with
experimental data in Figure 30. As shown in this figure the
propeller power coefficient calculated with a uniform propeller
velocity is about 15 percent lower than the test data

at ITD1/A. of unity. It should be noted that if the radial

variation of propeller velocity is considered better agreement
is obtained, the calculated data in this case is about 10
percent less than the test data.

3.2 DUCT EFFICIENCY

3.2.1 Duct Losses

The duct loss factor has been calculated based on
the data presented in Figures 25, 31 and 34 for the curved and
straight ducts. This data is shown in Figure 40. The loss
factor is shown to approach infinity as VD/A approaches

zero. This is caused by Pj becoming equal to Pt, for zero

flow conditions, and therefore this parameter cannot be used
in this form for conditions which approach zero flow. At

larger values of ITD) Aj the duct loss factor somewhat approaches

the value for duct friction los 6ivn in the literature such as
References 1, 3, and 14. However, at r.Dh/ of 2.5 the value of

h2. is twice the value for long smooth duct friction. It is
Lelieved that a large portion of this discrepancy is caused
by duct inlet losses.
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3.2.2 Inlet Ring Performance

The analysis of Section 1.6.3 is now compared with
the test data shoxm in Figures 27 and 39. As shown in Figure
27 the assumption of a linear variation of the inlet ring

pressure, , with inlet angle, ,. ' is good up to

1350. For the evaluation, of the inlet thrust, TS , the

portion of the inlet of 6, >1350is only of minor importance.

A value for 2.25, represented in Figure 27 as the straight

line, is considered applicable. 4ith this value of AS , the

variation of T vs. As/A? , using Equation 1.6.3-6, has

been computed and the result is shown in Figure 30. The theory

ij npplicable up to AS/A for wh.Aich T- iT equal to unity.

Beyond this A A, TS/T should bc ta-kea a unity. It is seen

that this analyslo agrees reasonably ell with the available test
data.
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In genlural, Lhfc par ame ter, 1:3, VJI and' k. will be LiVeli

for the UlesicLh of Lt propelltr a-rid d.uct SsT Lem. The probLeiai
is then to es tablish thc dctail characteristics of propeller
and ducts and to letermii-e tha- recquired" power. These para-
meters cannot be established aotil the enua trequireimlent8

Cr df ined Me't'los f-o- the design, of thc omponumts are
ivnin thi3s sc t ioi.

I~ AiNUU"R JET PABUHTERS

The ruquirod piropelhna- andL dluct parnwzcters depenid on the
f-lovw requircrf.cnts of the annlulair jet andi th-c-refore, these
paramieter6 must be astablishea.! LcforeZ thec dAuct and propeller

reconlsidored.

Tlhe de'Itermination of the nozeflow pc-rametcrs is
hlamlpered by thea laek of a,,reecmeut of tileciti~Leoi~
As nota"d inl buctiokn 2 Lhe existing. theorioLs -,ive ail ilakCcurate
prediction of the ozzle flow par~amct.;eirs. To Ictexaiii-e the
accuracy of- the theory OLC~E~ neC inl prudictiil8 overall
performa.Tce,, the calcuilat'-a L.11-GrOzL eff-iU'1enc O oL t he Lest
unlitLs c. e' alur-Led:,', and thjrsutn ata are Shown ill
Figure 41. This efficiecncy is determined from the ep

data of i~efcrcncc 6 asc follows :

(~QAi ef,/

Ai !Ioted. pr LViousJy i6 Su-ction 2.1 the calculatee
init arnal. ufiCincy ofL the scai-l duct configuration is
itbout 70 pe rcnt e;s compared! Lo the-- e:CLUally . aue 73
PercentL. Thei L-aaxiisui:, cu.,veda, JAuec -- internial uefricitricy was
ILL:SUr,2d as3 C& perce2nt and was fairly constantL at thLis value
bet -ween '/D of D.l1 and 0. 2. From the data -hown :I Figure ",
the Calcalat~d internal, efiin- . <.cr---t:t Lat i) '/D 0

').I aill dccreasoi to 4'0 perceiit aL ti 'n/D oE J2 This rather

poor correlatioin of te23t data adtor resultza Jroa the fact
Lhat-L the- noze Ind base pressui-e p:ucra methodl is inaccurate.
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Th2 lac' of agreement between theory and experimental
d(La is of a magnitude which makes the theoretical determination
of a; optimuii roz2le geometry of questionable value. However,
the experimental nozzle flow and base pressure data are given
in Figures 33 and 34 for the tested configurations which
:significantly differ only in the parameter .jS It is

suen from these figures that the effect of Ai/lS is much

smaller than the effect of WD'/. This data can also be used

to estimate the optimuy value of Ai/5 . This optimum can be

estimated by use of the test data together with the following
relations:

L= A jA A AiV '  (4.1-1)

pji;~k/.~ (2K~?) (4.1-2)

P .t i F (4.1-3)

Ths (P+ (~A~ Y (4.1-4)
. i/p (415Thus

T t4(I

Equation (4.1-5) c:Lan be solved for the lift:-powur ratio for

vorious valuc- of Pt. For Lhiz compLri, however, the para-

meter ii of greater intcrLst t1u P . EquatioJ (4.1-2)

Ce:o .e olveJ o;: P. Zor e Li L :. t'i- value Liaay be

,oi:ti utPt io: in Eq'xetiCli (4. 1-5). Tlis result in the

+ -
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The measured values of R ndP introduced into

Equation 4.1-6, and by some e);trapolation a plot of the ratio

LAI is obtained as a function of Aj/S for a given L/5

and for various values of '/ . The3 results of these calculat-

ions are shown in Figure 42. As noted above in connection w,,ith
the data shown in Figures 33 and 34, the effect of A_5 is

of a second order only. Hence, in calculating ll.pfrom

Equation 4.1-6, the assumption has been made that the pressure

data is a function of TTDi4 only. The curves shown in

Figure 42 span the practical range of A/5and result in

an tP variation that is similar to that of Reference 11.

Figure 42 indCicatces that g-round effect machiices designed

to hover at an 'D of 0.2 should have nozearea to base area

ratios as large as 40 percent,

For GEM., doesigned to hover aL ,laluc-- 0."- than 0.2

the information 31hown in, Figure 42 idicateL, th~at a smaller A/
is to be used for increaud pe2r--oziance.

,4. 2 DUCT DESIGN

In the desi, n 02L LieIt uct ~'syttii ILh Lxvjlable teat data
can be useud Zor qualitative inforw~aLioii, OUu fo lc i:
quantitative rcsultL, a. r.oU"Cl LeSt appr_-oach,: oi: I. VLc fle-xible
prototype ceopon prograi.-. J.' varira t

The d-esign of tC Juct ayste~u rc:quirc ., con!,iueratior,
o0k. many variablus, incluling Ciost. w:hic>'. (.ict.!r-.Jnu '2 .2i
oise,3 sructuzx~l Zu ',_"1nL;J, cosi 'l-J O.Lui. e 'erforU..ance

ior all1 Of t:h< abovveI huL triu pcrfZAru'aiic
ratiici Small inltet an~d propeller are r dcsi-rall. 1 .dcitional
invostigatio. - Arc ruqui Led to 6QeL.IU ciirlrge LI~L4C
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diff-using such -s discuss ed in Rcfurerca3 15 can be used to
provide small pro--cllcr&, arnd goodl overall performanice. In
the present pro&g-rim ooly constant area- ducts were investig,->ated.

The size of hc ccuterbod:v 1-o b.- used sbou'ld be
dieterm~ined by w2A1in :nereased- o ceite--body
size oil duct f~~iolosses, duct: we1L afld pr~opeller
performance. In cg'eoercni, it Jiv thLai: the p-;opellcr
centerbuody should be- &S -wall ~ 0;i~e

E,:ceapt foz ',cry 2a1vl .lTD -> t

ring geoiietry cin significantly i..flua.-ce prciraiead
tll-icore, this gaeomectrI-LO houl 'o- carefully, sL; ected. In
the design of the inlet ring,aerodynamic perfoi.-mance it.
a iwa~o- parame~ter. This is espocially tru.. with a diffusing

duct sstema. For -aer hi performace v-ahicle, i-t is
roconunended th-.at- Lnlct Qonditiotns should- be itudie2d with a
model of the duct sTsteri. This modl could' be connected ait
the nozzles to a plenum with an exhaust fan. This will pro-
vid-e air flow into the inlet without propeller distortions.
Fressure iaeasurei-i-ents should be obtained. to indi-C.a-te the
configuration with th-- l'.,ast los, es. Thei, usulal scaile effecL
consid-erations su-Lc'h aS "ioC1us.')ek -in 111e17rCuCLe 1 1.11S t b e

i~u n clecerm l-iug-1o Lte alocrl .iz alih -evaluating thne :esults.

The effects of le:nth, cuzvatulr%: aInd duct arawill
probably b iliCar CEL luu t c2du:ta
param2tez.S mo. Llv iefinll i ltii o.-C2'~z as
only'1, 'a Srall Ort.o 01. LC2 L!-vll Cu2htrc51Le
aay causc- separat-Lou ...1oald Lhe

in thee *of C E -.1-i 1ucs L'ILI r.cQ~e : ver-
X'Ifort Lc i.uad.e LO hI-P ;L,-IL. u-l-,~ua~< oiiL Lu
.uc-L. L L",i lo,-. -Rc-ncld.3 :a1.; A~ ar;- acnerdi

GEL II ,te " of Lh;e, % t:t. xLry la .II, Lhis6
L',. U.;- Of -nin6 or "niJU~c a2 .otdb
za~eLull x-~u~.t1.1T, .1 :g .§h-ouLd L. 3Luid aand

I L ~ 1,' ~ ~ -6lo
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I. Iropcllers should be located in the duct where
uniforii flow conditions are opproached.

2. Blade twist and pitch setting should be chosen
considering both the angle of attack for

( CD/CQ-P ) minimum and the increasing angles

of attack which may be caused by reduced operating
height. Propeller blade twist and planform should
be designed to cause uniform inflow.

3, Propeller tip speed should be as small as can be
tolerated from propeller and drive cost and weight
considerations, The upper limit to propeller tip
speed is established by consideration of noise and
drag div6rgence due to compressibility effects.

4. Propeller solidity should be large enough to
produce the desired thru,;t. Once the propeller
size and tip speed and the nozzle flow requirements
are established, the method of calculating propeller
performance given in Section 1 should be followed.
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APPENDIX

T HE TEST PROGRAM

1. SCOPE AND PURPOSE

The purpose of the test program was to provide the
information necessary for the formulation of methods for
improved duct and propeller design, with the object of
obtaining more efficiently performing Ground Effect Machines.

2. DESCRIPTIONT OF TEST CONFIGURAT IONS AND INSTRUMENTATION

A. Test Configurations

In order to determine the effect of various parameters
affecting the performance and stability of ground effect
machines, a number of parameters were varied for tests of three
basic configurations. The test units consisted of a propeller,
inlet ring, ducting and ground board.

The propeller characteristics are given in Table 1.

The grouod board was used to simulate the ground; it
consisted of a circular platform 9 feet in diameter. In order
to record the lift reaction of tha GEM duct test unit, the
ground board was instrumented with three strain-gage beams.
The distance from the ground board surface plane to the base
of the test unit was variable to simulate change6 in height.
The ground board could albo be inclined to simulate change in
angle of pitch or roll of the test unit. 'Iests were performed
with distances varying from 10 feet to 1/16 inch and at angles
up to 15 degrees.

1.) Straight Duct Tests

Straight duct tests wer'e performed with combinations
oi three duct sections:

(a) 34ort straight duct (length = 54 in.)

(b) Lung inlct duct (length = 4d in.)

(c) Nozzie extension duct (length = 27 in.)
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Three inlet rings were tested which may be described
as follows:

(a) 1.5 inch radius semi-circular inlet ring

(b) 4.5 inch radius semi-circular inlet ring

(c) Quarter-elliptic inlet ring

Duct Sections

(a) Short Straight Duct

The short duct contained the drive unit and the
propeller. The duct inside diameter was 2.9 feet. The propeller
drive unit was contained within a cylindrical centerbody of
radius equal to 8 inches. Figure 43 presents the dimensions
of the duct.

(b) Loog Inlet Duct

In order to investigate the effects of the change
ir inlet distance from the propeller, a long inlet duct was
added to the short duct. This configuration is shown in Figure
44.

(c) Nozzle Extensionj Duct

In order to investigate the effects of the change
in distance from the propeller to the nozzle, a nozzle extension
ducL was added to the short duct. This configuration is shown
in Figure 45.

Inlet Rings

(a) 1.3 inch 2a..i-Ciirular Inlet Ring

This inlet ring was cilvcular ai ll iL)Si e
diame.ter of 2.9 feet to tiatch thv diameter of Lhe duct system.
The inlet ri~ii was ,Qmi-circular with a radius of curvature
of 1.5 inch.

.'! ".5 io,;I, o i- irc Lla r l1it J l

The construction of thi.i ring, is -imilar to tie
1.5 inch ring, except the ring radius of curvature wias 4.5
inches.
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(c) Quarter Elliptic Inlet Ring

The shape of this inlet ring can be approximated
by assuming it to be a quarter of an ellipse whose equation
is,24 

2.

where X and Y are in inches. Figure 46 shows the geometry of
the inlet ring, and the coordinates are given in Table 2.

The short duct with the three inlet rings are
shown in Figures 47, 48, and 49.

The base of the test unit consisted of the
centerbody base for the straight duct system. For a series
of tests, a base of larger area was added to the existing
centerbody at the nozzle.

Geometric parameters of the straight duct are

given in Table 3.

2.) Curved Duct Tests

The curved duct tests were performed with the three
inlet rings as described in the straight duct section. The
duct centerbody contained the propeller and drive unit. The
curved duct inlet was located 99 degrees frora the nozzle.
Thj duct and centerbody were designed as circular cross-sections
of constant flow area (5.21 sq. ft.) distributed along an
elliptical centerline. The coo-dinates of the outer wall,
cuterbody, and centerline are given in Tables 4 and 5.
GCoiMetric parameters of the curved duct are given in Table 3
and also in Figure 46. A general test set-up of the curved
duct with the 4.5 inch inlet ring is jhown in Figure 50.

A nuiaber of modifications were made on the curved
duct in order to impIov.u tha flow i, the .uct. In particular,
the rmodifications consisted of faaking the flow follow the
duct at the place where the curvature w:aa the greatest.
(Flow iepazation occure at that place ic tii duct). Tnis
place ,.orresponda Lo an azimuth anble of zuro az seen on
Fiure 51.

OLe Luodification consisted of audin6  a -uide vane
to the duct, lozated U inches behind the propeller, e;xtending
h.or a 399 ,,c,:z, =o J3 ;. e 5 ui_e vane
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curvature was the same as the outer wall, and had a chord equal
to 6 inches. ThI.e vatie was placed; 3 ichcs6 radially,, from the
outa,;r wall. TI-it :guide -varne-it sioin instaled in the duct
in Figure 52.

i iothe-i aioificatiui; to achiu-ve lbuter flow in~ the
dutwab~ the addition ofE a streamlined "ody to thu curved duct

io place of Llhe 6ui"e vane. ThI. -h)I of L Strecjj1ined body
lwab tchat of a sr;.xctrical airt il wose Ch orcl was placed along
the 2zero aziilithl liine. The .ia :Iiai LId thcnss was IQ nches
atud Lh; 2:r ~s1S uce. b.sanctn fror. thec
centerbod.'y to the outen. wall.

In order- to obtain tL efec of placi-xg various
objects such as control vanes, structure , fuel tanks, and
corapartizents in teducts of a CEI.4, two iesof control plugs
were placed in the nozzle o.2 thu, cur-.ved duct test unit at
various azi4Muth positions. The two control plugs -V;erc semi-
circular with a lengthi of 3 anh u-d 2-7 incliues,r;eSpectively.

3.) Curved' Duct Tetsts withl- Plenua Cliaraber

This test configuratkni consisted of the following;:

(a) Short straight dIuct containin- the propeller and
drive uinit.

(b) Quanrcr e1lipt.is,- in-.let o-n -. the ihort duct.

(c) ril couk or~ Scttlin5 coc~iber 119 feet h, 10 feet
w::.Ue am'n -U EIC inlength inl th- kIircctiull of
tI C: flow .

(d) CurlcdU d-uct bcL;Liui with. a ',.5 Inch Iltrn
protrudi,-g into tIme- p'Lenuli c1L~mber.

TI-c p3nu.&L-iuc woi~uei a s usud to study-
the effects of a propeller locate!d at a rcat distance from
tile curved IucL s-:Lion, al.." t'.,. -effect- of LIIL flOW in the
curved- duict. without thei - Z!.cLs of tepropuller. The tcst
set-up is shown in Fir-ure.; 523 .-iiil 54. Fig cre 52" shows the
pleiuLa Chamber with thic~.i~h duct ci eliptic iltring,
and Figure 54 Shows the baeof thec curved duct section along
with the groundI board.
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B. Ins Lrulxiu'e:tat ion

Pre6Lsuroc data vi,; obtaiij.U' at xarious statioii6 through-
out the test un-it. Fressure probes an... rakes sonsed total and
static pressure. The probes were connrected by plastic tubing
to 4 banks of multiple tube i:umocmters. The pressure data was
recorded at the follow-.ing locations:

(a) Inlet Ring

Static pressurL:\JYC sur., (at four azimuth
positions) along the surfacc ofC the Lilet rilig.

(b) Inlet Nose P~ua

Static pres u~ts wera -mfeaburcd along the nose
surface at two azimuth positions.

(c) Duct IPressures

Static and to~al preuuurzis vcre mecasured at various
azirmthal and radial positions iL vaiiou, lciTigths along the duct
from the propeller plane. Jurfac,3 duct taL:-c prressures were
measured along the duct wall iod along tho cenfterbody. During
certain tests, a calibrated pressure probe was used to obtain
data concerning the propellter swirl ao le.

(M Base Pressures,-

The base of tl-ie ceiiterbody ,az- instrumented to
sense azimuthal and radial variation of pressures.

(e) Ground Board liessures

Ground board ,,I-atic pressures v~k~rt recorded at
various radial positions.

()Prossure Surveys

Thu flow pattern near the inl12L and also noar
the e,:it noz'zle v.as SLudied by recordino total and static
pressures at various azimuthal and radial positions.

A hot wire aeoie was also use d to obtaiin
velocities at various stations in the duct and! nozzle.
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Propeller thrust was read from a microanrneter - strain-gage
comjbinat ion.

Pro eller torque was read from the microanmieter which was
connecte hrh sWlip rings on the propeller shaft.

rrpeller ipm was read by meanls of a magnetic pickup which
sensete assge of gears on the propcller a)shaft.

Double instrumentation was used to obtain reliable data.

Prpelle orue was also read by using a calibrated
hydaulc pessregage mounted on the drive unit hydraulic

line. A stroboscope was used to obtain a double check on the
propeller rpm. The accuracy of measurement using the double
instrumentation is given in Section 5, along with examples of
independently measured test data.

The grounci board had three strain gages to sense loads.
From these loads, moments and center of pressure could be
calculated.

3. SUMMAhRY OF TESTS

Tables have been prepared which present a suimuary of tests
performed along with the data recorded, test configuration
and purpose of test. These tables are available upon request.
--he 'olloul-ag pararmeters were varied duaring, the testing;
configuration, disc loading,, around board hoight, and ground
board tilt.

4. DISGUSSIOL,1 OF TEST RESULTS

In ordezc to _,valuate thzptxfori~aiice :.iI control of
ground effect r.achines, certin param;-etcrs are neeaded. The
lollowinI16t~n prcs' nL methods of calculat ing, tha important
parameters.

Thie follo. Ji., Ia as reduced-1 fco Tho recordled data, pro-
1)l~ler Lhrus'LTp , c'al lif-t L (total grounc 'hoard reaction),

propeller ZPu N and' prope Ilcz 1:ocr1 uL.

Calculation of-- Internal E±'':ffi*cie(n :-;

The interxnal efficieLncy is an i,-iipo:La.-t nr,.caLuru of the
aeirod-ynamic lo~ in th:! duct JY61Lur.I. 7 'r iiserLri,1 ufficiency
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is defined as the ratio of the air horsepovwer at the nozzle exit
to tho propeller shaft input

S Ah  -Jet Air Horsepower
- Input Shaft Horsepower (1)

The jet air horsepower is calculated from the
iovlo n: e'quation:

AHP F PtS (F. = Volume Flow at Ex:it) (
Z---o (2)

The actual calculation was accomplished by a numerical
integration of the product of the area, total pressure, and
velocity over the jet ainular at the nozzle. Total pressure
was obtained directly from the pressure data at the nozzle.
Velocities were calculated from the static and total pressures
using the Bernoulli equation.

. V2.= - (3)

Solving for velocity

i : - P) (4)

Using equation (4) and the differential equation form
of (2) the equation to be solved by numerical integration is:

The propeller shaft input horsepower is calculated from:

,-0o For 04-e case of -e t2st uni)

(6)

Volu ae Flow, t (t 3 /Sec.)

Volu.ie flo-. is calculated by nu.c:ical inteJ:,ation of
Lhe velocity over -e i.nnular uuct urea. The vclocitic..J Lr
calculatel f oL,, equaLion ('). -ha deiisi:y is correk.,:ed foa"

53



2081A 9 0-1

air duct temperature.

F=VA

F= f PI rJY, (7)

Ani. average jet velocity V. use' ini the analysis will
bu d,:fined as:

Vi = F1

Fouer loading (Llp) is obta-ied by "'ividing total lift

L ,by shaft Ilor~epoTur .To'tal base area loadin6 L/S
is obtained by dividing total liIft by base plus nozzle area, S

Je~t Moraen tuira

Th,: iaorauritu~i of thie jet is calculated by,

Tj= mVj
whe4 re ril is tIIe mass ilow at LILOC!

mr.eA'iA ra;hial inte~rat ionl of the

ria s fL - aond pr~JL1:j6e6 Was' Ult)ed Lo .;alcuIate Jet

Th(e au-iia-nit-li ft Lo-i is6 611oa.] 4,n Fig-ure 36
defined as the Lot'l- lift, Ii)de tihe -ct iollielit~I.
Inlat zing thrust, T~,was obtained by a nuamrical integration
of the axial compon1ent of the static pressure times the wetted
area of the inlet ring.

Average nozzle total pressure, F , was obtained by a

numerical inteyIation of tile n1ozzle LOtal pressure over the
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nozzle annular ui'jided by the nozzle area

p~ ~frrr(P~)~r(10)

This average 'et total pressure is the parameter used

in o' fig~ure 33.

An arithmeatic average was u, d Zor base pressure R~. -The

variation of base pressure with angle of pitch and roll angle
f2or the curve d duct is showo in Figure 12.,

5. ACCMX~Y OF MEZASURNKNTS

The accuracy Of Ll.easurewnent of paamete rs can he demonstrated
by -ivin6 :~je of Liata in the follcw,-L-jL tnble.

Accuiracy of 14easureimn-ots

Parameter Mieans of Tezst i~o, Percent Differen
ileasurad U i au jrr 2 1 t 11 1113 !' of Two Mejcasureme

Propeller Microanij-metoz 27L 237 150 10C,4, 3.7 1-4 1.0 2
Torque Vrlui Gage 957 20 6 l!: 7

lizopoller VoILLaetcr 233 -7) ) 2Q01) 23509 2,5 r7 6. 6
RPM thoop 3900 3 53 3:1 1 )0 0 25-00

I ropeller Lorque vras meaSuredl with diaLj-UfL.eC-i:;o leSS ;;hian 4
percent as shown fk-rm the- tests ofL the a-)ove tablc. P'ropeller rpm
.Jas measured within 3 percent. The above tess prasentad a
6aiaple of the 217 te st3 perfor.iiad, but ai cal culation of the
differences wa.: not greater than these, repor-ted above. Fropeller
thrust iioasuireuiii t wa:, read on a itillivultaeter. with a scale of
4'i pound pui: rillivoL. iJv- to uiI6t-ad'.' fLow conditions, the
readling wc.s ai-ccurate to + 1 my or a Lot Lo 0;3 pouiid,. Thii
represeonts an accuracy of 11 jtrc;ent fLor the 3.6 psf disc loading
and 3 percent for the Vi' psf d16c lovadin-..
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The accuracy of tthe pressure data was dependent on the
degree of steadina ss of the liquid in the manometer tubes.
Flo-%,. ._onditioiis within the duct test unit were of a nature
that gave readings of + 0.05 inch ,which represents a
difLijrtcIce In pr,-ssur;e of + 0.22 psf for T/Ar =16 psf. Flow conditions
et the dact however, were more unsteady igiving ieading:s
of + 0.3 inch or + 1.3 psf. The nozzlu pressure maxiuu and
inimLumn values were recorded in order thiat a good avera-ge

vAlue could be obtained.

A tiplere type yawhead probe was utied to obtain swirl
agl behind the propeller. A calibrated pressure rak"e

was also used to obtain swirl angle at " radial distanccs
in the :uet. This rake was calibrated -at the wind tunnel
facility of Princeton University. The caiibrations are given
in Figures 55 and 56. From Figure 56, probe indicated dynalaic
pressure is essentially equal to the actual dynamic pressure
for angles of yaw bctween + 30 degrees. Since the Swirl angles
for the tests performe-d were not above 30 dogrees, there was
no0 1n2ed Car the recorded pressures to be corrected 'for swirl
an.; 1e.

GotL raethod of determining the overall aa euracy of measure-
ments coi-.sists of zsumnug the irndivid~ual coyayonuita- of the duct
L~iruUsL Lnd compari:ng, this un with. the iii'asurcd ground board
reaction of total lift, L The individual thirusts consist

of b~fc trust ( ,( dJet ruaution, (AiPi+ rv),i)

In aditin he indivi,_'ual thrusts m bl- ;"ivef ab Lase thrust

(A6 Pb) iiiroull tiru.at T5  , au,] picy).Aler Lhrust Tp

Figure 57 pres,_nt6 LhL! su~atioin of Ltu: iL'iVidual t,1rustS
L iviadb7y thte Lotal lift for the straight duct and curved duct

,~ ofurzati0;1, VS '/ Theortically, nugle cLinj, friction

lo1.,U ~uSUrlh, at:OL 1 C11_ tch-"L .~l houl(I be equal
0o L. t o~.al lifL. i)js.onC o" th:! qunl*:t,- repruzunL

~w.cu:avOf Li u.ki.j. a~~ L~inA, Lae values3
o zoud .-nd. pop.: t7-.-_ 3Am Lo Z ~v 11'0,-r difr

tL, io p,--,L LO t-,C '.~ I- viluu of zshrou6 thr:ut

0o p ~Oobtained a: L lciai inl,
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TABLE 1

PROPELLER CHARACTERISTICS

Number of Blades,b 4 Blades

Outer Radius, R 1.45 ft.

Hub Radius, RH 0.67 ft.

Blade Chord, c 3.0 incles

Blade Pitch, Ob lu.5 degrees

Blade Twist, 61 0.0 degrees

Blade Tip to Duct Clearance, B 0.040 inches

Maximum Design Propeller
Thrust, Tp I0' lb.

Maximum Propeller Disc
Loading, Tp/Ap 20 FSF

Planform Rec t ngular
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TABLE 2

CO-ORDINATES OF THE QUARTER ELLIPTIC INLET RING

STATION RADIAL DISTANCE FROM OF ROTATION

TO THE SURFACE OF THE INLET RING

12.00 17.4

17.36 17.4

18.37 17.7

19.33 17.9

20.26 18.2

21.20 18.54

22.02 19.10

22.76 29.83

23.35 20.59

23.79 21.51

24.00 22.38

G,0
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TABLE 3

GEM-DUCT-TEST UNIT GEOMETRIC PARAMETERS

STRAIGHT DUCT

Centerbody to Outer wall
Radius Ratio, RH * 0.46

Length from Propeller Plane to
Duct Exit Plane, 53.0 inches

Duct Cross Sectional Flow
Area, Ap 5.21 square feet

**Base Area, Ab 1.39 square feet

Nozzle Exit Area, Aj 1.39 square feet

Total Base plus Jet Area, S 6.6 square feet

R - Propeller radius, but since tip clearance is 0.04
inches the wall radius is approximately equal to R

Large Base area was 3.69 square feet

CURVED DUCT

Centerbody to Outer Wall
Radius Ratio at Propeller, RH 0.46

R
Duct Curvature, 6 90 degrees

Duct Cross Sectional Flow
Area, Ap 5.21 square feet

Base Area, Ab 10.69 square feet

Total Base plus Jet Area, 3 15.9 square feet

Nozzle Outside Diameter, D 4.5 ft.
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TABLE 4

RADIUS OF SECTIONS OF THE OUTER WALL AND

THE CENTERBODY OF THE CURVED DUCT

All Sections Are Taken Along Statiot Lines.
All Sections are Circular.
The Centers of all Sections at all Stations

are located on the centerline of the
Duct Centerbody.

Radius of Section (inches)

Statiou Centerbody Outer Wall of Duct

12.0 8.00 17.40

10.0 8.00 17. '3

8.0 8.00 17.40

6.0 8.00 17.40

4.0 8.05 17.53

2.0 8.20 17.60

0 8.60 17.65

100 10.75 190

200 13.60 20.30

250 14.60 21o.0

330 15.55 22.30

: O°  17.60 2:3.8

30° 19.30 24.93

550 19.91) 2..30

6P '0..70

7,) 21. 10r 0

;o22. i' *t,.- 
-
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TABLE 5

CO-ORDINATES OF THE ELLIPTICAL CENTER LINE OF

THE CENTERBODY OF THE CURVED DUCT

The Center of the Ellipse is at The

Intersection of Station Line 0

and Station Line 900

Station Distance From The Center of
Line The Ellipse Measured Along

Station Lines, (Inches)

0 38.40

100 38.50

200 38.90

300 39.56

400 40.48

500 41.40

600 42.28

700 43.80

800 43.88

goo 44.10
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TABLE 6

SUMMARY OF CONFIGURATIONS AND TESTS 1EaFO "1

CONFIGURATION SYMBOL PURIOSE OF TEST TEST UNIT

Short Duct, 4.5 in. Inlet Q Out of Ground Straight
Ring Effect Performance DLct

Short Duct plus Long Inlet D C Ouc of Ground
Duct, 4.5 In. Inlet Ring Effuct erformance

Short Duct, 4.5 In. Inlet 0 Effect of Disc
Ring Loading in Ground

Effect

Short Duct, 4.5 In. Inlet O Effect of Angle of
Ring Actack on Perform-

c ll c e

Short Duct Plus Nozzle A Effct of Angle of
Extension Duct, 4.5 In. Attack on Perform-
Inlet Ring d, oC"!

Short Duct Plus Large Base 0 Effect of h/D on
4.5 In, Inlet ltinig Po;rformance

Short Duct, 1.5 In. Inlet 0 EffcL of h/O on
Ring Per frinance

Short Duct Plus Long Inlet A Effect of V/D on
Duct, 4.5 In. Inlet Ring Performance

Short Duct Plus Nozzle F5 Obtzain I-reLsure
Extension Duct, Quarter Daca
Elliptic Inlet &ing

Short Duct, !.5 In. Inlet 0 Obuain Pressure
Ring .)a t a

4.5 In. Inlet Ping 1 Effecc of ki" on Curved Duct
Performance

Quarter Elliptic Inlet ELfect of h/Don
Rimz Perfoml ece

QudrtcLc Elliptic Inlet * ,ifcct of Disc

Rin Loain,- on Pur-
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O MUTION SYMBOL i TJV'.3- OF TEJT TESP UNIT

Quarter Elliptic lnje- * Effect o Angle of Curved Duct
Ring taci op1 ieZfozm-

Quarter Elliptic Inlet * Effect of 1lc'll
Ring Anile -n Pertorm-

1.5 In. Inlet Ring 0 Effect of Modificat-
ion on Performance

Quarter Elliptic Inlet Rings A
Guide Vane Installed in Duct

4.5 In. Inlet ling, Guide
Vane Installed in Duct

Quarter Elliptic Ring I
Streamlined Body Installed
in Duct with Ground Board
Extension and Fillett in
Duct

4.5 In. Inlet Ring, Stream-
lined Body Installed in Duct

QuLrter Elliptic Inlet Ring I Effecc of Control
3 in, Control plug Installed iiu- on Perform-
in NoZzl ,

4.5 In. Inlet Ring, 27 In. A EffecL of Control
Control Plug Installed in £ lug on Perform-
Nozzle iri ce

Quarter Elliptic Inlet Ring * Effect of /4 on

4.5 In. Inlet Ring 0 ObLain Iressuru
i)z, L

4.5 '!. Il- en Gurvud Duct d EffccL of Ilenum Curve] Duct
Chamber on rur- wita :inum
f orianc ! Ciiamb z r

4.5 In. 4lot With Grour.d B L ectL of PlcOiu= Curved Duct
Board ido I-late CGuiber on lr- with .'Ienum

ri oazince Charabor
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'I17F

FIGL~ : :0cAT:o.4 USED 117 THE AZ:ALYSIS OF TILE ANI'duJ.AR JET
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FIGURE 2: NOTATION FOR INIZ3 GEOMETRY

67



208A90-1

-FIGURE 3: NOTATION FOR NOZZLE GEOMETRY
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ANNULAR JET-,,,

OUTER WALL

V. (104)

VELOCITY DI5TR!l-U1I0W ACOmfS
ANNULAR JET

FIGURE 4: 09FIRfITION OF NOTA\TIO'



0 . . 208A90-1

N N
H 0- - - -- -- -

0 z
z

0 I

-r4 w_ _

0 bo- 0 -_

0) 4.JN

0 0
"4 40 41 j
41 O 41 O

:3 -n

41 4 0

0* I TA

4j01 r -4

0~ 0

41

0)0

0

0 L

r-4-

700



0
--- ~-- -~ r ~ ' ---- r-- - - -~ 208A90-1

* I

-- - Ii*7 A, _ _~ - -

4 -~

I ~
I~j I~.x H
N I -~

-
N, ----- I-

I 10 0
'N

k H

N a)
- -r

- H
* N N 6-4- -~ H

N ~

~ ~

~N H

'to
NNN 6
NN4

~Iu
I I k

0
F-4

-i ---. *--- H
* 4 NJ

N
N

~ - *1
* K-'~ I

K
~L~J

NN~ 'C)14J
-~ -. 14

'N

-. I" JN.J -~
~ -.

- -.---- - ---- 0(~ ~ N
0

t~O (NJ. H

44J~7
N ~ Z

* . * ~--~

* 1). . . -. N
N-.-

________________________________ ~'0 0
-- 0 o~, ~ N ~n H

'N ~-~' N.-
*1~

MOd~Th'OH ~7d LOA'f'Od ~7 '~N/c7~V7 ~'YA1OS

U



208A90-1

-Q4 '-4

Z ~ ,Z

'-NN

't'J k

'Zi~ 4

E-4

I4E-4

Hk

I I _ _ _C

Ii-, H

10f

__ __ I __



K
I.

I'

I,)

0--*2;, K
K~- Q

-' 0
* ~

tr
t , 1

Lu -~ 4.~ L~

* ~-,j I

-I: ~* -'--3
-4

U .-. '~.1

1-

4 I~, -- * I

* UI ~'

(3
, ./*'I ' IvF- / -~ I-i:

ci: ~- - 2-\ I
1 . -~ I~.1.

I ~?
12K >-'

--I Ij~~~ j! -~ T
I-

- , *

I - t

.1

i ~

- -rC 'i- -~
C'4 I,

I-. I
K - S .1

K - I. IA
1~ --I

/.' .J r)

~2.1

K.
'4-

I --



208A90-1

.. . .. .. ...

:.~.j I....d4

~1~~~-14

I 74



208A90-1

.. .. -... ......

.................... ..........

.14

* *-42 -

75 -



203A90-1

71i.

.. .. .--- ----.. - -- 1I

I ......... .....

H---~-------_i+~~' V* ---- ---

I 4 1 I I76



208A90- 1

(j : : Iq 
I

,; 
, -, I : I .

--.. , . ... 1 ] ... .. .. I -... ---- ] . .T-- -

. K ' . -, .
-1 I .

i , : ii ..: - i I

*" " " - -'... . 1- ..._ ... -... .. ......... 1 ...

/ ' 
i ; I -,_

... .. .... --_ .
i1 1 4 j7

_t.. ....... .. -----

S , , , . 1 , : I .. 1 .. .. ... .. ..

: 

- --

\- 

- -

/ 
I f

/ 
' i<; . . .. . _ .. ... ..

.'I



208A90-1

t.

t I 7
l ............ ..... ...' / : i i i

• + - . ,Z 0 K

,~~L 1~e . d, I ,41 r tt

'! ! i t t " ! .... 9 V ..t .. ..... !.... .. ,..... ....... ....... -
• ... . ..:. ... .. i .

: = 4- . - - -. -- - -"

ItoO

CU E) Ut UC
. . ...~~~.. ..... . ....•:: .

78



203A90-1

t ------ -i

4 __ ASI

P ' C-

6-A-------/6L96rd/A S~TI

90 /do 270 560
C0DMTROL PW POSMOl

* I" 1 .

JET DUE TO A CONTROL PLUG IN THE NOZZLE FOR
TE CURVED DUCT.

i - . .; ..,Z . . ..,+ - - ' ", ... .. .



-~---1------ --

-~ I '4

t

K

-(I K
K .~?- / U
Uk I H

I I

___ __- -I------------- -_

--4----
~ K I -~ H

K- - -A Kg '~
'.4' -Th

cv
- K~

0

U K, 14J Z

I. ---- .~-JNJ

t4 1  0N H

~Z4~

__ __ - __ __ 0

c~ '5

K

4- - ~4.1
___ o-.J

N

-~ N

- ___ ___j---~----t------ ---- -

-!

~'4~1 -

_______ _ H



208A90-1

~ b - .- 
t ---

_ 

----__

-~. 

... .... .. 
_

81



4.-

0. - - - I

c~z
I I t

- I -t -. -- ---

P

0. 1 4 1-....

,-.--t. .,------.-- .- ,...-.-.-.-.- - - -ii; 'I

4. ,

..................

0 .. ~ ,

... oL. 4.

K... ~1*
- 4

~
* , ,

~0.

- y 7Q'1'Z?~ .y.? .~'6.-'~I



208A90- 1

' i ... ... .. ... T

7
I7 -- 7

V CAI L 4T6ED foR 0/ 4i 7 !qII;7,-

___ r rOrAciV7 FIR 1rv~

.. J . "j,

FI GULRE B&: VELOCITIES BEFCRE ANDI _

TjtE- Tjjkj~jj -f OW ]V .. UL%



208A90J-1

I.IL

Laaid

.... .. .. .

........ .

1 .9



208A90- 1

...... I... ..

-t ..-

I 'o

. . . . . . . . . ... .... . ... .. ...... ....

.4 IfoIa

M I. 
-.- '

- _._i ._ _ i ._:L ! -- . .' *-1.,, !

: " ' : DU T TE$T UINIT WI" INC I LT T--

• ~~ ~I .-*I-i ,L ! ! . . . .•....

RII

711.. j .. - -- -

'p5



208A90- 1

L..7 7 --------

FIUR 21 ,1A$ RPUREITtYBDO

MPhM.*-- , MR4.i.E M

D T CNFIG TION



I

- 4. 4 4

* 4 I

I ~. -t

N'

4' '4 . 4'

'4' . ~
~

* * .4 ~ .

>'
N ~ " 4'

* + *..- *~~~~*4>*
~ .4

2' 4'

. , ~

"-.4 '44j~4JN 14J *~

* 2 ~~N44, i 'I

* ~N~' "}J

t4

4~.
.1

~~~~"4I-

~1~

fJI~
-V j~. A

W 4 '4 is>

44"

~R.'-. *

I!
K.

I



44:,

Im * '

It~

-~ ~. ~ .
.

-j'-.ji

NJs

1' -~t N

IDI

QA 4L



208A90- 1

1 : 4 .48 8O 1

J'ID 0 .X4 4 A 7. / £.4rMA-5)i(

(P4AA1E OA VtARUACI1

xr4r.Ie

+ ,P $SI

1 -12

FIGURE ?i TYPICAL FLOW MEASUR.E MNTS FOR SHORT STRAIGHT DUC'
AT TWO GROUND BOARD HEIGHTS WITH THE 4.5 INCH
INLET RING



208A90-1

04>

.91'

-dErvLSrArIC PfCS$WRE I

FIGURE 24: POLAR PLOT OF TOTAL AND STATIC PRESSURES AT THE ANNULAR

JET NOZZLE OF THE CURVED DUCT AT AN hDOF 0.181

89



208A90-1

IIi
1. -- :. -- 4 l 1 -- -- -- 1 . . . . .. .a . . . -...- -.. . . 1 A ' : ] _ :

I iI " -*

" * ..... * .... . ... ? - i : -----v.. - V I " ...* ..-- ' ------ ;

I ; l 'i . . . .. ] *- ' I ; ! " I I : '

I ' kI. • I , , N ti: I : I I , I b

---- --z 1-

' _ _ _ " " I _ -F "

,_ _ , _ . .V, . ._ . i , . ..

I:I
*11'1- * K- . . A ---- ..... i

: ...I; ... . .... - ? ).. - - B-"-
1 I I

---- -- 1---

90



"06A90J-1

4 44

. .. . . . .. ..

..... .. .. 7 7. ... .. ..

K~44 91



208A90- 1

La$ ~ ~ * -J4fSJUC D4WrE SEMIwjCMMAR

Q t

45

/4/LET A'/M6 4,S4C; es, DErseas

FIGURE 27: STATIC PRESSURE ON INLET RING WITH STRAIGHT DUCT,
OUT OF GROUND EFFECT

92



20SA90-1

I II

.........-
* . I

.7 7 -
aH

I 00

-------------------------- ------------ i

* I- . .3



, 208A90.. 1

'Li.iJ.i'~ V
I- .....I -: I
I . , ... ~

0 I.
-..-.....-. ,.

-. 
I.I ii

t

C

o h

r

r-
o

-. ~.- -. + __ __ I
1-.~-'1'~*' 

''I,

I! ...................................................................................................................................if: ~ V7~! n17T~77.
.t I __

_____II 1:1
I IS . I;

s-C--.-
S *-., 

9.,7
-4--- L4

-
I,,

1
S

t I 
.. ~If _____ ':1~1~'~ 

**~~~~*''I 
9

*. 
9

r . . . , 9

I:
.:~9 

. I

~AND TOtAt1 iREURI~:~TAfl ~ At Nil) L~NCTH ~OPTA XcH~ 1 DUt~

...............................................................



208A90-1

- L-

~7- 17 -.----

I-I7

-~-77

. [... .. ... ..

... .. ..

* - ----- - -- -

r_ /M-AEA~g

F14= -30 - INW -TM 4
T I TU

AREABAS 11 EN SR I -OP u

95



2%A90-1

0 E_

I ii

I Z -4

4H

0 44

L~~- 00AH15~c'J7N

I 9b



K~.i71>:208A90-1 _

.7 ' r *

ti

-- --- ---- ...... 7

F L : ~1~ ~t 2]7 1..

I i 7 :.... ... ...

977



~t,3

az)

i 4 ~ *~-t0

____ ___E/

Ii$x WlK~ J

u If)

/~ ~ C, -~-

C4C

C)'v



. ... . ...

- ~ ~ ~ ~ -- ---- . .... :J

-4 ... .. .. .

99'



208A90-1I

- - - - - -- - . - --.- t- -- -. - -

i1

*t I

A . .

................. ..

:4b. 7
I 

(71

I.I 4.. 10/



08A90-1

_ _ _ ------- --

__~~~ __ I__H



208A90-1I

.........

V, CO Al. r4 At r I

. .. .... . .. . . .. . . .

log-

V~cqM~rA~rI C .. .... ...iE

Ai.

* ~-r.... ........

---. - .- , . . . . . .. . . . . . . . . . . . . . . .

1102



208A90-1

.. .... .. .

.- m

I. .. .... ...

.. .... ...

.. .. . . .. .. .. . . ..

...... ... . .... .

o~j -1 1

7iD ----

71-vRZ341Cm ~sol (WTWW IV&Ow .........



208A90-1

-- --- ----....... .... - .. ... I ...... . it I 4 , I : i . I ' I -

Z . - I ':

104~

---7 --777 -i.. ..l--- -t- - -l- - .. i i- 7 II .- -- .
.... 1 .. ...1 .. .

L ti . . . . ... I ..i... :< 1. ., ... ... .1 ... .. ...----- ...-_

H i - ..

.. ..I I

'4.,



_____ 20SA90-1

J-. 

.

17.1

--- ------------

-*1*

. . - . . . ..- .



208A90-1

4 .. j- r- ,. .

H IF
t. T Ir 1......

7 . ........ .- ~
. . . . . .~.L..... .... ... ...rT~I. .4

I ~. ... ..............

... ... ...

Iq - - -77

..... .... .. .....

..I .... ..

xs - wn -S

4 - - - ---- ---- ---

I1



20 A 90-].

"5 ol . .

. . . .... ...

ILII

.. ......... ....................................................

..................

%4 1 - Mt A-4ET

107--...



208A90-13

00

w

CC!

LO~

a-

cvq 0

z

w -J
-ib -

£;2Ux.;3: 3iU -TR.AICGIT 'YY' WI 7 WITH 4. 5



20SA90-1

,,,PLNEOF. PF40PELLER
57.25 53.A00

OUTER WALL BASE

S.0 R.

1%R .

63 27.0

FIGURE 45: SHORT DUCT WITH NOZZLE EXTENSION DUCT, 4.5
INCH INLET RING

109



STA5 ' T ( (qSTA
(12 tjO 2 Ot2

- 120 95OA ~ ~1

I4 J

384.

OJARAtR ELLIPTIC 1 5 INCH INLET
INLET RING RING

- .-- 7'2

IWOT[ ALL 0114 %SK)Nt AA IN IN HE b
CULRVED D

vMmiZ 46 CUavuD DUCT AND 13

110



'STA

/STK

) 20.

... Ji~r2 T A\

(STA\
6900

270 R

ELL IPT ICAL FF40M ISTA0O tSTA 9O

2LJRVD DuCT MITH 45 INJCH

'%LET Ril% IN57ALLED

KELLETT AIRCRAFT CORP

M IXCT AD D= ING EMUMWILLOW GROVE,FIN



I
*



23~A~X)* 1

-t

H

J

9"'

1 1



0 9 6A 1

L-4



208A90-1

0n

IJH



A 0
mIew Aarl AT/4t~r vWE OIM ATASC

rOR A I/vEm. poIMT

PVC7' COAVIMRS AWAI~~* AWIV 94P14t D/$74AvcEs r, gPhD R

of Is *m4JAL OF PIMA$*/~AE4~PS

I""/AJ MA IMA

rIG'.7Z 51: DEFNM7!01I OF CURVED DUCT GEO.TRIC PARAETERts

115



2063A90 I1

VTCUR 32:CURVED DUCT WITTH GUIDE VANE IITAT,'LlLDI

Li G



FIGURE 53: CURVED DUcr WlTH PLENUM
CHAM4BER (INLET VIEW)

FiGUIRE 54: CURVED DUCT VI'TlH PLENIN7
CHA14RER AND GRtOUND I OAIM
(BASE VJE *.')

it"



208A90- 1

-. .2 $ T7-7-T77 1

4.'-ILL I C4

. . ............. ... 1+

00, L0



20SA90-1

- 1 .1...............

-7-" ........

I 4 I . . . .. .

'I r

... .... ..

.. ~ _ _ ... .. ...

. .. .. ....

-4 .... .. jj---



_________ ____208A90- 1

.. ........

--- --- -- --- ...1. ...

. .

-77 -- - - 7

7 7

...... ....

.-.- . .... . ....-.-....--. . ........

- iL2..2
... ... .. ...

... .. ...... .i ...--- --
........t. ... . . .......

.. .. .. .. ... ... . .. . .... .. .. .. .

.. 7. ... .. .~ .. . .

120



UNCLASSIFIED

UNCLASSFRED


