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‘Chapter 1
(1.3 Statement of the Problémo

| In almost all controlled englneerlng systems or
processes, there 1svan optlmum state in which the system
should operate. |

| thimalizing‘control systems are feedback systems
. in which the’@utput'is produced,fromban error signalvbearm
-ing_a:rélatioﬁ,to an Oﬁfimum performance state éf‘tﬁét |
contfolled systemo The error is used to modlly its input |

=10} that the output approachos an opt:mum state and?the -eTTOT -
lS mlnlmlzedo - The ba51c optlmallzlng pr1n01ple is 1llus=
trated in. Figo o114, in which >y is minlmlzed,¢orres=
»pondlng to the opt;mum outgnt,aJ‘for a given % inputo

in‘Eigo 1.118, 2 siuple servomechanism system is

shown. Here theféfr§r is the difference between a Teference
input and.some feedbéck'functiéﬁ of the output. The error
is minimized not by modlfylng the 1nput but by actuatlng
the control system to  produce an oubtput permitting the errorﬂs
mlnlmlzatlono ‘

- The optimum statencannot be“predicted‘exactly in
'advah¢e9 rior is>this,ﬁeceséaryo Uhprediétable :"Lnfluencés9
such as en#iromental»chanvesg,may affect the performancevof
the coﬁtrolled systeﬁ;' Accomodatlon to such 1nf1uences is

a. sge01al trait of optlmallzlnv systemso

-1-
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. Therefore9 ir the purpose 15 to operate always near
the optlmum states 1n splte of the drift of the system's
chara@teflstlcs, then the control device must be S0 de51gn%
ed as to (1) determine the optimum state for the existing
COnditiqh$9#(2j search out thisvstafeéjand,(3l éonfineAthe
‘ operation of t5e.cdﬁtrolled\system close to"this state.
| o The necéssity of optimaliziné control and the prob- |
' "1emsfassbciated with-it are illusﬁréted by'choosing an air=
plane as, an englneerlng systemo,’ |

Today as the 1ncrease 1n range-reqU1rementé are

accentuated by largevm;lltary and civilian a;rcra1t9 the
design of a control system which maintains operation at
1 optlmum efficiency at all tlmes during xllght is of @rlmary
"lmportanceo For examplea con81der an alrplane flylng throughv
icing"weather,cond1t1onsb The formation of ice on the wings,
fuselage,, etcag-al?ers:the'éerodynamic,properties‘of the
- aircraft consiéérébly;‘”morepveré it alters aircraft‘perform
mance:iﬁ é largely uhpredictable'way¢ depehding'uﬁon other |
factors such as altitude. These chanées of ‘the aerodynamics
of the ﬁlrcraft degraae its performanceo_ rphus9 knowledge of
the comblnatlon of englne throtu199 engine rpm, snd alrplane-A
. trin @ettangsuthaﬁ will result in the most efficient opera= -
tioh under these:conditipns is of primary importance., It is
necessaryﬁto’operate théﬂaircraft_at‘iﬁs maximum}efficiency
”in'order’tooéonServe‘ﬁhé”fuel load, ﬁhder suéh;adverse and

changing conditions, previous knowledge of the airplane



L
“performancefiS”renderéd useless;A The flight.persohnel9 upon

‘whom the responsibility of operating the aircraft at high

. efficienci@s rests, have only their judgmen®i: and exneria

ence in 1nterpreting instrument rnadlngs as a basis for aagusta
ment of the controls. " |

The above considefa%ions boint out the desirability,
if not the. nece351ty, for an automatlc system that w111 hold
the airecraft at its optlmum condlulon9 as far as fuel adm1n1=_
stfatlon is concerned,, at all. times during 1ts fllght

Thls thes1s undertakes: the develcpmenb of an auto-
_ matic,optlmallzlng controller which will cause the aircraft
to operate at an airSQeed resulting in the maximum range para=“
meter (defined in Appendix I). Operating an aireraft with
ogtimaiized range ﬁafametér.is known aeraximum Bange.@peraF
tion, and it is one of several common ways to cruise@ Maxi-
mum range cruising requirements are assumed throughout this

thesis.

(1.2) _ Previous Work

l o A.systemé%iérstudy_of thé.possibilities bf automati-
,cally:holding the performance‘of aAcontrollable process to an
optimum was commenced in 1951 by C. S. Draper, Y. T. Li, and
H, Lanning who £irst éoneéived‘the idea, Y. T. Li, in an

4artlclci that followea9 cla351f1ed the optlma11z1ng controllers

f-f-‘1Y T Ll “Gotima11z1ng System for Process Control“
' InstrumenL59 V‘olo 259 Januarys 19529 PP ‘72=‘7‘79 190-193,




: into two distiné% types; The “peak»holding“’ty@e’énd-the
‘“sens.Lt:Lvn.tvM typec | . - : u |

ﬂ All optlmallzlng connrollers of the flrst type oper
: ate by produ01ng an 1nput correctlon 51¢nal based on the.
difference between the actual output and an optlmum output
| indicated by the computer,
| Optimalizing comtrollers of the second type comoute

'vthe rate=01=change of the output with respect to ~some 1nbut

' variable, that is, the sens:.tlv:l.tyo This is the arfangew

ment Wllustrated in 1ts szmplest form in Fig, 1011A0

\ The first experlment in cntlmallzlng control was
‘madé on an 1nternal5combust1on englnejo' 4 controller of the
peak holding t&@é’wasabuilt and used to adjust the air vol-
‘ume and,ighition timing S0 ﬁhat.thé power output of‘the
engine_alwéys reméinedboptimum With respect to fuel consumed -
as. the load was variedo For the aireraft example considered'
in this thes:.s9 the ontlmallzlng controller is aeveloped on
the basis of thls experlmental worko

. Figure 1021 shows the functlonal block dlagram of

the'@eak=hold1ng controller as. described by Yo To L11c Befer=
ence, will be made to this figure and Fig, 1.22 showing the
yerformance.charééteristicsfto'explain briefly its opera-

N tionoz

- 'T‘Ibida”‘ pége Yoo



 Suppose that the input at time t = 0 is at a point
ay in Flgo 1022 and the- 1ﬂpvt adgustor drive is changing
the input at a constant rate. The input operatlng through
. the characterlstlc curve: of the controlled systeﬂ (B) causesl
vthe output to have the shape shown in (€), |
If'an output sen51ng system 1s-so designed'as to
followlthe output, exactly, when it is increasing, but holds- .
to the max1mum value after the max1mum is passed, then there.
will be a d;fference between the readlng of this output
sensing devices-the "indicated optimum output signal®™ and
the output 1tuelf9 “output signal® shown in Fig. 1.22€.
Thls difference is called the “1ndlcated output éev1atlon
}31ﬂnal@“and‘1s shown in Flgg TOQQEO When the dev1atlon signal
reaches a pre=set value f0£ a certaln stabilization zone
limit- (at time 2), a 31gnal is applied to the controlled 1nput
adgustor drlveg.Flgc 1o2%y to reverse the dlrectlon of the
controiled input signel. The input decreases after time 2,
while the output increases until é maximum is again reached
at time 3, etc. -

: Unfortuna‘tely9 the simpler sensitivity-type system
(Flgo 1 11A} is, completely impractical for application £o
alrcrafto The very slow effect on alrspeed of englne power
changes results in an extrémely low;sensitivity; Thus the
available signallis.easily>masked,byvnoiseo such systems
of high iﬁerﬁia.require‘aﬁ'optimalizing computer employing

° forced hunting around the optimum state.
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| 9
Jo R Shullz'descrlbed & peakaholdlng computer for-
use: in alrcrafto The.optlmallzlng system‘was des;gned to
control the eng;ne'rpm to hold the‘réﬁge parameter aﬁ»an
-thiMﬁm Vaiue'for given flight cdn@itioné@,

- AEhe.above system, although it p oints generally to-
wards thé solution9 does not offer'a'complete‘answer to the
problem for the follow1ng reasonsm (1) The syéteﬁ described
by Shull does not control the: allsneed whlch is essential |
for optimum range operation, and (2)-there are several
ogerétiéﬁal‘variablés which affect the range parameter and

f_‘whlch were not con51dered in the above system..

~

. ~T .. Ro. Shull BAN Automatlc Cruise uontrol ‘Computer
-~ for Long Range A;rcraft“ IRE. Trans. Prof, Group on Elec-
 tronic Gomputer59 Decenber . 1952; PPo %7@..A.., . ,

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




 Chapter 2

(2.4) De31gn Becvlrementso

S . The partlcular powerplant=a1r¢rame characterlst109
' upon whlch the @ptlmalizlng Control System is based9 is

 the dependence of ‘the range:parameter upon.the alrspeedo
This relaﬁionshig-is shewn in Figer’of‘Appendixalg« For

- optimum range gerformance the velocity which results in .

maximum range paremeter, for given flight conditions, should

- be maintained.

In tne system to be developed the Gptlmallzlng Com=
puter must recelve an input proportlonal to the range para-
2 meter. fThevalrplane.alrspeedv15-deflned‘as_the controlled
syétem oﬁtpuﬁs‘and the fuel flow as:the.centrolied'system
inpute. | | |

The Opti ma1121nv System is also to control the pro=
peller efficiency, through contrcl of propeller rpm, As it
is;concluded'fiem the discussion in‘seetien:(agBI such cen=
trol is necessary for the suecessful eptimalization of the
range'pérametercj The conventlonal pfepeller=p1tch regulator
is omltted and replaced by this controlo
| ?he general Torm of the system to be developed is
- shown in the bleck d;agram‘of,Flbo 2.1%. The follow1ng
secfions will.develoé this eystem in d.ei:e:‘t].,o The peak:holding'
optimalizing computer will be adapted from Li's design for
this application. | -

10
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(2.2) . The Bange Parameter Gbmnuferé “

b 1-ThefiénéeA§éréﬁétéf;‘éé-défined in Kppendix I, is
thefratio of the airplane airspeed to the fuel flow rate.
The‘simﬁle,servovdivider éyétem3§§shown‘in_Figm Z@Zig being
capableéof.forminé the:ratiQ be£Ween.tWo vafying inéut quaﬁ=
titieé, is suitable for the compuﬁatioﬁ of the range para-
meter. o ‘ | B ’

. 'Thé twb instfﬁﬁentsg Qorft:éhsducers}g meésuré2ana'-
”zbcenvert their respectlve 1nputs 4hto‘eieetriéél’quantitiesﬁ
vmhe instrument measuring the. fuel flow: can be a synchro
transmltterarece;ver system whlch9 be51des giving a visual
indication of the fuel flow to the pilot, converts the fuel
v'jlonto an electrical d-c voltage by meéné of a poﬁentiomefer'“
coupled to the shaft of the receiver. The pofentiometér Py

must be: selected to have‘lowztorqge@ahd-high resolution.

A,éecond potentiometer.of the same:qvalities cén.be._]"

used to convert the angular dlsplacement of the alrspeed

'v*;flndlcator 1nto an electr1c¢l s;gnal eqo

Assumlng linear. relatlons between the angle 04 and

the a;rspeeda the aen51t1v1ty of uhe measurlng 1nstrument
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Fq 1lbs/hr to Fp %%§4 s and that this range is covered by the
synchro angular displacement, ©5, ranging from O degrees to

360° degrees. Then the equation for the fuel flow as a

function of @5 is: F = (F; - Fq) + K, 62 (1)
where Kg= =% Tgiﬁi——- constant
Solving for ©5:
6p = F-(FpFq) orep= Fo-Igh (2)
Ke F F

The above equation results in a non-linear relation
between the signal output, and the range parameter. Equa-
tion (2) suggests a way to compensate for this non-linearity
by adding to the angle 6, another angle €3 equal to the
constant E%:El. Then the resulting angle Oy is equal to

F
F *
) §3
The output of the range computer is:
eoq = [ExKpy )xf Ev KF),‘E volts (3)
Kpo 4

The dynamical effects of the input instruments can be neg-
lected because of the slow time variation of the inputs.
The operation of the servo divider will not be described.
The important relations existing between the components are
stated in Fig. 2.21.

The .servo amﬁlifier S 1s conventional, a d-c input
producing a reversible phase a-c output to actuate the a-c
servo motor. Because of the low inertia load connected to

this motor, its time constant is very small, resulting in
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| fast.'responseo Thé power output requirements are very lo%r°
| Anloutput'of 21tb k'waﬁts is ample to drive the ganged |
Qotenﬁiometers which<require:a torque-ef approximately 5
to‘ézozsin;v |

From the above, the gain of the servo amplifier
can be specified and its detailed désign com@letedo

Good accuracy‘bf the servo devideT-depen&s,oh'identia
cal characteristics of the two pdtentiometéfs P3 and 24 gnd 
the high gain of the operationmal amplifiers 1 and 2,

(2;3) Contwol of f@mo

One 1mportant varlable9 affecting the optimum range
operation, i1s the propeller efflclency9 which is shown to
vary with airspeed and rpm in AppéndiX'I&

To obtain optlmum propelle¢ ef flc:Len01es9 the pro-
peller rpm mustAbe corrected to the proper value after
‘changes of altitude, airspee&g'érvattitﬁdeo | |

The. simple regulator.used‘in-constant=speed Pro=
vpellers is ordvparlly adequate since the efficiency of the
_propeller is nearly constant over the range of power o
settlngs of 1ntefesto' This is illustrated in Fip; 5'of
Appendla O' For the present control p¢eblem? however9 the
cnndltlons for max1ﬁum.range.may-very well call Tor brake
mean effectlve pressures above'uhe recommended maximums. |
should the airplane operate w1th a conSuant smeed pronellerg
’For thls reason tﬂe contlnous aatomatlc control of the- pro=, 

peller efflclency is necessaryo
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The control scheme proposed is derived from the
distinct treatment of the propeller coefficients as present-
ed in Appendix III., The method of this treatment is credited
to E. Kesslerh.
Maximum propeller efficiency is achieved, for a par-

ticular power coefficient Cj, when:

-k
J=h(; (1)
The control system for the rpm consists of an error device and
two computing units, one for J and the other for th'k, in

order to satisfy Equation (&)

Computation of J
o The advance ratio J, 1s defined in Appendix III as:
T8 k¥ (5)

where V is the airspeed in miles per hour

N is the propeller rpnm

d is the propeller diameter in feect.
The computation of J is very similar to the computation of
the range parameter. To compute J use of the servo divider
is again made. The signal voltage eq, used as an input to
the operational amplifier of Fig. 2.21, can also be used as
an input signal to the amplifier of the system shown in

Fig. 2.31.
The rotational velocity (N) of the propeller is

*E, Kessler, "Propeller Performance Analysis", Aero
Digest, Vol, 52, June 1946, pp. 80.
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measured with a d-c tachometer generator whose output voltage
is proportional to the rpm.

The output voltage eo(j) is:

/
eo(y) = (EPJK_E‘LE) ¥ =K ()
TG

(6)

<

The d-c voltage K, must be selected after the range of possi-
ble values of N has been established and consequently the
range of €(rq) is known. The value of E, must be at least

as great as the maximum value that 8(1q) aSSumes within this
range. The same considerations should apply to the specifi-
cation and design of the rest of the equipment as those of
Fig. 2.21,

Computation of th'K

The propellér power coefficient is given by the

expression:

- 6 HP He
and

-~k

-k Kep WP
her = h (55 )

The brake horsepower (HP) is measured with a torque-meter
installed in the propeller planetary reduction gears. The
expression is:
HP = Tp x Ne x K, (9)

where Tp is torque meter oil pressure

K, is a constant of proportionality
and N, is the engine speed related to the propeller speed

by the reduction gear ratio Kg-jtherefore N, = KgN.
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BEquation (9) can then be written as:
HP= k, kg NT, (10)
Substituting equation (10) in to equation (8) yields:
-k %:‘/f FN
héy s &, 1?‘3’// j

or for a particular airplane:
k
- K k/(oA/I]
he k|7 (11)

Equation (11) will now be used to derive the system

for the computation of th-k. This system is showvn in
Fig. 2.32. The voltage output eygy, of this figure will be
compared with the voltage output eo(j) so that an error
voltage will be produced whenever they are not equal. Care
must be taken now, to make sure that the same scale factor
is applied for the voltage representing J, and for the vol-
tage representing th-k. This is necessary in order to
insure that zero voltage error occurs when Equation (4) is
satisfied.

The device producing the error signal is a differ-
ential servo amplifier driving a reversible d-c motor, as
shown in Fig. 2.33. The angular displacement of the motor
is proportional to the difference of ®o(3) and epe. This
output controls the propeller blade angle and consequently
the engine rpm as well as the propeller angle of attack.

The feedback loop is completed through the controlled system.
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t2.1) The Optimalizing C@mput@r )

The @peration cf the Optimalizing Gamputer was describeé
in. Seetion 2, 1 Wiﬁh the aid of the functlenal bleck diagram
Figure 1,21, Based on th159 »specific design.can be comple= '
ted for any particular airaraft as diseussed below,:

Of great value to th@ d831gner is a quantltv called
ths ”hﬁnt;ng 1@@3“ of the centr@lled systemo I% is defined
Aas the dlfference between the optimum output 51gnal and the
 average outpud signal as shown in Pigure 1 22C, F@r the
}design of @fficient syst@ms the humting loss should be as
‘amall as possibl@o To acc@mplish thlsg one may reduc@ the

”‘output hum.ing zone or the amplltude oi‘ the input variati@no

~ The r@@u@tion of either paramster, ‘however, reduces the stabiﬁ o .

‘ 1lzatlon zone of th@ inpnt @orrectlan signalo. The limit @f
su@h r@du@ti@n is set by th@ l@vel Of noise (e.gs flu@tuatlcn
of alrsp@@d) present. in the @utput of the controlled syst&mo
If, the n@13@ signal were o @z@e@d the stabilization zZone
'1imit then a Spur1®us inputwrate reversal would oceur du@
t@ the actlon of the cemputero |
| . A,prerequisit@ to th@ &esign cf this computer is
theref@re the study @f n@ise present in the alWSp@@d within
1the ncrmal @rulsing ?ang@o The average level and the funda-
' m@ntal fr@quency of. n@ise must be d@t@rmlned by flight test
mea%urem@nto The stabllization zone is then set t@ a wider
valu& than the zon@ whlch is barely sufficient ‘to prevent an

_input reversal due to 1nterf@renc® alone,
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Having specified:ﬁhe stabilizatioﬁ zone, which speci-
fies the output hunting zone, the determination of the hunte-
ing‘loss is»possibleo Because the output is a series of
approximately parsbolic'arcs9 the huhting loss is alﬁost
e;actly one-third of the huntlng ZONEG -
‘The statlc per;ormamce curve (as in Fig. 1-22B) of thé‘
’/purtlcular englne in quest;on9 glVlng the range parameter s
"‘urspeed9 is used to flnd tne correspondlng 1rput hunting |
zoneo | | |
| Should:it be necessary to reduce the noise in the
measured. controlled-system output in order to‘permit a satis-
factory hunting zone9 the output may be fllte;ed before
: ayplylng it to the optimalizing compute:o The delay 1ntro=
.ducedfby this filter will usually be small compared to the
total time delay, as discussed béléw; and will not, there-
fore; have a serious effect om the cbntrolAcharacteristicsg.i*‘
~ The output hunting period must be nade large with
"respect‘éo}thentotaivtime'delay'df?the op%imalizing systemo -
The'tétai‘timé delay is madé’upzéf"the input time delaysg -
,such as. fuelmflow control valve and 1ts driving motorg the
englne ‘s time delaJ arlslng from the 1nert1a of the moving
part39 the aero=dynamlc re5ponse time of the airxrame9 and -
the time delay of the noise filter. A1l but the last of
these would be determined from flightwtest;measuréments of

the particular aircraft..
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Finally the rate of the controlled imput (hunting)

variation may be computed as:

invut hunting zone
output -hunting period,

input variation rate =
The general form of the resulting optimalizing com~

puter is illustrated in the block diagram of Figure 2.4,
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(3@$L; Summarv of Results and Conclusions,

zn @hapter 2% methods Wére:developed'for computing

the fangé parameter an@vfor éontrélling'engine rpm. DPesign
parameters were established to permit design of equipment
stuited to a‘particﬁlax'aircrafto The: last &eéti@nfof that
, chaptéfkadaﬁted the general desiwn‘of the OE%iméiiziﬁg‘
Qomputer as givea by Yo T, Ll? to apply to this alrcraft
powe:=control system, The flnal regult is the synthesis
of the systenm postulated in Section 2.1, and as shown in
Figure: 2.11.

. The system will compute: the optimum state of the
ranﬂe parameter forvany given flighﬁ conditionsg”will search

AIOI this state9 ana flnally will hold the operation close to
 this stateo~ ‘
The Q@timalizing Computer together withkthe-rangé
'_paraﬁeter computer, insure:bptimum power plant efficiencies
as. represented by the range parameter ys airspeed curvefv
' The rpm controller compliments the action of the Optimali-

zing Gomputer by insuring optimum aerodynamic efficiency

o of the propeller..

- The promosea conbrol system could be studled prof=
1tably by 31mulatlon on an analog computer of the non=
11neex characterlstlcs of che power=n1ant airframe combi=
‘nation, and the seVeral response ehalacterlstlcs of the

system.



APPENDIX I o Maxxmum Eange Performance Eequlrements
S and. Characterlstlcsﬂ.,.ﬂj ...... ,

,,,,,,,,,,,,

It is ev1aent that an economlcally optimum perfor-
mance 1s only possible by optimalizing the overall effi-
Tciency of the airplane. In an engineering system like
this, one is confronted wiﬁh two separate efficiencies..
| The‘first is. the mechanie&l_efficiemcj:of'éhe_pcwer

| plant, andrthe\seebnd,isxtheaerodynamic'effiéiénéy of £he:"
,“_airframeo :

Efficiency however, is a rather complex and seﬁsiw
ti?e:?ariable to control. The number of factors affecting
it, and the way they affect it, is rather complicated for
any engineering systemo |

.' Im thls AppendLX therei‘o*r’e9 the quantltles affecting
the most efflclent performance9 most crltlca11y9 are dls=
cussedo ‘,”  ) , '

The ¢1rst qvantlty in the 1lst of uhe most eritical
confrollable variables, is the total drag: of the airplane,
The drag;(a)xis oné of the prime: factors that appear in the
equation for the power required to maintain the aircraft atb
level cruising speeds as given in Appendix:ll It is desir~
able tﬂen9 in pmnc:mle9 to keep the drag at a mlnlnumo
- ‘Although the drag is an alrcvaft des1gn constant9 1t can be

 controlled9 hOWever9 bj controlling the angle of attack at
A Whlch the airplane is flown..
| By use of wmnd tunnel models, 1t is p0551ble to

determine,the drag induced at various angles of attacko
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Figure 1 shows the relatlonship between the 1ift to drag
Yratio" and the angle of attack. Of course, the best
angle of attack to fly an airplane is that which results in
a maximum L/D ratio or, in other words, at that angle which
results in the required 1lift produced with minimum drag,

However, to maintain the aircraft at level flight
with this favorable angle of attack, a particular airspeed
is required for every gross weight of the airplane, and
every altitude, Figure 2 shows the relationship between the
1lift to drag ratio and airspeed for a particular gross weight
and altitude.

The next critical variable is again an aerodynamic
quantity. It is the propeller efficiency which is defined

ast G
’?=(,,f

A certain comparison can be made between the L/D
ratio, as discussed previously, and the propeller efficiency.
Any propeller blade element is an airfoil in motion through
the air, and as such, it is acted upon by a 1lift and a drag
force. Consequently, there is an angle of attack which
results in a maximum L/D ratio as shown in Figure 1.

In the case of a wing, the 1lift force is in the
upward direction because the area of decreased pressure is
above the wing. In the case of a propeller the area of
decreased pressure is in front of the propeller and there-

fore the 1ift force, called now the thrust (T), is acting
in the forward direction.
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Aewodyﬂaﬁlcal 1y then, the thr u$t is the résult‘of
the propeller shape and'the angle of attadk‘of‘the PTro-
| peller blade, | ’ o

-‘ Beferzing o Eigure,39'the,blade angle g includes
the angle éf attacki'q o Whieh for maximum efficiency, must
be kept.s'mall; . )

Thé actual Dblade ahgle of the propeilerg‘howeverg
necessary to maintain small angles of attack varies'with‘
the forﬁard;ﬁelocity of fhe,airplane (W), and thé rotational
speed of the propeller.  (See Wigure‘3 )

‘ Gn varlable pltch Dropellersg the blade angle is
vadguuted to Drov1de the: most. efflcleni anvle O; attack at
‘Uall engine sweods and alr¢rame velocltleso

Plvure Z shovs the varldtlon of pfopeller eff1c=
,1ency wmth alrspeedo ‘FOr.aaparblcular altltude.and gross
-welght, the.proper engime SQeedslfor any desired efficiency
‘is glven in ﬂlgure L, ' B |

The blade anvle again, is an excellent meams for
adjusting the loaa Qn the:propeller to control the_englna
TpMo. A | | |

8imilar cufvesito those. shown in Figure L cah be
piotted for thé Pwopeller efficiency vs. engine rpm at
differentwaltitﬁées;but for constant airspeed,

Figure 5 showsfagaina.thelvariaﬁion of efficiency
with engine i@ﬁgbut for different horsépower outputs.
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The important fact to notice is that the propeller
efficiency is constant for all horsepower outputs if the
proper engine speeds (circled) are used. In all these
curves it is evident that the efficiency can be controlled
within #0.5% throughout a rather wide range of any of the
influenéing variables.

The specific fuel consumption, SFC, is the third
variable whose proper control is necessary for an optimum
airplane performance. The SFC is the ratio of the brake
horsepower to the fuel consumed. For optimum efficiency
then, the necessary brake horsepower must be realized with
the minimum possible fuel consumption. ©Such a condition
can exist with a particular engine rpm and airplane velo-
city. The variation of SFC with engine rpm and airspeed is
shown in Figure 6.

The rpm thus, influences both the SFC and the pro-
peller efficiency. It is evident that for maximum range
operation, the propeller efficiency must be maximum and the,
SFC a minimun,

The criterion for the degree of efficient operation
however, is a quantity called the range parameter. The
range parameter (B) is defined as:

R= ¥ (%)
and of course, an airplane attains its best operating
efficiency when it is making its best miles per pound of

fuel, or when the range parameter is optimalized.
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| ' The range paPamet@r bécomes maximum at a partieular
‘airplam‘veleciwo At this airplane velo@ity;fche effé@“&;s
z of thevpféviOusly diS@ussed'variables on the operational
@ffﬁgieneﬁg are pr@?@rly écéouﬁt@d'foro In other words,
this airplame velocity is the ome at which the value of:

L/p=7g

= ﬂ"éﬁf/ms@ﬂm '
SEE Z

This is illustrated in Figure 7, where the three variables
propeiler effieiency, specifid fuel consumption, and 1ift%
to drég ratio have been plotted together with the range

parwméter vs., the airplane airspeed, .
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APPENDIX II < Equatlens of Level Fllght _
~ Level fllg,h‘t is deflned as a steady flight in a
vstralght line, perpendlcular to ‘the amrection of gfav1ty9
: With all forces acting on the body9 in equlllbrlumo The
forces ares. _ _ ‘ |
(1) ihe gross welght (W) of bhe aircraft,
(2) The 1ift foree’ QEQ whlch is produced by the motion
" of the wings through the air, and which acts in a
direction épposité the direction of gravity.
(3) The drag force (D) which is comnected with the 1ift
f force,and whiéh”aéts ih a direction opposite to that
of the direction of flighto.
S The.thrust{£Qrcejﬁmi.ﬁhidh is pro&uced by the pro-
o pelleﬁvand‘its_exié%ance ig:heceSsary for balanciﬁg
thé drag force. - | | |
,‘Q5l;The torque mememﬁ (Q) whlch is 1nvar1ab1y connectea V
T Wlth ﬁhe pr@yelled thrusto It aCbS about the pro=
peller ayls and. in a sense, opposite Lo that of
- Gle pfopeller rotatlon@
(GJ:The brake moment (Mbrlzls'a necessary moment 5o
| balénce the.@rogelledhtorque moment. This force ié
supplied by the,enginé9 and acts in fhé same'sense
_as the p.mpeiiei rotation,
In form of»eqaatibnsv%hesefforcés ares

W=1L; D= Ty and @ = My, i SR ED
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In érder.to.dsal With‘powervequations instead 6f‘
force_eqﬁgtipnsg it is éustomary to multiply the seéond
éﬂd thifd.e@uatioms byffhé airspeed V'and'by‘the angular :
velodiﬁy W= 2N g‘reSPéctiveiyo This yields W = Ly
DY =TV, and wQiwMy . o (@)
The product Eﬂ‘is-kEOWn'aé power,rquiredg ﬁﬁilé the prodﬁct
iv'as QoWerjaVailable;fkTheﬁ for‘lével flight; : 7 -
. Freq = DV; Pay = T; and Preq = Pay (3)
 Equation (3) indicates that Ppeq snd Bay are functions
of airspeed. élo%sfof £hese‘quantitieﬁlzé»éirspeed form

basic charts for performance calculations.
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APPENDIX IJI = Propeller Coefficients

The existence of the thrust force and the torque
moment and their‘importance have already been introduced
in Appendix II. The thrust force is given by: :

T=eNd*C,y (1)

The engine supplies the brake horsepower through
a rotating shaft, and the propeller is absorbing and con-
verting it into thrust horsepower, which is the product of
the thrust force (T) and the airplane velocity (V). The
propeller power (P), which equals the engine brake horse-
power, is given by:

P-wQ=enN4°C, (2)

The propeller efficiency of course, is a measure
of the completeness of the conversion of the engine horse-

power to thrust horsepower. So:
IV, LTy
F 5 in QN
and according to Equation (1) and Equation (2):
_eNdty | G,
7 ?NSJSCP CP
where the dimentionless quantity V/Nd is termed the Advance

Ratio . J.

The coefficients of thrust (Cy) and power (Cp) of
a given propeller depend on the advance ratio and the
Reynolds number, which is of minor importance, and conse-
quently neglected.

The curves then showing the two coefficients

(Cyy Cp) as functions of the advance ratio (J) are called

Univ. of Arizona Library
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propeller characteristics.

If the values of C4 are read from the Cg vs. J
curves and are replotted on semi-logarithmic paper 1t
results that, for a gilven value of Cp, the logarithm
of C¢ varies linearily with the advance ratio J, as illus-
trated in Fig. 8. This means then, that:

log Ct = log A' - BJ (%)
or
Ct = g (A-BT)2.3 (5)

The above relation holds true for values of J within
the range of normal operation of the propeller.

The values of the coefficients A and B can be com-
puted for each value of Cp. If these values of A and B are
plotted on Log-Log paper against Cp the result, Fig. 9, 1is
a straight line. It follows then that the coefficients A

and B can be expressed as:
eog(-A) = gog A-(‘o%CP -!log O.l) % (6)
Q°$(5> = Qog A'-(Q"% Cp-pog QJ)’R& (7)
where -A = log A' and A is the y-axis intercept.
Equations (6) and (7) can be re-written as:

A = -rcp'g (8)

and

B = hC,™* (9)

"B, Kessler, "Propeller Performance Analysis", Aero
Digest No. 52, June 1946, pp. &0,
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The constants fy g, hy and k, serve not only to iden-

tify the propeller, but also to define its performance since:
_/("E_JA(P-A—
Crz {

The efficiency now can be expressed as follows:
-/g--’-f‘ 9"
<r . 7€

<
Differentiating Equation (10) with respect to J and

setting the derivative equal to zero we find the value of

the maximum efficiency for a given Cp value.

Thus ¢ - -k -fr Lpheo™
-k ¢ S__ ThC, r =]
K3 =_-T_[.\,c,,,ei" ” J-@.[f___,___l
)’f Crs(onsm\&v CF Cr Jd
and f;_g' . N -“_’-{ ]AC,.k
2 -3JWC -
33 (L-ne)eE =0

Therefore for maximum efficiency:

i E%k_ (11)

and -FG 51
J”Aﬁ e

- ¢ (12)
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APPENDIX IV -~ Definition of Symbols
Ay By A, h, £y 8y Kty and K eeveennenrannannnss. Constants
Cd oo espo e oo Drag Coefficient.

CL ®e s s eo00 00000 Lift coefficient.

Co (Cp = P ) ...... Propeller power coefficient.
eN3d5’
Cy (Ct = _ T, ) eeesees Propeller thrust coefficient.
QNEEt1t
2
D D = %eCdV”S ecssevee AirfOil drago
d -(feet) oe++..s Propeller diameter.

€1y ©2y @01y ©pp s-++... Electrical signals (volts)

F (Lbs/hr) ....... Fuel flow rate.

J (J=Y¥.) eeee... Propeller advance ratio.
Nd

HP R R E R E YY) Brake HOTSGPOWer

L = 3pCVS ve.... Airfoil 1ift.
M Servo motor.
Myp (1bs-ft) ..... Engine brake moment.
N (rpm) eeeesee.s Propeller rotational speed.
Ne (rpm) eeeeeee.e Engine rotational speed.
Preq (ft-lbs/hr) .. Power required.
Pay (ft-1bs/hr). .. Power available.
Q (lbs-ft) ..... Torque moment.
R (M1/1bs) ¢.... Range parameter.
r,ry (ohms) ..... Resistance.
S (ftz) eeeses Servo amplifier of airfoil area.

S LaPlace transform variable.
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1lbs

SFC hr-HP

esseee Specific fuel consumption

(1bS) +eeeeee... Propeller thrust
lbs
ine

T

:P Torquemeter oil pressure -
W (1bS) eeeese Alrplane gross weight.
v

ﬁi eeeees Airplane velocity (airspeed)

Greek alphabet symbols:

« Propeller anglé of attack (degrees)
@ Propeller blade angle (degrees)
Propeller efficiency

Angular displacement in radians

Air density §%%§§f

Angular velocity

€t 0o oS
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