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FORgWORD 

Contract Nonr 1675 (00) v;as awarded to Bell AircraTt Corporation by 

the Office of Nival Research under  sponsorship  of  the Army Transportation 

Corps,   This is one of a series of five study contracts let to investigate 

the application of various schemes to the design of Vertical  Take-off and 

Landing (VTOL)  or ftiort Take-off  (STO) Assault  Transport Aircraft. 

The particular field of investigation at Bell Aircraft is  the applica- 

tion of ducted propeller propulsion  systems  to   the  design of  aircraft 

capable of performing the Assault  Transport mission.     The results of  the 

investigation are presented in the following  listed reports s 
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ABSTRACT 

This report contains the results  of the  ducted propeller studies 

conducted under Contract No.  Nonr 1675'  (00),    An extensive compressible 

momentum analysis has  been made,   for both the static and the  in-flight 

cases,   and curves covering the complete results  are contained in Appendices 

A  and B.    A survey of the available turboprop power plants was completed, 

and is  presented in table  form.     Shroud and hub  design  are discussed, 

including the use of variable inlet  area in order to increase static  thrust, 

A useful design procedure has been developed  and is presented in detail. 

Three  basic types of ducted propeller are discussed.     These are configu- 

rations which use inlet guide vanes,  variable-pitch configurations and 

contra-rotating configurations.    All of the designs covered by this report 

belong to one  of these three categories.     Several propeller designs  are 

included,  and their operating characteristics are presented graphically. 

The forthcoming wind tunnel tests  at the University of Wichita are covered 

in the last section of the report,   and model specifications and photographs 

are included. 
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SUMMARY AMD OONC!LUSI01'B 

Bell Aircraft Corporation has conducted a systematic analysis of the 

effects of various design para-neters on ducted propeller performance. A 

preliminary design procedure has been established, and the detail design 

of several different ducted propeller configurations has been completed. 

Wind tunnel tests row underway at the University of Wichita will provide 

experimental data which will be compared to the theoretical results of 

this report. 

A generalized compressible momentum study has been completed which 

shows the effects of duct geometry, horsepower input and altitude on 

ducted propeller performance. Preliminary analyses show that high subsonic 

speeds may be attained with this type of aircraft. Detailed analyses have 

shown that, for a given power input, there is an optimum static pressure 

ratio at which the best values of thrust/horsepower ratio way be obtained. 

The parameter HP/A^ is critical in determining the static thrust obtain- 

able, lower values of HP/A.  resulting in higher values oi static thrust/ 

horsepower. Under ."ciward flight conditions, it has been shown that low 

disk power loadings are desirable. However, low power loadings result in 

a greater range of fan velocities over which the propeller mus1 operate-, 

thereby increase ■•■;,, the off-design problems. A complete summary of the mom- 

entum studies carried out under this contract is presented in Appendices A 

and B, Judicious use of the momentum data, presented in this report should 

enable the design of a practical ducted propeller system. 

In the design of a ducted propeller system, it is essential that the 

duct design and engine selection be carried out simultaneously, since the 
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internal geometry of the duct and the power available are critical factors 

in determining the amount of thrust available from the system. All of the 

ducted propeller coi-rigurations presented in this report have been designed 

in conjunction with a specific turboprop engine. A turboprop power plant 

is the most logical installation for ducted propeller applications, due to 

the low weight/power ratios available and the reduced frontal area. A sur- 

vey of foreign and domestic power plants available has been made, and is 

presented in table form. For the particular engines used, the variation of 

the important characteristics with speed and altitude are presented. 

Duct design is covered in Section B, Part II. In order to resolve the 

conflicting requirements of a large inlet area under static conditions and 

a low drag configuration for high speed flight, retractable inlet flaps 

have been utilized in all designs. It is expected that good results will 

be obtained from the resultant split-flap arrangement, and this assumption 

is supported by the experimental x'esults of Kruger (Reference 6). The 

effects of shroud length and hub-tip ratio are also discussed in this section, 

Krüger (Reference 6) has shown the desirability of small shroud length/dia- 

meter ratios. A large hub-tip ratio has the advantages of less twist, less 

sensitivity of the system to off-design operation, and large volume to per- 

mit engine installation in the hub or the use of raulti-bladed variable 

pitch mechanisms. DisadvartageB are the weight and the adverse effects of 

drag. These factors must be compromised in the selection of hub size^ 

Due to the over-all size limitations imposed upon the designs, it was 

necessary that high power loadings be employed. These high power loadings 

resulted in solidities and pressure ratios which were much higher than 
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those obtained on present day propellers. As a consequence, low speed cas- 

cade data, such as that used in the design of axial-flow fans and compres- 

sors, was used in the design of the ducted propeller configurations pre- 

sented in this report. A modified NACA 65 - series compressor b?.ade 

section has been used for rotor design. In some instances, solidities 
■ 

lower than those covered by the available NACA data have been used. In 

the^.: cases, the available data has been extrapolated to cover the lower 

solidity range. These extrapolations have been checked by experimental 

tests, and found to be in fairly good agreement at the design poi:-t. At, 

off-design points, however, agreement was poor. Nevertheless, it is felt 

that the data thus obtained is valid within the scope of this study, since 

the low-solidity data was used with variable pitch configuration^ where 

the blade angle of attack variation over the speed range is -at  as great 

as for a fixed pitch configuration. Further cascade tests in the low- 

solidity range are desirable. The C-factor of Reference l6 was used to 

check blade limit loading, and the data of that report has been riplotted 

in carpet form. A linear variation in blace thickness has been assumed, 

the variation being from 1C$ at a relative inlet Mach number of ,h  to h% 

at a relative inlet Mach number of 1,0. In the configuration which employed 

exit stators, the exit stators have been designed to remove all of the 

residual whirl in the air stream under static conditions at 6000 feet on 

a 95*  day. 

The design of a ducted propeller system which will perform satisfac- 

torily at a given point in the flight regime is relatively straightforward, 

but operation at other than the design point presents several problems. 

Report No. D181-9U5-006 Page 3 
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At other points in the flight regime the forward velocity, altitude, horse- 

power input, rotational velocity, or a combination of these parameters may 

be different than at the design point.  Under these conditions, a fixed 

pitch configuration will operate inefficiently and, over a large range of 

operating conditions, may overspeed or suffer a drastic reduction in 

thrust. With a direct-drive constant-speed engine such as a turboprop, 

trying to alleviate these conditions by varying engine RPM is unsatisfac- 

tory. The most practical means of solving the off-desigi problem is to 

incorporate into the design some means of varying the effective angle of 

attack of the blades, such as the use of variable pitch or variable inlet 

guide vanes.  Both types of configuration have been included in this report. 

A simplified expression which indicates power absorption at off-design con- 

ditions, called the power factor, has been developed. This factor indi- 

cates the inlet guide vane turning or pitch change necessary to absorb the 

^ull power input. 

Three specific engines were used in the ducted propeller systems 

designed under this study.  They are the Wright Aeronautical T-li9, the 

Rolls-Royce RB-109 and the Allison 550-B1. The T~h9  configurations were 

fixed pitch rotor configurations, employing variable inlet guide vanes and 

exit Stators. This configuration was also used with the RB-109 engine and, 

in addition, a variable citch configuration employing exit stators was also 

designed for this power plant. In addition to the inlet guide vane configu- 

ration, a contra-rotating propeller was designed for use with the Allison 

5S0-B1. 
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The most satisfactory T-U9 configuration has a design flight speed of 

200 knots  at sea level standard conditior^.    The fan diameter is 11.6 feet 

and the inlet diameter under static conditions is 15.5 feet.     This design 

has  17 fixed-pitch rotor blades,   19 exit  stators,  and 21 symmetrical vari- 

able-pitch inlet guide vanes.     The fan rotates at 1235 RPM,  the power 

available  at the design point is 9383 HP,  and the design will put out a 

static fan thrust of 17,370 pounds  at  6000 feet on a 95° day.     The inlet 

glide vane  settings range from +18* to -15°  at  sea  level.    While this is 

not an optimum design,   it is nevertheless an acceptable configuration 

which will operate satisfactorily over the required speed range. 

The best RB-109 design was a variable pitch configuration having a 

design point of 200 knots  at sea  level.     This configuration has 10 variable- 

pitch  rotor blades and 15 exit  stators.     The fan and  inlet diameters are 

the same  as for the T-U9 design,   but the  hub is  somewhat smaller, the hub- 

tip ratio being .3  as compared to  .U for the T-U9.     The fan rotates  at 

11U3 RPM and is  designed for a static thrust of 11,317  pounds at 6000 feet 

on a 95°  day.     The  required pitch change   ranges  from approximately 10° 

under  static conditions  to -16°  ac a forward speed of i^OO knots. 

In addition to  a fixed pitch,  inlet guide vane configuration,   a contra- 

rotating fan was designed for use with the Allison 550-B1.     The contra- 

rotating configuration has a hub  tip ratio of  .5,  thereby permitting the 

installation of two 550-81^ in the hub.     The fan diameter of this design 

is 11,8 feet and the static inlet diaireter is  15 feet.     The  contra-rotating 

propellers turn at 996 RPM and are designed for a total static thrust of 

22,550 pounds at the high altitude and temperature conditions.    Assuming 
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that the maximum forward fli^it speed is liOO knots  at  sea  level,  the maxi- 

mum pitch change required for the front rotor is  10.25° and for the rear 

rotor it is 11.75°.     Several designs having high pre-whirl inlet vanes 

were also attempted,   but proved to be unsatisfactoiy.     Since  a lack of 

time prevented any concerted effort to overcome the difficulties which 

were encountered in these high pre-whirl designs,   it is felt that the 

potentialities   of this concept have not been fully exploited. 

As a result of the studies contained in this report, it  aopears that 

both inlet  guide vanes and variable pitch are feasible  means  of obtaining 

satisfactory off-design operation.     A variable  pitch configuration is 

somewhat more desirable,  since  the  range  of the variation in  blade effec- 

tive angle of attack is smaller.     Although the incorporation of variable 

pitch into a fan having 10 or 12 blades might necessitate an  extensive 

development program,  the  large volume of the hub  should be  adequate to 

house  a practical variable pitch mechanism.    With the inlet guide vane 

designs,   the high speed end of  the  flight regime  has been limited due to 

the prohibitive vane  angles  required,  but it is felt that a further study 

of the  concept would result in modification,-;  «jhich would enable these con- 

figurations  to  attain forward speeds  competitive  to the variable  pitch 

designs. 

On April 23,   1956, wind  tunnel tests were begun at the University of 

Wichita to check the  theoretical methods  of this  report.     Two models will 

be tested.     They are l/lO scale models  of the  200 knot T-IJ9 configuration 

and the RB-109 variable pitch configuration.     A  slight modification has 

been made to the T-U9 design,   in that the number of inlet stators has been 
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changed from 21 to 18„  Model specifications are included as part of this 

report. Both force tests and pressure tests will be conducted, at angles 

of yaw from 0° to 90°. The inlet sections, of the models are inter- 

changeable, so that both high speed and static configurations may be 

tested. The results of these tests will be published by the University 

of Wichita in a future report. 
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INTRODUCTION 

Bell Aircraft Corporation, under Contract No. Nonr-l675>(00), has 

conducted a study for the Office of Naval Research, Department of the 

Navy, to investigate and evaluate the application of a ducted propeller 

propulsion system to the design of an assault transport aircraft. The 

aerodynamic portion of this program was conducted in four phases: 

1, A general review of the ^-Ute of the art. This phase included 

a survey of the available 'l/.ter&.ore on ductsd prjpeller theory, 

design and experimer.hal results, and visits '.z  various private 

and eovsrnment agencies to discuss particular desi^1' aspects. 

2, A systematic analysis of the effects of various parameters on 

ducted propeller perrormance. and the establislnnent of a satis- 

factory design procedure. The detail design of se/eral different 

ducted propeller configurations was included in this portion of 

the program„ 

3, An examination of the effect of various aerodynamic parameters 

on the performance of ducted propeller aircraft, and detailed 

performance analyses of severa"1 assault transport configurations, 

\x,    A preliminary stability and control analysis of the final config- 

uration chosen, including hovering, transitional and forward 

flight. 

This report covers phase 2 above, and is one of four aerodynamic 

reports to be submitted under this contract. 
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The studies included in this report are presented in two parts. 

Part I covers the extensive rnomentum analyses which were conducted to 

determine the effects of various design parameters on the performance of 

a ducted propeller. The general design procedures used are contained in 

Part II, which also covers the detailed design of all ducted propeller 

configurations investigated under tnis contract. Throughout this report, 

the terras "propeller" and "fan': are vised Interchangeably, 
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PART I 

MOMENTUM ANALYSIS 

In order to conduct a detailed investigation of the influence of 

various parameters on ducted propeller design, it is nececsary to utilize 

a general type of approach to the problem so that the results may be 

applied to any configuration which is to be designed or studied in detail, 

A momentum approach is ideally suited to this type of situation,, Through 

the use of a generalized momentum analysis, it is possible to calculate 

the forces and velocities produced by the flow through a duct without regard 

to the mechanism which is producing the flow.  In the case of a ducted 

propeller study, it therefore becomes possible to determine the thrust which 

will be generated by a particular system, as well as the velocity of the 

flow through the duct, without first establishing a detail design of the 

propeller itself. 

The general momentum studies conducted at Bell Aircraft Corporation 

during the course of this study are outlined in the following sections. 

Preliminary studies were conducted without regard for pressure losses, since 

only general trends which would indicate the effects of various parameters 

were desired. More refined momentum analyses for both the static and for- 

ward flight cases are presented in Sections 3 and C, respectively.  Origi- 

nally, these calculations were performed as required on desk calculators. 

Subsequently, however, as the need for information grew, and in order to 

make the study completely general, solutions were obtained by the use of 

IBM equipment, covering a complete range of ariables. 
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Ac Prelijtdnary Momentum Studies 

The momentum studies conducted during this part of the program 

were based on the one-dimensional compressible channel flow equations and 

the general approach of Reference 1 was followed. The following assumptions 

are made throughout: 

1, The total temperature is constant through the duct except 

for energy addition at the propeller, 

2, The mass flow is constant, 

3, The total pressure at the inlet is equal to free stream 

total pressure. 

U. The static pressure at the exit is equal to free stream 

static pressure« 

From the momentum theorem, it may be found that the thrust from 

a ducted propeller system is given by 

Fe -  V0 (Ve- V0J (1-1) 

where       F  = thrust 
e 

W/g = mass flow 

\:<Z ~ MDJ ■ change in velocity through the duct 

The classical derivation of this equation may be found in various texts, 

such as Küchemann and Weber (Reference 2), The exit velocity may be 

obtained from the relationship 

- 
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It is also known that 

-0^ M2) 
,2s ^-' 

2 (1-3) 

and 

VV^K(RFV )     ~\ \ 

where Rp. is the total pressure ratio across the propeller or fan, ^ is 

the adiabatic efficiency, and the subscripts 1 and 2 refer to stations 

imnediately in front of and behind the propeller. 

Using Equations (1-2), (l-3) and (l-h), and recalling that 

(1-W 

IT 

£ = _F   , Equation (l-l) may now be written as 
^-1  R 

Fe=W 
^CpJTt, 'R '0 

J\- 
^1 n 

Pt: 

y - i 

Vo 
^ 

L"T (1-5) 

The horsepower absorbed by the propeller is 

T- 
T V/CpJ 't, 

550 *[ VPt. 

y 

(1-6) 

Under static conditions and considering no inlet losses, P = P   , Setting 

V0 = 0 and dividing (1-5) by (1-6), the static thrust/horsepower ratio becomes 

^ ^qJCpSflt; 

y-i- 

r- r     i n 
>pr, 

(1-7) 
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It can be seen from the above expression that the static propeller performance 

improves with decreasinf ambient temperature and is nearly proportional to 

the efficiency, as would 'e expected, Equation (1-7) is plotted in Figure 1, 

for >| = ,9 and Ttl •= 5l90R. Since no inlet losses are included, this curve 

represents an ideal condition and is presented here merely to indicate the 

general operating characteristics0 As is well known, nore thrust per unit 

of power input is obtained by handling a large quantity of air at low energy 

levels, and this trend is substantiated by Figure 1 which shows that a higher 

thrust-horsepower ratio may be obtained by the use of low-pressure ratio 

configurations. 

At forward speeds the pressure and temperature entering the propel- 

ler are increased tv ram, so that neglecting inlet losses 

and 

Pt = P+ = Tl    0 

V  Ttn= 

Pt x' 

H0 
'O 

Ttr 
T o 

P+ T 
where _^o is given by Equation (1-3) and 1to is obtained from the relation- 

ship 

JT 
T 

r 
2 

M2 
(1-8) 

Equations (1-5) and (1-6) are valid at forward speeds. Due to the cumbersome 

nature; of the algebra, it is usually more convenient to solve (l-5) and (l-6) 

separately and find the quotient. Figure 2 was obtained in this manner. From 
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this plot it may be seen that the net thrust per horsepower at constant 

pressure ratio decreases with increasing forward speed» The drop-off is 

more severe for a low pressure ratio fan, since more air is handled per 

unit of power. 

As the forward speed increases, the density of the air passing 

through the fan is increased due to ranu  Thus, in order to develop the 

sanie pressure ratio more power must be provided to handle the increased 

airflow. With the assumption that the horsepower available from a turbo- 

prop engine increases in approximately the same relationship, the variation 

at constant pressure ratio of propeller or fan thrust as a percentage of 

static thrust is approximately 

A, Fe/I-P 

^static    (V^Watic   r^ 
Since inlet losses are being disregarded for the presents 

P^ o\P 
P o 

o 

From consideration of isentropic channel flow 

y- 1 

^-1 M2 

(1-9) 

(1-10) 

r \ 

and Equation  (l-9) becomes 

Mü ■    ;   1+  £zl   M^ 

y-i 

c ^static     (fV^stdtic 
> 

This expression is plotted in Figure 3, for various values of fan pressure 

Page I? 

(1-11) 

ratio. 
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A txirboprop engine also produces a small amount of residual 

thrust which decreases almost linearly with speed» Figure h  shows the 

variation of thrust divided by static thrust for a typical fan plus turbo- 

prop engine combination. 

Figures 3 and i* are generalized curves which are intended only 

to show general trends. Both curves apply only at constant altitude and 

disregard inlet losses. Some important Implications may be drawn from an 

inspection of these graphs. For a vertical take-off airplane propelled by 

ducted fans, the available thrust at take-off altitude is at least 1$%  of 

the take-off thrust, even for pressure ratios as low as 1,02^. Considering 

a static thrust-weight ratio of 1.0, which is the minimum allowable, this 

means that the airplane is inherently capable of majcimum speeds (at take- 

off altitude) such that the drag is about \p%  of the airplane weight., which 

is a nominal value for this type aircraftc The realization of this subsonic 

speed capj xlily requires a fan capable of absorbing maximum power with rood 

efficiency at high forward speeds. This will necessarily require some satis- 

factory means of varying the effective pitch of the propeller blades, such 

as the use of a variable pitch mechanism, inlet ^uide vanes, variable duct 

geometry, or a combination of these methods. 

Up to this point a simplified analysis has been presented, without 

regard for the effects of inlet losses or duct geometry. .''-  iriore refined 

method is presented in the following sections« along with the results of 

a generalized study whioh was accomplished through the use of IBM equipment. 
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B, Static Momentum Analysis 

In order to determine the optimum design for a ducted propeller, 

it is necessary to consider such items as power absorption, inlet losses 

and duct geometry in the generalized momentum studies. Consequently, these 

parameters have been included in the following analysis. The general 

assumptions which were made in Part A are still applicable, 

1, Method of Analysis 

In considering the flow through a propeller-duct conbinationj, 

the horsepower input must be known in order to determine the parameters 

necessary for detail design of the propeller itself. Then the power absorbed 

by the propeller or fan may be written 

WCoJ ^W *T' 
or, using Cl-U) 

HP CpJ ("Tt, 
Re 

W       550 

where n is the adiabatic fan efficiency and Rp - ~2 (see Figure 5) 

(1-12) 

M 

P, 

The weight flow may then be obtained by dividing the horsepower available 

by Equation  (l-12). 

Also, 

W = ^ g A V = 

and,  using  (l-3)  and  (l-6) 
RT 

RAM 

AR+ 
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Figure 5 
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From the isentropic channel flow equations^ 

m 
m* 

M 

v* 

Using (1-13), with  ^ = l.ii^ R = 5303 and g = 32.2, the mass flow ratio 

is 

~  - 1.879 (—^—^L 
m 

o \A0Pt (i-HO 

where mK is the critical mass flov; for the duct. The static inlet pressure 
p 

recovery, *! may then be determined from Figure 6. The values obtained 

from Figure 6 are probably somewhat conservative, since they are based on 

experimental data obtained from tests on ducts which employed a slight 

amount of diffusion just behind the inlet (Reference 3). 

Assuming that the static pressure ct the exit is ambient, the exit 

pressure ratio may be determined from 

p" x-fy-^ Pe      Po VPtJVPt,/ 
(1-15) 

ü 

For the static case 1, and if no expansion or contraction losses 

behind the fan are considered (ioe,, A- - A ) 

^ R 
FVP. 

= R 
./Pt, 

!o- F V Pr (1-16) 
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Using (1-16), the axial Mach number at the duct exit, Me, can now be 

determined from the relationship given in (1=3)<. 

The net thrust of the system may be expressed as 

Fe=^AV(Ve-Vo) (1-17) 

Since under static conditions V0 =« 0S this may be written as 

F   = P   A  V- re    ' e Me e rPeAeM^ 

or, using (1-8) 

V ^r   Me e _ 

^^e   yi+^Ml 
(1-16) 

Also, under static conditions, T^ = ^o = ^e* 

Therefore, from (1-3) and (1-6) 

Ih Pt." 

and 

A-^/V.^g 
/j  -I 

If 
e_ 

(1-19) 

V- 

The assumption that T+ = T0 - T is not strictly valid. The correct 
o       e 
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expression for   / _^e    is 

*-\ 

^        , . J- (^ - 0 

so that the assumption Te = T^ is valid only for a fan efficiency of 100^. 

The use of Equation (1-19), however, results in only a very small error,, 

and this Equation was used for sinplicity. 

The static thrust may then be obtained from 

Fe-W 

/Pt\ 
Using Equation (1-13)  and tue relationship Pte ■ P0    {—j   ,  the area 

at the exit is 

A, 
wyTt„   //W/Tf / A 

;te A Pi 

(1-20) 

(1-21) 

• 

Now 

/2 1/2 

.APf 

'A 

<A/   fX/A.X/Pt 
vAP 

W " 
R 

r. 
r/e^e'v-t2' r (1-22) 
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If no diffusion losses  are ccnsxdered,   the  fan area equals  the exit  areas 

and (1-22)  becomes 

A Pr(   ^AP/e h (1-23) 

Then the Mach number at the fan fMf - M^) may be calculated from (1-13); 

and (   ■ V — 1 can be obtained frcm '1-2)., 

The velocity at the fan is then 

^Ajrm) O (1-2U) 

Since the Mach number  ard -octal temperature  at the exit have 

previously been determined,   the exit  velocity,  Ve,,   mav also  be  obtained 

from the relationship given in   (1-2). 

The procedure   outlined above may be used to determine  the flew 

conditions in a duct of  any given gecnetry,   provided the  power input, 

adiabatic fan efficiency and pressure  recovery factors are known.     In the 

momentum studies undertaken  as  a part of this   contract,   the  pressure  recovery 

factors used were  supported by experimental data and a wide range of power 

input   and efficie   cies were assumed. 
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In Reference ü,   Platt has  shown that- the thrust of  a ducted 

propeller may be theoretically expressed by 

Fe ducted 

e unducted 

= 126 
vA2 

v. / 

for equal operating conditions.     This equation would indicate that the 

thrust available  from a ducted propeller system is 26« graater  than for 

an unducted propeller  and car* be  substartially increased by increasing 

the size of the exit  area,   assuming 100« diffuser efficiency.     It might   . 

also be pointed out that increasing the ratio of  shroud exit  area to 

area at the propeller plane  decreases the exit velocity while  increasing 

the mass flow.     This  increases the  theoretical propeller efficiency b:t, 

at  the  same time,   increases  the  velocity of the flow thrcugn the  propeller, 

resulting in higher tip Mach numbers,     Platt   tested three  ducted pro- 

pellers to check the  effects  of diffusion behind the propeller.     The ducts 

which were tested hid length-diameter  ratios ranginj from .671 to  .836 

and ratios  of exit  area to propeller area ranging fro-" 1.1 to 1.3.     In 

the range  tested,  it was found that variations  in the  ratio of exit area 

to propeller area bad  little effect en the  static  thrust  of the  ducted 

propellers. 

For the Assault Transport   application,   the use.  of  a short duct 

is  necessary in order to  allow rotation to the vertical position while   on 
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the  ground.    Various methods  of short-length diffusion were discussed in 

some  of the conferences  held during the study (Reference 5),   and,   as  yet, 

it has not been shown that any practical means  is  available,     Kruger 

(Reference 6)  has shown that diffuser  losses will offset  any gain obtain- 

able unless  a diffuser efficiency of  about  .95  can be attained.     This is 

not considered  a practical minimum for short-length diffusers.     Con- 

sequently,   in the  studies conducted under this  contract,   the exit area cf 

the duct has been considered to be  equal to the disk area  of the  propeller. 

The effect  of  fan pressure  ratio  on the  thrust/horsepower  ratio 

for several different values  cf  inlet diameter is shown in Fig-ire 7.     The 

horsepower avallabla  from a T-U9 turboprop engine at 6000 feet  and  a temper- 

ature of  95'F has been used in this  example.     Gearing losses and inlet losses 

to the engine have been included,     A tendency toward establishing an optimum 

pressure  ratio is  evident,  especially for tha   smaller inlet  conditions.     It 

can be  seen from this  curve  that,   for a  given horsepower  input,   as  the  inlet 

area is  decreased  the maximum static 1% is  decreased  and  the  optimum pressure 
H P 

ratio is  increased. 

The variation of  fan or  exit  area  required with pressure  ratio JS 

shown in Figure 8.     As would be expected,   this curve shows that  the fan area 

required increases  rapidly with decreasing pressure ratio.     Figire 9  shows 

the variation of fan and exit velocity with pressure  ratio.     Both  fan  and 

exit velocity increase with increasing pressure,   ratio,   which is  the  logical 

trend.     It may also be  ncted from this curve  that  the exit velocity is less 

than the fan velocity at  all values  of %,     This would be tme of  any sub- 

sonic compressible  analysis in which the exit area was considered to be 
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equal to the fan area»  Figure 10 shows the variation of thrust resulting 

from this analysiso 

Fipures 7 through 10 show the results of a typical static momentum 

analysis for a given set of input conditionsc Desk calculators were used 

in the solution of the momentum equations. In order to obtain an optimum 

combination of shroud, propeller and engine, it is necessary to conduct a 

completely generalized study over a wide range of variables, so that the 

effects of the various parameters become known under all conditions.  Such 

an analysis is presented in the following section for the static case, 

2, Generalized IBM Analysis 

The procedure outlined in Section B-l may be adapted for 

solution on IBM equipment. As mentioned previously, the exit area has been 

considered equal to the fan area in this analysis. 

For a given combination of altitude and atmospheric conditions, 

and for given values of fi-, and Y) ,  H£ may be determined from Muation (1-12), 
{       W 

Then for a predetermined value of HP , 

^in •   . * 

W        HP    /hP 
Ä~~ ^"/w (1-P5) M
in      Ain/    vv 

where Ain is the inlet area and is equal to A0,  Then the mass flow ratio, 

_m_, may be determined from liquation (l-lU). In order to calculate the static 

inlet pressure recovery on IBM equipment, it is necessary to put the curve 

of Figure 6 into algebraic form. In this case a fourth degree polynomial 

approximation was used. The polynomial coefficients were Cdlculated to 
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six decimal places,   the final equation beinc 

' f      I.000000-.04I7I<S)+ .I26200C^ 
pt o 

-.340242^)+133175(^)4 
(1-26) 

Then the exit pressure ratio,  te, may be obtained from (1-16), 

Rearr.'npinf equation (1-3), the Mach number at the exit is 

Me = 
V 2r-i LVR 

y- i 

^ (1-27) 

From Equation  (l-13) 

w/Tr 
/£_g 

R M. 

Also, 

-I- ^T- 
2 M 2 W - 0 

w/f^       w   /ff 

'in   ^t, Am   p/V' 

(1-25) 

(1-29) 

where / T.  is fiven by (l~19) and W by (1-25)« Then the area ratio, 
*  e A . Äin 

Ae  , between the exit (or fan) and inlet may be obtained by dividing 
Ain 

(1-29) by (1-28). U-sing (1-23), the Mach number at the fan (Reference 

Station l) can be determined from the relationship given by Equation (1-13). 
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Referrinf aj-ain to Equation (1-2), the velocity entering the fan, V„ 

is given by ^ _, 

= V, 

_    'PA  ^ 
v^RM/Tr0 y^j 

Vr * ^- 'f 
+ — Mf 

and the velocitv at the exit is 

V„ 
/^R M^ 

r - i     2 

(1-30) 

(1-31) 

Finally, since Vo = 0, using (1-250 

Fg W  Ve 

g ^in ^in 
(1-32) 

The thrust-horsepower ratio for z-  given set of input values can 

. tip 

now be determined by dividing Equation (1-32) bv the input value of — 0 
kln 

The method outlined above was coded for IBM calculf. tion, and a conplete step 

by step summary of the procedure is given in Appendix A0 These calculations 

give completely general results over a large range of variables.  The parameter 

iif. was varied from values of i\  to UU, the fan efficiency ranged from hO^ to 
Ain 
100$s and the fan pressure ratio covered a bracket fron 1»01 to 1.10,  The 

two operating conditions investigated were sea level on a standard day, and 

6000 feet on a 95 degree day, A conplete set of the carpet plots obtained 

from these calculations is presented in Appendix A0 
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Results of the static momentum analysis for a fan efficiency of 

90^ at sea level standard conditions are presented in Figures 11 through 

13. From Figure 11 it may be seen that, for a piven exit area to inlet 

area ratio, a reduction in the value of S£ results in a rather rapid 

reduction xn  pressure ratio. From Fipure 12 it is evident that this 

reduction in pressure ratio remits in a desirable increase in the thrust- 

horsepower ratio. This carpet plot illustrates the desirability of roain- 

taininf a low pressure ratio in ducted fan design, in order to achieve 

desirable values of static thrust/HP. It may also be seen that for a riven 

value of — there is a peak value of ff. Theoretically, for any t iven 
Ain HP 

value of HP , the optimum static pressure ratio for which a fan should be 
A ' XT 

desimed is the pressure ratio corresponding- to the peak value of _e .  In 
HP 

actual practice, it is usually more desirable to choose a pressure ratio 

which falls a little below this peak, Fifures 11 and 12   show that lower 

HP 
pressure ratios my be obtained by decreasing- the values of j-^,  by mcrcasir.g: 

Ae for a constant inlet area, or by a combination of both. Fig-ure 13 shows 

in 
the variation in fan 'velocity.  This plot demonstrates that the effect of 

the parameter S£ on fan velocity is slight at the higher pressure ratios, 

Ain 
but can be appreciable at the lower pressure ratios. As would be expected, 

it also shows that the fan velocity increases rapidly with increasing RF. 

Figures 11, 12 and 13 may be used in the following manner'.  If the 

horsepower input to the fan is known, and also the geometry of the -shroud 

(exit area and inlet area), then the fan prebsure ratio may be determined 

from Figure 11.  The static thrust-horsepower ratio may then be determined 

from Figure 12, and the velocity at the fan from Figure 13.  Conversely, if 
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the horsepower input and inlet diameter are known and a specific e is 
HP   . / . 

desired, the pressure ratio may be determined fron Figure 12, and the 

area ratio and fan velocity from Fi£ures 11 and 13 respectively. 

The carpet plot in Figure 3U is a cross-plot of Figures 11 and 12, 

and may be used for any fan provided the assumptions used in the development 

of Figures 11 and 12 are retained»  This carpet shows that the parameter 

HP 
•j—    has a much  greater effect  on the thrust/horsepov/er rstio  than  the  area 
Ain 
ratio parameter.    A specific example  has been developed  in Figure 15,    The 

fan for this example has an 11,6 ft,  exit diameter,  absorbs ii^OO HP and has 

a hub to  tip ratio  at the fan of  »U»     TJie  curve  shows  the variation of static 

F 
e with inlet diameter. Below an inlet diameter of about 13 ft,, a bell- 

HP 
mouth pressure recovery can probably not be achieved and the thrust-horsepower 

ratio would fall off more'rapidly than is shown by the calculations.  Staticallyj 

this curve points up the desirability of a large inlet area, compared to the 

exit or fan area, for a fan of fixed diameter.  Since a fixed inlet to meet 

such a requirement is in conflict with the desirability of a minimum drag 

shroud at hi^h speeds, inlet flaps are considered as the most obvious solution. 
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C. In-Flight Kumentum Analysis 

A ducted propeller for use on a vertically risinc aircraft is 

usually designed to operate in conjunction with a specific engine, and 

thus the horsepower available is known. Statically, an airplane thrust- 

weight ratio equal to or greater than 1.0 must be attained in order to 

achieve vertical take-off. The usual design procedure used in this study 

has been to determine the internal duct geometry from the static momentum 

data, knoving the horsepower onput and the thrust-horsepower ratio desired, 

and then design the fan itself at some forward flight speed.  In order to 

•accomplish the detail design of the bladin^ it is essential that the velocity 

of the air entering the fan be known. This velocity, V^., along with the 

J thrust/horsepower ratio which is used in the airplsne performance studies, 

may be determined by means of a momentum approach. The method used in these 

studies is somewhat different from that used in the static analysis, and is 

outlined in the following sections. 

1. Method of Analysis 

In Reference 7. it is shown that the tangential force on a 

rotor blade at any.radial station is given by 

Ft= -^-4-AWu 

where c = blade chord 

(T = solidity 

A w = tangential whirl velocity 

Then the total tangential force on the fan may be expressed as 

F+ = Nc R I   -^—4- Awud (VR) 
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where N is the number of blades and R is the radius. IT constant chord 

bladinf is used, the solidity varies inversely with the radius« Assuming 

that the density and axial velocity are radially constant in front of the 

fan, the tangential force is then 

A 1.0 

4/R) T 

where   rT  is the tip solidity.    The torque,  Q,  at any point along a blade 

is equal  to F r or F R  (^)„     Therefore 

GUI     NcCVrR
2il 

550 550crT 
(r/RrAwlld(r/R) 

If a free vortex velocity distribution is assumed,  the whirl velocity 

also varies inversely with the radius,  and  (1-33) becomes 

HP = 
Nc/0VfR.nAWUT 

1.0 

0^ 
R) 

fc^) d (r/R) 

(1-33) 

(1-31;) 

J) 

If free vortex blading is not used in the fan,   the radial distribution of 

the  fan velocity will  not be constant.    However,   it is felt that, for any 

type of blading,  the average axial velocity along the radius will be about 

the  same as for the free vortex distribution,   and therefore the power absorp- 

tion will be the same. 

Again from Reference 7,  the whirl velocity may be written as 

^-i 

AW U- 
_   Tt|(RF^-0 qJCp      Tt|CRF

y-0 10 
Jr R/I i.66 R n 
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where Tt,  is in «K.    SincerT - j^    and Af ^TTR
2
    [l - (r/R)2] upon 

integration  (1-3U) becomes 

hP = 
^AfVfTt| (RF *-  Q I04_   m   Tti(RFy- p'Q 

~ i k^ fs^nl ' 550 1.66 
(1-36) 

Then for piven values of HP snd forward velocity, the ratio _ may be 
550 

determined as a function of P?0 Taking into account the fan efficiency, 

the horsepower absorbed may be expressed as 

'( 
UD -    "^ fv2- V2 

(1-371 

from which 

V V   m    o 
(1-38) 

It is nOT: possible to plot a curve of Ve vs. R, or Vf, which defines the 

correspondinr values of Ve and RF or Vf for which the full horsepower input 

to the fan will be absorbed at any given forward velocity. 

One of the assumptions which has been mde in this analysis is that 

the mass flow is a constant. The mass flow may be expressed as 

m PAY = 
PAV 
gRT 

T* 
or, multiplying through by _ 

* Pt 

A     P. t 

Pt 
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Then the ratio of exit velocity to fan velocity may be expressed as 

r 

_A Pt ->   \ P 

F     i (1-39) 

Cpt/P) f 

t    t,        *! 
(P^/P) = Rp, ( 2) ( U), where p— is the inlet pressure recovery.  Using 

liquations (l-2) and Cl-?).? and using the values of R-, and V obtained from 

(l-36), Ve may be plotted as a function of B-, or  V^.  The curve obtained 

from (1-38) fulfills the assumption of full horsepower absorption, while 

the curve obtained from (1-39) fulfills the assumption of constant mass 

flow. The intersection of these curves give the operating conditions of 

the fan at the given forward flifht velocity. The thrust may then be obtained 

from (1-17) 

An example of this type of calculation is shown in Figure 16 for 

sea level standard conditions. This particular fan had a horsepower input 

2 
of 10,lUO HP and a fan area of 82,1 ft, , The flight velocity was 200 knots. 

The curve with the negative slope represents the line of full horsepower 

absorption and the curve with positive slope represents the line of constant 
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mass flow. From this plot it may be seen that, for the fiven input 

conditions, the velocity at the fan is ?13 ft/sec. and the velocity at the 

exit is 1;72 ft/sec.  The inlet pressure recovery was assmrjed to be 91%  for 

this case. 

2, Generalized IBM Analysis 

As in the static case, it is apain desirable to have a 

completely generalized analysis so that the flow conditions in the duct 

may readily be ascertained for any operatinp condition« The equations 

contained in the previous section have been changed only slightly for IBM 

solution. As stated before, xt has been assuned in this analysis that 

there is no change in total teirperature except for energy addition at the 

HP 
fan. Knoving -r— and V . from üquatlon (1-36) „ 

HP Vr = ^- 
Ar  K,-T, (R^ bVT 

HP 
where K = 10.953 and — is the propeller power loading.    Then from the 

relationship of   (l-2) 

M 
2 V IA. 

iTR qf ̂ Wo 
Since m - 5£, from (1-13) 

g 

m_NA& .kptnMf 

y j- M tw- h 
/ 'to 

where k is the inlet pressure recovery. An assumed value of k = ,97 has 
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been used in this analysiso From (l-38) 

v=/iioo^—rr^+Y? ev    'm/Af o 
(1-U3) 

Usinp the criterion of constant mass flow, from (l-39) 

ve = 
vi_ /pvA 

«^ ^v^ 
where J^ = RV (_^O) and ^f is defined by (1-3), 

u PI     p^- Pe       ^o 

The point of intersection of the cvn-^ ! defined by Equations (1-U3) 

and (1-39) was found by an iterative process on the IBM equipment. Having 

determined V in this manner, 

and 

Af 

2_ 
HP 

m/A. CVg- Vo) d-lUi) 

F/Af 
hP/Af 

(1-U5) 

The in-flight momentum analysis completed for this study covered 

a complete range of altitudes from sea level to ^0,000 feet and a range of 

efficiencies from $0  to 100 percent. ' It was originally intended to also 

cover a range of inlet pressure recovery from .95 to l.Oj but the effect 

of this parameter upon the final results of the analysis proved to be 
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nerlipible. Plots of fan velocity and e as functions of the power 
HP 

loadinp, —, and the free stream velocity are shown in Figures 17 and 18, 
Af 

lor an efficiency of 90%  at sea level standard conditions. From Fifure 17 

F 
it may be seen that greater —  ratios are obtained with the lower values 

HP p 

of power loadinf. This fifure also shows that _£ decreases as the forward 
HP 

speed of the airplane is increased, and the decrease is freater for the 

HP 
lower values of 7-, Figure 18 shows that the fan velocity also decreases 

as the power loading decreases, and that the range of fan velocities is 

greater for the lower values of —. This analysis points out that a given 
Af 

thrust may be obtained with the least power in a lifhtly loaded fan and 

that this fan will have low fan velocities. However, a highly loaded fan 

will have less drop off in thrust with forward speed and the fan will operate 

over a smaller velocity range. These conditions must be compromised for 

each configuration. A complete set of the carpet plots obtained from these 

calculations is presented in Appendix B. 
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D.  Discussion of IBM Results 

In the design of a ducted propeller installation for use on an 

assault transport, the performance requirements and configuration of the 

airplane must be taken" into consideration in c-he establishmnnt of auct 

confiRuration and power requirements. In ui ler to achieve a vertical 

take-off, a minimum static thrust-vjei -ht ratio of at least 1.0 is required^, 

but it is good design practice to use a sli -htly higher value. Therefore, 

in order to reduce the power required and th'is keep the aircraft rross 

wei-ht at a minimum, a high value of static _£. is desirable. As shown in 
HP 

F 
the static analysis, higher values of _£ may be obtained by decreasing 

HP 
HP/Ain, but the inlet area may be limited by the configuration of the 

aircraft or by the practical aspects of retracting the flaps for forward 

flight. The parameter HP/Ain may also be decreased by increasing the 

number of ducts for the same horsepower input. A preliminary study has 

indicated that, for a given required thrust, the weight of the propulsion 

system may actually be decreased by using a multiple duct arran -ement. 

In the forward flirht analysis, it has been shown that lew power 

loadings result in larger thrust-horsepower ratios. However, lower power 

loadings result in a greater range of fan velocicies.over which the propeller 

must operate, for forward speeds from V0 to VmajCo This makes the actual 

blade design more difficult, since means of obtaining a greater variation 

in effective pitch angle must be provided. Any effort to alleviate thie 

F 
condition by the addition of power alone results in a decrease in _e both 

IIP 
statically and in forward flight. 
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From the above discussion,, it is evident that many factors 

affecting fan performance must be compromised in the design of an optimum 

fan for a given aircraft.  The most critical factors are the power input, 

fan or exit ar>a and, statically, the inlet area.  The momentum analyses 

presented in this report give a complete picture of the influence of these 

parameters on the fan performance.  By judicious use of the graphs presented 

in Appendices A and B, it is possible to select the most practical values 

for these parameters in the desifTi of any ducted propeller system. 
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DUCTED PROPELLER ANALYSIS 

■ 

v y 

- 

The decicn of a ducted propeller system may be accomplished in 

two phases. The first phase consists of the design of the duct or 

shroud, in con.iunction with the selection of a suitable power plant. 

The second phase is the detail design of the propeller bladingj tof-ether 

with th3 design of any non-rotating stages that are needed. 

It is essential that the duct dnsi-n and engine selection be 

carried out simultaneously, since, as pointed out in Part I - Section D, 

the internal geometry of the duct and the pover available are critical 

factors in determining the amount of thrust available from the system. 

In order to att-ain the thrust level required, it is usually necessary 

to compromise these fac ors. As shown previously, it is desirable to 

have low values of IiP and power loading in order to realize the 
Ain 

maximum thrnst-horsepo er ratio attainablr.  The value of HP may be 
Sin 

iecreased by providing retractable inlet flaps, which would be extended 

imder static conditions. Lower power loadings may be obtained by 

increasing the diameter of the duct, but duct size may be limited by 

several factors, such as airplane configuration, drag, stability or 

structural requirements. An alternative method of decreasing the power 

loading is to utilize several s: taller ducts, thereby increasing the total 

disk area for the same power input.  This method is also effective in 

decreasing HP . Once the flow conditions for the duct-powerplant 
Jin 

combination are known, it is possible to design a propeller system to 

■ 

operate at maximum efficiency under these conditions. 
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Engine characteristics, duct configurations and propeller design 

methods are covered in the following sections.  A survey of the available 

power plants is presented in table form, along with the pertinent charac- 

teristics of the particular engines used. Duct geometry, including huo 

size and the use of variable inlet area, is covered in Section B.  Cascade 

methods used in the design of this report are covered in Section C, and 

include the use of low-solxdity cascade data, limit-loading parameters, 

thickness distribution and exit stator design.  Variations in the design 

procedure for three different types of ducted propeller are presented in 

Section D, including the calculation of off-design performance.  Specific 

designs are presented in Section E, and these designs are discussed in 

Section F.  The last section covers the forthcoming wind tunnel tests at 

the University of Wichita, and includes model specifications and photographs. 
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A.     Power Plant  Characteristics 

A turboprop power plant has been selected as the most logical 

installation for ducted propeller applicationso    A turboprop engine  has 

a  lower weight/power ratio than the  reciprocating engine,   and the reduced 

frontal area results  in less drag.    Although the specific fuel  consump- 

tion is  higher,   the  later models  are  approaching S.F.C'a which are 

competitive with reciprocating engines.     The residual  thrust available from 

the turboorop is aloo an advantage,  particularly in the static case. 

In setting up ccnfigiration studies  for the Assault Transport 

aoplication,   it was useful tc determine the  major  turboprop engines now 

available in the domestic and foreign markets»    As  a result,   Table I has 

been prepared to show these engines and some of their major characteristics. 

It will be noted that several very small engines ha^e been included„     The 

tabulations  range from a  shaft   horsepower of 210 fcr the Boeing T-^C 

engine  to 13,3UO for the  Pratt and Whitney T-57.     The majority of the 

available engines  fall  in the  horsepcwer range  from U000  to 10,000 horse- 

power.     It might  also be  noted that the Rolls-Royce  RB-109 has been in- 

cluded  twice in this  tabulation.     This  engine was used as the power plant 

in one  of the ducted propeller system? designed in this study,   and at the 

time the design was initiated the later data was  not  available. 

Three  different   engines were used in the design studies  complet- 

ed under this contract.     They are  the Wright  T-u9,   the Rolls-Royce RB-109 

and the Allison 550-B1.     The important  characteristics  of these  engines 

operating in conjunction with a ducted fan are shown in Figires  19 through 

25,     These curves have been corrected for  gearing losses  and engine inlet 
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losses.     The  power available  at the  fan for the Wright T-i49 engine is 

shown in Figure  19»     The fuel flow  and  residual thrust  for the  T-i^ is 

shown in Figure 20,     These curves were  obtained from information contain- 

ed in Reference  0=     The horsepower available  at the  fan  and the residual 

thrust  and fuel flow  fcr the Rolls-Royce RB-109 are  shown in Figures  21 

and 22   respectively,   and were  cbtdined from Reference  9.     The   same 

parime-t-rs   '"cr  the Allison  ^O-Bl are  shewn m Figures  23;   lh and 2^," and 

v.'e r*1   taken  from data  contained  in Reference   10. 

The requirements  of this  study specify that the aircraft   configur- 

ations  proposed must  be  able  *o perform a vertical   take-off  at   6000 feet 

on  a  95*   day.     It   has   been  assumed in  this  study that the full sea  level 

horsepower  output of  the engine  may be  regained under 6000  feet  -  9^c 

conditions  by the use  of water in-;e'ticn.     In several  of  the conferences 

held during the course  of this  study it has been agreed  that  such an 

assumption  is entirely feasible    and engine manufacturers  have agreed that 

their  engines could be modified to  regain  sea  level  power at  6000 feet   and 

95CF       Tne   main limitation en the use  of water injection is   the strength of 

the  engine   gearing.     It has been analytically shown fReference   ll)   that 

power augmentation up  to  200^,   at  a  compressor  tip    peed of  l800 ft/sec.,   i= 

possible by use  of water  injection.     To obtain this magnitude of  power 

augmentation,   it  is necessary to completely saturate the air at the com- 

pressor cutlet.     In the  same, report,   it is also shown that a total water 

flow of U.5 times the  initial fuel   flow is  required to attain a  thrust 
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augmentation of  78%.     In order to  realize these  augmentation possibilities, 

it would be necessary to modify any of the present day engines  so that the 

engine  gearing could withstand the additional stresses imposed. 
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B. Duct Design 

In the design of a duct for the assault transport configuration, 

two factors are involved. First, as shown in Part I, it is desirable to 

have larger values of — wte?  static conditions. Secondly, a low drag 
Ain 

shroud is desirable in order to attain high forward speeds. These two 

requirements are in conflict, and must be compromised in order to obtain 

a configuration which is satisfactory over the complete flight regime. 

The obvious solution to this situation is the use of retract- 

able inlet flaps, which may be extended under static conditions to give 

low values of S£ and retracted In flight to give a low drag configuration. 
Ain 

Such a system has been incorporated into the designs investigated during 

this study. In Part I, a bell-mouth pressure recovery was assumed in the 

static momentum analysis. A bell-mouth inlet has a very favorable 

pressure gradient, and would be the most desirable inlet shape under 

static conditions. However, a simpler type flap which also gives a favor- 

able pressure gradient has been used in the present designs.  It is 

believed that the pressure recovery of this practical flap will approach 

that of a boll-mouth, and experimental work to verify this assumption is 

underway at the University of Wichita. Sketches of the various flap 

arrangements to be tested may be seen in Figure 62, Section G  , It 

will be noted that the inlet-contour is notched when the flaps are in the 

open position. Kruger (Reference 6) has shown that good results can be 

obtained with this split flap arrangement. 

Kruger (Reference 6) has also shown that fan efficiencies can be 

improved by using thin shroud profiles with small chord lengths. The 

length/diameter .ratio of the shrouds covered in this report are of the 
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order of   ,5,  which is  a reasonably small value.     It  has been assumed 

that the cross-sectional profile of the in-flight configuration will be 

that of  a thin airfoil,   and preliminary ordinates  for the  present  designs 

have been established. 

Up to this  time,   nothing has  been said of  the duct hub.     The 

ratio of  the hub diameter to the  fan diameter,   usually called  the hub- 

tip ratio,   is  an important   parameter  in the detail design of the blading. 

In ducted propeller design,   a   large  hub has several  advantages.     For a 

given number  of constant chord blades,   a  large  hub  size results  in a 

smaller  solidity variation frcm hub  to tip and   less blade twist.     In addi- 

tion,   a high hub-tip  ratio results in less  sensitivity of the system to 

off-design operation.     Also a large  hub may permit the installation of the 

engines in the hub,   thereby eliminating some  of the  gearing problems  present 

in other  installations.     The disadvantages of  a high hub-tip ratio are  the 

adverse effects  cf drag and the weight  of a large hub.     These factors must 

be taken into account  in the selection of hub size. 

I 
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C. Developrnent of Design Procedure 

Once the powerplant has been selected and other duct geometry- 

established, the detail design of the propeller itself may be accomplished, 

The flow conditions in the duct are determinable from the momentum data, 

and the propeller blading must be designed to fit these flow conditions. 

Due to the over-all size limitations imposed on the design., it 

was necessary that high power loadings be employed.  These high power 

loadings require solidities which are much higher than those used in 

classical propeller theory, and result in pressure ratios which are high 

in comparison with those obtained on present day propellers.  It was 

therefore, decided that a detail design method must be established which 

would permit the use of multi-bladod propellers of moderately high 

pressure ratio. Since high solidities and high pressure ratios are 

nomally used in the design of axial-flow fans and compressors, it was 

decided to use a similar design method for the ducted propeller.  Due to 

the limited amount of time available for this feasibility study, only 

designs with a free vortex velocity distribution at the design point were 

considered. The method used is outlined in the following sections. 

1»  Design Procedure Using Available Cascade 7jata 

In the design of axial-flow fans and compressors, low speed 

cascade data, such as that contained in Reference 12, has been used rather 

extensively. This data has also been used in the ducted fans designed for 

the Assault Transport application. An adiabatic fan efficiency of ,9 has 

been assumed throughout. 
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All of the designs in this report utilize the NACA 6^-series 

compressor blade section^ modified to incorporate a trailing edge radius 

equal to 10^ of the maximum thickness.  It has been established in Reference 

13 that such a modification will not appreciably alter the characteristics 

of the blade. 

For a given aircraft configuration, the number of ducts and 

the maximum duct diameters allowable are predetermined.  Knowing the 

estimated take-off gross weight and the cower olants to be used, it is then 

possible to determine, the duct geometry which will give a static thrust- 

horsepower ratio sufficient for vertical take-off from the static momentum 

data.  Thus, the static flow conditions in the duct have also been estab- 

lished.  It is now possible to design a fan which will operate at these 

flow conditions or, since il£ is also known, any forward flight soeed may 
Af 

be  chosen as the design point. 

A typical vector diagram for  an axial-flow rotor may be  seen in 

Figure 26.     In the fans designed for this study,  the relative tip velocity 

(w1)+._ has  been  limited»     Since the fan velocity is given by the momentum 

data,   the maximum tangential  velocity at  the  tip  ^R A)   is thus  determined. 

RA = I AWS. -   V^ f2-l) 1        limit    ' 

The maximum relative tip velocity may be specified at  any value  of 

V ,     A rated military power setting at the design point has been assumed for 
o 

all designs,   «.nd therefore^   since  a turboprop engine is essentially a  con- 

stant  speed device,   the  tangential velocity thus  obtained is the  same at 

any other value  of V     chosen as  a design point. 
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Figure  26 

Typical Axial-Flow Rotor Vector Diagram 

i 
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Equation  (1-36)may be written 

HP 
^AfVf ROAWUT 

550 

from vhich 

AW U- = 550^ 
\Af/^Vf RA (2-2) 

The  tangential velocity varies directly with  the   radius.     In 

a free vortex design,  the whirl velocity  varies  inversely with  the  radius. 

Thus  the variation of tangential velocity and whirl velocity fron hub to 

tip may be  determined.     Denotinr these velocities  at  any   radial   station by 

ra'L    and   AWUf respectively,  the  inlet an,:le,/-?]_,   ana exit  anrle,p2'   at 

that station are   -iven by 

/3     =tdn" 10 
Vf (2-3) 

^ 

(3Z =tan- 
rn.-AwUf 

V f 

and from Figure 26, the turning angle is 

As mentioned previously, the fans considered in this report 

were assumed to have constant chord bladlng.  As a result, the solidity 

also varies inversely with the radius of the blade.  Nominal values of tip 

solidity have been chosen for each particular design. Normally these 

solidities were within the range of the data contained in Reference 12, 

(2-h) 

(2-,5) 
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but in some instances lower values were used. The method used to obtain 

data at these lower solidities is covered in the next section. 

The cascade data of Reference 12 has been stBmnarlzed in a 

more convenient form in Reference llu  The carpets presented in that 

report have been used in all the designs accomplished under this study 

contract.  Having determined the inlet anirle, turninr an^le and solidity, 

the design chamber (Ci ) and -ie''ip;n angle of attack ( Ptd ) at each radial 

station may be found from Figures 1 and 2 of Reference lU. Since these 

curves uere developed from experimental data, the values thus obtained 

were plctted vs. radial station and a curve vas faired thro-a^h the points 

to --ivr the final results. Finally the angle between the blade chord and 

the center line of the duct is ; iven by 

i3- ocd 
Vd ri      G    ■ (2-6) 

The above method is presented in tabular form in Table II. 

The off-design performance of the rotor may also be determined 

from Figure 3 (f) of Reference lU. However, since the methods used to 

determine off-design performance differ slightly for fans using inlet 

guide vanes and those having variable pitch, they are presented in Section D, 

2. Low - Solidity Cascade Data 

The use of higher power loadings in ducted propeller installations 

necessitates the use of solidities which are somewhat higher than those 

ordinarily used for a bare propeller.  It is felt, however, that these 

-w.     solidities need not be as high as those ordinarily used in axial-flow 

compressor design. High solidities obviously impose a greater weight 
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penalty, and the problems inherent in the design of any variable pitch 

mechanism are greatly increased. It was therefore decided to investigate 

several fan designs which had tip solidities in the range of values 

between those used in compressor work and those common to bare propellers. 

The cascade data of References 12 and Hi cover a range of 

solidities from .S  to 1.5. No design charts covering solidities less 

than .5 are available. However, in Figure 108 of Reference 12, the 

design angle of attack data for various design cambers has been extrapolated 

to a value of£r = 0. Using this plot, it is a simple matter to construct 

a low solidity design angle of attack chart. The carpet thus obtained is 

shown in Fi-ure 27. In Figure 109 of the sa^ie report, the design turning 

angle has been similarly extrapolated for various values of Clo andpi.. 

The low solidity design chart obtained from this curve is plotted in 

Figure 28. These curves are used in the sane manner as those of Reference lU. 

It was somev.hat -ore difficult to construct a low solidity 

carpet showing off-design performance characteristics. The test data 

contained in Reference 12 were cross-plotted and extrapolated in several 

different ways, and the results were compared with each other and with 

extrapolations of the carpet plots of Reference lU. This procedure was 

repeated until the faired carves were in reasonably good agreement with 

each other. By this tedious procedure it was possible to construct an 

off-design chart which was felt to be good enough to give approximate 

results until futher test data was available.  The off-design chart thus 

obtained is reproduced in large size and placed in the envelope attached 

to the back cover of this report. 
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Its manner of use ia the same a3 for the off-design chart presented in 

Reference iU. 

Since all of the lou-solidity carpets '-ere based on extrapolated 

data, it was highly desirable to obtain some experimental data to sub- 

stantiate the results. Consequently, the Cascade Aerodynamics Section 

of the NACA at Lanpley Field was requested to conduct some experimental 

tests to ch.-.'ck a few of the extrapolated points.  This request was granted, 

and the results of the check runs are shorn in Fi'-ure 29. The tests were 

run for (T = .25 and/^ = 60°.  As shown by the curves, the values obtained 

for 6d at the design angle of attack are in fairly good agreement, especially 

at lower values of CiOJ the largest discrepancy being 1.1 degrees at a 

Ci =1.8, However, the slopes of the curves vary considerably, the error 

of the extrapolated data ranging from 25 to 33^. This would indicate that 

the low solidity :esign charts will give approximate results, but considerable 

error may be encountered in using the off-design chart at values of PC which 

are considerably higher or lower than 'Xd. However, the low-solidity data 

is intended primarily for ise with variable pitch configurations. The 

an^le of attack variation over the speed range is much less for this type 

configuration than for a configuration using inlet ruide vanes. It is, 

therefore, felt "hat the results obtained using this data are valid within 

the scope of this study.  Nevertheless, some refinement of this data, 

supported by experiment, would be necessary before applying it to a 

prototype configuration. Some experimental verification of the predicted 

performance of a ducted fan design incorporating- this data should be 
■ 

forthcoming from the wind tunnel tests of the second model to be tested 

Report No. D181-9U5-006 Paee 8l 

CONFIDENTIAL 



■V- 

CHCCKBO 

MODE.., 

SHIP. 

8? 

mm txtrixri 

:iiii8i' 



CONFIDENTIAL 
D   t  L yQ/VltVra/T C0RP0BATIO« 

> 

at the University of Wichita,     (See Section G), 

3,     Blade  Limit  - Loading Paramster 

The  leading  limit  for  a  compressor-blade  section is 

defined as the blade leading above which high losses will occur.     In 

order to obtain high fan efficiencies,   it is  therefore  essential that 

some  maex  of  the blsie   loading be  determined.     Limit-loading factors 

which indicate the  region of high blade  losses  are  presented in References 

15  ana l6.     The C- Factor of Reference 16 was used to  check the designs 

in this  repcr*.,   and is defined as 

c = 
AP P/q 

pr-Pp"(pr-pp/l C2-7) 

^P, q.   may be  obtained from Figure U of  Reference  liu     Values of bLlI* 
are plotted  m Reference  l6„     These curves  nave been replotted in carpet 

form,   and are shown in Figares 30 through 3U. 

_.     Blade Thickness Distribution 

The experimental cascade data of Reference 12 was 

obtained from blades having a 1056 thick section.    However,   it was felt 

that  a  1C56 section is too thick  for the  tip speeds which were being 

incorporated into the  fan design.     Reference 12   shows that a small change 

in section thicknass will not significantly effect the  rotor performance. 

This  small influence of changes  in section thickness was also mentioned 

at  one  of  the conferences held during the  study,   and it was  suggested 

that a  linear variation of i from .Oh to  ,10,   depending upon the  relative 
S 

Mach number,   be used.     This  suggestion was  adopted,   and the variation in 

Report No. D181-9U5-006 Page 83 

CONFIDENTIAL 



(
 



1 

I 
( 

C
H

E
C

K
E

D
. 



C
O

N
FI

D
E

N
TI

A
L 

D
 t

 L
 \

Q
sW

*v
fiQ

/r
 c

o R
P

O
R

iT
IO

H
 

F
ig

ur
e 

 3
2 

86
 

R
ep

or
t 

N
o.
 

D
18

1-
94

5-
00

6 
C

O
N

FI
D

E
N

TI
A

L 



C
O

N
FI

D
E

N
TI

A
L 

B
E

L
 \Q

/r
i'*

w
a/

£ 
C

0f
lP

0f
l«

T
I0

N
 

C
O

N
FI

D
E

N
TI

A
L 

J 

R
ep

or
t 

N
o.
 

D
18

1-
94

5-
00

6 
F

ig
u

re
  
 3

3 

87
 

C
O

N
FI

D
E

N
TI

A
L 

C
O

N
FI

D
E

N
TI

A
L 



';: 
"V

H
n

m
S

B
B

B
B

n
H

H
H

IB
 

C
O

N
FI

D
E

N
TI

A
L 

B 
E 

L
lß

^
^

^
^

 CO
R

P
O

R
tT

IO
N

 

c 

( 
F

ig
ur

e 
  3

4 

R
ep

or
t 

N
o.
 

D
18

1-
94

5-
00

6 
C

O
N

FI
D

E
N

TI
A

L 
88

 



■ 

/ 

CONFIDENTIAL 
DLL XQ/strera/T CODPORAIIOII 

■R whj.2h was used is  shown in Figure 35«     The use of this  criteria 

usually resulted in a slightly non-linear variation of i from hub to c 
tip.     A  straight  line was  then faired through these  points  to  give a 

linear variation in blade thickness from hub to tip. 

5.    Exit Stator Design 

In order to turn the flow in the axial direction,  and 

thus gain in the amount of  resultant thrust,   it was necessary to 

include exit stators in all of the fans designed except those configurations 

employing contra-rotation.     Since msxirnum thrust is desired under static 

conditions,   all exit stators were designed to remove all of the residial 

whirl under static conditions at  6000 feet on a 95°  day.     Other operating 

points  represent off-design operation of the exit stators,  so that only 

a portion of the residual whirl will be removed.    However,   as shown in 

the several fan designs contained in Section E,   it was found that the 

greater part of the residual whirl was removed under most operating 

conditions. 

A typical exit stator vector diagram is shown in Figure 3^. 

As seen from this diagram, in order to remove all of the  residual whirl 

the turning angle must equal the inlet angle.     The same design procedure 

used for the rotor is applicable  to the exit stators, with R ü    and ^3 

equal to zero.    A constant thickness was assumed.    Some, difficulty in 

the use of the  charts from Reference iU was experienced,   since the inlet 

angles for an exit stator are normally smaller than those for a rotor.    It 

was again necessary to extrapolate the data,   and these extrapolations were 

'^ made directly on the design charts. 
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Figure 36 

Exit Stator Vector Diagram 

K^ 
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D„ Ducted Propeller Configurations 

The method outlined in the preceeding section may be used to design a 

ducted propeller installation which will absorb all of the horsepower 

available and perform satisfactorily at the design point. At other points 

in the flight regime, however, the forward velocity, altitude, horsepower 

input, rotational velocity, or a combination of these parameters may be dif- 

ferent than at the design point. Thus, if a fixed pitch configuration is 

considered, the propeller will operate inefficiently and, over a large range 

of operating conditions, may overspeed or suffer a drastic reduction in 

thrust due to blade stall. This situation might be alleviated by varying 

the engine RPM, but, with a direct-drive constant-speed engine such as a 

turboprop, this would necessitate contending with engine surge, poor engine 

specifics, poor acceleration characteristics, etc. A variable-drive gear 

box between the propeller and engine is another possibility, but this would 

entail a long development program and might result in too great a weight 

penalty. The most practical way to solve the off-design problem is to in- 

corporate some means of varying the effective angle of attack of the blades, 

such as the use of variable pitch or inlet guide vanes. Both type configu- 

rations were designed during this study. The off-design methods used for 

each type are covered in the following sections. 

1. Inlet Guide Vane Configurations 

The first fans designed under this study contract employed inlet 

guide vanes as a means of obtaining satisfactory off-design performance. 

These fans were designed with symmetrical guide vane sections set at zero 

angle of attack at the design point. Under off-design conditions, the guide 
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vanes were rotated in positive or negative directions to insure full power 

absorption at flight speeds lower or higher than design speed. The rotor 

vector diagrams for positive and negative vane deflection are shown in 

Firure 37. The diameter of the duct at the leading edge of the guide vanes 

is the same as that at the rotor, and it has been assumed that there is no 

change in axial velocity between these two points. 

Figure 107 of Reference iC shows the variation of -^ with blade 

solidity for moderate cambers and various values of ^ ]_. The curve for/ -]_ 

equal to 30 or hS  degrees was found to be in very good agreement with data 

contained in References 17 and 16 for ß 1 '-  ^  and cambers as low as C-^ = .10. 

This curve is reporduced in Figure 33, and was used in determining the vcne 

angle required for full power absorption. 

Equation (1-3) may be written 

-- 
NC/oV^R (RA) 

1,0 

550^ ^/R) 

^ AW,,,. 
(r/s) --^ d (yR) 

■f 

from which 

i.O 
f .   ^AW, , !;    , :    'VjJrP (r/^ f-U^.   d(r/R) -_ 

-4r/R) 
V f Nc/0 vf R  R A (2  - 8) 

The integral on the left hand side of the above equation will be referred 

to hereafter as the Power Factor, (PF). For a particular ducted fan design. 
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Figure 37 
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a. Rotor Vector Diagram for Positive Inlet Guide Vane Angle 

bo Rotor Vector Diagram for Negative Inlet Guide Vane Angle 
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The Power Factor may also be expressed as a function of the blade   setting 

of the  inlet guide vanes and    l--~ ,  as shown in the  following procedure. 

The vrhlrl velocity imparted to  the  air by the rotor may be -«ritten 

as 

A//Uf-  U- (U-AWU^) (2  - 9) 

From Figure  37, 

U =   rA-Vf  tanOv 

and, 

U -Awu  = V, tan^ 

Then,  from Equation (2  - 9) 

AW, j, , r> 
~^   = -^--tan^-tan^ (2 . xo) 

vf vf 

For  a given flight condition, tdJz   at each station is known. Now, for a 
vf 

given inlet guide vane setting, (9 v at each station may be determined 

since the solidity is known.  Using Figure 38, 

Also, from Figure 37 

rA-Vr tan^ ß.   tdnHJiJ_IL v 

=   tdn"^—- -tdn^v] (2-12) 
VVf 
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At each station, by varying oc , a plot of U^    vs p ^   may be obtained 

from the off-design charts. Then, since ^Jg = /^ 1 "Of    and -1 and 

(9  are now known, /5 2 may be plotted as a function of ft 1    at each 

station, or better yet, tan/52 may be plotted as a function of tan/Ö^. 

Thus, using equation (2 - 10), it is now possible to determine the quan- 

tity (r/R)2  — d(r/R) at each radial station. This quantity may eben 
Vf 

be plotted vs radial station and graphically integrated to obtain the 

Power Factor. This process is repea 

Ril 

:ed for several values ofee   ard 

, and the results nay be plotted in carpet form, showing PF as a func- 

tion of -C and £ü. This proc3dure must be repeated for each new fan 

design. A typical carpet of this type is shown in Figure U2 , Section E, 

The Power Facbor variation discussed above may be obtained by 

varying only c*r   and Vf , while rotational velocity, horsepower input 

and altitude are considered constant. However, the carpet thus obtained 

is completely general for the particular fan involved, and may be used for 

any value of HP input, R-TL or Vf, at any desired altitude. This may be 

seen from equation (2 - 8), which shows that 

55(KbP 
Pr"NcPVfR (RA) (2 - 13) 

For a particular fan under  consideration,  knowing    R S\ and the horsepower 

input at a given altitude,    Vf    may be determined from the momentum data. 

Then the value  of PF may be calculated from equation  (2  - 13).    Knowing 
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the value of PF and -5-0r , the inlet guide vane angle required to absorb 
Vf 

all the available horsepower may be determined from the carpet. In this 

manner, the carpet plot may also be used to determine the vane angles nec- 

essary to operate at reduced power and RPM. 

It will be noted that as the inlet angle {ß^)  changes due to 

rotation of the inlet guide vanes, the angle of attack (oc ) of the rotor 

blades also changes. As a general rule, it was considered that the maxi- 

mum allowable oc of the rotor was determined by the same criteria used 

in References 12 and Ui. The maximum angle of attack data contained in 

these references was plotted in carpet form, and is shown in Figure 39. 

2. Variable-Pitch Configurations 

As shown previously in this report, the attainment of low disk 

power loadings in a ducted propeller design is very desirable. It has 

been noted during this study, however, that as the power loading is de- 

creased the range of angles over which the inlet guide vanes are required 

to operate is increased. Therefore, it was decided to investigate the use 

of lower solidity fans incorporating variable pitch. The design procedure 

for a variable pitch configuration is the same as that for the fixed-pitch 

fans with no guide vane turning at the design point but the determination 

of off-design performance is somewhat different. 

The vector diagram for a variable pitch configuration is the same 

as that shown in Figure 26. For a given flight condition, Vf and R-O- 

are known. Therefore, /S 1 at each station is also known. Knowing the 

camber and solidity at each station, the turning angle corresponding to 

various angles of attack may be obtained from the off-design charts. 

Report No. D181-9U5-006 Paee ^ 

CONFIDENTIAL 



C
O

N
FI

D
E

N
TI

A
L 

D
L

L
 y

Q
/y

b
w

a/
P

 C
O

R
P

O
R

A
TI

O
N

 

F
ig

u
re

   
 3

9 

R
ep

or
t 

N
o.
 

D
18

1-
94

5-
00

6 
C

O
N

FI
D

E
N

TI
A

L 
99

 



^ 

CONFIDENTIAL 
D L L xQ/yirfvwc/T co»poii*tio« 

Repeating  this procedure for several values  of    V0,   a rotor performance 

carpet of    0   vs   oC    and    V0    may be plotted for each  radial station.    A 

typical rotor performance  chart is  shown in Fir^ire   51 ,  Section E,' 

Since the variable pitch rotor has been designed in the  same manner 

as  the  fixed-pitch configuration,    r il ,    ß  s  and \^d    are known at each 

radial station for a given flight condition.    Then if the pitch angle  of 

the blade  is varied (i.e.,  if j7 d    1S  changed by some amount  A\|/ ), the 

resulting pitch angle  is   given by 

4/=- ^Af (2   - Ih) 

and the resulting blade angle of attack is 

1 

The turning angle, " , may now be determined at each station from the rotor 

performance chart. Then, using equation (2 - $) and referring to Figure 26^ 

A W 
W=-. tan ^2 {-2  " 15) 

Using graphical integration, the Power Factor is then given by 

'%/Rf^(/R> 
J m 
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Repeating the above procedure for various values of A if/ and Vf, a carpet 

of PF vs Ail/ and      may be obtained. This is again a completely general 
Vf 

plot, and may be used in the same manner as that obtained for the inlet guide 

vane configurations. This graph shows the change in pitch angle necessary 

to absorb full horsepower under all flight conditions. A typical plot may 

be seen in Figure 52 ,  Section E. 

3. Contra-Rotating Configurations 

Another type of fan design studied during this contract was the 

contra-rotating configuration. This type of fan configuration eliminates 

the use of exit stators, since the rear rotor is designed to remove all of 

the residual whirl added to the air flow by the front rotor. Typical vector 

diagrams for a contra-rotating fan are shown in Figure UO. 

The contra-rotating configuration has been designed so that the 

relative tip speed (wn  ) of the rear rotor will not exceed a limiting value. 

Also, since the rear rotor must remove all of the residual swirl added to the 

air stream by the front rotor. 

and 

AW =  AWU URI R2 

2 
(RJVAW.J    ^ = w,2 - Vr 
\ R|/ R2      T (2 - 17) 

o 
Integrating equation  (1 - 3U)  and simplifying,  the HP absorbed may be 
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Figure  hD 

> 

a.    Contra-Rotating Fan - Front Rotor 

I 

• 

o b. Contra-Rotating Fan - Rear Rotor 
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expressed as 

■K-^PVf(RA)(.wUT^ ■        (2-18) 

and,  since hoJLf of the horsepower is  ab-orbi-d by each rotor, 

AW, ,      =     AW, .       *   ^Wy 
"PJ p> 

Choosing an ar-bitrar:' vaJ.ue for     ^ V-, '     ••"      ^ bt four-a fr0n  ^  " 17)- 

Ther tne horsepowRr absorbed at  a ;.;iven desi.-r, fli-;nt condition may be 

deter-med fro^i (2   - 13).     Kereatin^ this  process,  a  plot o:  "P vs  - v,^ 

may be  ootaJned.     Knowing the HP  available,   uhe requlrtd value,  of   AWUR1 

may be found fron this  carve and  the  required    ^-PL   from  (2-17).    The 

design procedure is then the  same ao  for tne variable pitch configurations. 

Since ^he inlet angles are different., rotor perfomar.ce charts and power 

factor  carpets must be determined for both front and rear rotors. 

in the design of the contra-rotating configuration,   an additional 

simplifying assumption has böe'n made,    it has been assumed that the axial 

fan velocity at the rear rotor is the same ^ at th; front rotor.    It is 

believed that  this assumption will nave a negligible effect on the over-all 

fan Tjerfomanct. 
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E. DUCl'ED PROPELLER DESIGNS 

The main purpose of the detailed fan analyser, was to detemins a 

configuration suitable for incorporation into the aircraft configuration 

studies. A total of five basic ducted fan configurations were investiga- 

ted, and several design variations were studied for most of the conligu- 

rations. As mentioned previously, three power plants have ö-n considered 

for use with a ducted propeller system during this study. They ore the 

Wright Aeronautical T-U9, the Rolls Royce RB-109 ^nd the Allison ^0-31. 

The fans designed for use with these engines are covered in the following 

paragraphs, 

1, Confi£aration No, 1 

The first detailed design of a ducted propeller system carried 

out during this study incorporated a T-k9 engine as the power source and 

wasaflxed pitch configuration designed for a static fan thrust of 17,370 

pounds at 6000 feet on a ?^  day. At this stage of the study the use of 

water injection to recover sea level power output at the higher altitude 

und temperature requirements was not considered, s? that severe penalties 

were Imposed upon the design. Despite this fact, it was possible to 

develop a configuration which would fulfill the design requirements. 

Four variations of this configuration were studied. The first 

attempt was to design a fan with axial inlet velocity at the required 

static conditions.  It was found, however, that this design would not 

absorb the power available at high speed conditions. The use of symmetri- 

cal inlet guide vanes to change the inlet angle for high speed conditions 

resulted in blade angles of attack which were prohibitive. Since the duct 
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geometry had already been dictated cy the static requirements,  it was 

then decided to design the  system for .one flight sr^ed other th^  .ero. 

Three fan designs vrere  investigated at forward flight- speeds, 

the design points being 100,   200 and 300 KTC ^  ^ sea level standard 

conditions.    The  operating range  of the designs was consid3red to oe 

from 0 to  300 knots,  the   static point tern,: at 6000 feet  and  ?50?.    The 

inlet guide vanes  consis^ua of untwisted,  syrmetric^J. 6^ thick actions. 

The flow into  the  fixed-pitch rotor was axial at  the design point,  the 

pitch oi  the  inlet guide v^nes bem- varied  oo enabl-   off-design  opera- 

tion.     The exit stators were designed  bo r-'ve axial  flow at  the «rit 

•     „ „-^  ^nrvi rj-+    and 91?0?.    The ponfiguration data under static  conditions at t-OOU leet, ana y>  r.     xiia     .^i-j. , 

for these  fans are shown in Table  III. 

The most satisfactory confi-.u---.tion  obtained was that having a 

design point of 200 knots.    Under static  conditions,  it is necessary to 

set the  inlet vanes  at an  angle of attack of  approximately 18°,  while 

for  the  300 knot condition it is necessary to rotate  them approximately 

15° in the opposite  direction.    While this particular configuration is 

not considered to be an optimum design,  it is nevertheless an acceptable 

desi^. which will operate satisfactorily over the required speea range. 

The 300 knot design would operate  ov.-r  the  entire range but appeared to 

be marginal at static conditions.     The  100 knot desirm was  severely 

limited at the high speed ends  as was  the earlier static design.    In the 

case of the 100 knot design,  satisfactory operation was  obtained at the 

design point snd under static conditions at 6000 feet and 95°, but the 

high guide vane deflection angle required to prevent negative lift 

coefficients  at the 300 knot condition was considered to be prohibitive. 
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TABLE III 

Configuration Data - Far. No« 1 

Design Point 

Power Plant 

IIP available at Design 
Point 

Fan Diameter 

Inlet Diameter (Static) 

R.P.M. 

Hub/Tip Ratio 

No. of Rotor Blades 

Inlet Stators (Variable) 

Exit Stators 

Tip Mach No. 

Desipn Fan Velocity 
in ft/sec 

Static Fan Thrust,  lb, 
(dOOO'-^0^) 

Static 100   Knots       300   Knots       ?00   Knots 
(6000'-95°)     (S.L.-Std.)     (S.L,-Std«)     (S.L.-Std») 

T-liS1. 

9UU0 

11.6« 

15.5' 

1?35 

.1; 

17 

21 

19 

,6 (static)     .8? 0 30OK      .£< O 300K      .85 0 300K 

T-U9 T-U9 

6095 8806 

11.6« 11.6' 

l?.?' l5o5' 

1395 1235 

.u .U 

17 17 

21 21 

19 19 

T-15 

9383 

11.6' 

15.5' 

1^35 

.ii ' 

17 

21 

19 

335 

17,370 

371 

17,370 

582 

17,370 

U5e 

17,370 

- • ■.•-_^ 
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The 300 knot configuration was considered to be marginal at the static 

condition, since an angle of attack of 2h0  was req'ilred on the irlet 

stators at this condition«. 

As would be expected, a positive guide»vene«deflection was 

required to reduce the rotor antjle of attack at speeds lower than design 

while at speeds above the design point the opposite -.'as tr\.e. At the 

lower desipn speeds, a large variation in canber was requiredc Thin 

entaileci extreme camber at t:, root ..ith very modelte car.ber at the 

tips. With inoreased design speed the camber at the ,'oot .as progressive- 

ly reduced resulting in less c:-: . c>r variation along the blaco, Tiu- b^ads 

twist vis  also röduced for higher design speeds. 

One :.f' the troubles encountered v;ith the less successful designs 

involved negative li r't on the rotor. At speeds greater than design 

speed, insufficiert guide vane deflection caused the tip section of the 

rotor blade to operate at negative lift coefficients. This resulted in 

the induced rotation from the rotor having one direction at the root and 

the opposite direction at the tip. It would appear that such a flow 

pattern would absorb power without producing full thrust. For the 100 

knot design, this negative lift condition was not eliminated until a 

vane deflection of "30,6°, at a flight velocity of 300 kno-os, was attained. 

Since the assumption of linear guide vane turning could not be considered 

valid to an angle of attack of this magnitude, the xOO knot design was 

limited to some speed less than 300 knots and was therefore eliminated. 

The 200 knot design was considered successful since it operated 

satisfactorily over the entire speed range, with guide vane deflections 

of +18° statically and -1$°  at 300 knots, and did not encounter any 
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negative lift region. The design parameters for this configuration are 

shovm in Table IV, The inlet guide vanes are NACA 63-006 sections, 

modified to have a trailing edge radius equal to 10 percent of the maxi- ' 

mum thickness. The exit staters were designed for operation under j^-itic 

conditions at 6000 feet and 9^0F. This van the condition of raaxiir-T fDou 

rotation behind the rotor and therefore vas the condition under which the 

angle of attack of the stators was maximum« A pic: of flew rotation for 

the stators as a function of inlet uiflc for the 200 knot design is shown 

in Figure ul. As shown in Section C, the inlet ar.^le i ß ■±)y  and turning 

angle ((9 ) are equal at the design point. The dashed line in Figure Ul 

shows the ideal operating l?.ne for the exit stator, whr^re 0  =/S,» The 

solid line shows the estimated stator performance, and indicates that 

there is very little residual whirl behind the stator under any operating 

condition. The performance curve is extrapolated beyond the arailable data 

as is shown by the centorline curvo. 

The Power Factor for the 200 knot design is shown in Figure u2. 

This ian has been complfcely analyzed over a range of flipht speeds from 

0 to 300 knots, altitudes from sea level to 35,000 feet, and power settings 

from 30 percent to maximum. The variation of engine RPM vs, HP for lower 

power settings was obtained from Reference 8, Figures ij3 through U? show 

the operating conditions for this fan.  Figures U3 through Ü6 are carpets 

showing the inlet guide vane setting for 100^, 60%, U0^ and 30^ power as 

a function of forward speed and altitude. The operating range for the 

inlet guide vanes was considered to be + 20°, These carpets show that 

the fan will operate satisfactorily at altitudes from sea level to 35,000 
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TABLE IV 

Configuration No« 1 

4 * 
Inlet Guide Vanes 

Chcrd = l.OU feet, Thickne3S = 6 %, Modified 63-006 section. 
Linear variation in solidity, 5s- = 1.5 at hub ,  .6 ct tip* 

Rotur 

Chord = 1.070 feet, Modified 6^  - • series  sec tier 1. 

Radial 
t/c Station o- cic (K; sfr 

•      .U • 1.2^0 . .890 11.5 .091 21.8 
.< 1.000 .650 8.3 ,086 31.1 
.6 .833 .605 6.9 .081 37.6 
.7 .71U .U90 5.9 .076 a2.9 
.9 .625 .UiiO 5.0 .071 U7.6 
.9 .555 .360 1.2 .066 51.6 

1.0 .500 .2^0 3.5 .061 55.1 

Exit Stators 

Chord = 1.15 feet. Modi fied 65  - scrjes  section » 

Radial 
Station (T CT 

c ^d 
t/c V 

.u 1.500 1.50 18.U .06 13.6 

.? 1.200 1.60 18.9 „06 12.6 

.6 1.000 1.6U 19.7 .06 11.7 
,7 .856 1.75 20.7 .06 10.7 
.8 .750 1.95 21.8 .06 9.7 
.9 .666 2.13 22.9 .06 8,8 

1.0 .A00 2.35 2U.0 .06 7.8 

'W 
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V .v 

feet at full rated and at 60^ rated power»    At \xQffo rated power,   the fan 

operation will be marginal at 35,000 feet and 100 knots  forward speed. 

At the  same power at sea level the inlet guide vane  angles necessary to 

absorb the available power are prohibitive at flight speeds lower than liiO 

knots and therefore  the fan will not function efficiently.    Excessive guide 

vane angles are required in  the low flight speed regime  at all altitudes at 

30^ power.    This power setting is not too si^nifleant.,  however,   since it is 

very close  to the idle point on the engine,    iVhen considering this  fan de- 

sign in conjiaiction with a specific aircraft configuration,  it is evident 

that the  cruise condition of the aircraft must be at a power setting some- 

where between 60 and 100;J rated power.    This fan would be satisfactory 

for the operational flight regime of the airplanes being considered in 

this  study.    Figure a? is a composite curve which shows the vane angle re- 

quired under standard sea level conditions as a function of forward speed 

and power setting.    It can be seen from the curve that the low speed flight 

regime requires  the  higher guide vane angles, and  is therefore  the more 

critical area as far as satisfactory fan operation  is concerned, 

2,    Configuration ::o.  2 

The second  fan configuration which was  studied incorporated the 

Rolls-Royce RB-IO^ engine as a power source.    Three variations  of this 

design were investigated,  two of the  configurations employing inlet guide 

vanes and one being a variable pitch arrangement.    All of these variations 

had a lower disk power loading than the T-U9 design, and were designed for 

a static fan thrust of 11,317 lbs. 

The configuration data for these fans are shown in Table V,    As 

can be seen from this  table,  the  inlet and fan diameters are the same as 

. for the previous  design,    vSince the  use of a  »3 hub-tip ratio resulted in 
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TABLE V 

CONFIGURATION DATA  - FAN NO.  2 

Inlet Guide        Inlet Guide 
Vanes Vanes Variable  Pitch 

Design Point 

Power Plant 

Available at 
Design Point 

Fan Diameter 

Inlet Diameter 

RPM 

Kub/Tip Ratio 

No. of Rotor Blades 

Inlet Stators 

Exit Stators 

Tip Mach No. at 300 
knots 

Design Fan Velocity 

Static Fan Thrust 
(6000», 950F.) 

200 Kts. 150 Kts. 200 Kts. 

RB-109 RB-109 RB-109 

3365 3250 3365 

11.6' 11.61 11.6' 

15.5« 15.5' 15.5' 

11U3 11U3 11U3 

.3 .3 .3 

10 10 10 

13 13 

15 15 15 

.8 .8 ,8 

U08 fps 350 fps U08 fps 

11317lbs„ 11317lbs. 11317 lbs. 
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lower solidities along the blade* it was necessary to utilize the low- 

solidity cascade data in the design of this configuration. Ten rotor 

blades and fifteen exit stators were employed in both the variable pitch 

and inlet guide vane designs, and thirteen inlet guide vanes were used 

in the versions which required them. 

Figures U8 and U9 shew the Power Factor variation for the 1^0 

and 200 knot inlet guide vane designs3 respectively. Figure ^0 shows the 

•% iriation of the inlet guide vane angle which was required at various 

forward speeds for these desigrs. Inspection of this plot indicates that 

the inlet fmide vane angle required for operation over the complete range 

desired is unsatisfactory. This situation is due to the high power 

loading. 

The most successful design using the RB-109 powerplant was T,he 

variable pitch configuration, with a design point of 200 knots. The 

design parameters for this configuration are shown in Table 71. The 

Rotor Performance Chart for this design is shown in Figure 51s while the 

Power Factor variation is presented in Figure 52. Figure 53 shows the 

change in pitch angle required as a function of flight speed. As shown 

by this plots the greatest change in pitch angle required is -16° at a 

forward speed of U00 knots. The pitch change required under standard sea 

level conditions, at various power settings is shown in Figure 5U. Even 

at 305g rated power, it may be seen that the maximum pitch change required 

is only -17.5°. It may therefore be concluded that this fan will operate 

satisfactorily over the entire flight regime required, with a maximum 

speed in excess of U00 knots. A comparison of the inlet guide vane angles 
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TABLE VI 

Configuration No» 2 

Variable pitch fan5 200 K axial inlet. 

Rotor 

Chord ■ 1.093 f^et.    Modified 65  - Series section. 

Radial 
Station 

CT Clo ^d t/c t 
.3 1.0 .56 7.65 .0675 19.35 
.14 .75 .h8 5.95 .06Ui 28.15 
.5 .60 J-iOB U.7 .0613 35.7 
.6 .50 .35 3.79 .0582 Ul.81 
.7 .129 .31 3.05 .0551 h6.95 
.8 .375 .277 2.5 .0521 51.2 
.9 .333 .21.', 2.2 .0U90 5U.6 

1.0 .30 .212 1.83 .0Ü60 57.72 

Exit Stators 

Chord ■ 1.093 feet.    Modified 65 - Series  section. 

Radial 
Station cr % 0^ t/c 

^ 

.3 1.5 .82 12.1 .06 6.2 

.h 1.125 .92 11.0 .06 6.2 

.5 .900 .955 9.9 .06 6,2 

.6 .750 1.0b 9.50 ,06 6.2 

.7 .6U2 1.19 9.55 .06 6.2 

.8 .562 1,38 9.81 .06 6.2 

.9 ,50U 1.675 10,62 .06 6.2 
1.0 .U50 2,100 11.99 .06 6.2 

w 
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and pitch angles  required for the three design variations  investigated 

.    is shown  in Table VII, 

3.    Configuration No.  3 

A contra-rotating  configuration^,  designated as Configuration No, 

3» was  also designed during this  study.    This configuration uses two 

Allison 5S>0-B1 powerplantSj  each rotor absorbing  the power  from one 

engine.    The design point was at  200 knots at  standard sea level  condi- 

tions,  and the fan was designed for a static fan thrust of  22,,550 lbs, 

at 6000 feet and a temperature of 950Fo    The diameter of the fan is 11,8 

feet, the static  inlet diameter is 15 feet,  and  the hub-tip ratio is   ,5. 

Each of  the  10-bladed rotors rotates  at 996 RPM,    The design parameters 

for this  configuration are  shown in Table  VIII, 

The Rotor Performance Charts  for the front and rear rotors  of 

this  fan are  shown in Figures 55 and 56 respectively,  and the Power Factor 

carpets  are shown in Figures 57 and 58,    The change in pitch angle  required 

for both the front rotor and rear rotor5 for  various  forward flight speeds. 

are given in Table  IX for both sea level and 30,,000 feet conditions.     Due 

to a lack of available powerplan o information,  the pitch changes required 

at reduced power settings were not calculated.    From Table  IX ic may be 

seen that  the maximum total pitch angle change over the flight spectrum 

is less  than 20° on each fan.    Since  this  is  an acceptable  variation;  it 

may be concluded that this configuration will perform satisfactorily over 

the flirht regime  under consideration. 

In the design of the contra-rotating configuration, the rear 

j rotor was  designed  to remove all of the rotational velocity induced by 

^-y the front rotor at the design point.    In the off-design calculations,  it 
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TABLE VII 

COMPARISON OF INLET VANE ANGLE AND PITCH ANGLE VARIATION 

200 K Fan Design 

150 K Fan Design 

V0 '—   Knots Gfv - Deg. A 0/ -  Deg 

0 32° * 10.25 

100 2liO 7.75 

200 0 .5 

300 -19.6 -8 

uoo __-._ -16 

0 

100 

21.5 

12.2$ 1 
4» 

200 -12.5 

300 -32.3 » 

Uoo „MM1, £ 

Notes « Beyond usable angle of attack range, 
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TABLE VIII 

Configuration No« 3 

Contra-Rotating Fan 

Front Rotor 

Chord = 1,13 feet. Modified 65 - Scries section. 

Radial 
Station 

.5 
,6 
,7 
,5 
.9 

1,0 

.60 
,50 
.U29 
,375 
.333 
.30 

01, 

.68 

.57 

.51 

.U6U 

.h25 
,39 

«d 

6.26 
U.9U 
h.00 
3.33 
2.81 
2.h5 

t/c 

.0620 
,0598 
,057U 
.05U6 
.0518 
.OU87 

f 
2U,6U 
30,76 
36,0 
U0.U7 
UI4.39 
U7.75 

Rear Rotor 

Chord - 1.13 feet.    Modified 65 - Series section. 

Radial 
Station 

.5 

.6 

.7 

.8 

.9 
1,0 

cr 

,60 
.50 
.1429 
.375 
.333 
.30 

cl. 

,59 
.50 
,»456 
,U2 
,39 
.365 

Od 

5.73 
U.59 
3.70 
3,19 
2.72 
2,U0 

t/e 

,0568 
,056 
,05U7 
.0529 
.0508 
.OU83 

+ 
32,07 
36,21 
L0,3 
U3.81 
U6,98 
h9,8 
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TABLE IX 

ROTOR PITCH ANGLES, FAN NO. 3 

Front Rotor 
AlJ; - Deg. 

(30,000-) • Vo^ Knots                             S.L. 

0                                         ii.75 — 

100                                         3.3 - 3.3 

200                                     -    .3 • - 5.9 

300                               - 5.25 -10.8 

U00                                     -10.25 — 

Rear Rotor 

0                                  5.3 — 

100                                         3.5 - 1.6 

200                                     -    .38 - 5.2 

300                                     - 6.0 -11.2 

U00                                     -11.75 — 

TABLE X 

V-Knots                                     S.L. 
Residual Whirl 

% HP % Rated 
Thrust 

(30,000 ft) 
Residual Whirl 

% HP 

0                                 1.098 —- 

100                                   2.1 1.13 

200                                   U.U7 .87 

300                                   1.285 2.7 

U00                            _     7.0U3 .U5 - 

> 
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was noted that the rear rotor did not remove this rotational velocity 

completely at other than design conditions^ thus leaving a quantity 

which was called residual whirl. The amount of residual whirl was de- 

termined for sea level and 30,000 feet conditions and is listed in 

Table X as a percentage of the total available horsepower and as a 

percentage of the rated thrust at the point where the whirl was greatest, 

Uo Configuration No. U 

Toward the end of this contract period, it was decided to inves- 

tigate the use of highly cambered inlet guide vanes to impart a high 

pre-whirl to the flow entering the rotor. High pre-whirl makes it 

possible to operate a fixed-pitch rotor over a wide range of velocity 

and power settings with only small chan es in the inlet guide vane angle. 

Obviously, the use of high pre-whirl would permit the design of an inlet 

guide vane configuration which would have a much greater operating ranf:e 

than the symmetrical-vane configurations. However, all the high pre- 

whirl designs which were attempted were unsuccessful. This was primarily 

due to the fact that the large guide vane turning angles resulted in 

supersonic relative velocities on the rotor blades. While this condition 

might not actually be prohibitive, a lack of sufficient time prevented 

.further investigation. 

As tht last design investigated under this study contract, 

symmetrical inlet guide vanes were used in conjunction with the duct 

designed for the high pre-whirl fans. This design had an inlet diameter 

of 11.1 ft., a fan diameter of 8J4 ft,, and a hub-tip ratio of .5. The 

design point was chosen to be 2^0 knots at sea level, and the powerplant 

used was the Allison 550-KL. The fan was designed for a static fan thrust 
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of 11,27$  lbs, at 6000 feet on a 9$°  day5 and has 12 rotor blades and 13 

inlet guide vanes. The rotor operates at lSh2  RPM, Although exit stators 

are a necessity with this type of configuration, a lack of sufficient time 

precluded their design in,this instance. The design data for this confi- 

guration is given in Table XI, The Power Factor is plotted in Figure $99 

The ^uide vane angles required for full power absorption ran^e fron 

12,85 at static conditions to -12,9° at I'OO knots^ all at sea level. No 

reduced power vane angle settings were obtained for this fan. 
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TABLE XI 

Configuration No« U 

Inlet Guide Vanes 

Chord = l.Olli feet. Thickness = 6^. Modified 63-006 section. 

Linear Variation in Solidity, CT = 1,0 at root, .5 at tip. 

Rotor 

Chord = 1,1 feet. Modified 65 - Series section. 

Radial 
Station 

O" Clo ^d t/c 
^ 

.5 

.6 

.7 

.8 

.9 
1.0 

1.00 
.833 
.711 
.625 
.556 
.500 

.63 

.580 

.525 

.U70 

.li08 

.330 

8.16 
7.00 
6.00 
5.20 
U.Uo 
3.70 

.0736 

.0691 

.06U6 

.0601 

.0556 

.0511 

22.5 
28.12 
33.69 
38.28 
a2.U5 
U6.15 

Exit Stators 

Not Designed. 
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F, Conrparison of Ducted Propeller Designs 

Basically, three different types of ducted propeller systems have 

been considered during this study program. They consist of configura- 

tions which use inlet guide vanes to turn the entering flow, those which 

employ variable pitch, and contra-rotating configurations. Two varia- 

tions in the inlet guide vane designs were studied, those using 

symmetrical vanes set at zero angle of attack at the design point and 

those using highly cambered vanes to impart a high pre-whirl to the flow 

under all conditions. 

Probably the most satisfactory configuration obtained was the contra- 

rotating fan. Configuration No. 3, This particular fan required relative- 

ly small pitch changes over the entire flight regime, and would operate 

satisfactorily over a range of forward speeds form zero to a speed in 

excess of UOO knots. In addition, the large hub provides ample rocm for 

installation of the required variable pitch mechanism. This configuration 

would be suitable for the Assault Transport application, providing not 

only the static thrust required but a high speed capability as well. The 

large hub-tip ratio also permits installation of two Allison power plants 

in the hub. This is an ideal situation, since it eliminates some of the 

gearing problems inherent in other type installations and also permits 

utilization of the engine residual thrust as an additional lifting force 

when the ducts are rotated for vertical take-off« 

The variable pitch configurations and those using inlet guide vanes 

could also be successfully applied to the Vertical Take-Off Assault 

Transport, The variable pitch fans have an advantage over those employing 

symmetrical inlet guide vanes in that they require a smaller pitch change 
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and thus have a higher speed potential.    As a result of these  studies, 

however, it is  felt that the potentialities  of the  inlet guide vane 

concept have not been fully exploited, especially with regard to the 

application of high pre-whirl vanes.    A lack of time prevented any con- 

certed effort to overcome  the difficulties which were encountered.     The 

application of a smaller  amount of pre-whirl should be  investigated. 

The extension of the present design methods into the area of higher 

relative Mach number on the blades  would also  improve this  approach, 

since axial-flow fans and compressors  having this type blading  have been 

successfully designed by the NACA  (Ref. 19).     In any event,  a further 

investigation of  this  concept is highly desirable. 
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G.    Wind Tunnel Test, Program 

In August,   19$$,   negotiations were begin with the University cf 

Wichita with a view toward  obtaining experimental data to complement  the 

theoretical studies covered by this  report.     Subsequently,  it was  agreed 

that  a wind tunnel  program,   under soonsorship of  the Office of Naval 

Research,   should  be undertaken.     Twc  models  to be tested during the 

program have been designed by Bell Aircraft  Corucration,   ana Beil person- 

nel will be  present  to observe  the tests. 

The models to be tested are l/lO scale models cf two of the configi- 

rations presented in this  report.     Model No-   1 is the l/lO scale version 

of Configuration No.   1,   with the exception that  the number cf inlet  guide 

vanes has  been reduced from 21 to  18.     A  sketch of this model  is shown in 

Figure 60.     Model No.   2  is the scaled-down renlica of  Configuration No.   2 

and  is  shown in Figire 6l.     Since the   inlet  and fan diameters  of these 

configurations  are the same,   it will be possible to use tr.e  same shroud 

for both models-     This  shroud has  an interchangeable  inlet  section,   so 

that both the static  and high speed configurations may be tested.     The 

inlet  arrangements to be tested are  shown in Figure 62,     Figure 62a  thews 

l>ne  high  speed  shroud,   while the bell-mouth inlet  is shown in Figirt  62b. 

Figure 62c  shows  the  static practical flap,  which is  a split  flap arrange- 

ment  as  can be  seen from Figire 62d,     A split  Bell-Mouth flap will  also 

be  tested.     The specifications for the. practical  flap are shewn in 

Figire 63, 
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The fabrication of the first model has been completed.  Model speci- 

fications were determined by Bell Aircraft Corporation and blade templates 

were also furnished by that facility.  Actual fabrication of the model 

was done under the supervision of the University of Wichita.  Blade speci- 

fications for the first model are shown in Tables XII, XIII and XIV, 

Load distributions on the inlet guide vanes, rotor and exit stators are 

shown in Figures 6U, 65 and 66 respectively.  The model rotor is shown 

being balanced in Figure 6?, and is shown mounted on the motor and shaft 

assembly in Figure 6B.  The practical flap and split Bell-Mouth inlets 

are shown in Figure 69. Figures 70 and 71 show the high speed configu- 

ration and the Bell-Mouth configuration, respectively, mounted in the 

tunnel. 

At the present time, work is progressing on the fabrication of the 

second model.  Templates have been completed and have been sent, to the 

University. Specifications for the rotor and exit stators are shown in 

Tables XV and XVI. 

Actual tests on the first model were begun on April 23, 1956.  Both 

force and pressure tests will be conducted during this program over a 

range of yaw angles from 0 to 90°, and at tunnel speeds from zero to the 

maximum attainable.  The testing program, as originally outlined, is shown 

in Table XVII.  Since that time, however, the program has been modified 

so that the tests may be run at a series of basic vane settings as the 

v,-' 
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yaw angles, speeds and RPM are varied ever a given range.  This modified 

program Is shown in Table XVIII,  As yet, no data from the preliminary 

runs are available.  The final results of these tests will be published 

by the University of Wichita in a future report. 

Report No. D181-915-006 .    page ^R^ 

CONFIDENTIAL df 



> 

1.    ), 

^ 

CONFIDENTIAL 
0 t L \Q/vir0r&/r tMKnxm 

TABLE XII 

Inlet Guide Vane Ordinates 

Section;    63-006 With Thickened Trailing Edge 

(Zero Camber,  6% Thick) 

x/c X 

% Chord In. 

0 0 
1.2$ .0170 
2.5 .OJUO 
5.0 .0680 
10 .1360 
15 .20U0 
20 .2720 
2? .3U00 
30 .U080 
35 .U760 
ko .5Uli0 
U5 .6120 
50 .6800 
55 .71*80 
6o .8160 
65 .88UO 
70 .9520 
75 1.0200 
80 1.0880 
85 1.1560 
90 1.22U0 
95 1.2920 

100 1.3600 

Y 
Ordinates 

All Stations\ in.■ 

Leading Edge Radius: 

Trailing Edge Radius: 

All dimensions are in inches. 

Chord = 1.36 in. 

No. of Blades = 18 

0 
.0105 
.oiUl» Sta, r 
.0199 
.0273 .li i.Uoo 
.032U .5 1.120 
.0361 .6 .932 
.0386 .7 .800 
.0U02 .8 .700 
.0U08 .9 .622 
.OUOU 1.0 .560 
.0391 
.0370 
.03U2 
.0313 Y = Distance above and 
.028U below Kean Camber 
.025U Line 
.0225 
,0196 
.0166 
.0137 
.0108 

0 

,QQk0 

,0082 
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TABLE  XIII 

Model No.  1  - Rotor 

Mean Camber Line Ordinates 

x/c 

% Chord in. 

r/R 

Rin. > 2.78h 

-> .«90 

3.1480 

.650 

.6 

U.176 

.575 

.7 

ii.872 

.505 

.8 

5.568 

.ii35 

.9 

6.261^ 

.360 

1.0 

6,960 

.290 

0 
.5 
.75 

1.25 
2.50 
5 

7.5 
10 
15 
20 
25 
30 
35 
Uo 
U5 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

0 
.0061» 
.0096 
.0161 
.0321 
.06U2 
.096U 
.1285 
.1927 
.2569 
.3212 
.385U 

.5139 

.5731 

.6Ii2U 

.7066 

.7708 

.8351 

.8993 

.9635 
1.0278 
1.0920 
1.1562 
1.2205 
1.28U7 

0 
.0029 
.ooUo 
.0061 
.0106 
.0181 
.0212 
.0296 
.0385 
.0155 
.0512 
.0556 
.0589 
.0612 
.0626 
.0631 
,0626 
.0612 
.0589 
.0556 
.0512 
.0U55 
.0385 
.0296 
.0181 

0 

0 
.0021 
.0029 
.0015 
.0078 
,0132 
.0177 
.0216 
.0281 
.0332 
.0371 
.0UO6 
.OU30 
.0Ui7 
.Oh57 
.0^61 
.0U57 
.mxi 
.0U30 
.0i|06 
.037U 
.0332 
.0281 
.0216 
.0132 
0 

0 
.0018 
.0026 
.00h0 
.0069 
.0117 
.0157 
.0191 
.02U9 
.0291 
.0331 
.0359 
.0380 
.0396 
.oUoh 
.0Ü07 
.oliOU 
.0396 
.0380 
.0359 
.0331 
.029U 
.02U9 
.0191 
.0117 

0 

C 
.0C16 
.0023 
.0035 
.0060 
.0103 
.0138 
.0168 
.0218 
.0258 
.0290 
.0315 
.033U 
.03U7 
.0355 
.0358 
.0355 
.03h7 
.0331 
.0315 
.0290 
.0258 
.0218 
.0168 
.0103 

0 

0 
.0011 
.0020 
.0030 
.0052 
.0088 
.0118 
.oilUi 
.0188 
.0222 
.0250 
.0272 
.0288 
.0299 
.0306 
.0308 
.0306 
.0299 
.0288 
.0272 
.0250 
.0222 
.0188 
.OUUJ 
.0088 

0 

0 
.0012 
.0016 
.0025 
.00)43 
.0073 
.0098 
.0120 
.0156 
.018U 
.0207 
.0225 
.0238 
.02);8 
.0253 
.0255 
.0253 
.02i;8 
.0238 
.0225 
.0207 
.0181. 
.0156 
.0120 
.0073 

' 0 

0 
.0009 
.0013 
.0020 
.0035 
.0059 
.0079 
.0096 
.0125 
.01U8 
.0167 
.0181 
.0192 
.0200 
.020U 
.0205 
.020Ü 
.0200 
.0192 
.0181 
.0167 
.oaJiS 
,0125 
.0096 
.0059 

0 

Angle of Base Line 
with Duct(L   : 21,8°      31.1°      37.6°      U2,90      li7.6c 

1.25        1,00        .833        ,7111        .625 Solidity: 

No.  of Blades  = 17 

Chord = 1.28U7 in. 

All dimensions  are  in inches. 
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■ TABLE XIII (Cont'd) 

Model No.  1 - Rotor 

Section Ordinates Above & Below  ( 1 ) Mean Camber Line - 

rA —    .1» .5 ,6 .7 ,8 ,9 1.0 

x/c x          Rin.  -2.781» 3.U80 11.176 U.872 5.568 6.261* 6,960 

% Chord in.        t/c —-   .091 .086 .081 .076 .071 .066 ,061 

0 0 0 0 0 0 0 0 0 
.5 .006Ü .0091 .0086 .0082 .0077 .0071 .0067 .0062 
.75 .0096 .0110 .01014 .0098 .0092 .0086 .0081 .0075 

1.25 .0161 .0137 .0130 .0123 .0115 .0108 .0101 .0091* 
2.5 .0321 .0185 .017U .0165 .0155 .OHO* .0135 .0125 
5.0 .06U2 .0255 .02111 .0227 .0213 .0199 ,0135 ,0171 7.5 .096U .0310 ,0293 .0276 .0258 .021*1 .0225 .0208 

10 .1285 .0355 .0336 .0316 .0297 .0277 .0258 .0238 
15 .1927 .01,29 .oli 05 .0381 .0358 ,0331* ,0310 ,0287 
20 .2569 .oasu .OU58 .01*31 .OljOli ,0378 ,0351 ,0321* 
25 .3212 .0526 .0197 .OU68 .01*39 .01*10 .0381 ,0352 
30 .385U .0556 .0526 .OU95 .01*61* ,01*31* .01*03 .0373 
35 
i   _ 

.Uli96 .0576 .051*1' .0512 .01*81 .01*1*9 ,01*17 .0386 Uo .5139 .0581i .0552 .0520 .01*88 ,oU56 .01*21; ,0392 
U5 .5781 .0581 .05U9 .0517 .01*85 .01*53 .0122 ,0390 
50 .6U2U .0563 .0532 .0502 .01*71 .01*1*0 -01*10 c0379 55 .7066 .0531 .0502 .Oii73 ,0ll)4l* = 01*15 ,0387 ,0358 6o .7708 .0lj86 .OU59 .0li3li .01*07 .0380 ,0356 .0329 65 .8351 .0lUi3 .01^20 ,0396 .0373 ,03U8 .0325 .0301 
70 .8993 .0397 .0376 .0356 ,033U .0312 .0292 ,0271 75 .9635 .0351 .0332 .0315 .0295 .0276 .0259 ,021*0 
80 1.0278 .0305 .0289 ,0271* .0257 ,021*0 ,0227 .0210 
85 1.0920 .0256 .021*2 .0229 .0215 .0201 .0190 ,0176 
90 1.1562 .0210 .0199 .0138 .0177 ,0166 ,0157 .011*6 
95 1.2205 .0160 ,0151 ,011t7 ,0138 ,0129 .0121* .0111 

100 1.28U7 0 0 0 0 0 0 0 

Leading Edge Radius: .0072 .0068 .0056 .0053 .001*9 ,003i* .0031 
Trailing Edge Radius: .0117 ,0110 .oiob .0098 ,0091 ,0085 ,0078 

All dimensions are in inches. 

NOTE:    Section ordinates are measured perpendicular to Mean Camber Line, 

( 
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TABLE XI7 

Model No. 1 - Exit Stators 

Mean Camber Line Ordinates 

x/c 

% Chord 

x 

in. 

r/R 

Rin.- 

.1 

2.781 

1.50 

.5 

3.UÖ0 

1.60 

.6 

U.176 

1.61; 

.7 

U.872 

1.75 

.8 

5.56^ 

1.95 

.? 

6.20a 

2.13 

1.0 

6.960 

2.35 

0 
.5 
.75 

1.25 
2.50 
5 
7.5 
10 
15 
20 
25 
30 
35 
Uo 
U5 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

0 
.0069 
.010U 
.0173 
.03U5 
.0690 
.1035 
.1380 
,2070 
.2760 
.31*50 
.lauo 
.1*830 
.5520 
.6210 
.6900 
.7590 
.8280 
.8970 
.9660 

1.0350 
1.101*0 
1.1730 
1.21*20 
1.3110 
1.3800 

0 
.0052 
.0072 
cOlll 

.0193 

.0327 

.01*39 

.0535 

.0697 

.082U 

.0926 

.1006 

.1066 

.1108 

.1133 

.111*2 

.1133 

.1108 

.1066 

.1006 

.0926 

.08?h 

.0697 

.0535 

.0327 
0 

0 
.0055 
.0077 
.0118 
.0205 
.031*9 
.01*68 
.0571 
.071*3 
.0879 
.0988 
.1073 
.1137 
.1182 
.1209 
.1218 
.1209 
.1182 
.1137 
.1073 
,0988 
.0879 
.071*3 
.0571 
.031*9 
0 

0 
.0057 
.0079 
.0121 
.0210 
.0358 
.0U80 
.0585 
.0762 
.0901 
.1013 
.1100 
.1166 
.1212 
.1239 
.12U8 
.1239 
.1212 
.1166 
.1100 
.1013 
.0901 
.0762 
.0585 
.0358 

0 

0 
.0060 
.0085 
.0129 
.0225 
.0382 
.0512 
.062li 
.0813 
.0961 
.1081 
.1171* 
.121*1* 
.1293 
.1322 
.1332 
.1322 
.1293 
.121*1* 
.1171* 
.1081 
.0961 
.0813 
.0621 
.0382 
0 

0 
.0067 
.0091* 
.Ollili 
.0250 
.OU25 
.0570 
.0696 
.0906 
.1071 
.120U 
.1308 
.1386 
.11*1*1 
.11*73 
.11*81* 
.11*73 
.11*1*1 
.3 386 
.1308 
.120h 
.1071 
.0906 
0O696 
.OU25 

0 

.0103 

.0157 

.0273 

.0U61i 

.0623 

.0760 

.0989 

.1170 

.1315 

.11*29 

.1511* 

.1571* 

.1609 

.1621 

.1609 

.1571* 

.1511* 

.11*29 

.1315 

.1170 

.0989 

.0760 

.0I16I4 
0 

0 
.0081 
.cnii 
.0171* 
.0302 
.0512 
.0688 
.0838 
.1091 
.1291 
.11*51 
.1576 
.1670 
.1737 
.1776 
.1789 
.1776 
.1737 
.1670 
.1576 
.11*51 
.1291 
.1091 
.0838 
,0512 
0 

Angle of Base Line 
with Duct(^ :       13.6   12.6   11.7 

Solidity:       1.50   1.20   1.00 

No. of Blades = 19 

Chord = 1,38 in. 

All dimensions are in inches. 
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TABLE XIV (Cont'd) 

Model No. 1 - Exit Stators 

Section Ordinates Above and Below (L) Msan Camber Line 

x/c X 

%  Chord in. 

0 0 
.5 .0069 
.75 ,0101» 

1.25 .0173 
2.50 .03U5 
5 .0690 

7.5 .:o35 
10 .1380 
15 .2070 

. 20 .2760 
25 .31*50 
30 .umo 
35 .1*830 
Uo .5520 
1*5 .6210 
5u .6900 
55 .7590 
60 .8280 
65 .8970 
70 . .9660 
75 1.0350 
80 I.IOUO 
85 1.1730 
90 1,21*20 
95 1.3110 

100 1.3800 

Leading Edge Radius: 

Trailing Edge Radius! 

All dimensions are in inches. 

All Stations 

t/c ► .06 

0 
.0066 
.0079 
.0099 
.0132 
.0181 
.0219 
.0252 
.0303 
.031*3 
.0372 
.0391* 
.OU07 
,01*11* 
.01*12 
.oUoo 
.0378 
.031*7 
.0318 
.0286 
.025U 
.0222 
.0186 
.0153 
.0120 

.0033 

.0083 

> 

NOTE:     Section ordinates are measured perpendicular to 
Mean Camber Line. 
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Figure 70    Wind Tunnel Duct Model 
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Figure 71    Wind Tunnel Duct Model 
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TABLE XV 

Model No»  2  - Rotor 

Mean Camber Line Ordinates 

r/R—H. .3 .Ü .5 .6 .7 .8 .9 1.0 

x/c X R. —' 2.088 
In, 

2.761i 3.1.80 U.176 14.872 ^.568 6.261 6 ;6o 

%  Chord in. CT ■-+  .560 xo 
.h60 .a08 .350 .310 ..21 i .2U4 ^ ~ 0 

0 0 0 0 0 0 0 0 0 
.5 .0066 .0018- .0016 .0013 .0011 .0010 .0009 .0006 .0007 
.75 .0098 .0026 .0022 .0019 .0016 .OOlii .0013 .0011 .0010 

1.25 .oioU .0039 .003U .0029 .0025 .0022 .0019 ,0017 ,0015 
2.50 .0326 .0068 .'3059 .0050 .00U3 .0038 .0031) .0030 .0026 
5 .0656 .0116 .0099 .0085 .0073 .0061; .0057 .oc5i .OOhli 

7.5 .098U .0156 .0133 .0113 .0097 .0086 .or 77 .0068 .0059 
10 .1312 .0190 .0163 .0138 .0119 .0105 .009)4 ,0003 .0072 
15 .1967 .02U7 .0212 ,0180 .oi5h .0137 .0122 .0108 .009li 

•  20 .2623 .0292 .0251 .0213 .0183 .0162 .01145 .0127 .0111 
25 .3279 .0329 .0262 .0239 .0205 .0182 .0163 .01.U3 .OI2I4 
30 .3935 .0357 .0306 .0260 .0223 .0198 .0177 .0156 .0135 
35 .U591 .0376 .03214 .0276 .0236 .0209 .0167 .0165 .OII43 
UO .5216 .0393 .0337 .0287 .02I40 .0218 .0195 .0171 .0152 
50 .6558 .0U05 .0317 .0295 .0253 .02214 .0200 .0176 .0153 
5^ .72114 .OU02 .03U5 .0293 .0251 .0223 .0199 .0175 .0152 
60 .7870 .0393 .0337 .0267 .02146 .0216 .0195 .0171 .0U9 
65 .6525 .0378 .032U .0276 .0236 .0209 .0107 .0165 .0113 
70 • 9161 .0357 .0306 .0260 .0223 .0196 .0177 .0156 .0135 
75 .9637 .0329 .0262 .0239 .0205 .0182 ■ ,03J53 ,01143 .012U 
80 1.0i493 .0292 .0251 .0213 .0183 ,0162 ^01145- .0127 .0111 
85 1.11U9 .02U7 .0212 .0180 .01514 .0137 .0122 .0108 .0091; 
90 1.180U .0190 .0163 .0138 .0119 .0105 .0091; .0083 .0072 
95 1.2U60 .0116 .0099 .0085 .0073 .006U .0057 ,0051 .OOI4I4 

100 1.3116 0 0 0 0 0 0 0 0 

\ 

Angle of Base Line 19.35° 26.15° 35.7°    Ul.6l0 146,95° 51.2°    5U.6°    57.72° 
with Duct Center 
Line at Design 
Speed (200K) 

Solidity 1,00      .750      .600      ,500      .1429      .375      .333       .300 

No.  of Blades = 10 

Chord - I.3II6 in. 

All dimensions are in inches» ^arre  162 
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TABLE XV (Cont'd) 

Model No.  2 - Rotor 

Section Ordinates Above & Below (_L)  Mean Camber Line 

% Chord        in. 

-A 

Rin.- 

•3 .Ii .5 .6 .7 .8 .9 1*0 

2.068    2.78U   3.U80   U.176   14.^72   5.568   6.261j    A.960 

.0675    .061iU    .0613    .0582    ,0551    .0521    .0U9Ü    ,0li60 

0 0 
.5 .0066 
.75 ,0098 

1.25 .016U 
2.5 .0326 
5.0 .0656 
7.5 .0981; 
10 .1312 
15 .1967 
20 .2623 
25 .3279 
30 .3935 
35 .U591 
U0 .521,6 
Ü5 .5902 
50 .6558 
55 .72lh 
6- .7870 
65 .8525 
70 .9161 
75 .9837 
CO 1.0U93 
85 1.11U9 
90 I.I80I1 
95 1.2U60 
100 0 

0 0 0 0 0 0 c 0 
.0070 .0067 .0061 .0061 .0057 .005); ,0051 .00i.6 
,0085 .0081 .0077 .0073 .006? .0065 .0061 ,0056 
.0106 .0101 .0096 .0091 .0086 .0082 ,0077 .0072 
.01I4I .0135 .0128 .0122 .0115 r,109 .010? .0096 
.0193 .0181 .0176 .016? ,0158 .011i9 .oiho .0132 
.023U .0221; .0213 .0202 .0191 .Oloj .0170 .0160 
.0269 .0257 .021Ü .0232 .0220 .0206 .0195 .0133 
.032U .0309 .029h .0260 ,0250 .0250 .0235 ,0221 
.0366 .03U9 .0333 .0316 .0299 .0283 .0266 .0250 
.0396 .0380 .0361 .031;3 .0325 ,0307 .0269 .0271 
,0121 .ohoi .0382 .0363 .03Uli .0325 .0305 .0287 
,OU36 .oia6 .0396 .0376 .0356 .0336 .0316 .0297 
.OI4U2 .0)1?? ,0U02 .0381 .0361 .0310. .0321 .0301 
,oUIiO ..0U20 .0U00 .O38C .0359 .03I0 .0320 ,0300 
.0123 .0U06 .0369 .0369 .03U9 ,0330 .0311 .0292 
.ohoh .0386 .0367 .0319 .0330 .0312 .02914 .0276 
.0372 .0351 .0337 .0320 .0303 .0267 .0270 .02^3 
.O3I1O .032U .0309 .029U .0278 .026-5 .02Ü7 .0232 
.0306 .0291 .0277 .0263 ,0250 .0236 .0222 .0209 
.0271 .0258 .02)i7 .023U .0221 .0210 .0197 „0185 
.0237 .0227 .0215 .0205 .019U ,01o? .0172 ,0162 
.0200 .0190 .0181 .0172 .0162 .0l51i .01U'; .0136 
.0l6h ,0157 .0119 .01Ii2 .0133 .0127 .0120 .0111 
.0129 .0120 .0116 .0111 .0102 .0096 .0093 .0069 

0 0 0 0 0 0 0 0 

Leading Edge Radius ,0035    ,0031;    ,0032 

Trailing Edge Radius .0088    ,0081;    ,0080 

All dimensions  are in inches 

,0031     ,0029     ,0027     .0026     .0021; 

.0076     .0072     ,0068     ,0061;     ,0060 

NOTEs     Section ordinates are measured perpendicular to Mean Camber Line 

I      ( 
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TABLE   XVI 

Model No« 2 - Exit Stator? 

Mean Camber Line Ordinates 

f/R .3 .u •5 .6 .7 ,8 .9 •.  V v-' 

Vc X 

JC Chord in. 

0 0 
.5 .0066 
.7$ .0093 

1.25 .016U 
2.50 .0328 
5 .0656 

7.5 .0983 
10 .1311 
15 .1967 
20 .2623 
25 .3278 
30 .393li 
35 .U590 
UO .52U5 
U5 .5901 
50 .6557 
55 .7212 
60 .7868 
65 .8523 
70 .9179 
75 .9835 
80 1.0li90 
85 1.11U6 
90 1.1802 
95 1.21*57 
100 1.3113 

Rin;—2.088   2.781i   3.U80   U.176   li.872   5.568   6.26.',   ^..^JO 

CI0—^.820      .920      .955     1-oüO   1.190   1.3r>0   1.675    ir'.ICO 

.0027 

.0038 

.0058 

.0100 

.0170 

.0228 

.0278 

.0362 
,Oh28 
.0U81 
.0523 
.055b 
.0576 
.0589 
.0593 
.0589 
.0576 
.055U 
.0523 
.0U81 
.0U28 
.0362 
.0278 
.0170 

0 

0 
,0030 
•0OU2 
.006U 
.0112 
.0191 
.0256 
.0312 
.0li06 
,OU80 
.05)iC 
.0586 
.0621 
.061x6 
,0660 
.0665 
.0660 
.06U6 
.0621 
,0586 
.05UO 
.0U80 
.0U06 
.0312 
.0191 
0 

0 
.0031 
.ooUit 
.006? 
.0116 
.0198 
.0266 
.0321* 
.0U21 
.0U98 
.0560 
.0609 
.06L.5 
.0671 
.0686 
♦0691 
.0686 
.0671 
.ö6ii5 
.0609 
.0560 
.0^98 
.OU21 
.0321; 
.0198 

0 

n 
.003ii 
.oohe 
.0073 
.0127 
.0216 
.02Ü9 
.0352 
.01459 
.05u3 
.0610 
.0663 
.0702 
.0730 
.07U7 
.0752 
.07U7 
.0730 
.0702 
.0663 
.0610 
.05)i 3 
.OU59 
.0352 
,0216 
0 

0 
.0039 
.oo<5 
.üoeij 
♦oil-.5 
.G2U7 
.0331 
.0U03 
.0525 
.0621 
.0698 
.0758 
.080U 
.0836 
.085L 
.0861 
.085Ü 
.0836 
.080U 
.0758 
.0698 
.0021 
.0525 
.0103 
.0217 

0 

0 
v00U5 
.00^3 
.oo:?7 
.0168 
.0286 
.ojSü 
»OU68 
.06'^ 
.;3720 
.0310 
.0680 
.0932 
.0969 
.0SJ91 
.0998 
.0991 
.0969 
.0932 
.0880 
.0610 
.0720 
.0605 
.OU68 
.026b 
0 

0 
.ooc:5 
.0077 
.0113 
.0201» 
.03^7 
.01,66 
.ow 
.073? 

.0983 

.1066 

.1131 
•1176 
.1212 
.12il 
.1202 
.1176 
.1131 
.1068 
.0983 
.087b 
.0719 
.0C6Ü 
.0317 

0 

-0^69 
.00:^6 
.Olli/ 
.0256 
.0!i35 

.0712 

.0927 

.10^:6 

.] Vi2 

.1338 
.llilß 
1U75 

.1508 

.1519 

.1508 

.lii75 

.11418 

.1338 

.1232 

.•.096 

.092-; 

.0712 
•0ii35 

0 

Angle of Base Line 
with Duct Center Line 

6,20  6.2°  6.2°  6.2°  6.2°  6.2©  6.2°  6.2^ 

■■-.y 

Solidity 

No. of Blades ■ 15 

Chord      - 1.3113 in. 

AH dimensions are in inches 

1.500 1.12$ .900  .750  .6U2  .562  .500  .U50 
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TABLE XVI  (Cont'd) 

Model No. 2 - Exit Stators 

Section Ordinates Above and Below (-L) Mean Camber Line 

x/c X 

%  Chord in. 

0 0 
.5 .0066 
.75 .0098 

1.25 .016U 
2.50 .0328 
5 .0656 

7.5 .0983 
10 .1311 
15 .1967 
20 .2623 
25 .3278 
30 .3931 
35 .U590 
Uo .52U5 
U5 .5901 
50 .6557 
55 .7212 
60 .7868 
65 .8523 
70 .9179 
75 .9835 
80 1.0U90 
85 l.lll;6 
90 1.1802 
95 1.2157 

100 1.3113 

Leading Edge Radius: 

Trailing Edge Radius: 

All dimensions are in inches. 

All Stations 

t/c —»- .06 

0 
.0062 
.0075 
.009U 
.0125 
.0172 
.0208 
.0239 
.0283 
.0326 
.035U 
.037U 
.0387 
.0393 
.0391 
.0380 
.0359 
.0330 
.0302 
.0272 
.021:1 
.0211 
.0177 
.01U6 
.cnu 

o 

.0032 

.0078 

NOTE:    Section ordinates are measured perpendicular 
co Mean Camber Line, 

•  ■•■—' 
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TABLE XVII 

WIND TUNNEL TEST PROGRAM 

Force tefts 

Data to be collected 

Forces and moments on the shroud 
Forces and moments on the blades 
Combined forces and moments 
Total pressure ratio across the duct 

Model Configuration Identification 

code order 

(Angle of attack) (Inlet) (Guidevane) (Rotor) (Stator) (Flaps exit) 

Angle of attack - subscript identifies angle 

Inlets       B - bell mouth, subscripts would indicate notch size. 
Two sizes will be tested. 0 none, 1 small notch, 
2 large notch. 

F - practical flap 

H - high speed inlet 

Guide Vanes   G - superscripts identify blade setting angle.  Subscripts 
no. of blades 

Rotor        R 

Exit Stators  F - subscripts show no. of blades 

Bxit Flaps    D - subscripts 
0 no exit flap 
.8, 1.2, & 1,U show multiples of unflapped exit area. 
Exit flap tests to be extra if time allows mfg. of the 
shroud extensions 

• 

I Velocities in feet/second 

A.  Static V - 0 
Report No. Dl8l-9h5-006 .      Page l6-6 

CONFIDENTIAL 



■> 

CONFIDENTIAL 
BEL ^y/rt-rera/P CDRP0R«TJ0II 

. 

B. Low speed - Velocities from 0 to approaching stall speed. Three 
speeds approximately: 

V - 30, 60, 85 ft/second 

C, High speed - Velocities in the normal flight range, approximately: 

V ■ 130, 180, & tunnel max 

Model test points in the above Velocity ran ires 

I Static - Design power only. 

A.  Test bell mouth on basic blade and exit configuration.  Test basic 
bell mouth configuration with a change in inlet vane setting of ±5' 
and a change in motor RPM. 

BQ 0l8 R ^19 D0 

Vary inlet notch size  over predetermined  range,  on the basic 
configia ration 

"1 
B Gie R Ei9 Do j 

B, Test the practical flap with the ba.iic configuration 

F  | Gl8 R B19 D0 

C.    Bell mouth with basic blades  and exit area variation. 
be extra. 

This will 

B0 G18 R   Ä19 D.8,   1.2,   l.U 

D.     High speed inlet with the basic blade  configuration. 

H Glfc R    E19 D0 

S. Remove exit stators in steps from basic configuration. 

B0 C-j^g R S 15, 8, 0 
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F.    Decrease inlet guide vanes on basic configuration 

H Gc R    E19 D0 

guide vane setting will vary with number of blades due to solidity 
change. 

II Low Speed - Design Power    60 and h0% Power 

A. With design power at the three velocity points, (V = 30, 60, arid 
85 ft/sec) test the basic configaration over the angle of attack 
range from 0 to 90 degrees. 

^ x [B0 G18 R   E19 D0_ 

x -  90, 87.5,  85, 80, 75, 65,  50, 30, 15,. 0 

B.    Same as A. with practical flap at one velocity over a reduced angle 
attack range. 

'^ 60, 70, 85,  67.5,  90, 
G18R   ^O 

C.    Same as B with exit area increase.    This will be extra 

<=< 50,  70,  80,   87.5,  90 
F    G1P

R   E19 1.2,   l.U 

Q. At 60 and U05C power and 1 velocity, check the basic configaration 
over the reduced angle of attack range. 

oC 
60,  70,   80,  87.5,  90 

B0ai8R   E19Do| 

III High Speed - Design power and 1 Reduced power 

A      The basic configuration with the high speed nose at design power 
over the velocity range.     Test over the angle of attack range to 
stall angle. 
(V - 130,   180,   and tunnel max)^ 

DJ oc 
o, 5, io, 15, 20 

H    Ql8 R   E19 ~oj 

W 
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B.  The reduced exit area over the velocity range with max power and 
reduced power at »ero angle of attack. This will be extra. 

e 00 O H   G18 R   h? P]   V 8 

C,    At reduced power and at one velocity check basic oonf igurat;' on 
over the angle of attack range. 

^0,  5,  10,   15,  20    |H   G18R   E19D0 [" 

■ 
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MODIFIED TEST PROCEDURE 

Range of Variables: 

Inlet Quide Vane Angle   ( c< vane^    ~20Ü  to '*'200 

Velocity 0 to 2^0 ft/sec 

RPM 6000 to 12,000 

Yaw Angle  ( ^ )    0 to 90*   (0 - 30"  at Vo > 90 ft/sec) 

Inlet Lips - bell mcuth,  notched bell mouth,   practical flap,   high 
speed lip 

I Set inlet vane angle and test over complete  range. 

A. Bell Mouth Inlet 

1, Static - vary RPM over range 

2. Velocities 20,  UO,   60,   90,   130,   180,  2^0 ft/?ec - vary RPM 
over range and yaw angle over range. 

B. Notched Bell Mouth 

1. Static - vary RPM over range 

2. Velocities 20,   U5,   90,  - vary RPK over range  and yaw 
angles over range. 

C. Practical   Flap 

1, Static - vary RPM over range 

2. Velocities 20, U5,   90,   130,   180,  2^0 - vary RPM over 
range and yaw angles over range. 

D. High Speed Nose 

1. Static - vary RPM over range 

2. Velocities 20,  US,   90,   130,   180,   2^0 - vary RPM and 
yaw angle over range, 

II Res^t inlet  guide vane angle to new setting and repeat. 
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LIST OF SIMBOLS 

a Speed of sound, ft/sec 

A - Area, sq ft 

c - Blade chord, ft 

C - C - factor for blade limit-loading 

Clo 
- Blade design camber 

Cp - Specific heat at constant pressure 

D - Diameter, ft 

Fe - Thrust, lbs 

g - Acceleration due to gravity, ft/sec 

HP - Horsepower 

J - Joule's constant 

k - Inlet pressure recovery Pti/Pt0 

K - Constant, equal to 10.95 

m - Mass flow, slugs/sec 

M - Mach number 

N - Number of blades 

P - Pressure, lbs/ft2 

PF m Power factor 

q - Dynamic pressure, lbs/ft2 

Q Torque, ft/lbs 

r - Radius at any blade station, ft 

R m • Tip radius, ft 

V-> 
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R - Universal'gas constant 

Rp - Fan pressure ratio, ^t2/Pti 

(VR) - Radial station 

t - Blade thickness 

T - Temperature 

0 • Resultant rotational velocity, ft/sec 

V - Velocity, ft/sec 

w - Plow velocity relative to blades, ft/sec 

Awu - Tangential whirl velocity, ft/sec 

W - Weight flow, lbs/sec 

0C - Blade angle of attack, deg 

ß ~ Angle between flow direction and duct axis, deg 

f - Ratio of specific heats for air 

T) - Adiabatic fan efficiency 

& - Turning angle, deg 

/O - Density, slugs/ft^ 

ff- - Solidity 

V * Angle between blade chord and center line of duct, deg 

f>- - Rotatlcnal velocity, ft/sec 

SUBSCRIPTS 

d    - Design 

e    - Exit 
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• 

f 

• 

- 
Fan 

in - Inlet 

o - Free stream 

p - Peak 

t - Total or tangential 

T - Tip 

V - Vane 

Rl - Front rotor 

R2 - Rear rotor 

1 - Station immediately in front of fan 

2 _ Station immediatel;'- behind fan 

:. 
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APPENDIX A 

Summary of Static IBM Procedure 

Fig Al Static Momentura Data Sea Le   ;1 Standard 

Fig A2 w               "               •»         »»         i» n 

Fig A3 '♦ »•                 it          n          n i. 

Fig Ali " "                "         "         " " 

Fig A5 n "               "         "         " " 

Fig A6 " ■               »         6000 ft. 95°F 

Fig A? " "               "         n         " 11 

Fig A8 ^ "               " "         " 11 

Fig A9 w ■               " "         11 B 

Fig A10 ,, "               »» 11         n n 

Fig All        '• » "      Sea Level Standard 
Composite Chart 

Fig A12   n     it     u  6000 ft. -95°F 
Composite Chart 

Page No. 

181 

h - 1.0 183 

^ = .9 186 

^ - .8 189 

1- •' 192 

V) - .6 195 

^ = 1.0 198 

1- •' 201 

n « .8 20ii 

h *    .7 20? 

vi - .6 210 

^ - .9 213 

n -  .9 2m 
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Input Values;     P0, T0, Rp,^, ££ 

SüM&gr OF STATIC   IBM PROCEDURE 

IIP 

'ir. 

Constants: 

Step 

■ 

1. 

2. 

3. 

u. 

6. 

7. 

3. 

9. 

10. 

11. 

R = 53.3,    y- l.li,  g = 32.2 

Calculation 

HP 

W 
Ain 

m 

pt. 

«e 

y\ 
w v Tt 

•\ 

^ p
+ y 
ns— 

A.-m    pt 

Ain 

;;   \/Tt # H   .# 

Equation 

(1-12) 

(1-25) 

(1-lU) 

(1-26) 

(1-16) 

(1-27) 

(1-19) 

(1-28) 

(1-29) 

(2)/® 

(1-23) 
t /I 
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Step Calculation 

12. Ml 

13. Vf 

Ik. Ve 

15. Fe 
Ain 

16. 
HP 
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(1-30) 

(1-31) 

(1-32) 
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Input Values:     a0,  T0, ^Q, PQ*    HP/Af, V0,  Hp, *n 

Constants;   g = 32.2, R = 53.3, (T = l.U, K = 10.95, k =  .97 

Calculation Equation 

1« Mo V^ao 

2« Pt0/Fo (1-3) 

3- Tto/To (1 - 8) 

^^ Pt0 P0   © 

5- Tto T0   Q) 

6. Vf (i _ IQ) 

7. 1^2 (1 - la) 

8. m/Af (1 - U2) 

9. Ve (1 - U3) 

10* Ft /Pe RF k   © 

11' ptf/Pf (1 - 3) 

12« Ve (i . 39) 

Determine Ve satisfying steps   2)  and   @   by iteraUon process. 

13 • FAf                              . (1 - iil;) 

lit. F/HP (i - U5) 
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