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SUMMARY 

Presented In this investigation are analytical methods for 
evaluating performance of open propellers, ducted propellers, 
and turbofans for the purpose of selecting the most suitable 
propulsion system for Army aircraft mission requirements. 
Techniques are presented for trade-off analyses and opti- 
mization of the basic design parameters of each propulsion 
system. These techniques utilize specially developed 
nomographs, which can effectively be applied for preliminary 
design purposes. The nomographs and other numerical results 
presented in this report are based on the available perform- 
ance data for the three propulsion systems. 
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I.  INTRODUCTION 

In modem preliminary design of high performance aircraft, it 
Is necessary to provide the designer with reliable means of 
selecting the propulsion system which would best satisfy the 
aircraft mission requirements.  Due to recent advances in 
propulsion system technology, there is now a variety of 
propulsion systems capable of performing the same mission. 
Consequently, there is a need for rapid and effective analyt- 
ical methods for evaluating comparative performance of 
various propulsion systems.  This program is directed toward 
satisfying this need. 

The main objective of this work is to perform an analytical 
study for comparing the performance of open and ducted 
propellers and turbofans and to formulate methodology for 
selecting the most suitable propulsion system for a given 
aircraft mission.  Considered in this study are weight trends, 
installation effects, operational requirements, and complex- 
ities peculiar to each propulsive system. 

In addition, methods are developed for optimizing the basic 
geometric parameters of each propulsion system for any 
flight condition from hover (static) to high forward speed. 
These methods also provide off-design performance for each 
system, thereby aiding the compromise between flight 
conditions while depicting the respective penalties imposed. 
The selection of the most suitable propulsion system for a 
given aircraft mission is made by a parametric trade-off 
analysis of the imposed performance penalties associated with 
each system, and that system which yields maximum overall 
performance is selected. 

Optimization and trade-off analyses for each propulsion 
system can be conveniently performed by utilizing specially 
developed performance nomographs, samples of which are 
included in this report.  These nomographs comprise a rapid 
anu effective preliminary design tool for optimization and 
selection of the most suitable propulsion system for V/STOL 
aircraft. 



The nomographs and other numerical results presented are 
based on the available performance data for the three 
propulsion systems considered. 

Section II contains an outline of the analytical procedures 
for optimization and trade-off analyses.  These procedures 
can be considerably simplified by utilizing specially 
developed performance nomographs which are presented in 
Section III.  A comparative evaluation of the three 
propulsion systems is presented in Section IV.  Finally, 
an application study is presented in Section V, where the 
most suitable propulsive system is selected utilizing a 
specified aircraft mission. 

The theoretical analyses utilized to generate the required 
performance data for the three selected propulsion systems 
are reviewed in Appendix I. Appendix II contains comparative 
performance results obtained for these systems. 



II.  OPTIMIZATION PROCEDURES FOR PROPULSION SYSTEMS 

Presented In this section are the analytical procedures for 
optimization and trade-off analyses of open propeller, ducted 
propeller, and turbofan propulsion systems.  These procedures 
utilize the most up-to-date performance data available for 
each propulsion system. 

Presented In Appendix I Is a section comprising a brief 
review of the available theoretical analyses which are 
commonly used for performance evaluation of open and ducted 
propellers and turbofan propulsion systems. 

A.  OPEN PROPELLER 

The available data which can be most readily applied to 
performance predictions of open propellers are presented In 
the form of performance maps In References 1 and 2.  These 
data were generated utilizing the most recent refinements 
In the strip analysis method augmented by appropriate 
propeller test data.  The performance maps of these references 
are presented as functions of the propeller blade Integrated 
design parameters, such as blade activity factor (AF) and 
Integrated design lift coefficient (IC^). 

The activity factor expresses the capacity of the blade to • 
absorb power and the integrated design lift coefficient gives ' 
a measure of an averaged blade camber. 

Although the performance data contained in References 1 and 
2 are interchangeably used for general propeller work, the 
data of the former reference are herein utilized to develop 
the analytical procedures for optimization and trade-off 
analyses of open propellers.  In order to better illustrate 
these procedures, which are outlined below, samples of the 
performance maps of Reference 1 are herein reproduced in 
Figures 1 through 3. 

1.  Static Condition 

a.  Establish the following design parameters: 

(1) Design static thrust required - Ts, lb. 
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(2) Propeller rotational speed - n, rev.p.s. 

(3) Propeller diameter - d, ft. 

(4) Density at any altitude - p  , slugs/ft3. 

(5) Number of blades - B. 

b. Using Figure 1(a) or the equivalent charts of 
Reference 1 (depending on the number of blades) , 
select a value for integrated design CL and determine 
a minimum y and the corresponding value of 100 Cp/AF. 
The minimum value of y   is selected to ensure minimum 
average ratio of blade CD/CL. 

c. With the minimum value of y   determined in step b, 
enter Figure 1(b) or the equivalent charts of 
Reference 1 (depending on the number of blades) and 
obtain a cross plot of rrndT/HP versus Cp. 

d. Repeat steps b and c for different values of ICL^ 

and obtain a complete plot of TrndT/HP versus Cp for 
the selected constant values of ICL^ corresponding to 
the minimum y  . 

e. Also, plot the relationship of 100 Cp/AF versus ICL-, 

using the results of step b. 

f. Compute  wndT/HP - K/Cp 

where K - 550TrT/^n2d4 

Superimpose this relationship (i.e,, K/Cp versus Cp) 
on the plot of irndT/HP versus Cp of step d, and 
obtain the points of intersection of the computed 
curve (K/C p ) with the chart curves ( rrndT/HP). 

g. From the points of intersection of step f, plot the 
relationship Cp versus ICL . 



h.  Using the values of Cp from step g, compute power 

(P) and then obtain the corresponding figure of 
merit, FM, from 

r^ 1 T /     T 
yr     p    v PWR* 

1.     Plot the figure of merit versus  IC^ and determine the 

maximum figure of merit,  I:Mmax,   and the corresponding 

value of ICL.. 

j.    With the value of ICL.   (corresponding to the maximum 

figure of merit)  from step 1,  enter the plot of Cp 
versus ICL    from step g and determine the correspond- 

ing value of Cp. 

k.     Also, using the same value of ICL,  determined in 

step 1,  enter the plot of 100 Cp/AF versus ICj,.  from 

step e and determine the parameter 100 Cp/AF. 

1.     Knowing Cp from step 1 and 100 Cp/AF from step J, 
compute the optimum activity factor,  AF,  corresponding 
to the maximum figure of merit. 

m.     Tabulate optimum propeller performance parameters 
AF,  ICL^   ymin.  HP,   PM. 

2.     Cruise Condition 

a.     Establish the following design parameters for cruise: 

(1) Design cruise thrust  - Tc,   lb. 

(2) Propeller rotational speed  -  n,  rev.p.s. 

(3) Propeller diameter - d,   ft. 

8 



(4) Cruise speed - V, ft,/sec. 
3 

(5) Density at any altitude - p ,   slugs/ft. 

(6) Number of blades - B 

b. Compute advance ratio J = V/nd using values of V, n, 
and d from step a.  With this value of J, enter 
Figures 2(a), 2(b),  nd 2(c) or the equivalent set 
of charts from Reference 1 (depending on the number 
of blades), and obtain a plot of 100 Cp/AF versus y 

for constant values of ICL^. 

c. With the same value of J as In step b, enter 
efficiency 'arves of Figures 3(a), 3(b), and 3(c) or 
the equivalent set of charts fron Reference 1 
(depending on the number of blades) , and obtain a plot 
of i; = (Cj/Cp/ J versus y  for constant values of Cp. 

d. Using the plot of 100 Cf/AF versus y  from step b, 
determine the minimum value of y  for each ICj. and 

plot 100 Cp/AF versus ICLJ. 

e. With minimum values of y  , determined In step d, 
enter the plot of 17 versus y   from step c and obtain 
the relationship of rj  versus Cp for constant values 
of ICLl. 

f. Using the design parameters given In step a, compute 

V=  K/Cp (where K = C^J) 

for several values of Cp.  Superimpose this relation- 
ship on the plot of TJ    versus Cp from step e and 

obtain the points of Intersection of the computed 
curve (K/Cp) with the chart curves of step e. 



g.  From Che points of intersection of step f, determine 
the maximum efficiency 7)       x and the corresponding 

values of C p and ICi,• 

h. With the value of ICL. determined in step g, enter 

the plot of 100 Cp/AF versus ICi- from step d and 

obtain the value of 100 Cp/AF. 

i. Knowing Cp from step g and 100 Cp/AF from step h, 

compute the optimum activity factor AF. 

J. Tabulate the final results. 

The above procedures yield the propeller geometry in terms of 
average values (i.e., activity factor, integrated design C^,), 
the figure of merit of an optimum static propeller, and the 
propulsive efficiency of an optimum cruise propeller.  Since 
no propeller can be truly optimum in both static and forward 
flight, it is necessary to determine a compromise geometry. 
The following method incorporates a trade-off between the 
optimum figure of merit in static condition and the optimum 
efficiency in cruise condition, to determine a compromise 
propeller. 

3.  Compromise Between Static and Cruise Conditions 

a. Reduce the static optimum figure of merit and the 
optimum cruise efficiency by an appropriate increment, 
e.fj., 5 percent. 

b. For the reduced figure of merit (FM) and the cruise 
efficiency (17), compute the power required, using 

FM (p n3d5) V 
.4T^ 

C PC 

FM (p nW)  V pw d' 

CTCJ 

10 



c. Using static thrust, compute the term (irndT/}&)$. 

d. Using Figure 1(b) and the value of (7rndT/HP)s from 
step c, plot a graph of Cpg versus y . 

e. From the graph of step d and the value of Cps from 
step b (static case), determine the corresponding 
value of y  . 

f. With the known value of ICL* and the value of y 

from step e, enter Figure 1(a) and determine 
(100 Cp/AF)s. 

g. Compute the static activity factor using the value of 
(100 Cp/AF)S from step f and the value of Cp from step b. 

h.  Using the plot of 77 versus y   obtained in s:.'.jp 2.c 
(cruise case) and the value of cruise Cpp and rf  from 
step b, determine the corresponding value for y . 

i.  Using the plot of (100 Cp/AF)c versus y  obtained in 
step 2.b and the value of y   obtained in step h, 
determine (100 Cp/AF)C. 

j.  Determine the cruise (AF)^. 

k.  Reduce the efficiency in static and cruise by an 
appropriate increment and return to step b.  Continue 
reducing until the activity factors in static and 
cruise are equal. 

The results of these procedures are illustrated in Figure 4, 
which shows a plot of propeller activity factor as a function 
of percent reduction from the optimum propeller efficiency 
for two different propeller diameters. 

The shaded areas of Figure 4 represent the regions of best 
compromise between static and cruise conditions.  It can be 
seen that these regions reduce for larger propeller radii, 
which implies that a more effective compromise is possible 
with a larger diameter propeller.  However, the final choice 
for a compromise propeller will dapend on the aircraft 
mission and weight requirements. 

11 
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B.     DUCTED PROPELLER 

Procedures similar  to those developed for open propellers  can 
be formulated for ducted propellers.     The procedures for 
ducted propellers  are based on the performance maps for a 
generalized family of shrouded propellers,   as presented in 
Reference 3.    These performance maps apply to a wide range 
of operating conditions,   including static and high cruise 
speed regimes,  and a wide range of duct  exit area ratios. 
Other duct geometric parameters such as  length-to-diameter 
ratio,  blade tip clearance,  and intake lip radius  are 
considered to be typical for subsonic operations within the 
limitations of one-dimensional incompressible momentum theory. 
These limitations  are that  length-to-diameter ratio is 
greater than 1.0,   that blade tip clearance is approximately 
zero,   and that the  intake lip radius  is of bellmouth shape. 

Reference 3 also provides compressibility correction curves 
as a function of propeller critical Mach number and shroud 
exit area ratio.     These curves are herein utilized to account 
for compressibility effects on ducted propeller performance 
at  high subsonic Mach numbers. 

Using the data of Reference  3,  the following analytical 
procedures can be established to determine an optimum static 
and an optimum cruise ducted propeller as well  as a best 
compromise between these two flight conditions: • 

1.     Static Condition 

a.    Assume the  following design parameters: 

(1) Propeller rotational speed - n,  rev.p.s. 

(2) Propeller diameter - d,  ft. 

(3) Total  thrust  - TTs,  lb. 

(4) Exit  area ratio. 

(5) Density at  any altitude  - p   ,   slugs/ft3. 
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b. Choose a value of IC^^ and, using the appropriate 

static performance maps from Reference 3, construct 
a graph of CTT/Cp versus TAF for constant values of 
Cp. 

c. On the graph of step b, construct a locus of peak 
Cf-ZCp points corresponding to each Cp. 

d. Using the values from step c, construct a graph of 
CxT/Cp versus Cp. 

e. On the graph of step d, plot the term Cxf/Cp for 

selected values of Cp. 

(NOTE:  CTJ is a known parameter.) 

f. The intersection of the curve of step e with the 
curve of step d gives the required value of CxT/Cp 
and Cp. 

g. Using the values of CT /Cp and Cp obtained in step f, 

determine the total activity factor TAF from the 
graph of step b. 

h. Comptit"e the figure of merit, FM, using 

m      0.707 
P^ 

i.  Choose another integrated CL,. and return to step b, 

j.  Choose the highest figure of m^rit and the 
corresponding values for TAF, Cp, and ICL. . 

2.  Cruise Condition 

a.  Establish the following design parameters 
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1. Propeller rotational speed - n, rev.p.s. 

2. Propeller diameter - d, ft. 

3. Total cruise thrust - TTc, lb. 

4. Exit area ratio. 

5. Altitude density - /), slugs/ft.3 

b. Calculate advance ratio, J, using 

J - V/nd 

c. Choose an integrated CL and, using the efficiency 
charts from Reference 3, construct a graph of ^-p 
versus Cp for constant values of TAF. 

d. On the graph of step c, construct a locus of peak 
efficiencies. 

e. Using the values from step d, plot a graph of i7T 
versus Cp. 

f. On the graph of step e, plot the relationship 

rjf      K/Cp 

where k - CT-J 

g.  The intersection of the curve of step e with the 
curve of step f yields the required values of ty-j. 
(total efficiency) and Cp. 

h.  Using the values obtained in step g, determine TAF 
from the graph of step c. 

i.  Choose another value of ICT  and return to step c. 
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J.  Select the highest total efficiency, 7}j,   and the 
corresponding values for ICL^, TAF, and Cp. 

Similar to the analysis for the free propeller, the preceding 
procedures determine the geometry in terms of avt/age values 
(i.e., total activity factor, integrated design CL) and the 
efficiency of an optimum static propeller and an optimum 
cruise propeller in a duct.  The following procedure develops 
a compromise ducted propeller between static and cruise 
requirements. 

3.  Compromise Between Static and Cruise 

a. Reduce the static optimum figure of merit and the 
optimum cruise efficiency by an appropriate 
increment, i.e., 5 percent. 

b. For the reduced figure of merit, FM, and efficiency, 
rjj,  compute the power required, using 

cPs= "v' 3j5 y-^ 
TT 

= .707 
TS 

C
TTC

J 

r  =   a 
\     vT 

c. Compute (CTT/Cp)s using static thrust. 

d. Using the values of C^ and (Cj /Cp)s obtained in steps 

b and c, respectively, enter the plot of (CxT/Cp)_ 

versus TAF in step l.b and read off the value of TAF 
for static case. 

e. Similarly, using the values of iff  and Cp obtained in 

step b, enter the plot of rjf  versus CPC in step 2.c 
and read off the value of TAF for cruise case. 
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f.    Reduce the efficiency In static and cruise by an 
appropriate increment and return to step b.    Continue 
reducing until the total activity factors in static 
and cruise are equal. 

C.     TURBOFAN 

The available turbofan performance data which are presented 
for concentric fans cannot be used to determine performance 
of fans alone.  Therefore, it is not possible to formulate 
analytical procedures for optimization of fan parmeters as 
in the case of open or ducted propellers.  Instead, turbofan 
systems can be optimized on the basis of fan-engine overall 
performance as is accomplished in the comparative study, 
Section IV of this report. 

• 
• 
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III.  SIMPLIFIED PERFORMANCE METHOD 

The analytical procedures for optimization and trade-off 
analyses of propulsion systems described in Section III can 
be considerably simplified by the use of specially developed 
performance nomographs.  Sample nomographs for open and 
ducted propellers operating in static and cruise conditions 
are presented in Figures 5 through 8.  The open propeller 
nomographs are derived from the available propeller perform- 
ance data presented in References 1 and 2, whereas those 
for ducted propellers are based on the performance data of 
Reference 3. The nomographs for turbofans could not be 
presented in the same form as those for open or ducted 
propellers due to difference in parameters utilized for 
performance computations of combined fan-engine propuliion 
system.  The nomographs (. Figures 5 through 8) represent a 
rapid performance method which can be used to determine an 
optimum propulsive device for a given flight condition, an 
off-design performance for a given system, or a best 
compromise between static and cruise operation.  The charts 
can also be used as a basis for studies of the trade-off 
between performance of various propulsion devices; as such, 
they represent an effective preliminary design tool for 
selection of the most suitable propulsion system for a given 
aircraft mission. 

In applying these performance charts to propeller or ducted 
propeller design problems, the following input parameters 
are required:  static thrust, cruise thrust, propeller 
diameter, propeller rotational speed, number of blades, 
and cruise speed.  The output parameters obtainable from the 
nomographs are: blade activity factor or, in the case of 
ducted propellers, total activity factor. Integrated design 
CL, figure of merit, cruise efficiency, power required, and 

power loading (T/HP) In static and cruise conditions.  The 
power loading of a given propulsion system is herein defined 
as the ratio of total thrust per horsepower (T/HP). 

This section presents a brief description of the nomographs, 
their usage, and sample calculations. Experimental verifi- 
cation of the accuracy of these charts is also provided. 
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Figure 5.    Nomograph for Determining  Performance 
of Open Propellers  - Static Condition. 
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Figure 6.    Nomograph for Determining Performance 
of Open Propellers   - Cruise Condition. 
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Figure  7.     Nomograoh for Determining Performance 
of Shrouded Propellers   - Static Condition. 
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Figure 8. Nomograph for Determining Performance 
of Shrouded Propellers - Cruise Condition. 
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A.  DESCRIPTION OF NOMOGRAPHS 

The nomographs presented in Figures 5 and 6 apply to open 
propellers operating In static and cruise conditions 
(J  2.0), respectively.  These charts were derived for a 
near optimum blade-Integrated design lift coefficient of 
ICLJ  0.5 and apply to propellers having four blades 
(B  4).  The open-propeller nomographs utilize activity 
factor (AF) as the primary blade design parameter. 

Figures 7 and 8 present similar nomographs for ducted 
propellers operating In static and cruise conditions 
(J  2.6), respectively.  Thesv* charts utilize the total 
activity factor (TAF) as the primary blade design parameter 
and therefore apply to ducted propellers with any number of 
blades. 

Each nomograph (Figures 5 through 8) consists of a set of 
five related charts designated as Figures A through E. The 
first chart (Figure A) of each nomograph presents a carpet 
plot of propeller or ducted propeller disc loadings versus 
tip speed, and the corresponding thrust coefficient. 

Figure B of each nomograph shows a plot of thrust coefficient 
versus power coefficient for constant values of propeller 
figure of merit (for static conditions) and cruise efficiency 
(for cruise conditions).  The lines of optimum figure of 
merit for static conditions and optimum cruise efficiency for 
cruise are also indicated on each plot, respectively. 

Figure C of each nomograph relates propeller power coefficient 
to blade activity factor (or total propeller activity factor 
for ducted propellers) for constant values of thrust 
coefficient.  The lines of optimum activity factor (or total 
activity factor) are also Indicated on each plot. 

Figure D represents a relationship between blade activity 
factor (or total activity factor for ducted propeller) and 
the corresponding thrust coefficient to power coefficient 
ratio for constant values of thrust coefficient.  The 
corresponding optimum propeller lines are also shown on 
each plot. 

n 
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Finally, Figure E presents a carpet plot relating thrust 
coefficient to power coefficient ratio versus propeller tip 
speed and power loading (T/HP). 

B.  USE OF THE NOMOGRAPHS 

The basic procedure for utilizing the nomographs Is explained 
graphically In the key of each chart. As mentioned 
previously, the nomographs can be used to determine an 
optimum static and an optimum cruise open or ducted propeller 
system, and to determine the best compromise system for the 
two operating conditions.  These procedures are outlined 
below: 

1. Optimum Propulsion System for Static or Cruise Conditions 

a. Determine the following parameters: 

(1) Total thrust In static or cruise conditions - 
T, lb. 

(2) Propeller diameter - d, ft. 

(3) Propeller rotational speed or tip speed - 
VT, ft./sec. 

(4) Number of blades. 

(5) Density at any altitude - p   , slugs/ft. 

b. Compute the required thrust coefficient using 

.2 ct.-s T 
2 2 

^ VT d 

Then,   for a given tip speed  (from step a),  obtain 
the corresponding disc  loading using Figure A of 
the appropriate nomographs. 

Z8 



Alternatively, compute disc loading using 

Then, for a given tip speed, (from step a), obtain 
the corresponding thrust coefficient using Figure A. 

c. With a known value of thrust coefficient (Cj)   (from 
step b), enter Figure B of the appropriate nomograph 
and read off propeller power coefficient (Cp) 

corresponding to an optimum figure of merit or an 
optimum cruise efficiency. 

d. Using Cp from step c, enter Figure C of the appro- 

priate nomograph and obtain the optimum activity 
factor (or total activity factor for ducted 
propeller) corresponding to the optimum propeller 
line. 

e. Using the value of optimum activity factor from 
step d, enter Figure D of the appropriate nomograph 
and obtain the thrust coefficient-to-power coefficient 
ratio corresponding to the optimum propeller line. 

£. With known values of thrust coefficient-to-power 
coefficient ratio (from step e) and propeller tip 
speed (from step a), enter Figure E of the appro- 
priate nomograph and obtain the corresponding power 
loading (PL). 

2.  Compromise System Between Static and Cruise Operating 
Conditions 

In order to determine a propulsion system geometry which would 
represent the best compromise between static and cruise 
operating conditions, the following procedure can be utilized: 

a.  Determine static and cruise thrust coefficients as 
shown in step b above. 
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b. With the known values of thrust coefficients (from 
step a), enter Figure B of the appropriate nomographs 
(one for static and one for cruise for the same 
propulsion system) and obtain the values of optimum 
figure of merit and optimum cruise efficiency. 

c. Reduce the values of optimum figure of merit and 
optimum cruise efficiency by appropriate Increments 
(e.g., 5 percent), and read off the corresponding 
static and cruise power coefficients using Figure B 
of the appropriate nomographs. 

d. With known values of static and cruise power 
coefficients (from step c) and fixed values of the 
static and cruise thrust coefficients (from step a), 
enter Figure C of the appropriate nomographs and 
obtain the corresponding values of activity factors 
(or total activity factors for ducted propeller 
system). 

e. Using the results of step d, obtain a plot of activity 
factor (or total activity factor for ducted propeller 
system) versus figure of merit and cruise efficiency. 
Select a common activity factor for the two operating 
conditions.  This selection can be performed on the 
basis of a given mission requirement or on the basis 
of a fixed percent reduction from maximum efficiency 
either in static or cruise condition. 

f. Using the common activity factor determined In step e 
and known values of static and cruise thrust 
coefficients from step a, enter Figure D of the 
appropriate nomographs and obtain the thrust-to-power 
coefficient ratio for each operating condition. 

g. U&ing the values of thrust-to-power coefficient ratio 
from step f and the known values of propeller tip 
speed, enter appropriate nomographs. Figure E, and 
read off the static and cruise power loadlngp. 
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C.     SAMPLE CALCULATIONS 

In order to better Illustrate the nomograph performance 
procedures,   the following sample calculations are presented: 

1.    Optimum Static  Propeller 

a. Assume the following parameters: 

Ts      11,000 lb.,  VT      900,  and d - 19.5 ft. 

b. Compute the required thrust coefficient Cj  using the 

following equation: 

tr2To CTs ^T4= •148 
pVT d 

Then, using VT - 900 ft./sec, enter Figure 5A and 

obtain the disc loading (DL). 

DL - 37 

or alternatively, compute the disc loading (DL) 
using the following equation: 

4 Tc; 
DL   1 - 36.83 

Td^ 

Then, using VT - 900 ft./sec, enter Figure 5A and 

obtain the required Cxs. 

CTs  - .148 

c    Using the value of CT    from step b,  enter rigure   5B 

and read off the power coefficient,  Cp^ c^rTt»»poixJing 
to the optimum figure of merit  line,  thu* 

Cp- .053 
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d. Using Cpc  from step c, enter Figure 5C and obtain 

the optimum activity factor corresponding to the 
optimum propeller line, thus: 

(AF)S - 89 

e. Using the value of optimum activity factor AF from 
step c, enter Figure 5D and obtain the value of 
(Ci</Cp)5 corresponding to the optimum propeller line, 

thus: 

(CT/Cp)s = 2.81 

f. With the known value of Cj/Cp from step e and Vj = 
900 ft./sec. from step a, enter Figure 5E and obtain 
the power loading PL. 

(PL)S = 5.4 

2.     Optimum Cruise  Propeller 

a. Assume the following parameters: 

Tc - 935.4 lb.,  VT = 540,  d - 19.5,  and J - 2.00 

b. Compute the required Cjo using the following equation: 

CT<: >^S = ■035 

Then,  using Vx ■ 540 ft./sec,  enter Figure 6A and 
obtain the disc  loading DL. 

DL - 3.1 

Alternatively,  determine the disc  loading  (DL) using 
the following equation: 

3TC 
DL - —y -   3.13 



Then, using Vx " 540 ft./sec, enter Figure 6A and 
obtain the required Cj*. 

CTc - .035 

c. With the known value of C^r from step b, enter Figure 

6B and read the required power coefficient Cpc 

corresponding to the optimum cruise efficiency line, 
thus: 

Cpc - .074 

d. Using Cpc from step c, enter Figure 6C and obtain the 

optimum activity factor (AF) corresponding to the 
optimum propeller line. 

(AF)C - 21 

e. Using the value of optimum activity factor (AF) from 
step d, enter Figure 6D and read off the value of 
(Cj/Cp)^ corresponding to the optimum propeller line. 

(CT/Cp)c = .485 

f. With (CT/Cp)c from step e and VT - 540 from step a, 

enter Figure 6E and obtain the power loading PL. 

(PL)C - 1.56 

3.  Compromise Open Propeller 

a.  With the values of static and cruise thrust coeffi- 
cients of CTs - 0.148 and CT   0.035 determined In 

steps 1(b) and 2(b), respectively, enter Figures 5B 
and 6B (optimum propeller lines) and read off the 
corresponding values of optimum figure of merit and 
the optimum cruise efficiency, thus: 

FM  0.970 and TJ      0.96 



Reduce the values of optimum figure of merit and 
optimum cruise efficiency using appropriate 
increments  (e.g.,   5 percent),   and for known values 
of Cj    and Cj    obtain the corresponding power 

coefficients Cp„  and Cf    using  Figures  5B and 6B, 

respectively. 

Using the values of Cjg and Cps,   and Cxc and Cpc 

from step b,   enter Figures 5C and 6C,  respectively, 
and obtain the corresponding static and cruise 
activity factors.    Summarize the results thus obtained 
as shown in Table I below. 

TABLE  I 

PRELIMINARY RESULTS FOR DETERMINING 
COMPROMISE OPEN  PROPELLER 

j                     Static Cruise                        1 

CTS 
FM             Cps          (AF)S CTC         v          cpc (AF)^ 

p.148 0.87         0.054         89 0.035         0.96         0.074 20    | 

0.80         0.058         60 0.90        0.078 48 

0.75        0.062        58 0.85         0.083 70 

0.80         0.087 84 

d.    Using the results of Table II,  plot the propeller 
activity factors obtained for static and cruise 
conditions versus figure of merit and cruise 
efficiency,   respectively,  as  shown in Figure 9.     If 
the crlterlum for compromise Is that both efficiencies 
for static and cruise conditions are equal,  then the 
common propeller activity factor from Figure 9 is  72.5 
and the corresponding efficiencies are 0.8'* percent. 
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e. Using this common activity factor of AF  72.5, and 
the values of CT   0.148 and CT - 0.035, enter 

lS 1C 
Figures 5D and 6D, respectively, and obtain the 
corresponding thrust power coefficients, thus: 

(CT/Cp)s  2.79 

(CT/Cp)c - .423 

f. With the static and cruise values of (CT/C  )  obtained 

in step e and the corresponding propeller tip speeds, 
enter Figures 5E and 6E,  respectively,  and read off 
the power loadings,  thus: 

(PL)S  =5.3 

(PL)C -1,2 (extrapolated for 540 fps) 

The sample calculations for ducted propellers can be performed 
in exactly the same manner as those outlined above for open 
propellers.     In this case,  the nomographs in Figures 7 and 8 
would be utilized. 

D.     EXPERIMENTAL VERIFICATION OF THE NOMOGRAPHS 

This section contains an experimental verification of the 
performance results presented in the nomographs with the 
available test data contained in References 4 through 7. 

1.    Correlation of Nomograph Results With Test Data of 
Reference 4 

Reference 4 presents the test data for open propellers 
operating In static conditions  (J ■ 0).     These data apply to 
the propeller having the following geometric parameters: 
IC^ = 0.5,  AF - 103,  d      13 ft.   1  in.,   and B - 4 blades. 

Table II shows  a comparison of  the measured values of T/SHP 
and the corresponding results obtained from the nomograph in 
Figure 5. 
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TABT,F II 

CORRELATION  OF THE NOMOGRAPH RESULTS 
(FIGURE  5)  WITH THE TEST DATA OF REFERENCE 4 

J                          Cp 

T/SHP 

Reference  4 
Nomograph 
Figure 5 

0                      0.119 

0                      0.057 

3.45 

5.2 

3.7 

5.3 

The above table  indicates a good correlation of the test  data 
and the nomograph results. 

2.     Correlation of Nomograph Results With Test Data of 
Reference 5 

Reference 5 presents  the open propeller test data for static 
and cruise conditions.     The propeller geometry was IC^. 

0.498, AF      90,   d       14 ft.,   and B       4 blades.     Table III   shows 
a comparison of  the measured and the  nomograph values of 
thrust coefficients obtained for various  power settings. 
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TABLE III 

CORRELATION OF THE NOMOGRAPH  RESULTS 
(FIGURES  5 AND 6)  WITH THE TEST DATA OF REFERENCE 5 

J Cp 

cl i 

Reference 5 
Nomographs 
Figures 5 and 6 

0 

2 

0.08 
0.06 
0.07 

0.04 
0.06 
0.08 

0.177 
0.151 
0.165 

0.01 
0.01 
0.031 

.17 

.16 

.175 

.009 

.018 

.03 

The above table Indicates a good correlation of the measured 
and the nomograph values of thrust coefficients for both 
static and cruise conditions. 

3.  Correlation of Nomograph Results With Test Data of 
Reference 6 

Reference 6 presents the test data for the XC-142 2FF 
propeller operating at advance ratio of J = 2.0. The 
propeller geometric parameters were ICL^ = 0.5, AF = 105, 

d  15.625 ft., and B = 4 blades.  Table IV shows a comparison 
of the measured and the nomograph values of thrust coefficients 
obtained for various power settings. 
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TABLE IV 

CORRELATION OF THE NOMOGRAPH RESULTS 
(FIGURE 6)  WITH THE TEST DATA OF REFERENCE 6 

(a) Static Condition 

J CP 

cT 

Reference 6 
Nomograph 
Figure 5 

0 .10 

.12 

.14 

2.07 

1.85 

1.75 

2.15 

1.92 

1.73 

(b) Cruise Condition 

J Cp 

< 

CT 

Reference 6 
Nomograph 
Figure 6 

2.0 0.06 

0.07 

0.08 

0.02 

0.025 

0.031 

0.015 

0.022 

0.0275 

The above table indicates good to fair correlation of the test 
data and the corresponding nomograph results. 
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4. Correlation of Nomoaraph Results With the Test Data of 
Reference 7 

Reference 7 presents the data for shrouded propellers tested 
at static and various cruise speeds. The shrouded propeller 
geometry was:  TAF - 960, ICL. = 0.13, d - 2 ft. 5 In., and 

exit area ratio = 1.0. The duct overall geometry was the 
same for both static and cruise tests with the exception of 
the duct lip radius; I.e., the lip radius for static 
condition was Increased as compared to that at cruise. 
Table V shows the comparison of the measured and the nomo- 
graph performance results. 

TABLE V 

CORRELATION OF NOMOGRAPH RESULTS 
(FIGURES 7 AND 8) WITH THE TEST DATA OF REFERENCE 7 

(a) Static Condition 

J         Cp 

CTT/CP 

Reference 7 
Nomograph 
Figure 7 

0         0.4 1.65 1.68 

0.3 1.9 1.9 

0.2 2.2 2.25 

0.1 2.6 2.64 
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TABLE V (CONTINUED) 

(b) Cruise Condition 

J 

CTT/CP 

Reference 7 
Nomograph 
Figure 8 

1.0 

1.2 

1.6 

0.8 

0.625 

0.8 

0.835 

0.7 

0.87 

The above table Indicates a good correlation of the test 
data and the corresponding nomograph results for both static 
and cruise operating conditions. 
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IV.  COMPARATIVE EVALUATION OF PROPULSION SYSTEMS 

A.  CRITERIA FOR COMPARISON 

The comparative evaluation of open propeller, ducted 
propeller, and turbofan propulsion systems Is herein 
performed on the basis of aircraft-propulsion system 
performance, weight, vibratory stress levels, operational 
requirements, and complexities peculiar to each system. 

The performance computations were made assuming typical 
V/STOL aircraft parameters such as equivalent flat plate drag 
area of 8 ft.2, wing span loading of 460 lb./ft., wing aspect 
ratio of 6.0, Oswald wing efficiency factor of 0.8, and a 
total design gross weight of 20,000 lb.  The aircraft 
configuration considered is a tilt-wing type for the open 
propeller system and a tilt-propulsion system type for both 
ducted propeller and turbofan systems.  Each configuration 
Is equipped with two propulsion systems of the same type 
possessing concentrically located gas generators and power 
turbines.  The propulsion systems are interconnected with 
shafting so as to permit single engine operation.  Normally, 
however, the aircraft total power requirement is equally 
shared by the engines. 

The propulsion systems were designed to a static thrust/gross 
weight requirement of 1.1 at 6000 ft. pressure altitude and 
950F temperature.  Tables VI through VIII summarize the range 
of the most pertinent design parameters considered for each 
system. 

The weight analysis was performed utilizing the most recently 
available weight trend data for each propulsion system. 
Engine installation weight was accounted for by utilizing 
suitable semi-empirical relationships.  The aircraft equip- 
ment and structural weight was assumed to be invariant for 
each propulsion system considered and was computed on the 
basis of constant percentage of vehicle total gross weight. 

The fuel weight for each propulsion system was computed for 
an appropriate combination of cruise speeds and ranges, 
assuming a total hovering time of 5 minutes at the design 
condition.  The cruise speeds varied between the speeds 
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TABLE VI 

OPEN PROPELLER PROPULSION SYSTEM CONFIGURATIONS 

Conf.    Static Disc    Blade 
«lo.        Loading Activity 
 Lb,/Ft.2 Factor Remarks 

1 37.2 

2 37.2 

3 37.2 

4 37.2 

5 35.2 

6 35.2 

7 35.2 

8 33.5 

9 33.5 

10 33.5 

140 

130 

120 

115 

120 

110 

100 

100 

90 

85 

1. 
2. 

3. 

All configurations are based 
on: 

4-bIaded propeller 
Blade integrated lift 
coefficient of ICL^ 

T64-16 turboshaft engine 
a. Gas generator 

pressure ratio of 
13:1 

b. Maximum turbine 
inlet temperature 
of 20000F 

c. Exhaust area of 
450 in.2 

43 



• 

TABLE VII 1 
DUCTED PROPELLER PROPULSION SYSTEM CONFIGURATIONS       1 

font . Static Disc Total 
Mo. Loading Activity 
I Lb./Ft.2 Factor Remarks          1 

1 96.25 500 All conflguracions are based 
on: 

1 2 96.25 600 1. 
2. 

4-bladed propeller 
Blade Integrated lift 

3 96.25 700 coefficient of ICLJ   j 

4 88.5 400 3. 
■ .5 
Shroud exit area ratio 
a. Cruise 1:1 

5 88.5 500 
4. 

b. Static 1.2:1 
T64-16 turboshaft     [ 

6 88.5 550 engine 
a. Gas generator 

7 88.5 600 pressure ratio of 
13:1             j 

8 75.3 400 b. Maximum turbine 
inlet temperature 

9 75.3 500 of 20000F        j 
c. Exhaust area of 

110 75.3 600 450 tr».2 
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TABLE Vni 1 
TURBOFAN 1 PROPULSION SYSTEM CONFIGURATIONS 

Conf. Percent Fan Fan 
No. Available Pressure Bypass 

Energy Ratio Ratio Remarks 

1 85 1.60 5.31 All c 
based 

onflguratlons are 
on: 

2 85 1.45 6.78 1. Direct-drive 
concentric front 

3 85 1.30 9.78 
2. 

fan arrangement 
Gas generator 

4 55 1.60 3.31 pressure ratio 
of 13:1 

5 55 1.45 4.36 3. Maximum turbine 
inlet temperature 

6 55 1.30 6.43 of 20200F 

7 45 1.60 2.73 

8 45 1.45 3.59 

9 45 1.30 5.29 
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limited by the minimum thrust required and the maximum 
thrust available, whereas the selected ranges considered In 
this study were 100,   300, and 500 nautical miles.    The fuel 
weight was Increased by approximately 15 percent to allow 
for 10 percent reserve fuel and 5 percent Installation losses, 
The specific fuel consumption for each performance segment 
was computed based on the Initial takeoff gross weight. 

The vibratory stress analysis, which constitutes an Important 
consideration in the comparative evaluation of propulsion 
systems, was of necessity qualitative.    A quantitative 
analysis of vibratory stress levels requires a detailed 
knowledge of blade section properties and blade section 
airload distribution and is beyond the scope of the present 
program. 

The comparative evaluation of open propeller, ducted 
propeller,  and turbofan propulsion systems was performed on 
the basis of the following parameters: 

1. Overall efficiency i^. 

2. Relative productivity, WpLVc/WE. 

3. Relative fuel consumption, wp/Wp^. 

4. Payload-to-gross weight ratio, Wp^/W^. 

In addition, the following operational requirements and 
complexities peculiar to each propulsion system were 
considered: 

1. Installation effects. 

2. Control system complexity. 

3. Delcing requirements. 

4. Noise. 

5. Exit velocity. 

6. Maintainability and reliability. 

46 



« 

The sections below present Che methods of analysis and Che 
resulCs obCalned from the comparative evaluation  study. 

B.    PERFORMANCE ANALYSIS 

1.    Total Required Thrust 

The total thrust to be generated by a propulsion system can 
be expressed as follows: 

where 

TT - DA + % + FR - FG + DS (1) 

DA = aircraft drag,   lb. 

DN = fan nacelle and/or   engine nacelle drag,  lb. 

FR = engine ram drag,   lb. 

FQ = engine exhaust  residual  thrust,  lb. 

Dg - ducted propeller shroud drag,  lb. 

The drag contributions of various aircraft components and the 
propulsion systems can be determined from the  subsections 
below. 

a.    Aircraft and Propulsion System Drag  (DA+ig) 

Using the equivalent flat plate area of f/ = 8 ft.2, 
as defined in section A above, the aircraft parasite 
drag can be expressed as 

% - 8q (2) 

Engine nacelle drag or turbofan nacelle drag can be 
generally expressed as follows: 

( 

DN = qAmax CDB 
+ CDf 

wet 

^nax 
K (3) 
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.1 
where Che ratio of nacelle wetted surface area \jet 
and nacelle maximum frontal area ATnax Is defined by 

geometry as 

*wtt . 2 _Jt_(_^ M (4) i / <*J + l] 
iax\°max   / ^max    nma 

where 

dmax ■ maximum frontal diameter, ft. 

dj ■ Jet exhaust diameter, ft. 

£ "  engine length, ft. 

Using References 8 and 9, the following engine 
nacelle parameters are obtained for the T-64-GE-16 
engine: 

1 dJ 2 *      = 2.0, —*- = 0.7,  K = 1.0, Aj = 450 in.^ 
<*max <*max 

*- ■ "/&2 - * 

= .450 = 918 in.2 = 6.37 ft.2 

49 

CDB = 0.05,  CDf = 0.0025 

Substituting the above values into equations (3) 
and (4) yields 
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• 

-Ü^t - 6.8 
Amax 

• D^ = 0.425 x q per engine 

For two engines, the total nacelle drag Is 

DN = 2 x 0.425q - 0.85q 

or fN = I^/q  - 0.85 ft.2 

The above value of £^ Is herein utilized to account 
for engine nacelle drag for both open propeller and 
ducted propeller aircraft configurations. 

For the turbofan configuration, the nacelle drag Is 
based on Che fan nacelle maximum frontal area, Af  , 

max which depends on turbofan bypass ratio and 
pressure ratio.  Since the latter parameters are 
considered as variables, It Is convenient to express 
the turbofan nacelle drag In terms of Af 0 J-max 

Thus,  using Reference    8,   the following turbofan 
parameters are obtained: 

A  = 1 TC      d - 1.15,     _J_ = 0.98,   K - 1.1 
dmax dmax 

CDB =  0.0213, CDf = 0.0025 

Substituting the above values into equations (3) 
and (4) yields 
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Amax 
2  x 1.15   (0.98   t   1)  - 2.3 x 1.98 - 4.554 

Dw     (q)Af (0.0213  4  0.0025 x 4.554)  1.1 n     NM/   i.max 

0.036(q)Af_flv/engine max' 

For two turbofan systems, 

D^ = 0.072(q)Af max 

or ffl - DN/q = 0.072 Af max 

The total equivalent flat-plate area for the air- 
craft and the propulsion system drag can be 
expressed as follows: 

f = £A + £N (3) 

The combined aircraft, nacelle, and wing-induced drag 
at any cruise speed can be conveniently determined 
by utilizing the established performance methods of 
Reference 10.  From this reference, the cruise 
speed and the corresponding aircraft drag for 
maximum lift-to-drag ratio are given by 

(WD) max 
= 12.9 

VeF 
-v/w/b" (6) 

and 

(DA+N)(L/D) max 
= 1.132 Sv^ (7) 
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where 

W/b ■ wing span loading, lb./ft. 

e = Oswald wing efficiency factor (0.8) 

f = equivalent flat plate area (equation 
5) 

For any cruise speed and V(L/J))   , given by 

equation (6), the cruise speed factor ky can be 
determined as 

va/DW 

With a known ky factor (given by equation 8), the 
corresponding drag factor kp can now be determined 
using Figure 10 reproduced from Reference 10« The 
combined aircraft nacelle and wing drag for any 
cruise speed can then be computed from the following 
relationship: 

D(A+N) =(kD)D(A+N)(L/D)max (9) 

where D(A+N)(L/D)   
is given by equation (7). 

b.  Engine Exhaust Thrust (FQ), Ram Drag (FR). and 
Ducted Propeller Shroud Drag (Ds) 

The engine exhaust residual gross thrust (FQ), 

engine ram drag (FR), and ducted propeller shroud 
drag (Dg) (If applicable) can b«1 determined by a 
simple, rapidly convergent iteration procedure. 
This procedure is as follows: 
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(1) For a given cruise speed, compute combined 
aircraft and nacelle drag as given by 
equation (9) and determine 

r_.    TT 
D(A+N) 

1           2 4             2 U 

Cn P . D(A+N) vo Up 

/mV pr?*5 

J = \ 

nd 

and 

C-rJ 

Cp 

(2)    Also,  compute engine shaft horsepower as 
follows 

SHP - D(A+N)   Vo 

•PI    550 

(3) With a known shaft horsepower and a cruise 
speed, enter the engine specification charts 
and read off engine residual exhaust thrust FQ. 
Also, obtain the airflow w^ and compute engine 

ram drag using 

FR = ^ v0 

(4) Calculate a better approximation for total 
thrust from 

TT - D(A+N) + FR " FG 
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(5) For open propeller and turbofan systems, repeat 
steps (1) through (4) until convergence in 
total thrust is achieved. This will yield the 
final value of the total thrust required for 
open propeller and turbofan propulsion systems. 

(6) For ducted propeller propulsion systems, enter 
the value of total thrust from step (4) into 
ducted propeller charts, Figures 1.2 through 
1.9 of Reference 3, and obtain shroud drag 
factor FQ. 

(7) Compute the ducted propeller shroud drag: 

Ds - TT(1-FD) 

where TT is obtained in step  (4). 

( 8)     Calculate the better approximation for total 
thrust using 

TT = D(A+N)   + FR -  FG  + DS 

(9) Repeat steps (1) through (4) and (6) through 
(8) until convergence in Tj is achieved.  This 
will yield the final value of total thrust 
required for ducted propeller propulsion systems 

2. Ring Wing Equivalent 

In comparative evaluation of the performance of the three 
propulsion systems considered, it is necessary to account for 
the increment of lift due to the shroud of a ducted propeller 
or turbofan. This can be performed by determining a ring 
wing equivalent. 

According to Reference 11, the lift developed by a ring wing 
is twice the lift of an elliptic wing with a root chord equal 
to the chord of the ring airfoil and a span equal to the 
ring wing diameter.  If the ring airfoil lift coefficient is 
based on its projected planform area, then 

LRW :: 2 LEW 
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or 

/dcA       = „.   /dCL\ 
IdayRW      2   I do/ EW (13) 

From Reference 12, the lift curve slope for an elliptic wing 
is given by 

dCU  _  2ir AR 
da /EW ■    2(AR+4) (14) 

/    AR+ AR+2 

Substituting equation (14) into equation (13) and simpli- 
fying, there results 

(: 

dcA      w2 
(15) 

If v   Si 1 AR+2 

The aspect ratio for an elliptic wing is defined as 

AR - ^ (16) 

Substituting equation (16) into equation (15) and simplifying, 
there follows 
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. 

(<]   - ZI  (17) 
/RW  l+(l+jrC/d)/(l+2d) 

In order Co maintain a constant aircraft total lift (equal 
to gross weight) for all three propulsion systems, an 
appropriate reduction in wing area must be made for ducted 
propeller and turbofan propulsion systems.  This wing area 
reduction is given by 

py/^y ASW = 2 SBH/^IRW/^IW (18) 

where for the conventional wing 

(: 

fCj\ 
\ (19) 

do /W  l+-^g 
'     WAR 

For the ducted propeller shroud geometry given by C/d =0.5 
and the turbofan nacelle geometry given by C/d = 1.15, the 
corresponding reductions in wing area (AR =6.0) are given by; 

For ducted propeller 

ASW = 1.16d
2 

For turbofan 

ASW - 1.31d
2 

3. Overall Propulsion System Efficiency 

One of the parameters used for comparative evaluation of 
various propulsion systems is overall efficiency.  This 
efficiency is defined as the ratio of useful work performed 
to the total supplied energy; thus, 
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The useful work performed is the product of aircraft total 
drag and the flight speed; thus 

UW = DAVC (21) 

This useful work can also be expressed in terms of ambient 
absolute temperature (t0,R) and aircraft flight Mach number 
(M), as follows: 

Uw - (DA)49yr M (22) 

The energy supplied to the propulsion system is given by 

E8 = JE HF wF/3600 (23) 

where 

Jg - mechanical equivalent of heat, 778 ft.-lb./BTU 

HF = heating value of the fuel, BTU/lb. 

Wp •» fuel flow rate, lb./hr. 

Substituting equations (22) and (23) into equation (20), 
there follows 

^o 
226.74 DA\/t M 

Hp wp 
(24) 

Assuming a sea level standard condition and a fuel heating 
value of Hp = 18,400 BTU/lb., equation (24) is reduced to 

«   UW 

^o -i: (20) 
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DAM 
% = 0.28-^ (25) WF 

C.  WEIGHT ANALYSIS 

1. Total Aircraft Weight (WG) 

The total aircraft weight can be expressed as follows: 

WG " WUL + WE (26) 

where 

WyL = useful load,  lb. 

Wg = empty weight,   lb. 

2. Useful  Load (WUL) 

The useful load is given by 

WUL = WPL + Wc + wF + w0 + wRF (27) 

where 

WpL = payload, lb. 

\JQ = crew weight, lb. 

wp = fuel weight, lb. 

w0 = oil weight, lb. 

WRF = resldual  fluids weight,   lb. 
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In the present analysis the following were considered as 
fixed weights: 

Wflxed = WC + wo + WRF " 550 lb- (28) 

Using the above value of fixed weight, the useful load can 
be expressed as 

WUL = 550 + WPL + WF 

3.  Empty Weight (WE) 

The aircraft empty weight can be expressed as follows: 

WE =Wp+ W! + WE>S -AWy (29) 

where 

Wp ■ propulsion system weight, lb. 

Wj - engine installation weight, lb. 

Wg c = equipment and structural weight, lb. 

Z\ww ■ reduction of wing weight due to decrease of 
wing area to account for propulsion system 
shroud lift, lb. 

a. Propulsion System Weight (WP) 

The open and ducted propeller propulsion system 
weight is given by 

WP = we + WPr + WS ^ wd + WC,S + WFS (30) 
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where 

We ■ engine weight, lb. 

Wpr  propeller weight, lb. 

Wg  shroud weight, lb. 

Wj ■ drive system weight, lb. 

WC S  control and starling system weight, lb. 

Wps = fuel system weight, lb. 

Each of the above propulsion system weight components 
can be obtained utilizing the following relation- 
ships: 

From Reference 9, 

We = 690 Np (31) 

From Reference 2, 

(fsy0-12 (M+u<>^Np (32> 

From Reference 13, 

W - .TiafT^C/tJ0,4 Np (33) 
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From Reference 14, 

Wd -  .095Q0-84 Np (34) 

Wc.s " 50 NP (35) 

Wps = 30 Np +   .3 wF/6.5 (36) 

where 

B = number of oropeller blades 

Np = number of engines (or number of 
propulsion systems In this analysis) 

AF = blade activity factor 

Q = engine torque 

M - design Mach number 

tQ  ■ shroud wall thickness 

SHP - design value of shaft horsepower 

The turbofan propulsion system weight can be 
directly obtained from Figure 11. This weight, 
which is a function of fan pressure ratio, bypass 
ratio, and the airflow. Includes the weight of gas 
generator, controls and accessories, shaft and 
bearings, turbine, nacelle,and fan. 

b.  Engine Installation Weight (WI) 

The open and ducted propeller installation weight 
includes the weight of nacelles and attachments and 
is given by 
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f 

w* = 7{m)    N 
2/3 

(37) 

where 

HPj  ■ Installed horsepower 

The  turbofan Installation weight  Includes  the weight 
of pylons and attachments and according  to Reference 
14 can be expressed as follows: 

wi ^(wp^)0'41 NP (38) 

where 

nc = crash load factor 

c.     Equipment and Structural Weight   (WE,S) 

This weight Includes total aircraft body weight 
(with wings,  tailplane,  vertical fin,   etc.), 
weight of cross-shafting between propulsion systems, 
flight control weight,   alighting gear weight, 
instrument and navigational equipment weight,   and 
air-conditioning and deicing weight.     In the present 
analysis, the equipment and structural weight was 
assumed to be equal  to 40 percent of the total air- 
craft gross weight  for each propulsion system 
analyzed.    Thus, 

WE,S  = 0.4 WG (39) 
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d. Wing Weight Reduction Q^V^j) 

Although the total wing weight is included in the 
structural weight (equation (39)), a small reduction 
in wing weight AWy is achievable as a result of 
propulsion system shroud lift.  In order to maintain 
a constant aircraft lift (equal to total gross 
weight) for all propulsion systems, the basic wing 
area can be reduced bv the amount of AS^ as given 

by equation (18). Due to this reduction in wing 
area, the wing weight for ducted propeller and 
turbofan propulsion systems can be reduced by 

1.974 

AWw -(£)   {^ -1- m ]   ] 
2 0.658 

(40) 

D.  VIBRATORY STRESS ANALYSIS 

The prediction of vibratory stress levels for a propulsion 
system requires knowledge of the mass and elastic properties 
of the blades, as well as the blade airload distribution. 
Hence, the vibratory stress levels cannot be predicted from 
the generalized parameters utilized in the present study. 
I.e., ICLJ, AF, etc.  Unfortunately, there exists no reliable 

method by which a vibratory stress trend can be predicted at 
the present time. 

One of the most critical operating conditions which gives 
rise to high vibratory stress levels on open propellers is 
the skew flow field resulting from the propeller axis not 
being aligned to the alrstream. 

The dynamic problem which must be solved is the coupling 
between blade aeroelastic deflection and its effect on the 
blade airload distribution.  Such an analysis is presented in 
Reference 15, which predicts both the performance and the 
vibratory stress levels of VTOL-type propellers in presence 
of the nacelles and wings. However, the validity of the 
analytical method presented in Reference 15 has not been 
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fully substantiated, although work Is presently being 
performed to obtain the required experimental verification 
of this analysis. 

The vibratory stress analysis of ducted propellers has two 
additional factors which give rise to periodic airloads. 
The first of these is the structural struts (stators) which 
support the duct.  The second is the skewed flow, and 
possibly the flow separation, which occurs at the inlet when 
the duct is inclined with respect to the airstream. 

The strut effect can, in principle, be treated by the method 
of singularities.  However, none of the present analyses, 
i.e.. References 16 and 17, incorporate this effect. 
Measurements of stress levels in Reference 18 indicate that 
the airframe and wind direction can exert a major influence 
on the vibratory stress levels.  However, no open literature 
was available on this subject. 

The determination of turbine blade vibrating stress levels 
also requires a detailed knowledge of both blade design and 
the frequencies and amplitudes of the exciting forces.  If 
any of the aerodynamic disturbances have a frequency close 
to the natural frequency of vibration of any one of the 
blade modes, then the blades will vibrate at large amplitudes 
and may ultimately suffer fatigue failure.  In Reference 19, 
it was found that reduction in the fan blade thickness and a 
consequent reduction in critical frequencies can be 
accomplished by the use of appropriate materials such as 
boron and beryllium. 

In summary, vibratory stress trends could not be predicted for 
comparison of the three different propulsion systems since data 
were lacking at the present time; however, it is realized that 
this is an area of primary importance in V/STOL aircraft 
propellers, and one should be constantly aware of the presence 
of these vibratory stresses in hopes of incorporating 
propeller and propulsion system component designs to reliably 
operate in this environment. 

E.  RESULTS OF THE COMPARATIVE STUDY 

The results of the comparative study of open propeller, ducted 
propeller, and turbofan propulsion systems presented herein 
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are based on Che methods and procedures outlined In the 
previous sections.  These results show a direct comparison 
of overall performance of the three propulsion systems and 
depict operational requirements and complexities peculiar to 
each system. 

1.  Performance Results 

The performance comparison of the three propulsion systems Is 
accomplished on the basis of overall propulsive efficiency 
(defined In Section B.3 above), relative productivity 
WpL (VC)/WE, relative fuel consumption wp/WpL» and payload-to- 

gross weight ratio Wp^/WQ.  These results are discussed below. 

a. Overall Efficiency (^o) 

Figure 12 shows a comparison of overall efficiency ij0 

for open propeller, ducted propeller, and turbofan 
propulsion systems as a function of sea level cruise 
Mach number.  This efficiency parameter represents the 
ratio of useful work done on the aircraft to the 
available heat energy supplied by the fuel; as such. 
It also represents a product of propulsive and thermal 
efficiency for each system. 

Examining Figure 12, It can be noted that the overall 
efficiency Increases with an Increase In cruise Mach 
number for each propulsion system considered.  It 
can be further seen that for a fixed cruise Mach 
number, the open propeller has a higher overall 
efficiency as compared to ducted propeller and 
turbofan propulsion systems.  However, for both open 
and ducted propeller systems, the upper range of this 
efficiency (I.e., at M 0.58) Is power limited, 
whereas the turbofan efficiency Increases up to a 
Mach number of about 0.9. 

b. Relative Productivity [(WPL) (Vq) /(WF)1 

Figure 13 shows the plots of the relative productivity 
of the three propulsion systems versus sea level cruise 
Mach number for constant values of range of 100, 300, 
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• 

and 500 nautical miles, respectively. The data were 
obtained on the basis of maximum payload-to-gross- 
welght ratio for each system and for each Mach 
number considered. 

Figure 13a shows that, for a short range of 100 
nautical miles, the turbofan achieves a higher 
maximum relative productivity and at a higher cruise 
Mach number than either the open or the ducted 
propeller system. For Increased ranges, as can be 
seen from Figures 13b and 13c, the relative 
productivity of all three propulsion systems 
deteriorates; however, the rate of decrease for the 
turbofan Is appreciably higher than that for either 
the open or the ducted propeller. This result Is 
more clearly Indicated by Figure 14, which shows a 
cross plot of maximum productivity for each 
propulsion system versus range.  The variation of the 
corresponding Mach number at maximum productivity 
versus range Is depicted In Figure 15. 

From the results of Figures 13 and 14, It can be 
concluded that for ranges greater than 220 nautical 
miles, open propeller yields higher maximum 
productivity than ducted propeller or turbofan. 
Furthermore, the maximum productivity for open 
propeller Is achievable at higher cruise Mach numbers 
as compared to ducted propeller but lower cruise 
Mach number as compared to turbofan. 

c.  Relative Fuel Consumption (WF/WPL) 

Figure 16 presents the plots of relative fuel consump- 
tion for the three propulsion systems versus sea level 
cruise Mach number for constant values of ranges of 
100, 200, and 300 nautical miles, respectively. These 
plots show that the open propeller system exhibits the 
least relative fuel consumption as compared to the 
ducted propeller or the turbofan system for all cruise 
speeds and ranges of comparison. 

Figure 17 shows a plot of the minimum relative fuel 
consumption versus range for the three systems.  This 
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figure indicates that the minimum relative fuel 
consumption increases with range for each system and 
that the turbofan requires from two to three times 
more fuel than the open propeller for the values of 
ranges and speeds considered.  Furthermore, for all 
three propulsion systems, the speed for the minimum 
relative fuel consumption is practically independent 
of range.  This speed corresponds to M^0.35 (231 KT) 
for open and ducted propeller systems and M=0.5 
(330 KT) for the turbofan system. 

d.  Payload to Gross Weight Ratio (WpL/WG) 

Figures 18 through 20 present payload to gross weight 
ratio for the three propulsion systems as a function 
of their characteristic configuration parameters. 
These characteristic parameters are propeller diameter 
for open and ducted propeller propulsion systems and 
bypass ratio and the percent of the maximum available 
gas generator energy supplied to the fan for the 
turbofan propulsion system.  The energy not absorbed 
by the fan is retained in the turbine exhaust for 
production of jet thrust.  Since the performance of 
open and ducted propeller systems was based on the 
T64-GE-16 power plant, the energy distribution for 
these propulsion systems was fixed at approximately 
97 percent to the propeller and 3 percent to the 
exhaust. 

The results of Figures 18 through 20 are presented 
for a variety of cruise speeds and a constant range 
of 300 nautical miles for each system.  The numerical 
data for ranges of 100 and 500 nautical miles are 
presented in tabular form in Appendix II. 

Figure 18 shows the variation of payload to gross 
weight ratio for an open propeller propulsion system 
as a function of propeller diameter for constant 
values of cruise speeds.  This figure indicates that 
for a constant cruise speed, the payload to gross 
weight ratio g »nerally increases with increase of 
propeller diarr.^ter. However, the rate of increase at 
large propeller diameters is quite small.  Furthermore, 
the payload to gross weight decreases with increase in 
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cruise speed.  If Che results of this figure are 
extrapolated, It appears that a maximum payload to 
gross weight ratio is achievable at a forward speed 
of about 200 knots with propeller diameter at about 
19.7 feet. 

Similar trends as discussed above are Indicated in 
Figure 19 for the ducted propeller propulsion system. 
In this case, the maximum value of payload to gross 
weight ratio is obtained with an optimum ducted 
propeller diameter of about 12.2 feet. 

Figure 20 shows the variation of payload to gross 
weight ratio as a function of bypass ratio for the 
turbofan propulsion system.  These plots are presented 
for constant cruise Mach numbers ranging from M  0.3 
to M - 0.9 and constant values of maximum percent of 
gas generator available energy delivered to the fan. 
Examining these plots, It can be noted that for a 
constant Mach number, an optimum value of payload to 
gross weight ratio is obtained at a bypass ratio of 
about 3.59 and 45 percent of the maximum available gas 
generator energy supplied to the fan. This corresponds 
to fan pressure ratio of about 1.45.  It can be 
further noted (Figure 20b) that for this optimum 
configuration (I.e., at bypass of 3.59 and 45 percent 
energy supplied to the fan), the maximum value of 
payload to gross weight ratio is about 0.175, 
achievable at cruise Mach number of M - 0.45. As 
cruise Mach number increases from M  45 to M = 0.9, 
the payload to gross weight ratio rapidly decreases 
and even becomes negative at a cruise Much number of 
M = 0.9.  The negative values of payloao to gross 
weight ratios at M = 0.9 are indicative of the fact 
that at this cruise speed and a takeoff gross weight 
of 20,000 lb., the turbofan system is not capable of 
achieving the range of 300 nautical miles. 

For other distributions of the maximum available gas 
generator energy supplied to the fan (i.e., 55 and 85 
percent), it appears that, in general, optimum values 
of payload to gross weight ratio are achievable with 
either low bypass ratios corresponding to high fan 
pressure ratios, or high bypass ratios corresponding to 
low fan pressure ratios. 
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In general, the Curbofan propulsion system can be 
optimized at any bypass ratio by establishing an 
appropriate distribution of the maximum available 
gas generator energy supplied to the fan. 

2. Operational Requirements 

In addition to performance evaluation, the propulsion system 
can be compared on the basis of the operational requirements 
and complexities associated with each system. Some of these 
requirements are discussed below. 

a.  Installation Effects 

The Installation effects are discussed In this 
section In terms of factors which Influence perform- 
ance and configuration during Integration of air- 
craft and propulsion systems. 

Concentric propulsion systems which are defined by an 
axial arrangement of propeller, ducted propeller, or 
ducted fan with gas generator, power turbine, and 
turbine exhaust nozzle present the lesser packaging 
and Installation problems, as compared to non- 
concentric systems, thereby minimizing aircraft 
weight and protuberances which In turn reduce drag. 
Additional benefits are obtained because of propeller 
or fan supercharging of the basic gas generator air- 
flow and tilting of the entire propulsion system as 
dictated by directly coupled components.  Tne effects 
of open or ducted propeller supercharging have been 
included in the analysis by assuming the pressure 
recovery factor at the gas generator compressor 
inlet to be 1.0.  The generalized turbofan perform- 
ance data employed. Reference 8, incorporate the 
effects of fan supercharging, and no further 
corrections are warranted. Since the directly 
coupled components of the concentric propulsion system 
tilt as a unit during conversions to and from 
conventional and VTOL flight, the kinetic energy in 
the turbine nozzle exhaust Is effectively utilized 
for both propulsion and lift.  This factor Is 
particularly important for those turbofan configura- 
tions which retain a significant portion of gas 
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generator available energy In Che turbine nozzle 
exhaust. 

The Increment in lift from fan nacelle or duct 
shroud circulation is included in the analysis as 
a reduction in wing weight due to decreased wing 
area requirements.  Typical wing weight reductions 
for the ducted propeller and turbofan propulsion 
systems were on the order of 2% percent and % 
percent of gross weight, respectively. 

All propulsion system configurations considered were 
provided with shafting so that, in the event of an 
engine failure, asymmetric thrust would be minimized 
or eliminated.  Turbofan propulsion system config- 
urations with a large portion of energy retained in 
the turbine nozzle exhaust will require provisions 
in addition to simple intershafting.  Perhaps an 
adequate solution may be obtained with geared inter- 
shafting. This would permit the fan of the inopera- 
tive turbofan engine to operate at a higher 
rotational speed than that of the operative engine 
and thereby equalize the thrust from the fan and 
turbine nozzle of the operative turbofan.  Admittedly, 
there is a definite need for further research in this 
problem area. 

Desirability of minimum aircraft pitching moment 
during conversions dictated wing-mounted propulsion 
systems and, in addition,a wing-tip pod mounting of 
the turbofan propulsion system.  Fuselage clearance 
defined the wing spanwise position of the open 
propeller propulsion system.  Further studies are 
required in order to optimize the ducted propeller 
propulsion system spanwise wing location.  The open 
propeller propulsion system necessitated a tilt-wing 
aircraft configuration in order to minimize adverse 
propulsion system slipstream intaractions.  Consider- 
ation of landing gear length for adequate ground 
clearance suggested a high wing location in 
conjunction with fuseläge-mounted main landing gear. 
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b.  Control System Complexity 

The following discussion pertains to propulsion 
system controls and aircraft attitude controls. 
The latter group is included since it is affected 
by the particular characteristics of the propulsion 
system selected. 

(1)  Propulsion System Controls 

For the open propeller propulsion system, there 
are two main controls operated by the pilot: 
the power turbine speed control and the 
propeller pitch control. 

The power turbine output speed is controlled by 
a governor which activates the gas generator 
fuel flow rate in order to maintain the selected 
speed. 

The propeller pitch mechanism controls the 
propulsion system thrust.  A change in propeller 
pitch produces a change in power turbine speed 
due to the variation in torque.  The power 
turbine speed governor then senses a discrepancy 
between the value selected by the pilot and 
that of the actual power turbine.  The governor 
changes the gas generator fuel flow rate and 
thus the rpm, in order to maintain the constant 
value of selected speed (N2) at the new thrust 
level. 

The ducted propeller propulsion system is 
controlled in the same manner as the open 
propeller except for the shroud exit area.  The 
shroud exit area can be varied by a pilot- 
operated two-position switch control. 

Control of the turbofan propulsion system is less 
complex in that there is no fan pitch change 
mechanism.  The pilot's power turbine speed 
control is the primary thrust control. A change 
in selected value of the pilot's speed control 
is sensed by the speed governor, which causes an 
appropriate adjustment of the gas generator 
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fuel flow rate in order to establish the 
desired power turbine output speed.  A change 
In output speed reflects a change In turbofan 
thrust. 

(2) Aircraft Controls 

Lateral maneuvers are accomplished by differ- 
ential thrust in the static condition and 
aileron deflection in forward flight for ill 
propulsion systems. 

In hover»directional motion is provided by 
application of differential aileron deflection 
for the open propeller and ducted propeller 
propulsion systems.  Turbofan propulsion 
system directional control may be achieved by 
either of two methods:  a variable pitch 
auxiliary fan or a pitch nozzle thrust.  The 
first method would require auxiliary fan 
shafting coupled directly with the intershaft- 
ing between the main propulsion systems.  The 
second method would necessitate compressor 
bleed air to be delivered to reaction nozzles« 
Either control device would be located at the 
fuselage afterbody.  Directional control in 
level forward flight is achieved through 
conventional rudder deflection. 

Longitudinal control during static conditions 
is accomplished by means of a combination of 
monocyclic propeller pitch and flap deflection 
for both open and ducted propeller propulsion 
systems.  For the turbofan propulsion system, 
this control is achieved by a reaction nozzle 
or a variable pitch auxiliary fan located in 
the fuselage afterbody.  In level forward 
flight, longitudinal control is achieved 
through conventional elevator deflection.  When 
two or more control systems are feasible, 
detailed trade-off studies should be conducted 
in order to determine the optimum control 
system for a particular application. 
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c. Deiclng Requirements 

Delclng requirements for the three propulsion systems 
can be accounted for as additional Increments In 
weight of the systems.  For propeller delclng, this 
weight Increment Is on the order of l^f percent of 
the propeller weight.  For ducted propellers, the 
additional weight required by the electrical heating 
wires imbedded In the duct Inlet and struts Is 
generally negligible.  This Is also true for the 
delclng of the bellmouth entry of ducted fans.  The 
ducted fan Inlet struts are delced by compressor 
bleed which Is Integrated Into the engine design and 
hence does not represent an Increase in weight. 
However, for this propulsion system there is an 
Increase in weight due to the power cable from the 
engine generator to the duct inlet and the associated 
control wiring.  For remote engine locations, such as 
on the X-22A, this may amount to 2 to 3 percent of the 
duct weight.  Since this Increase in weight is 
expected to be within the accuracy of the weight 
trends (+5%), it is considered to be of secondary 
Importance. 

d. Noise 

The classical Gutin propeller noise theory is still 
a reliable means for defining far-field propeller 
noise at zero airspeed.  Reference 2 has presented 
a nomograph procedure for noise estimation restricted 
to static propellers. Calculations employing this 
nomograph procedure based on the open propeller 
propulsion system considered in the comparative study 
indicated noise levels of 102 decibel at a distance 
of 200 feet. 

For a propeller operating at a given forward speed, 
a method for calculating the sound pressure field has 
been presented in References 20 and 21.  The 
complexity of this method necessitates the use of a 
high speed digital computer and is beyond the scope 
of this report. 
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For ducted propellers the following noise Informa- 
tion was obtained from the test data of Reference 22: 

(1) The maximum total sound pressure for a two- 
bladed shrouded propeller will vary from one- 
half to twice the pressure of an unshrouded 
propeller, 

(2) Minimum noise occurs when the flow on the 
shroud surface Is unseparated, while separated 
flow will cause maximum noise. 

(3) An appreciable reduction of maximum total 
sound pressure may be achieved by an Increase 
In the number of blades. 

Turbofan noise levels In hover and cruise modes are 
presented graphically In Reference 14 as a function 
of bypass ratio.  These levels are based on Inlet 
and exhaust noise.  The former has been determined 
experimentally while the latter Is based on 
Llghthlll's jet parameters, which have been verified 
by the experimental data.  Inlet noise levels at 
zero airspeed varied from 110 decibels at a bypass 
ratio of 3.0 to 99 decibels at a bypass ratio of 
12.0.  Exhaust noise varied from 112 to 102 decibels, 
while total noise level varied from 116 to 105 
decibels.  For the cruise flight regime, total noise 
level remained fairly constant at 122 decibels for 
all bypass ratios. 

e.  Exit Velocity 

A number of theoretical methods are available for 
predicting slipstream velocities in the wake of an 
open propeller or a ducted propeller (see Appendix l). 
For the purpose of this discussion, a simple 
momentum approach is considered to be adequate to 
determine the exit velocities of open and ducted 
propeller propulsion systems considered. 

Performing the required numerical computation, it can 
be shown that the open propeller propulsion system 
having a disc loading range of 33.5 to 37.2 lb./ft.2 
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Induces lowest wake velocities of approximately 168 
to 177 ft./sec, respectively, as compared to ducted 
propeller or turbofan propulsion systems. 

The ducted propeller exit velocities varied from 
approximately 178 to 201 ft./sec. for a disc loading 
range between 75.3 to 96.3 lb./sq. ft., respectively. 

The exit velocity for the turbofan propulsion system 
can be directly obtained from the results of Figure 
21.  This figure shows that the turbofan exit 
velocity is a function of bypass ratio and the gas 
generator energy distribution delivered to the fan. 
Specifically, the turbofan exit velocity decreases 
with increase of bypass ratio for constant percent 
of the gas generator energy distribution to the fan. 

Furthermore, for a constant bypass ratio, the exit 
velocity increases with increase of gas generator 
energy supplied to the fan. 

At a bypass ratio of 2.73 and ^5 percent of the gas 
generator energy distribution delivered to the fan, 
Figure 21 yields the exit velocity of 1143 ft./sec. 
for the turbofan propulsion system considered. 
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V.  APPLICATION STUDY 

An application study was conducted for the open propeller, 
ducted propeller, and turbofan propulsion systems based on a 
selected mission profile.  The results are compared In terms 
of relative productivity, fuel consumption, weight, static 
thrust margin, maximum speed, and general configuration 
characteristics. A method is developed for selection of the 
optimum propulsion system for the specified mission. 

A.  CRITERIA FOR SYSTEMS EVALUATION 

1. Methodology 

The vehicle gross weight was assumed to be 20,000 lb 
initially for each propulsion system.  The same aircraft 
configuration and parameters employed in the comparative 
evaluation were retained for the application study.  Each 
propulsion system configuration was selected based on the 
optimum performance obtained in the comparative study. A 
propeller static disc loading of 37.2 and 88.5 p.s.f., 
respectively, was selected for the open and ducted propeller 
propulsion systems in conjunction with the T64-GE-16 turbo- 
shaft engine. A bypass ratio of 3.6 and 45-percent design 
maximum distribution of available gas generator energy 
defined the turbofan propulsion system. The vehicle gross 
weight for each propulsion system was established through 
iterative calculations based on a payload of 2500 lb. and 
selected mission profile.  Performance and group weights 
were calculated based on methods which were described within 
the comparative study section of this report.  The 
assumptions used in establishing mission fuel requirements 
were the same as those employed in the comparative evaluation 
except for reserve fuel allowance, which was reduced to 5 
percent of initial fuel.  A layout sketch of the final 
geometry of each integrated vehicle-propulsion system was 
then constructed. 

2. Mission Analysis 

The application study of the three propulsion systems was 
based on a specific mission profile which incorporated the 
following segments: 
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a. Hover 5 minutes at 6000 ft., 95nF atmosphere. 

b. Loiter 20 minutes at standard sea level atmosphere. 

c. Combat 20 minutes at standard sea level atmosphere. 

d. Cruise 100 nautical miles at standard sea level 
atmosphere. 

The above mission profile did not include values of cruise, 
combat, and loiter speeds. In order not to adversely affect 
any of the propulsion systems, a basis of comparison was 
developed which established the cruise and combat speeds for 
each propulsion system as a percentage of that speed which 
resulted in maximum relative productivity. Also, it was 
evident that the optimum system could be chosen immediately 
based on the results of the comparative study, if the 
mission loiter, cruise, and combat speeds were the same for 
each propulsion system. 

The speed for maximum relative productivity established as 
a function of range in the comparative study is herein defined 
as the optimum cruise speed.  The optimum cruise speed during 
combat endurance and the equivalent combat range were 
calculated in the following manner. Values of equivalent 
combat range were calculated based on the product of the 
specified combat endurance time and assumed values of combat 
cruise speed.  Then combat cruise speed was plotted as a 
function of equivalent range on the graph expressing optimum 
cruise speed as a function of range (see Figure 15).  The 
optimum combat-endurance speed and the equivalent combat range 
were established at the point where the two curves inter- 
sected. 

The mission cruise speed was selected as 80 percent of the 
optimum speed at the particular mission range of 100 nautical 
miles, while the combat cruise speed was chosen as 100 
percent of the optimum speed at the specified mission 
endurance of 20 minutes.  Loiter speeds were selected at 
Mach number of M = .2, M ^ , 25, and M - .3, respectively, for 
the open propeller, ducted propeller, and turbofan propulsion 
systems. 
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The mission cruise speed was made lower than the optimum 
speed in order to trade off productivity for lower vehicle 
weight.  Loiter speeds were based on estimates of speed for 
minimum fuel consumption for the open and ducted propeller 
propulsion systems, whereas the turbofan speed was selected 
as the lowest speed for which the turbofan performance data 
were available. 

B.  RESULTS OF THE APPLICATION STUDY 

Comparative vehicle mission performance for the open 
propeller, ducted propeller, and turbofan propulsion systems 
is presented in bar chart illustrations of relative 
productivity (Figure 27)  and vehicle weight and weight 
distributions (Figure 23).  A tabular numerical comparison 
of vehicle weight and weight distribution is also Included 
(Table IX).  Finally, sketches of configuration layout for 
the integrated aircraft propulsion system vehicles are 
presented in Figures 24 through 26. 

1.  Performance and Weights 

Figures 22 and 23 indicate that the turbofan propulsion 
system provides the best relative productivity of WpL Vg/Wg 
■ 64, while requiring 100 percent more fuel and 20 percent 
higher empty weight than the open propeller and ducted 
propeller propulsion systems.  The relative productivity of 
the open propeller propulsion system is 2 percent lower than 
that of the turbofan propulsion system, compared to a 12- 
percent reduction for that of the ducted propeller propulsion 
system. 

The available static thrust margin at the design gross 
weight and 6000 ft. - 950F atmosphere is 22, 27, and 10 
percent for the open propeller, ducted propeller, and turbofan 
propulsion systems, respectively. 

Maximum sea level Mach number is M ^ .93 for the turbofan, 
M •* .58 for the open propeller, and M = .53 for the ducted 
propeller, based on power or thrust limitations. 

2.  Configuration Layout Sketches 

Configuration layout sketches shown in Figures 24 through 26 
provide qualitative installation comparison and give further 
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Insight on possible operational problem areas.  These 
problem areas are as follows: 

a. Limited propulsion system ground clearance. 

b. Ground erosion, cratering, etc. 

c. Foreign object damage (FOD). 

Although the tilt-wing open-propeller propulsion system 
configuration exhibits sufficient ground clearance, a 
practical limitation on propeller diameter is encountered. 
Additional ground clearance may be obtained by limiting the 
wing tilt angle during STOL phases of operation.  Problems 
relating to ground cratering and foreign object damage are 
minimum for the open propeller propulsion system since it 
possesses the lowest slipstream velocities.  Chances of 
ground fire are remote because of the low energy and mass 
flow of the residual trubine nozzle exhaust gas. 

The smaller diameter of the ducted propeller propulsion 
system, in addition to an Inboard location with respect to 
the wing tip, provides more than adequate ground clearance. 
Possibilities of ground cratering and foreign object damage 
are greater than the open propeller and less than the turbo- 
fan propulsion systems.  Chances of ground fire should be 
even lower than that of the open propeller because of the 
higher energy flow from the ducted propeller mixing with the 
low energy and mass of residual turbine nozzle gas flow. 

A wing tip mounting of the tilting turbofan propulsion system 
results In limited ground clearance during VTOL operation. 
However, the probability of ground contact can be eliminated 
by mounting auxiliary shock absorbing bumper gears on the 
turbofan gas generator nacelles.  The turbofan engine cycle 
selected for the application study based on maximum perform- 
ance retains a large percentage of available gas generator 
energy In the turbine nozzle exhaust.  Consequently, the 
possibilities of ground fire or cratering and foreign object 
damage are great and will prevent operation from unprepared 
runways. Configuration changes to alleviate these problems 
are: 
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a. Turbofan cycles and configurations with a large 
portion of the available gas generator energy 
delivered to the fan, 

b. Multiple counterrotatlng spool designs, gear- 
driven concentric front fan configurations, or 
other concepts that will reduce gas generator 
length. 

c. Gear-driven remote fan configurations. 

C.  EVALUATION OF PROPULSION SYSTEMS 

Having determined values for independent performance 
parameters, such as relative productivity, fuel consumption, 
maximum speed, and static thrust margin, there remains to 
integrate the relative value of each of these parameters 
and to establish a basis for finding the optimum propulsion 
system. 

In applying the decision-making procedures of Reference 23, 
the numerical outcome or value of each of the four perform- 
ance parameters was graded on the basis of ten for each 
propulsion system.  That is, for the static thrust margin 
parameter, the outcome for the open propeller, ducted 
propeller, and turbofan propulsion systems was graded as 
9.6, 10, and 8.7, respectively, based on a jimple proportion 
of the maximum outcome 1.27 to a grade of 10.  The resulting 
matrix is shown in Table X. 

TABLE X 

PERFORMANCE PAYOFF MATRIX • - EQUAL RELATIVE UTILITY 

Propulsion Relative Fuel Con- Max. Static Thr. 
System Productivity sumption  Speed Margin 

Open Propeller 9.8 10     6.2 9.6 

Ducted Propeller 8.8 10      5.7 10 

Turbofan 10 5     10 8.7 
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A conclusion cannot be drawn from the above matrix, since 
each of the performance parameters Is presented with equal 
weighting or equal relative utility. 

A relative utility must be established among the various 
parameters based on specific mission objectives and Influence 
of operational environment.  In lieu of a definitive appli- 
cation, values of relative utility (Schedule 1) have been 
assigned, based on best estimates for the application study as 
.5 for relative productivity, .1 for fuel consumption, .2 for 
maximum speed, and .2 for static thrust margin. After multi- 
plying the elements of the original matrix by their 
respective utility values, the resulting payoff matrix is 
given in Table XI. 

1 TABLE XI 

PERFORMANCE PAYOFF MATRLX - RELATIVE UTILITY SCHEDULE 1 

Propulsion 
System 

Relative Fuel 
Produc-  Con- 
tlvlty   sumption 

Max. 
Speed 

Static 
Thrust 
Margin 

Expected 
Payoff 

Open 
Propeller 4.9      1.0 1.24 1.92 9.06 

Ducted 
Propeller 4.4      1.0 1.14 2.00 8.54 

Turbofan 5       0.5 2.00 1.74 9.24 

The expected payoff which is to be maximized was calculated 
for each system as the sum of the corresponding row elements 
of the payoff matrix.  Hence, the turbofan propulsion system 
is optimum. 

It is interesting to note that when the relative utility 
values for maximum speed and static thrust margin axe changed 
to .15 and .25, respectively (Schedule 2), the open propeller 
propulsion system, as indicated in Table XII , becomes the 
optimum configuration, 
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TABLE XII 

PERFORMANCE PAYOFF MATRIX - RELATIVE UTILITY SCHEDULE 2 

Propulsion 
System 

Relative Fuel 
Produc-  Con- 
tivity   sumption 

Max. 
Speed 

Static 
Thrust 
Margin 

Expected 
Payoff 

Open 
Propeller 4.9 1.0 0.93 2.40 9.23 

Ducted 
Propeller 4.4 1.0 0.86 2.50 8.76 

Turbofan 5.0 0.5 1.50 2.18 9.18 

Indications are that the ducted propeller system would 
require an extremely large static thrust margin relative 
utility value and very low relative utility values for 
maximum speed and relative productivity in order to become 
competitive. 

Although beyond the scope of this report, numerical values 
for parameters which define operational characteristics and 
their relative utility should be included for evaluation in 
the payoff matrix.  It is felt that these items would favor 
the open propeller propulsion system. 
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VI.  CONCLUSIONS AND RECOMMENDATIONS 

1. Methods have been developed for optimization and trade- 
off analyses of relative performance merits of open and 
ducted propeller and turbofan propulsion systems. 

2. The comparative study of the three propulsion systems 
indicates that for ranges greater than 220 nautical 
miles, the open propeller yields higher maximum 
productivity than the ducted propeller or turbofan 
systems.  Furthermore, this productivity is achievable 
at higher cruise speeds as compared to ducted propeller, 
but appreciably lower speeds as compared to turbofan. 

3. The comparative study presented in this report indicates 
that the relative fuel consumption for open propeller 
propulsion system is lowest as compared to that for 
ducted propeller or for turbofan systems. 

4. Based on the relative utility values used in the 
application study, open propeller was selected as the 
most suitable propulsion system for the specified 
aircraft mission. 

5. The performance nomographs developed under this program 
represent a rapid preliminary design tool for 
selection of the most suitable propulsion system for a 
given aircraft r.iission. 

6. It is recommended that performance nomog-aphs be 
developed for all three propulsion systems and be 
extended to include a wider range of the pertinent 
performance parameters. 

7. It is also recommended that further studies be conducted 
to obtain vibratory stress data which could be used to 
establish vibratory stress level trends to be applied to 
future designs of the propulsion systems. 
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APPENDIX I. 

REVIEW OF THE AVAILABLE THEORETICAL ANALYSES 
FOR VARIOUS PROPULSION SYSTEMS 

Presented In this section Is a brief review of the available 
theoretical analyses which is commonly used for performance 
evaluation of open and ducted propellers and turbofan 
propulsion systems. 

A.  OPEN PROPELLER 

The analytical methods used for predicting the performance of 
open propellers are based on a combination of momentum, blade 
element, and vortex theories. Although these theories are 
considered to be adequate for performance prediction of 
lightly loaded propellers operating in axial cruise flight, 
they have certain limitations as to their applicability to 
heavily loaded propellers operating in static conditions. The 
basic deficiency of these analyses is in the assumptions 
pertaining to propeller inflow distribution and the associated 
wake structure in determining the blade load distribution. 
Considerable effort is being expended to better represent the 
propeller flow field for a more accurate prediction of 
propeller static performance. The following is a brief 
synopsis of the available propeller theories: 

1. Momentum Theory 

The momentum theory, based on the work of Rankine and Froude, 
is derived from the following fundamental assumptions: 

a. Flow through the actuator is a potential flow. 

b. Propeller acts as an actuator disc (infinite number 
of blades). 

c. Continuous inflow velocity across propeller disc. 

d. Uniform distribution of velocity over the disc. 

e. Zero slipstream rotation. 

Referring to Figure 27, the actuator disc thrust can be 
expressed as the change of axial momentum of the air passing 
through the disc in unit time; thus, 
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Vp = V0 H Vi 
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Figure 27. Schematic Representation of the Flow Through 
an Actuator Disc. 
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Tp - MpVv« - v0) (41) 

From Bernoulli's equation, the Increase In pressure across 
the disc Ap Is 

P = P2- Pi " ^ P^l - V0
2) (42) 

Also, the thrust of the actuator disc can be expressed as 

Tp - ApAp (43) 

Substituting equations (41) and (42) into equation (43) yields 

Vp - ^V« ♦ V0) (44) 

If the velocity increments at the plane of the propeller and 
in the far wake are defined as v^ and v^ , respectively, 

there follows: 

Vp - V0 + Vi (45) 

V« = V0 + v (46) 

Substituting equations (45) and (46) into equation (44) yields 

v, = % v«, (47) 

Substituting equations (45), (46), and (47) into equation (41) 
yields 

Tp = 2/)Ap(V0 + v^Vi (48) 
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From equation (48), Che induced velocity at the propeller 
plane can be expressed as follows: 

vi - * ^ +'v/f^a)   ♦ rf- <49> 1 2     V \ 2/        7pk? 

The ideal power is the work done by the thrust, namely, 

?! = TpV0 (50) 

The actual power P is the change of kinetic energy per unit 
time. Thus, 

P = ^Vp f V«> ^O2] 
ä
 
T
P
(V

O 
f ^     (51) 

The ideal efficiency is defined as the ratio of useful work 
(ideal power) to total work (actual power); thus. 

Pi 
7i ' 7 (52) 

Substituting equations (50) and (51) into equation (52), the 
ideal efficiency in cruise becomes 

where v^ is given by equation (9). 

Equation (53) is not applicable to static conditions (since 
^ = 0 at V0 = 0). The measure of propeller efficiency at 

static conditions is given by figure of merit, FW, defined as 
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FM - i-ß /-E- (54) 

The momentum theory as outlined above yields overall 
propeller performance results; however, It does not provide 
the Information required for blade detail design. 

2. Blade Element Theory 

Some Information pertaining to blade detail design can be 
obtained by using the blade element theory outlined below. 

Consider a blade element of chord Cx and width dr located at 
a radius r from the propeller axis as shown In Figure 28. 
The forces acting on the blade element along and perpendicular 
to the propeller axis are: 

dTp = dLcos^- dDsln^ (55) 

dF = dDcoaip + dLsln^ ^56) 

Also, the section lift and drag forces are given by 

dL = A BCdrV2CT (57) 
2       L 

P     2 
dD = -^ BCdrV % (58) 

Defining blade solidity as a = BCx/irR and nondlmenslonal 
propeller radius as x = r/R, equations (57) and (58) can be 
written as follows: 

(59) dL 
2 Vxc A 

dD 
-$ 
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dF « 
Plane of Rotation 

/ 

Figure 28.  Blade Element at Radius r From Propeller Axis 
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Substituting equation« (b9) and (60) Into aquations (55) 
and (56) yield» 

dTp/dx - | A^V^CLCOI* - CD«!!^)        (61) 

dF/dx - | ApO* V2(CDco«^ + CL sln^)       (62) 

DefiningX -(vo ♦ VJVVJ and 8 - CD/CL, equations (61) and 

(62) bacon« 

dTp/dx - | ApVT
2o^CL(X

2 + x2) (x -8X ) (63) 

dF/dx -   | ApVj^^X2 4 x2)  (8x +X) (64) 

The elemental  horsepower Is given by 

dHP/dx - ^ dF/dx VTx (65) 

Substituting equation (64) Into (65) yields 

dHP/dx -    530 (f S?T^A< x2+ x2)  ( 8x +X) <66> 

Equation (48) can be written In differential form as 

dTp/dx - VAp(V0 ♦ v1)vl« (67) 

Equating equation (67) and equation (63) yields 

8 v1x(V0 ♦ Vj) 

VT (X    ♦ x^^(x -8X) 
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Equation (68) expresses Che relationship between blade 
chord, lift and drag coefficient, and Inflow velocity at 
the blade element. This equation can be used for optimiza- 
tion and detail design of the blade section. 

3. Vortex Theory 

The vortex theory as applied to open propellers considers 
the propeller wake as a system of trailing vortices which 
are shed along the rotating blades and which propagate down- 
stream In the form of helical sheets (Figure 29). Due to 
the complexity of the wake structure, the existing mathe- 
matical models representing the flow field utilize a variety 
of simplifying assumptions.  The validity of some of these 
assumptions, such as rigid wake (no wake contraction). Is 
questionable, especially when applied to heavily loaded 
propellers operating In static conditions.  It Is therefore 
convenient to discuss the vortex theory from the point of 
view of Its applicability to either lightly or heavily 
loaded propellers. 

a.  Lightly Loaded Case 

By considering the propeller to be lightly loaded 
and having an Infinite number of blades, the 
hellcoldal wake structure can be approximated by a 
series of cylindrical vortex sheets. With this 
model, the Inflow can be directly related to the 
circulation distribution at the propeller plane. 
However, the assumption of an Infinite number of 
blades Is considered to be Inaccurate for propellers 
with four or less blades.  This Is due to the fact 
that for a low number of blades, the hellcoldal 
trailing vortex system Induces an appreciable radial 
flow near the boundary of the slipstream, thus 
resulting In a drop of circulation and, hence, loss 
of lift at the tip of the blades.  To account for 
this loss of lift, Prandtl (Reference 24) developed 
an approximate correction for the circulation at 
each radial station.  In a modified vortex analysis, 
Goldstein (Reference 25) obtained a rigorous 
mathematical solution for two-and four-bladed 
propellers.  This analysis has been extended by 
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Figure 29.  Propeller Wake Represented by 
a System of Hellcoidal Sheets. 
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Lock (Reference 26) to a general case for n number 
of blades. 

b.  Heavily Loaded Propeller 

The vortex theory discussed above was extended to 
heavily loaded propellers by Theodorsen (Reference 
27). This was achieved using specially developed 
clrculaclon functions, K(x), which relate the 
conditions In the far wake to blade circulation. 
These functions were determined experimentally 
using an electrical analogy method. 

With the advent of high-speed digital computers, 
several propeller analyses have been developed which 
attempt to eliminate the basic assumptions of the 
classical propeller theories. These analyses, which 
are summarized In References 15, 28 and 29, differ 
primarily In details of mathematical representation 
of the propeller wake structure, and all of them 
require lengthy Iterative computer solutions to 
obtain propeller performance and stress data.  The 
mathematical representation of the propeller flow 
field, as shown In Figure 30, consists of a bound 
vortex line along the blade radius and a system of 
discrete trailing vortices shed from each section of 
the blade.  In some of the analyses, this model is 
simplified by considering the trailing vortex system 
to consist of a strong spiral tip vortex and a 
central line vortex. 

In each case, the strength and the geometry of the 
trailing vortices are computed from the known blade 
load distribution (based on blade element and 
momentum theories) and blade geometry and rotational 
speed. The induced velocity due to each vortex 
filament is then computed utilizing the Biot-Savart 
law.  These velocities are then used to compute a 
better approximation for the blade airload distribu- 
tion.  This iteration cycle is performed until a 
desired convergence is obtained; i.e., the finally 
computed velocity distribution at the propeller plane 
is compatible with the airload distribution. 
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Figure 30.  Trailing Vortex Spiral Geometry. 

12Z 

' 



Modern vortex analyses Include the effects of slip- 
stream contraction and rotation which are of great 
Importance In predicting static performance of free 
propellers. 

B. DUCTED PROPELLER 

The ducted propeller Is basically a free propeller which Is 
circumscribed by a shroud.  The main purpose of the shroud 
Is to modify the flow field of a free propeller so as to 
achieve an Increase in propeller thrust. The methods for 
analyzing the performance of ducted propellers are 
essentially similar to those used for free propellers with 
the exception that a proper account must be made for the 
effect of the shroud. These methods are as follows: 

1. Momentum theory for basic propeller. 

2. Method of singularities for shroud effects. 

3. Combination of momentum, blade element, and 
singularity theories for overall ducted propeller 
performance. 

1. Momentum Theory 

In addition to the momentum assumptions applied to free 
propeller analyses, the ducted propeller analysis utilizes 
the following assumptions: 

a. The flow In the duct wake Is cylindrical. 

b. The velocity at the duct exit Is uniform and Is equal 
to that In the Infinite wake. 

Using the nomenclature of Figure 31, the total thrust of a 
ducted propeller can be expressed as change of momentum per 
unit time; thus. 

TT WP(V»- VO> (69) 
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Figure 31.    Schematic Representation of the Flow 
of a Ducted Propeller. 
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The continuity relationship between the propeller plane and 
the duct exit requires that 

A V = A V (70) p p   e e 

Since Ve = ^(assumption) , then 

Vp = Ag/ApV (71) 

The velocity at the propeller plane can be defined In terms 
of the duct far wake velocity; thus, 

Vp - (* +8p)Va) (72) 

where 8p Is the duct local Induced velocity coefficient 
representing the effect of the shroud on propeller flow. 

Using equations (71) and (72), the average momentum value of 
8p can be expressed as follows: 

8 = AM - h (73) 
P   e P 

Substituting equation (71) Into equation (69), the total 
thrust TT can be expressed as 

TT ^Vp(VAeVp " Vo) (74) 

Equation (74) yields the following quadratic In V«: 

"p'-CV^P ■(?){£)-0       (75) 
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Solving equation (75)  yields the following relationship for 
the velocity at the propeller plane: 

VP ■H^-[(H'«)n "" 
The power required (excluding duct drag)  can be expressed 
as the change in kinetic energy per unit time given by 

P " KVo/^o)2 " Vo2> (77) 

The ideal propulsive efficiency can be defined as 

Vi - -^ (78) 

Substituting equations (69)  and  (77(  into equation (78) 
yields 

i7l "  2— (79) '1        V     +  V vo + vco 

Substituting equation (72) into equation (79) yields 

2Vo 

Vo + T—E- (80) 
i+ 3p 

It should be noted that in this analysis the duct contribu- 
tion to the propeller Induced velocity 8p is only a function 
of the area ration Ae/Ap. TV s is nearly true only for the 
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case when the length-to-diameter ratio of the duct Is 
larger than 1.0.  For length-to-diameter ratios of less than 
1.0, the radl.."' variation of th», J«ct parameter 8p Lecomea 
apprecfable, as will be shown In the subsequent analysis. 

2. Method of Singularities 

A convenient technique of evaluating the duct effect on the 
propeller flow Is provided by the method of singularities. 
In this approach, both the propeller and the duct are replaced 
with singularity distributions which mathematically represent 
the ducted propeller flow field.  Although the determination 
of these singularity distributions Is extremely difficult In 
the general case, the case of the optimum ducted propeller 
operating at or near Its design condition can be readily 
solved. The optimum propeller produces a uniform velocity 
In Its remote wake and therefore can be represented by a 
combination of a sink disc and a semi-infinite parallel flow, 
as shown in Figure 32(a). This In turn can be equlvalently 
represented by a uniform seml-lnflnlte vortex cylinder.  The 
duct can be replaced by a distribution of vortex rings of 
unknown strength, yj),  as indicated In Figure 32(b).  The 
unknown strength, yj), can be determined by first representing 
it as a series of Birnbaum standard functions, and then by 
satisfying the duct boundary condition; namely, the 
duct Is coincident with the streamline of the resultant flow. 
This boundary condition can be represented by the following 
equation: 

dR/dx - Vr 
Vo + V, 

(81) 

Once the vortlclty distribution is determined, the velocities, 
VD(X), induced along the propeller plane by the duct can be 

calculated using the tables in Reference 30. 

Since the velocity, V(x), induced at the propeller plane is 
the sum of the duct Induced velocity, VD(X), plus the 

propeller induced velocity, Vp, and since Vp = j Voo 
the Induced velocity, V(x), can be written as 

then 
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(a)  Uniform Sink Disc and Parallel Flow Representing 
Propeller. 

'c: 

^ 

S^c: 
.Vortex Ring 

Propeller Plane 

(b)     Distribution of Vortex Rings Representing Duct. 

Figure  32.     Mathematical Model  of the Ducted Propeller Flow 
Field. 
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Substituting equation (72) Into equation (82) yields 

»P - ^ 

Equation (83) gives the 8p distribution along the propeller 
plane.  For length of duct/diameter of propeller values less 
than 1.0, 8p will vary appreciably along the propeller 

radius.  For length-to-dlameter ratio greater than 1.0, 8« 
can be taken as a constant. 

3. Combination of Momentum. Blade Element, and Singularities 

The combination of momentum, blade element, and singularity 
theories can be used to obtain a detailed geometry of a 
propeller within a given shroud. 

Consider a ducted propeller In axial flight as Illustrated 
in Figure 33.  The differential thrust of an annular 
element Is given by momentum theory as 

dTT = l-wr  dr ^Vp (V«, - V0) (8A) 

The velocity at the propeller plane Is defined as 

VP-{| + 8PKO <85> 

Using equations  (84)  and (85),  there follows: 
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Pi P2 //s/sm 

Annular Disc 

sss> sss 
I 

Shroud 

Vo 

V  P oo o 

Figure 33.  Flow Through an Annular Element 
of a Shrouded Propeller. 
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dTp/dx - 4/oApxl^ 
8, VoVp J (86) 

where 

AD =irR , x =r/R 

Wlelds8 Bernoulli,s equation ahead of and behind -he di sc 

Po + "2 ^Vo2 = Pl + I 2VP (87) 

p2 +i'V = po + i',v» 

... P2 - Pi - ^(v* - v0 ) 

The elemental propeller thrust can be expressed as 

dTp      (P2-Pl)dAp -/>Ap(P2-Pi)2inrdr =/)Apx(Va 2-vo2) 

(88) 

(89) 

(90) 

Using equations   (85) and (90)»   there result: 

dTp/dx ■    ^Apj-       VP2 - vo
2- (91) 
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Substituting equation (63) into equation (90) yields 

^xcL 
KWP) 

2 " vo 2x 

VT
2(X2

+X^(x-8X) 
(92) 

Equation (92) can be used for a detailed design of a shrouded 
propeller once the Ap parameter and the inflow velocity 
are established. The dp parameter can be determined by using 
the method of singularities as outlined in paragraph 2, 
and the inflow velocity a is usually obtained from momentum 
theory discussed previously. 

More rigorous analyses which ran be applied for design 
optimization and performance evaluation of ducted propellers 
are presented in References 16 and 17. In Reference 16, the 
ducted propeller is assumed to operate in axial flight in a 
uniform, unbounded stream of inviscld, incompressible fluid. 
The shroud, blade, and hub thicknesses are assumed to be zero, 
and the shroud camber as well as ratio of the blade chord to 
the shroud chord is considered to be small.  The mathematical 
model consists of a cylindrical surface of distributed 
vortices representing the duct, and the propeller blades are 
introduced as individual, radial vortex lines of varying 
circulation with trailing helical vortex sheets.  Reference 
17 presents a similar analysis for ducted propellers 
operating in static conditions. 

C.  TURBOFAN 

The theoretical analyses utilized for performance prediction 
of turbofan propulsion systems are in principle similar to 
those applied to open or ducted propellers.  However, the 
turbofan analyses are more completed since they must take 
into account not only aerodynamic but also thermodynamlc 
effects associated with each component of the system.  These 
analyses are generally comprised of a combination of momentum 
vortex, blade cascade, and heat transient theories which are 
augmented by suitable test data. 
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A good summary of modern turbofan analyses is presented 
in References 8, 14, and 31.  These investigations contain 
recent turbofan performance data which have been utilized 
in the present program.  Table XIII shows the range of the 
most pertinent turbofan parameters cosidered. 

Table XIII 

TURBOFAN PARAMETERS INVESTIGATED 

Source 

Turbine 
Inlet 
Temp. 

Gas 
Generator 
Pressure Ratio 

Bypass 
Ratio 

F^n 
Pressure 
Ratio 

Reference 8 1700oF 
23000F 

13:1 2.73-10 1.2 - 1.6 

Reference 14 1800oF 
24000F 

8:1-20:1 3 - 12 

Reference 31 19000F 10:1 2.0-12.5 1.2 - 2.0 

The turbofan parameters presented in the above table apply 
to a hypothetical fan-engine design which reflects the 1970 
state-of-the-art turbofan technology. 
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APPENDIX II 

PERFORMANCE AND WEIGHT DATA 

Tables XIV through XVI present a summary of the performance 
results obtained from the comparative study of the three 
propulsion systems considered. 
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TABLE XIV 

OPEN  PROPELLER PROPULSION SYSTEM 
PERFORMANCE AND WEIGHT DATA 

WG  =  20,000 lb. 
(a)  Range -  100 Nautical Miles 

|AF      d-ft.     Vc-kt.      wF-lb.       WUL-Ib.    WE.lb.   WpL/WG    WPLVC/WEJ 

140    18.5 

130 

120 

208.7 
260.9 
347.9 

208.7 
260.9 
347.9 

208.7 
260.9 
347.9 

917.2 
967.6 

1222.4 

905.7 
949.9 

1192.6 

921.1 
938.9 

1183.3 

7417 
7415 
7403 

7502 
7500 
7489 

7589 
7588 
7577 

12583 0.297 
12585 0.294 
12597 0.281 

12498 0.302 
12500 0.300 
12511 0.287 

12411 
12412 
12423 

0.305 
0.305 
0.292 

98.7 
122.2 
155.5 

101.0 
125.2 
159.8 

102.9 
128.2 
163.6 

120 19.0 200.7 896.1 7498 12502 0.302 101.0 
260.9 942.5 7496 12504 0.300 125.2 
347.9 1191.4 7484 12516 0.287 159.6 

110 208.7 887.7 7593 12407 0.307 103.5 
260.9 930.3 7591 12409 0.305 128.4 
347.9 1182.2 7579 12421 0.29? 163.7 

100 208.7 882.5 7691 12309 0.312 106.1 
260.9 915.4 7689 12311 0.311 132.0 
347.9 1172.1 7678 12322 0.297 168.1 

100 19.5 208.7 876.8 7602 12398 0.308 103.9 
260.9 914.1 7600 12400 0.306 129.1 
347.9 1171.8 7588 12412 0.293 164.4 

90 208.7 868.9 7709 12291 0.314 106.8 
260.9 904.4 7707 12293 0.312 132.7 
347.9 1161.5 7695 12305 0.299 169.1 

85 208.7 868.9 7764 12236 0.317 108.2 
260.9 902.3 7762 12238 0.315 134.5 
347.9 1141.4 7751 12249 0.303 172.1 
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1               TABLE XIV (Continued)                 } 
(b) Range = 300 Nautical Miles              ! 

|AF  d-ft. Vc-kt. wF-lb. W^-lb. WE-lb. WPL/WG WPLVC/WE 

140 18.5 208.7 
260.9 
347.9 

2242.3 
2382.8 
3086.6 

7356 
7350 
7317 

12644 
12650 
12683 

0.228 
0.220 
0.184 

75.3 
91.1 

100.9 

130 208.7 
260.9 
347.9 

2203.4 
2327.6 
3008.4 

7443 
7437 
7406 

12557 
12563 
12594 

0.234 
0.228 
0.192 

77.9 
94.6 

106.2  | 

120 208.7 
260.9 
347.9 

2176.3 
2297.7 
2973.9 

7531 
7526 
7495 

12469 
12474 
12505 

0.240 
0.233 
0.198 

80.4 
97.8 

110.4 

120 19.0 208.7 
260.9 
347.9 

2187.3 
2316.1 
3006.6 

7438 
7432 
7401 

12562 
12568 
12599 

0.235 
0.228 
0.192 

78.1 
94.8 

106.1 

110 208.7 
260.9 
347.9 

2157.4 
2274.7 
2973.9 

7534 
7529 
7496 

12466 
12471 
12504 

0.241 
0.235 
0.198 

80.8 
98.4 

110.5 

100 208.7 
260.9 
347.9 

2127.5 
2219.5 
2938.2 

7633 
7629 
7596 

12367 
12371 
12404 

0.247 
0.243 
0.205 

83.6 
102.5  1 
115.2  1 

100 19.5 208.7 
260.9 
347.9 

2134.9 
2242.5 
2980.8 

7544 
7539 
7505 

12456 
12461 
12495 

0.2430 
0.2373 
0.1987 

81.4  j 
99.3  ! 

110.6  i 

90 208.7 
260.9 
347.9 

2096.9 
2198.8 
2893.9 

7652 
7647 
7615 

12348 
12353 
12385 

0.250 
0.244 
0.208 

84.6 
106.4 
120.9 

85 208.7 
260.9 
347.9 

2084.3 
2183.8 
2847.9 

7707 
7703 
7672 

12293 
12297 
12328 

0.253 
0.248 
0.213 

86.1 
105.4 
120.6  | 
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TABLE XIV (Continued) 
(c) Range = 500 Nautlc al Miles 

AF  d-ft. Vc-kt. wF-lb. WuL-lb. WE-lb. WPL/WG WpLVc/W 

140 18.5 208.7 3486.8 7299 12701 0.163 53.6 
260.9 3703.0 7982 12711 0.151 62.3 
347.9 4793.2 7238 12762 0.094 51.6 

130 208.7 3394.8 7388 12612 0.172 56.9 
260.9 3569.6 7380 12620 0.163 67.4 
347.9 4669.0 7329 12671 0.105 57.9 

120 208.7 3314.3 7479 12521 0.180 60.2 
260.9 3569.6 7467 12533 0.167 69.6 
347.9 4620.7 7419 12581 0.112 62.1 

120 19.0 208.7 3403.8 7382 12618 0.171 56.7 
260.9 3599.5 7373 12627 0.161 66.6 
347.9 4671.3 7324 12676 0.105 57.7 

110 208.7 3430.9 7475 12525 0.174 58.2 
260.9 3541.5 7470 12530 0.168 70.3 
347.9 4627.6 7420 12580 0.112 62.0 

100 208.7 3302.8 7574 12426 0.180 60.5 
260.9 3449.8 7572 12428 0.178 75.0 
347.9 4363.1 7530 12470 0.130 73.0 

100 19.5 208.7 3323.7 7489 12511 0.180 60.3 
260.9 3491.4 7481 12519 0.172 71.7 
347.9 4638.8 7428 12572 0.112 61.9 

90 208.7 3254.5 7599 12401 0.189 63.8 
260.9 3443.6 7590 12410 0.179 75.6 
347.9 4494.2 7541 12459 0.124 69.7 

85 208.7 3238.9 7654 12346 0.193 65.3 
260.9 3384.9 7647 12353 0.185 78.4 
347.9 4416.0 7600 12400 0.131 73.8 
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TABLE XV 

DUCTED PROPELLER PROPULSION SYSTEM 
PERFORMANCE AND WEIGHT DATA 

WG = 20,000 lb. 
(a) Ramie - 100 Nautical Miles 

AF d-ft. Vc-lct. wp-lb. WUL-lb. WE-lb. WPL/WG WpiVc/WE 

500 
600 
700 

11.5 208.7 
208.7 
208.7 

901.6 
897.3 
922.8 

7661 
7564 
7472 

12338 
12435 
12527 

0.310 
0.306 
0.300 

105.0 
102.6 
99.9 

500 
600 
700 

11.5 260.9 
260.9 
260.9 

982.0 
986.2 
973.5 

7658 
7560 
7469 

12341 
12439 
12530 

0.306 
0.301 
0.297 

129.5 
126.3 
123.8 

500 
600 
700 

11.5 330.1 
330.1 
330.1 

1168.0 
1151.4 
1159.7 

7649 
7553 
7461 

12350 
12446 
12538 

0.297 
0.293 
0.288 

158.5 
155.2 
151.4 

400 
600 
500 

12 208.7 
208.7 
208.7 

946.1 
882.5 
910.1 

7666 
7449 
7553 

12333 
12551 
12446 

0.308 
0.301 
0.305 

104.0 
100.0 
102.2 

400 
600 
500 

12 260.9 
260.9 
260.9 

937.6 
1005.3 
994.9 

7666 
7443 
7549 

12333 
12556 
12450 

0.310 
0.294 
0.300 

130.7 
122.3 
125.8 

400 
600 
500 

12 330.1 
330.1 
330.1 

1103.5 
1105.6 
1100.4 

7656 
7438 
7545 

12340 
12561 
12454 

0.300 
0.289 
0.295 

158.2 
149.7 
153.9 

400 12 363.2 1363.1 7647 12352 0.287 168.6 

400 
500 
600 

13 208.7 
208.7 
208.7 

927.0 
882.5 
880.3 

7491 
7361 
7239 

12508 
12638 
12760 

0.301 
0.296 
0.290 

100.3 
99.9 
95.0 
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TABLE XV (Continued) 
(a) Range = 100 Nautical Miles 

kr d-ft. Vc-kt. VJF-lb. WUL-lb. WE-lb. WpL/WG WpiVc/WE 

400 13 260.9 981.1 7488 12511 0.298 124.1 
500 260.9 982.0 7356 12643 0.291 120.2   ! 
600 260.9 986.2 7234 12765 0.285 116.4  | 

400 13 330.1 1130.6 7482 12518 0.290 153.0 
500 330.1 1147.2 7348 12651 0.283 147.5   j 
600 330.1 1157.6 7226 12773 0.276 142.6 

(b) Range 300 Nauti cal Mil es 

LF d-ft. Vc-kt. wF-lb. WUL-lb. WE-lb. WPL/WG WPLVC/
W
E 

500 11.5 208.7 2202.4 7601 12398 0.242 81.6 
600 208.7 2194.9 7504 12495 0.238 79.5 
700 208.7 2260.6 7410 12589 0.230 76.2   | 

500 11.5 260.9 2427.5 7591 12408 0.231 97.0 
600 260.9 2442.2 7493 12506 0.225 93.9 
700 260.9 2447.7 7401 12598 0.220 91.2 

500 11.5 330.1 2947.7 7567 12432 0.203 108.0 
600 330.1 2898.6 7472 12527 0.201 106.0 
700 330.1 2930.2 7279 12720 0.190 98.6 

400 12 208.7 2258.7 6605 12394 0.240 80.7 
600 208.7 2157.2 7390 12609 0.234 77.5 
500 208.7 2240.0 7492 12507 0.235 78.4 

400 12 260.9 2288.6 7604 12395 0.238 100.3 
600 260.9 2500.9 7374 12625 0.216 89.3 
500 260.9 2455.1 7482 12517 0.224 93.3 

400 12 330.1 2748.1 7583 12416 0.214 112.2 
600 330.1 2783.7 7361 12638 0.201 103.6 
500 330.1 2758.8 7468 12531 0.208 107.9 
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(b) 
TABLE XV (Continued) 
Range = 300 Nautical Miles 

AF d-ft. Vc-kt. wp-lb. WUL-lb. WE-lb. WPL/WG WPLVC/WE 

400 
500 
600 

13 208.7 
208.7 
208.7 

2194.9 
2187.4 
2176.1 

7421 
7300 
7179 

12579 
12699 
12820 

0.234 
0.228 
0.222 

77.59 
75.0 
72.51 

400 
500 
600 

13 260.9 
260.9 
260.9 

2464.2 
2469.7 
2482.6 

7420 
7287 
7165 

12579 
12712 
12834 

0.220 
0.213 
0.207 

91.3 
87.6 
84.0 

400 
500 
600 

13 330.1 
330.1 
330.1 

2868.7 
2912.6 
2965.1 

7401 
7267 
7142 

12598 
12732 
12807 

0.199 
0.190 
0.181 

104.4 
98.6 
93.1 

(c; Ran«e = 500 Nautical Miles 

AF d-ft. Vc-kt. wF-lb. WuL-lb. WE-lb. WPL/WG WPLVC/WE 

500 
600 
700 

11.5 208.7 
208.7 
208.7 

3425.5 
3420.5 
3524.9 

7545 
7448 
7352 

12454 
12551 
12647 

0.178 
0.174 
0.164 

59.8 
57.8 
54.0 

500 
600 
700 

11.5 260.9 
260.9 
260.9 

3769.2 
3801.3 
3809.3 

7529 
7430 
7338 

12470 
12569 
12661 

0.161 
0.154 
0.149 

67.7 
63.9 
61.4 

500 
600 
700 

11.5 330.1 
330.1 
330.1 

4563.1 
4514.2 
4573.4 

7492 
7398 
7303 

12507 
12Ö02 
12696 

0.119 
0.117 
0.109 

62.8 
61.1 
56.7 

400 
600 
500 

12 208.7 
208.7 
208.7 

3500.2 
3367.0 
3483.6 

7548 
7334 
7435 

12451 
12665 
12564 

0.175 
0.171 
0.170 

58.6 
56.3 
56.5 

400 
600 
500 

12 260.9 
260.9 
260.9 

3557.9 
3904.9 
3817.3 

7545 
7309 
7419 

12452 
12690 
12580 

0.172 
0.143 
0.153 

72.0 
58.7 
63.3 



(c) 
TABLE XV (Continued) 
Range = 500 Nautical Miles 

AF d-ft. VC-kt. vp-lh. WUL-lb. WE-lb. WPL/WG WpLVc/Wg 

400 
600 
500 

12 330.1 
330.1 
330.1 

4255.1 
4331.8 
4300.8 

7513 
7290 
7397 

12486 
12710 
12602 

0.135 
0.120 
0.127 

70.5 
61.6 
65.7 

400 
500 
600 

13 208.7 
208.7 
208.7 

3425.5 
3423.8 
3408.8 

7376 
7243 
7122 

12623 
12756 
12877 

0.170 
0.163 
0.158 

56.2 
53.5 
51.2 

400 
500 
600 

13 260.9 
260.9 
260.9 

3841.3 
3849.3 
3862.0 

7356 
7224 
7101 

12643 
12775 
12898 

0.148 
0.141 
0.134 

61.2 
57.7 
54.4 

400 
500 
600 

13 330.1 
330.1 
330.1 

4481.3 
4540.9 
4600.0 

7327 
7192 
7067 

12672 
12807 
12932 

0.115 
0.105 
0.096 

59.8 
54.1 
48.9 
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Fan    Bypass 
Pr      Ratio 

TABLE   XVI 

TURBOFAN  PROPULSION SYSTEM 
PERFORMANCE AND WEIGHT DATA 

Wc      20,000 lb. 
a)    Range      100 Nautical MUes 

Vc-kt.    wF-Ib.     WUL-lb    WE-  lb.    WpL/Wc WpLVg/WE 

1.6 
1.6 
1.6 
1.4 
1.4 
1.4 
1.3 
1.3 
1.3 

1.6 
1.6 
1.6 
1.4 
1.4 
1.4 
1.3 
1.3 
1.3 

1.6 
1.6 
1.6 
1.4 
1.4 
1.4 
1.3 
1.3 
1.3 

5.31 
3.31 
2.73 
6.78 
4.36 
3.59 
9.79 
6.43 
5.29 

5.31 
3.31 
2.73 
6.78 
4.36 
?..59 
9.79 
6.43 
5.29 

5.31 
3.31 
2.73 
6.78 
4.36 
3.59 
9.79 
6.43 
5.29 

195.3 
195.3 
195.3 
195.3 
195.3 
195.3 
195.3 
195.3 
195.3 

292.1 
292.1 
292.1 
292.1 
292.1 
292.1 
292.1 
292.1 
292.1 

390.5 
390.5 
390.5 
390.5 
390.5 
390.5 
390.5 
390.5 
390.5 

1743.0 
1928.0 
2041.3 
1664.2 
1879.7 
1968.5 
1544.8 
1743.0 
1879.7 

1840.8 
1879.7 
1935.8 
1756.9 
1805.7 
1762.7 
1456.3 
1664.2 
1762.7 

7371 
7714 
7614 
6897 
7494 
7681 
6891 
7204 
7345 

7367 
7716 
7619 
6893 
7497 
7691 
6895 
7207 
7350 

12628 
12285 
12385 
13102 
12505 
12318 
13109 
12795 
12654 

12632 
12283 
12380 
13106 
12502 
12308 
13104 
12792 
12649 

0.254 
0.262 
0.251 
0.234 
0.253 
0.258 
0.240 
0.246 
0.246 

0.249 
0.264 
0.257 
0.229 
0.257 
0.269 
0.244 
0.250 
0.252 

78.5 
83.2 
79.2 
69.8 
79.0 
81.8 
71.4 
74.9 
75.8 

115.0 
125.7 
121.1 
102.2 
120.1 
127.8 
108.9 
114.0 
116.3 

1899.0 7364 12635 0.246 151.9 
1801.8 7719 12280 0.268 170.7 
2071.8 7613 12386 0.250 157.3 
1844.8 6889 13110 0.224 133.8 
1930.0 7491 12508 0.251 156.4 
1926.1 7683 12316 0.260 165.1 
1683.9 6894 13105 0.230 138.8 
1811.6 7201 12798 0.242 147.6 
1895.2 7344 12655 0.242 151.1 

14Z 



TABLE XVI (Continued) 
(a)  Range  IOC NautlC£ il Miles 

Fan Bypass 
Pr Ratio Vc-kt. wp-lb. WUL-lb. WE-lb. WPL/WG WPLVC/

W
E 

1.6 5.31 585.8 2877.5 7319 12680 0.195 179.7 
1.6 3.31 585.8 3017.6 7663 12336 0.205 194.4 
1.6 2.73 585.8 3086.6 7566 12433 0.196 185.1 
1.4 6.78 585.8 2789.2 6845 13154 0.175 156.2 
1.4 4.36 585.8 2930.2 7445 12554 0.198 185.0 
1.4 3.59 585.8 3017.6 7633 12366 0.203 192.5 
1.3 9.79 585.8 2717.9 5674 14325 0.120 98.3 
1.3 6.43 585.8 2965.1 7147 12852 0.182 165.5 
1.3 5.29 585.8 2965.1 7295 12704 0.189 174.2 

(b)  Range  300 Nautica 1 Miles 

Fan Bypass 
Pr Ratio Vc-kt. wF-lb. WuL-lb WE-lb. WPL/WG wpLvc/wE 

1.6 5.31 195.3 3753.1 7278 12721 0.U9 45.6 
1.6 3.31 195.3 4038.7 7616 12383 0.151 47.7 
1.6 2.73 195.3 4224.5 7513 12486 0.137 42.8 
1.4 6.78 195.3 3615.3 6807 13192 0.132 39.1 
1.4 4.J6 195.3 3912.8 7400 12599 0.147 45.5 
1.4 3.59 195.3 4101.0 7583 12416 0.147 46.1 
1.3 9.79 195.3 3442.1 6803 13196 0.141 41.6 
1.3 6.43 195.3 3801.3 7109 12890 0.138 41.7 
1.3 5.29 195.3 4023.1 7246 12753 0.134 40.9 

1.6 5.31 292.1 4023.1 7266 12733 0.135 61.8 
1.6 3.31 292.1 3897.0 7623 12376 0.159 74.9 
1.6 2.73 292.1 3928.7 6537 12472 0.152 71.4 
1.4 6.78 292.1 3912.9 6793 13206 0.116 51.5 
1.4 4.36 292.1 3769.2 7406 12593 0.154 71.6 
1.4 3.59 292.1 3541.4 7609 12390 0.176 83.1 
1.3 9.79 292.1 3206.5 6794 13185 0.153 67.3 
1.3 6.43 292.1 3507.9 7120 12879 0.151 68.3 
1.3 5.29 292.1 3704.7 7261 12738 0.50 68.9 
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TABLE XVI (Continued) 
(b)  Range  300 Nautical Miles 

Fan Bypass 

r Ratio Vc-kt. wF-lb. WUL-lb. wE-ib. WpL/WG WpLvc/wE 

1.6 5.31 390.5 4161.4 7260 12739 0.127 78.1 
1.6 3.31 390.5 4209.1 7608 12391 0.142 89.8 
1.6 2.73 390.5 4300.8 7510 12489 0.133 83.1   | 
1.4 6.78 390.5 4093.3 6785 13214 0.107 63.2 
1.4 4.36 390.5 4116.5 7390 12609 0.136 84.3 
1.4 3.59 390.5 3991.7 7588 12411 0.152 95.8   j 
1.3 9.79 390.5 3833.3 6785 13214 0.120 70.9  1 
1.3 6.43 390.5 3952.3 7102 12897 0.130 78.7 
1.3 5.29 390.5 4054.3 7244 12755 0.132 80.8 

1.6 5.31 585.8 7459.5 7107 12892 -0.045 -40.9 
1.6 3.31 585.8 6802.9 7489 12510 0.007 6.3  \ 
1.6 2.73 585.8 6882.2 7391 12608 -0.002 -1.8  i 
1.4 6.78 585.8 6548.1 6671 13328 -0.021 -18.7  j 
1.4 4.36 585.8 6688.1 7272 12727 0.001 1.5 
1.4 3.59 585.8 6757.1 7461 12539 0.007 7.1  II 
1.3 9.79 585.8 6500.7 5499 14500 -0.078 -62.6 
1.3 6.43 585.8 6904.8 6966 13033 -0.024 -26.4  ! 
1.3 5.29 585.8 6802.9 7118 12881 -0.012 -10.6  i 

(c) Range - 500 Nautical Miles              i 

Fan Bypass 
Ratio Vc-kt. wF-lb. WuL-lb. WE-lb. WPL/Vfc WpLVc/Wgl 

1.6 5.31 195.3 5588.9 719A 12805 0.053 16.0 
1.6 3.31 195.3 5936.4 7529 12470 0.052 16.3 
1.6 2.73 195.3 6174.8 7423 12576 0.035 10.8 
1.4 6.78 195.3 6088.3 6693 13306 0.003 0.8  | 
1.4 4.36 195.3 5771.5 7314 12685 0.05 15.2 
1.4 3.59 195.3 6013.3 7495 12504 0.047 14.5 
1.3 9.79 195.3 5170.5 6723 13276 0.050 14.7 
1.3 6.43 195.3 5654.6 7023 12976 0.041 12.3 
1.3 5.29 195.3 5937.7 7158 12841 0.034 10.1 

144 



TABLE XVI ( Continued) 
(c) Range  500 Nautlca 1 Miles 

Fan Bypass 
Pr Ratio Vc-kt. wF-lb. WuL-lb. WE-lb. WpL/WG WpLVc/WE 

1.6 5.31 292.1 5962.9 7176 12823 0.033 15.3 
1.6 3.31 292.1 5732.7 7538 12461 0.063 29.9 
1.6 2.73 292.1 5758.6 7442 12557 0.057 26.8 
1.4 6.78 292.1 5745.8 6708 13291 0.021 9.2 
1.4 4.36 292.1 5562.5 7324 12675 0.061 28.4 
1.4 3.59 292.1 5177.4 7533 12466 0.09 43.0 
1.3 9.79 292.1 5273.6 6718 13281 0.045 20.0 
1.3 6.43 292.1 5273.6 7041 12958 0.061 27.9 
1.3 5.29 292.1 5456.1 7180 12819 0.059 27.2 

1.6 5.31 390.5 6187.1 7166 12833 0.021 13.0 
1.6 3.31 390.5 6211.6 7516 12483 0.038 23.6 
1.6 2.73 390.5 6309.1 7417 12582 0.028 17.3 
1.4 6.78 390.5 6088.3 6693 13306 0.003 1.5 
1.4 4.36 390.5 6088.2 7299 12700 0.033 20.3 
1.4 3.59 390.5 5861.4 7502 12497 0.055 34.0 
1.3 9.79 390.5 5758.6 6696 13303 0.019 11.3 
1.3 6.43 390.5 5874.1 7013 12986 0.029 17.7 
1.3 5.29 390.5 6013.3 7154 12845 0.030 17.9 
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