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FOREWORD

This report was prepared by the- Armour Research Foundation of the
I1linois Institute of Techmology under USAF Contract No., AF33(038)-21751,
The work performed in this program was under the supervision of the Power
Plant laboratory, Directorate of laboratories, Wright Air Development
Centor, with Mr. J. D, Delano, Jr. as project engineer, and is covered by
RDO No, R~536-232, "Power Plant Power Transmission Systems".

This report is presented in two parts, This part (Part 1) is con-
cerned with the basic assumptions for the various types of aircraft
acoessory power transmission systoms concerned, while Part 2 consists
of the derivations of the equations whioh were utilized in Part 1.
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ABSTRACT

A method 13 presented for evaluating four possible types of airoraft
accossory power transmission systems as listed below.

l, Pneumatie
2, Hydranlio
3+ Electrio
L, Mechanical

This evaluation method is intended for use in deci-ding which type of
accessory transmission system should be used in a given type aircraft.

These systems were analyzed on a minimum weight basis, Weights as
well as the inorease in fuel weight to compensate for power extracted from
the engines were considered on the basis of mission profile and power
characteristics of the accessory systems. The minimum weight was mainly
determined by the transmission line sizes in the respective systems, while
other compoments were essentially constants in the anelysis,

This report is divided into two parts. This part (Part 1) is devoted
to listing, for each system, the besic assumptions and required data, and
to presenting a step by step procedure for calculating the minimm total
weight of each basic system. Part 2 contains derivations of the equations
which were utilized in Part 1 without derivation or detailed explanatiom,

The securlty classification of the title of this report is WINCLASST~
FIED", While each individual section of this report is not considered
classifled, the compendium of information contained in this report is
ocongidered to be of sufficient importance to require the protection
efforded by a FESTRICTED classification.

POUBLICATION HREVIEW

This report Las been reviewed and is epproved.

FOR THE COMMANDER: ©

}ﬁaw €. APPOLD, Colonel, USAF

_ Chief, Power Plant Laboratory
Directorate of Lahoratories
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SECTTION I
INTRODGCTION

This study was undertaken to develop a method of evaluating accessory
power transmission systems on aircraft. It is based on the design and mis-
sion requirements of the airplane under study.

For a better understanding of this evaluation a short explanation of
the reason for making this study, a general description of the basic accese
sory transmission systems, an explanation of the analysis method, and a brief
suumary of the imitial assumptions and required data are included here.

A+ The Problem of Accessory Power in Modsrn Aircraft

Modern military aircraft such as fighters, bombers or cargo planes re- -
quire, in addition to the power plant needed for their propulsion, a variety
of accessories or auxiliaries for safe operation and improved perfommance.
These accessories can be grouped into two categories.. The first group con-
sists of engine accessories needed for proper operation of the engine such
as the oil pump, fuel pump, engine controls and ignition parts. The second
group consists of accessories required for the operation of the airplanme such
as the generator, alternator, hydraulic pump, and air compressor. In the
following discussion, the first group will be referred to as "engine come
ponents®, while the term Maccessory" will be used for all auxiliary equipment
not required for the operation of the power plant.

Recent trends in aircraft configurations, aircraft engine development,
and accessory power requirements have progressively caused serious diffiecul-
ties in regard to mounting and driving the accessories. Aircraft are becoming
faster, thereby increasing the importance of drag reduction. Aircraft engines
are becoming more compact, offering less frontal area for mounting accessories.
The power required to drive the accessories is increasing due to additional
electronic equipment and other accessories needed on larger and faster airplaness,.

In the past, the accessories have been mounted on the engine, The trend
in engine development indicates that the space available for mounting acces
sories on the engine is steadily decreasing, The trend in accessory power
requirement indicates that the space required for mounting the accessories
on the engine is steadily increasing. The difficulties arising from this
space problem are manifest in current aircrafit,

The difficulties arising from the space problem on the engine can be
circumvented by mounting the accessories inside the airplane, remotely located
from the engine and driving them by means of remote power transmission,.

Several methods or systems exist for driving remotely located accessories,
In designing a new alreraft it is necessary to determine at an early stage
which of these methods should be used. This decision has to be based, in
part, on the optimum performance to be expected, considering the design and
mission requirements of the particular aircrafte

WADC-TR 53-36
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Be.. Remotely Driven Accessory Power Systems

A remotely driven accessory power system shall be defined as a system
that consists of a transmission system and a distribution system, as shown
diagrammatically in Fig. I-1, The transmission system consists of a power
extraction unit, a transmission line, a power conversion unit and an accessory
gear box. The distribution system consists of accessory power units, dis-
tritmtion lines and the accessories.

Since the accessory power system must supply the particular requirements
of the specific airplane for which it is designed, the basic system may have
many variations,

Puring the design of an accessory power system, three problems must be
anslyzeds First, the airplane must be analyzed to determine the accessory
functions that must be performed, For example, the bomb bay doors must be
opened and closed, the landing gear must be raised and lowered, and the radar
equipment must be operated. -The rumber and type of accessory functions and
the power required for each function varies with each airplane typs.

Second, each function must be analyzed to determine the type of actuating
device to be used to perform the function. The selection of hydraulic,
pneumatic, or electric actuating devices is influenced by the accessory
function, the availability, reliability, and development stage of a particular
devices The actuating devices utilizing the same kind of energy are generally
supplied from a commén distribution system and a single accessory power umit,
This is shown schematically in Fig. I-l where pneumatic, hydraulic and
electric power units supply pneumatic, hydraulic and electric actuating
devices, respectively, '

. Third, the system must be analyzed to determine the method of extracting
the power from the power plamt and transmitting it to the accessory gear box,
The power plant may be the main engine or an auxiliary engine. The power
can be extracted mechanically from a power take-off drive, or pneumatically
by bleeding air from the main engine compressor. If the power is extracted
mechamically, it can be transmitted in one of three ways, mechanically,

_hydraulically, or electrically, as shown in Figs, I-2, I-3, and I-l, If the
power is extracted pneumatically, it is trensmitted through an air duct in
the form of relatively high pressure, high temperature air to the accessory
gear box, as shown in Fig., I-5. Here again the transmission system selected
depends largely on the particular airplane under consideration,

The distribution lines and the power transmission lines are not always
clearly defined as indicated in Fig. I=l. The power extracted from the engine
may in part be directly distributed to some of the accessories without being
converted into some other form of emergy., This is done in the case of bleed
alr system (Fige I-5) where some of the air is used for hot-air anti~-icing,
and cabin air conditioning. Thus, some overlap may exist between the power
transmission and the distribution or actuating systems,

In larger aircraft the accessory power may be extracted from more than
one engine, and the transmission line may distribute the extracted power to
several power conversion units, This indicates the wide variety of possible
configurations encountered in aircraft accessory power transmission systems,

2
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Cs Method of Evaluating Power Transmission Systems

This analysis is concerned with the basic power transmission systems
which consist of one extraction unit, one conversion unit, a gear box, and
the transmission line, as shown in the upper portion of Fig. I-l.

Four basic types of transmission systems are cc:;nsidered:
1. Pneumatic

2+ Hydraulic

3. Electrical

lis Mechanical

The relative preference of the four basic types of systems is evaluated
by determining their estimated minimum weighte The evaluation of the weight
is ‘based on experienced values of component weights, the welght of the mini-
mum transmission lines, and the additional weight of the fuel required for
operating the transmission system, which is based on the flight profile of
the aireraft under corisideration.

It is realized that this method of evaluation gives only a partial come
‘parison, since other important parameters, such as reliabllity, vulnerability,
maintenance problems, and life expectancy are not included. The reason for
this omission is that these parameters do not lend themselves to a mathema-
tical analysis. However, by first determining the weights of the four basic
types, and later modifying the obtained weight rating on the basis of experience
factors, taking into account the reliability, vulnerability, etc., a more
complete evaluation can be made. With sufficient experience data available
a relative mumber system can be worked out for subsequent regrouping of the
‘preference given on the weight bagise

De Initial Data.and Assumptions

The initisl data and assumptions required to evaluate an accessory power
transmisgion system for a given aircraft are briefly summarized hereo °

It is assumed that this analysis will be applied at the stage of airplane
design when the following data are available: +the flight profile or mission,
the engine performance characteristics, and the approximate location and
magrnitude of the required accessory powers

The flight profile indicates the averape cruise speed and altitude, the
maximum altitude, and the range of the airplane. These factors are important
in evaluating engine operating conditions and the fuel consumption chargeable
to the accessories. In addition, the maximum speed and altitude and the
minimum speed are required to determine the transmission system components?
weight and efficiency,.

The engine performance characteristics are necessary in determining the
effect of power extraction on fuel consumption. If an extraction unit, such

8
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as an alternator or hydraulic pump, is driven from the engine shaft, the
fuel consumption of the engine will be increased.” If power is exitracted
from the engine in the. form of bleed air, it is necessary to know the
pressure, temperature, and amount of air available for bleed at various
engine and airplane operating conditions, Bleeding air from the engine will
also increase the engine fuel consumption. This information is obtainable
from the engine manufacturer's model-specifications.

The amount of power required and the approximate location in the air-
plane where this power is needed determines the size and length of the

- transmission lines and the size of the extraction and conversion units.

At this stage of development the dimensional outline of the airplane
and the location of the main engines should be well established. The power
requirement and the load schedule for each accessory must be estimated,
This in turn is used to determine the grouping of the acecessories and
location of -the distribution points (power conversion units).

The dimensional outline of the airplane, showing the location and the
amount of power required of the power conversion units; constitutes a frame-
work into which each type of transmission system has to be fitted. -

It may happen that the power required and location of the conversion
units change during the period of development of the airplane. If these
changes are not radical, maintaining the original pattern and essentially
the same power and 1ayout dimensions the result of the transmission system
evaluation will not be affected appreciably, If drastic changes are mads,
the transmission system should be re-evaluated.

E. PreSentation of Method for Evaluating Transmission Systems

Part 1 of this report is devoted to listing the basic assumptions for
each system, the required data, and presenting a step by step procedure for
calewlating the minimum total weight of each basic system, The list of data
indicates the information to be obtained and the most probable scurce. The
procedure indicates the quantity to be computed and the equation or curve to
be used in calculating it. Where necessary explanatory notes are included,
The equations and curves used in Part 1 are derived and discussed in Part 2.

WADC-TR 53=36 9
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ANALYSIS OF THE WEIGHT OF PNEUMATIC

POWER_TRANSMISSION SYSTEMS

Section I1

As Introduciion

This section shows the procednres for determining the approximste we.ngnts
of the two types of pneumatic transmission systems which are presently being used
or contemplated for use in modern airplanes. These systems are:

1, Straight bleed system
2. Bleed and burn system

The straight bleed system consists essentially of a bieed port in the
Jet engine which provides for extraction of relatively high pressure, high
temperature air from the engine compressor; ducting which transmits the bleed
air from the jet engine to an air turbine; and the air turhine which converts
the energy of the bleed air to shaft power. In addition, controls are needed
to regulate the speed of the air turbine, A schematic diagram of a typical
straight bleed system is shown in Fig, IT-1, The thermodypamic cycle from
the inlet of the compressor at am +to the outlet of the turbine at bo is
shown on a temperature-entropy diagram in Fige. II-2,

. The horsepower demand on the air turbine is determined by the require~
ments of the individual accessories. This includes any emergency overloads
which may be expecteds The air turbine must satlsfy these power requirements
by drawing from energy available in the bleed air. The erergy in the bleed
air available to the turhine is determined by the operating conditions of the
airplane engine and the pressure drop in the ducte For a given airplane and
engine operating condition, a decrease in the accessory power requirement tends
to increase the turbine speeds This is sensed by the control which acts to
decrease the amount of bleed air delivered to the turbine, For a given ace
cessory load any change in airplane or engine operating conditions which
decreases the bleed air temperature and pressure will tend to decrease the
turbine speeds In this instance the control acts to increase the amount of
bleed air delivered to the turbine,

The pneumatic system must be designed so that the maximum or overload
requirements will be satisfied under the most adverse operating conditions
of the airplane and engine, Selection of the proper duct diameter has to be
made accordingly. The pressure drop, and consequently the energy logs in a
duct, increases with the velocity of the air passing through ite. For given
accessory load and inlet conditions a smaller duct causes a larger pressure
drop and greater energy loss., The smallest duct that is capable of trans-
mitting the necessary amount of air without undue energy loss must be determined
for the most adverse cperating conditions,

WADG-TR  53-36 10
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(am)| Jet Engine

(bl1)

Bleed Air Duct

(bh)_} Air Turbine
(v0)

Fige II-1 SCHEMATIC DIAGRAM FOR A STRATGHT BLEED AIR SYSTEM

Tempersturs

Entropy

Fig, TI-2 TEMPERATURE ENTROPFY DIAGRAM FOR STRAIGHT BLEED AIR SYSTEM
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The most adverse or critical operating conditions occur when the air-
plans is making a landing approach or descends from a high altitude with
the engines idling. Then the energy available per pournd of bleed air is
low due to low temperature and pressure of the air discharged from the
engine compressor, making a large duct diameter necessary. It is possible
that other circumstances may represent the critical cperating conditions
for different airplanes with different airplane engines, and different
overload specifications. Therefore, the minimum permissible duct diameter
should be caleulated for every condition requiring a large amount of bleed
air due to a low pressure ratio. The largest among the minimum duct diameters
which is meeded indicates the most adverse operating conditions.

When using a pneumatic system, it is gensrally advantageous from a
weight viewpoint to combine the cabin conditioning system with the accessory
power transmission system. The cabin conditioming duct diameter is increased
to accommodate the air requirements of the accessory power unite. Thus, for
the duct the transmission system is"charged only for the increment in duet
weight due to the increase in duct diameter,

When the accessory power system is combined with the cabin conditioning
system, the maximum allowable pressure drop through the duct is given, For
proper functionming the cabin conditioning and pressurization system requires
that the inlet pressure tc the cabin condltioning turbine be kept above a
specified minimum at high altitude, This minimum pressure is determined by
the requirements of the conditioning unit and is used as a design criterion
in calculating the duct diameter.

The bleed and burn system is identical to the straight bleed systen,
except that a burner is inserted just shead of the turbine, The burner
raises the air temperature thereby increasing the energy available %o the
turbine per pound of bleed air. Figs. II-3 and II-L show a schematic diagram
and a temperature-entropy diagram for this system. In many cases the bleed
and burn system is superior to the straight bleed system from a weight and
performance viewpoint. However, there are two rather serious objections to
the bleed and burn system; the control problem is complex, and the additional
burner represents a safety hazard. The choice between a.straight bleed and
a bleed and burn system has to be based on considerations of safety, There-
fore, the choice cannot be made solely on the basie of minimum weight re-
quirements, but is largely a matter of judgment and policy,

For a fair comparison with other systems it is necessary to determine
the optimum pneumatic system which is defined as the lightest system capable
of fulfilling all power requirements of the airplane design mission, The
welght of the system is composed of the following items:

1, Weight of system components (duct, air turbine, governor
or controls),

2. Weight of fuel required by engine to compress the air which
was bled from main engine compressor to _operat.e the accessories,

3. Weight of fuel required to overcome any additional aerodynamic
drag caused by transmission system,

12
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(am) | Engine

bl

b3 bly |
Gombustio Air turbine

Fig, II-3 SCHEMATIC DIAGRAM OF A BLEED AND BURN SYSTEM

b0
:

5.

:
B

Entropy
Fig, IT-ii TEMPERATURE - ENTROPY DIAGRAM FOR ELEED AND BURN SYSTEM
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he Any airplane structural weight increase caused by the
installation of the system in the airplane.

This report includes an analysis of the first two items listed above
for the systems under consideration. Since the other two items are deter-
mined primarily by the sirplane design concept, they are treated as constant
for each particular type of system and airplane. 4&n analysis of a specific
airplane should include & study of these factors.

The optimum pneumatic system must be capable of transmitiing the maximum
required accessory power at all operating conditions of the aireraft. Since
the pressure at the engine bleed port is determined by the operating con-
ditions, the design quantity remaining variabie is the duct diameter. The
smallest duct diameter that can satisfy the power requirements ordinarily
results in the lightest installed weight, while the fuel weight required
to furnmish the bleed air is relatively large. The major contribution to
the fuel weight occurs during cruise conditions, while the critical operating
conditions which determine the minimum duct diameter usually occur at other
operating conditions. '

In ordar to determine the optimum duct dlameter it is usually more
convenient tc start with the minimum duct diameter, determine the corres-
ponding weight of ducting and turbines, and calculate the required fuel
weight. Since no smaller duct diameter can satisfy the system requirements
it suffices to check whether a larger diameter results in a greater or
smaller total system weight, Should the weight be smaller, when a larger
duct is assumed, the process is repeated until the mimimum total weight
is determined. . The maximum power condition is used to determine the duct
digmeter which in turn determines the capacity or size of the system com-
ponents. The weight of the system is calculated from the size or capacity
of the system components. The flight profile of the sirplane and the load
schedule of the accessories are used to determine the fuel required by the
accessoriea,

The optimum pneumatic system is determined by a trial and error pro-
cedure, Begimning with the minimum permissible duct diameter capable of
transmitting the maximum required accessory power, successively larger
diameters are assumed and the system weight is calculated for each duct
diameter. Increasing the duct diameter effectively decreases the losses
in the aystem and, hence, increases the system efficiency. This saves fuel
at the expense of increased installed weight. It may occur for certain design
flight missions that the savings in fuel weight will more than offset the
increase in installed weight due to. the larger duct diameter., Fence, the
optimm duct diameter may be larger than the minimom permissible diameter,

A plot of total weight versus duct diameter will indicate the optimum diameter
which will give the minimum total weight.

Under some circumstances it is possible to calculate an approximate
optimum duct diameter directly for a straight bleed system, i.e., the duct
diameter at which minimum total system weight occurs. The optimum duct
analysis, (presented in part D=3 of this section), assumes that the airplane
is operating at cruise conditions, that the weight of the required turbine

)
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is not affected by changes in duct diameter, that no overload is specified,
and that the turbine is designed for the power required from the accessory
system at cruise conditionse. Therefore, when the overload horsepower
requirements are only slightly larger than the cruise horsepower requirsments,
and when the turbine weight is a small percentage of the total system weight,
the optdmum duct diameter can be approximated by direct calculation.

The method for determining the minimum permissible duct diameter and
the total system weight is based on several assumptions., It is assumed
that the turbine is controlled by a variable area nozzle, Due to the une
certainbty as to the exact duct length and number and location of fittings,
the pressure drop in the duct can only be approximateds For this analysis,
it is more desirable to calculate a pressure drop that is too largs rather
than too small., Therefore, a constant temperature, equal to the duct inlet
temperature, is assumed for purposes of estimating the pressure losses in
the ducte It is assumed that the heat lost from the bleed air due to heat
transfer through the duct walls is equal to the heat gained due to friction
and turbulence, The flow from the bleed point at the engine to the end of
the duct therefore can be treated like an isentropic process. It is assumed
that the combustion in the bleed and burn system takes place at constant
pressure.

The procedure for evaluating a pneumatic power transmission system
consists of three steps:

1. Establishment of design conditions required for evaluation. These
include the mission profile of the airplane, the accessory load schedule
(including overloads), approximate location of the accessories within the
airframe, type of systém permitted (straight bleed or bleed and burn) and
pressure drop limitations,

2. Determination of minimum duct diameter,

3. Deterwination of minimum total system weight,

Throughout the minimum weight analysis several grou;;s or arranéemnts
of quantities keep reappearing. To facilitate computation, these quantities
are assigned names and symbols, such as head loss parameter, B dimensiornless
horsepower parameter, }IP*, and dimensionless pressure drop parameter, .x*
These parameters are generally determined separately, in some cases by mathee
matical computation and in others from curves. They are then used in later
computations,
Bs  Nomenclature
A ammular area of the rotor, i.n.2
a taper

cbl, thrust comcﬁ.on factor

c'bl fuel flow correction factor N

WADC-TR 53-36 15
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specific fuel consumption chargeable to the accessories, 1lb
of fuel per hr/lb of bleed air per sec

bl
nozzle coefficient

per cent increase in rotor blade height over nozzle blade height
specific heat at constant pressure, Btu/1b°F

duct diameter or diameter, ft

dimensionless du-ct parame ter

turbine tip diameter, in,

thrust of engine, 1b

friction factor, factor, or function

acceleration due to gravity, ft/sece, or fur_iction of I* (see page 4i0)
blade height, ine

horsepower

dimensionless horsepower parameter

head loss coefficient or proportionality constant

total head 1o-ss coefficient

ratio of specific heats

length of duct, ft

revolutions per mimte, 1/min

absolute pressure, 1b/ft2

gas constant, £t-~1b/1b°R

Reynelds number

-ratio or radius, in,

ratio of fitting weight to weight of duct alome, or pitch, in.
allowable stress, pai

taper factor or temperature, °R

wemmugwmzwwgwﬁ*%umuﬂmnuﬂuﬁon“n

thickness, in,

WADC=TR G3-36 16
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velocity, ft/sec

weight, 1b

weight rate of air flow, 1b/sec
bleed air flow, 1b/sec

dimensionless bleed air flow parameter
fuel flow for engine, 1b/hr

weight of fuel required to operate accessory system for time, 7:‘ 1b
width, ine

dimensionless pressure drop parameter
inverse of pressure ratio, PbO/Phl

head loss parametsr

weight density, lb/ft3

aspect ratio

efficiency

a_.dnission angle

btlade solidity

dynamic (absolute) viscosity, 1b-sec/rb2
duration of power extraciion, hr
horsepower paramester

specific thrust fuel consumption, 1lb/hr-1b

C‘&H-If-)it}l'cp,—:sﬁna\}b 2w, x qs:.*i:gz‘*gz: o -

duct welght coefficient, 1b/ft

Subscrigta

A arsa
a alr

am ambient condition
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BL bleed air

b blade.

bl conditions at compressor outlet
b3 conditions at burner inlet

bl conditions at turbine inlet

b0 conditions at turbine discharge
G casing

] crulse

cr critical

duct

disk

angine

fuel

QO M o O

governor or gears
gear box
insulation

Jet

nean

EBMHQ

nozzle

pitch line
turbine, or total
tangential, throat

velocity

¥ < o 20T

wheel

Co Initial Data

The following is a list of the initial data required to perform the

WADC-TR 53-36
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preunatic system analysis. The data are divided into groups according to
the probable source of information,

1. From Design Fliggt Mission

Establish typical flight conditions for the airplane. The altitude,
speed, and thrust required from the engine should be obtained for each flight
condition. The following is a list of typical flight conditions:

Cruise

Landing (minimm power at sea level)
Take-off

Military power

Descent at altitude (minimum power)

2, From Engine Specifications

Bleed pressure at each flight condition, psia
Hleed temperature at each flight condition, *R

Thrust correction factor due to extraction of bleed air, cbl’
(at cruise conditions)

Fuel flow correction factor due to extraction of bleed air,
C'y1o (at cruise conditions)

Engine thrust at cruise conditions, Fn’ 1b

Fuel flow at cruise conditions, Wr, 1b/hr

Ay flow at cruise conditions, LA 1b/sec

Specific th:_‘uét fuel consumption, \l,, {see Fig. III-2)
3., From Aceeésory System Specifications

Horsepower requirements of the accessory system at various
flight conditions, including overload

Duct length, 1, ft

Duration of power extraction, T , hours (depends also on
design migsion)

Approximate mmber of bends, turns, valves, etc.

19
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Determine if there are maximum pressure drop requirements

Determine if z bleed and burn system is permissibls

" From Initial Assumptions

Several decisions must be made in regard to the type of component

equipment and materials to be used, such as type of turbine and controls,
kind of duct insulation, kind of fuel, etc. These decisions must be based
on the stage of development, availability, ease of maintenance, etc. of the
particular component or material. The following design data are then baged
on the best available information concerming these components and materials:

duct wall thickness, fi

weight density duct material, 1b/ft>

insulation thickness, ft

weight density of insulation, 1b/ft3

ratio of fitting weight to weight of duct alone

heating'value of the fuel, Btu/lb

maximum turbine inlet pressure, °R

turbine efficiency, per cent

Both full and part load turbine efficlencies should be obtained
for the type of turbine to be used. A reasonable estimate of these

efficiencies can be taken from Ref. II-lL for turbines designed for
this type of application,

To determine the weight of an axial flow turbine, the following information is
necessary:

a

taper, ratio of blade cross-sectional area at the 'Eip te the cross-
sectional area at the root

e turbine admission angle, degree (see Fig. 1T-8)
s allowable stress, psi
blade aspect ratio, ratio of blade height to blade width
t average casing thickness, in.
L casing width, in.
¥, welght density of casing materisl, 1b/ft’
20
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£ velocity factor, ratio of wheel pitch line velocity to tan-
gential velocity of the gas _

1,

c per cent increase in rotor_blads helght over nozzle blade height

area factor or gaging, ratio of nozzle throat area to anmmlar area

D. Analysis Procedure for Straight Eleed System

A step by step precedure is presented for determining the mimimum duct
diameter and the minimum total system weight for a straight bleed system as
shown in Fig. II-1.

The minimum duct diameter is calculated in one of two possible ways
depending on the maximum pressure drop ‘stipulation. If the accessory trans-.
mission system does not incorporate the cabin conditioning system, there is
no maximum allowable pressure drop specified. It is only required that the
maximum load be satisfied at the most adverse flight condition. The procedure
for calculating the minimm duct diameter under these conditions is presented
in step 1 below. _ '

If the power transmission system does incorporate the cabin conditioning
system, a maximum allowable pressure drop is specified. It is required that
the maximum accessory load be satisfied and that the maximum pressure drop
not be exceeded at the most adverse fiight conditioh. The procedure for
determining the minimum duct diameter under these conditions is outlined in
step 2 below.

Under certain special conditions the optimum duct diameter, i.e.,the
duct diameter which will give the minimum total system weight, can be computed
directly. This makes it possible to avoid the trial and error procedure in
determining the minimum total system weight. The procedure for calculating
the optimum duct diameter is presented in step 3 belowe. '

Once a duct diameter is established the approximate total system weight
can be calculated. Where the airplane flight conditions and the transmission
system specifications are such that the optimum duct diameter cannot be deter-
mined directly, the system weight is computed for the minimum duct diameter
and several larger diameters. A plot of the total system weight versus duct
diameter will indicate the optimum duct diameter and the minimmm system weight.
The procedure for calculating the system weight is presented in step he

1. Determine Minimum Duct Diameter at Critical Flight Condition -
Case One '

Case one considers maximum load at adverse flight conditions with
no pressure drop stipulation from the cabin conditioning system.

a, - Determine the Head Loss Parameter, /4

=

The head loss parameter is found from {derivation of this

WADC-TR 53-36 21
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equation is in Part 2 of this report)

/6 16R1mz'x | (1123
gi Pa

wheres
R = gas constant, f£t-1b/1b °R
P,, = bleed air pressure at campressor, 1b/142 aba.

Z K = total head loss coefficlent expressed in mmber of
velocity heads

acceleration due to gravity, ft/secz

4
Ty ™ bleed air temperature at compressor, °R

The total head loss coefficient, expressed in mumbsr of velocity heads, = X,
must be estimated from the airplane configuration and empirical data, as
follows: _ '

From the dimensional outline of the airplane, the location of the engine
and power conversion unit, estimate the approximate pumber of elbows, valves
and tees, and the length of straight ducting. Determine the individual head
loss coefficient of each fitting and length of dicts The total velocity
head loss coefficient is equal to the sum of the individua]l head loss co=
efficients,

The head loss coefficlent for each fitting or length of duct is defined
asg

KeE (11-2)

ZL

where:

K = head loss coefficient or the mmber of welocity
heads lost

AP = pressure drop, 1b/2?‘!;2

¥ = weight density of the air, 1b/ft>

V = velocity of the air in the dnct, ft/sec
' 22
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For straight lengths of circular ducts,

L
K=1¢f 5 : (;1-3)

where;
£ = friction factor
L . length of straight dmct, ft
D = duct diameter, £t |

The head loss coefficient varies according to the type and design of each
fitting and, to a lesser degres, with the Reynolds Number of the flow
through the fittings and ducts. These cosfficients have been determined
experimentally and tabulated, A largs mumber of such coefficients for
varioug duct components correlated with Reynolds Number are given in

Refs. II-l, II-2, and I1-3. By assuming a value for Reynolds Number, which
will be checked later, an estimate of the individual head loss coefficients
may be obtained from these references. A reasonable initial assumption for
Reynolds Number can be computed from the following equation by assuming &
flow rate of bleed air and a duct dameter:

" |
EL (11-h)

7 ep K

Re =

wharet

ey,

D = duct diameter, ft

= flow of bleed air, 1b/sec

/l{ = dynamic (absclute) viscosity of the air,
1b-sod/ftz, (based on duct inlet temperature)

be Determine the Maximum Dimensionless Horsepower Parsmeter, HF"

The maximum dimensionless horsepower parameier can be taken
from Fig. II-5. For an inverse pressure ratio, (X, existing at the given

flight and load conditions the maximum value of HP® can be read on the
ordinate. This also determines a value for the dimensionless pressure drop

parameter, I’_’, read on the abscissa. The inverse pressure ratio isg defined as

oL = 2 (I1-5)

23
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ce Calculate the Minimum Duct Diameter

Now the minimum duct diameter can be calculated from

2.95 [B P
Dpyn -J —E—’f—n:: (I1I-6)
' T

de Calculate the Bleed Air Flow, WBL
The bleed air flow can be found from

2 I*

P. D°, -
Wy = 0,61 bl min (1I-7)
]—|Tb1 =X

The dimensionless pressure drop parameter, I*, was determined for these
conditions in step 1l-b, ,

e. Check the Value of XK Used in Step l-a

Using the calculated walues of WBI. and ]:5 ...y recalculate the

Reynolds Number from Eq. (IT-l). The total head loss coefficient, ZX, must.
be estimated again and compared with the XX used to calculate Qin step l-as

Repeat steps l-a through l-e until the two values of ZK agree within
15 per cent, Since the flow in the duct is generally turbulent, =X K varies
only slightly with appreciable changes in Reynolds Mumber. Hence, satisfactory
agreement should be obtained in one or two calculations,

2. Determine Minimam Duct Diameter at Critical Flight Conditions -
Case Two -

Case two considers maximum load at adverse flight conditions with
a maximum allowable pressure drop specified by the cabin conditioning system.

a, Calculate the Dimensionless Pressure Drop Parameter, X"

The dimensioniess pressure drop parameter can be calculated

(11-8)

wheres

WADC-TR §3-36 25
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P
= ratio of absolute turbine inlet pressure to
bl  absolute compressor outlet pressure. The
turbine inlet pressure, Phh’ is established

by the specified pressure drop.

b. Determine the limensionless Horsepower, HP"

Using the value of X' calculated above and the value of ol
existing at the specific flight condition, HP® can be taken from Fig. II-5.
¢s Calculate the Head Loss Parameter, ,ﬁ

The value of p is found by the same method described in
Section 1l-a.

de Calculate the Minimum Duct Diameter, Doin
The minimum duct diameter is calculated from Eq. (IX-6).

es Calculate the Bleed Air Flow, HBL

& _The bleed air flow is calculated from Eqe (1I-7). Use the
value of X calculated in step 2-a,

fs Check the Valus of X K Used to Calculate B3
.
The method for checking 37K is described in step l-e,
3. Optimum Duct Diametex

The procedure for calculating the optimum duct diameter is based on
the following assumptions:

The airplane is coperated at cruise conditions throughout the
flight

Accessory power turbine weight is not affected by changes in
duct dameter

No specified overicad requirements

The turbine is designed for the power required of the trans-
mission system at cruise conditions

The method for computing the optimum duct diameter is presented below.

4. Determine Duct Weight Coefficient, gl

The duct weight coefficient is the total weight of the duct,

26
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including fittings and insulation per unit length per unit diameters
W = % (I1-9)

where:
HD = total duct weight including fittings and insulation, 1b
L = duct length, ft |
D = inside duct diameter, ft
If possible the weight coefficient should be based on information from

previous installations. If no data are available, the weight coefficient can
be calculated from the following: :

W =T a+s) t X+t b;] (1I-10)
t’D = duct wall thickness, ft
weight density of duct material, 1b/ft

o

ot
L]

insulation thickness, ft _ :
Y; " weight density of insulating material, 1b/ft

wmn
[ ]

ratio of fitting weight to the weight of the duct alone

be Determine the Specific Fuel Consumption of the Accessories, c-bl

The specific fuel consumption is found from

POy Byt Oy W

p1 V. (IT-13)
where: '
= gpecific thrust fuel consumption, 1b/l1b-hr (see
Fige I1I-2 in hydramlic sectiogs

c‘bl = thrust correction factor

c'bl = fuel flow correction factor

Fn ® engine thrust, 1b

4]
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W, = fuel flow, 1b/hr

£
W, = alr flow, 1b/sec

All of the factors in Eq. (II-11) can be obtained from the engine specifi-
cationse For this particular duct calculation these factors should be taken
at airplane cruise conditions, '

¢. Determine the Horsepower Paramoter,

The horsepower parameter is found from

o

2.95 HP,

Tr

(11-12)

‘where:
HPc = horsepower required by accessories at cruise conditions

T = temperature of bleed air at compressor outlet, °R

bl
)lT = turbine efficiency, per cent (assumed)

The turbine efficiency must be estimated from the best information
available on the type of turbine being considered at the time of analysis. A
good indication of the variation of turbine efficiency with load and inlet
conditions is obtained from Ref, IT-l.

d. Determine the Head Loss Parameter, B
¥
The head loss parameter is found by the same method described
in Step l-a except the various temperatures, pressures, etc. are taken at
cruise conditions.

e. Calculate the Dimensionless Time Parameter, T ™

The time parameter is found from
=

* . T ¢ T (13-13)

Wi ’y‘/’p

where:

/—‘
{ = total time that power is extracted from the engine, hr

A1] of the factors in this equation have been determined.

28
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fs Determins the Optimum Valie of the Pressure Drop Paramter,_x*

The optimum valpe of the pressure drop parameter is taken from

Fig. II-6 for the calculated value of the dimensionless time parameter, T ~,

and the value of the inverse pressure ratio,O(, existing in the engine at
cruise condi.t.ions._ '

ge Calculate the Optimum Duct Diameter

Determine the dimensionless horsepower parameter, HP*, from
Fig. 1I-5 at the optimum X* and the existing O( « Calculate the optimm

duct diameter from
-
5 } 2.95, |ﬁ' HPc

P A )ZT L

he Check the Value of X K Used and Calculate g

(I1-1k)

Determine the bleed air flow, HBL from

2
D .
W, ™ -—"2'2;.. ol (II-15)
Using the values of I)0 " and HBL check the value of X K as described in
Section l-e, ' P

he Determine the Minimm Total Weight of the System

The total system welght is equal to the sum of the componént weights.
The weight of each component is determined as a function of duct diameter.
The total system weight is caleulated first for the mimimum permissible duct
diameter and then for a few assumed duct diameters at nominal increments. A
Plot of total system weight versus duct diameter will indicate the minimum
total system weight. The total system weight, E W, is calculated from

W W, AW W W ' (1I-16)
where:
HT = turbine weight, 1b
WD = total duct weight, including fittings and insulation, 1b
WF = fuel weight, 1b
WADC-TR 53-36 29
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Fige 1I-6 VARIATION OF THE OPTIMUM DIMENSIONLESS PRESSURE DROP
PARAMETER, X', WITH THE DIMENSIONLESS TIME PARAMETER, ‘I ¥, FCR
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= inerement of total aireraft weight due to additional
structural requirements and to the fuel required to
overcome any increased asrodynamic drag chargeable to
the transmission system, 1b

Wy

The method of determining the weight of each component shown in Eq. (1I-16)
is outlined below.

. Determine the Turbine Welght, W,

Part F of this section presents a method for calculating the
turbine weight. . _

b. Determine the Duct Weight, Wy

The duct weight is calculated from

where:
) = duct weight coefficient (determined in step 3-a)

¢e Determins the Fusl Weight, ‘HF

_ If the accessory load schedule and the flight profile are such
that the apeclf:l.c fuel consumption and the bleed air flow can be assumed
constant throughout the mission of the airplane, the total fuel weight can
be calculated from the following:

L]
We = C'y Wy

T ~ (11-18)
vhere:
c'bl = gpecific fuel consumption -chargéable to -accessories,

Ib of fuel per hr/lb of bleed air per sec

W, = bleed air flow at cruise conditions, Ib/sec

BL
T = aquration of power extraction, hr (from initial data)

It the accessory load schedule and the flight profile are such that
c“bl and HBL cannot be assumed constant, then the flight is divided into short -

time intervals over which this assumption is walid, The sum of the fuel
weights for these intervals is the total weight of fuel required for the
wigsion.

k3 8
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The bleed air flow, WBL’ is determined as follows:

Determine the dimensionless horsepower, HP , from

* ho@ﬁp (11_19)
i NN 0% .

Determine the value of x* corresponding to EP" and the inverse pressure
ratio, of , from Fig. II-5. :

Calculate WBL from

- 2 5 -
Wﬂ. ,\lT X (11-20)
- The head loss parameter, /6 , is determined from Eq. (II-1).

d. Determine the Incremental Airplane Weight, W,

The value of Wk is primarily determined from the design concept

of the particular airplane and type of accessory system under considerations

Therefore, Hk is treated as a constant for each accessory system and airplanes

; The total system weight is computed from Eq. (II-16) for the minimum duct
diameter, and several larger duct diameters., A plot of total weight versus
‘duet dismeter will indicate the minirum total weight of the straight bleed
system. This figure may be used for comparing the straight bleed system with
other types of accessory transmission systems.

E. Analysis Procedure For a Bleed and Burn System

A step by step procedure is presented for determiming the minimum duct
diameter and the minimum total system weight for a bleed and burn system as
shown in Fig. II-3.

- The procedure is similar to that for a straight bleed system. The
minimun duct dlameter is determined for two cases. Case one considers maximom
accessor'y load at adverse flight conditions with no pressure drop stipulation,.
Case two considers maximum accessory load at adverse flight conditions with a
specified maximum pressure drops ‘The procedure for compufing the total system
weight 15 presented in step 3 below. Here again it is necessary to calculate
the total weight for several duct diameters to determine the minimum total
weights : :

l. JDetermine Minmimum Duct Diameter at Critical Fl:!:ght Conditions =
Casa One

Case one considers maximum load at adverse flight conditiohs with no

WADC-TR 53-36 32
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pressure drop stipulation.
' @. Obtain the Maximum Value of the Dimensionless Horsepower, "

Determine the maximum value of the dimensioniess horsepower, HP*,
from Fig. IT-7 at the prevailing inverse pressure ratio, ¢f, for the critical -

flight condition. This also determines a corresponding value of X'

bs Determine the Value of the Head Loss Parameter, y-i
. ; 7

The head loss parameter, ,6 s is determined as shown in Section D,
step l-a.

¢te Calculate the Minimmm Duct Diameter

The minirmm duct diameter is calculated from

1

2.95: | ' HP

mia ‘}ZT Tbh HP'

where:

HPm = maximm horsepower required of accessories

Ty, = turbine inlet temperature, *R (This is the
: temperature after combustion.)

ﬁ = head loss parameter determined from Eq. (II-1)

de  Check the Value of XK Used to Calculate the Head Loss Parameter, B

Using the value of x* corresponding to WP in Fige II-7,
calculate the bleed air flow, WB from

Ly
2
D
W, e -mi y* (11-22)

BI‘ J
With the caleculated values of D rin and WBL’ compute the Reymolds Number from

Eq. (II~h) and estimate the value of 37K as outlined in step l=a of Section D
Steps l~-a through l-d of this section should be repeated until the calculated
value of Z3 K agrees with the original estimate within 15 per cent,

2+ Determine Minmimum Duct Diameter at Critical Flight Conditions -
Case Two

Case two considers maximum load at adverse flight conditions with a
specified maximum pressure drope -

WADC-TR 53-36
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s Calculate the pressure drop parameter, I*, from Bq. {(I1-8)

b, Determine the dimensionless horsepower from Fig. II-7 for

the value of X* calculated above and the inverse pressure ratio, existing
at given flight econdition,

¢s Calculate the minimum duct diameter from Eq, (II-21)
de  Check the value of 21K as shown in step 1-d of this section,

3¢ Determine the Mirdmum Total System Weight
The total system weight is calculated from Eq. (II-16). The
method of calculating the turbine weight, WT, is presented in Part F of this
section, The duct weight, W, is calculated from Eq. (TI-17). The weight
of the fuel, Wps is determined from S

3600 (T, - T3) %

nv,qcmb_

- (I1-23)

Wp = Uy T omy ¢
where:

W,

TI = duration of power extraction, hr

= weight flow of bleed air, 1b/sec

c'bl - apédﬁc fuel consumption chargeable to accessories
as determined from Eqe (II-11), 1b of fuel per
hour/ib of air per sec

Tpy = turbine inlet temperature, °R

'rb3 = alr temperature at the burner inlet, *R

cp’ " specific heat of sir at constant preasure, Btu/1b °F

HV = heating value of fuel, Btu/1b of fuel
)chmb = combustion éfficiency, per cent

S5ince the pressure drop through the duct iz assumed to be isemtropic, the

temperature at the end of the duct, Th3’ is found from

35
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P, k =1
J B
Tb3 bl Py (11-2L)

The bleed air flow, W ., is determined from cruise conditions as follows:

m.,
Calculate AP from

HP* - 2095 : HP (11_25)
° M Ty

Determine x* corresponding to I-EP* and the inverse pressure ratio, c(, at
cruise conditions from Fig., IT-T.

Calculate the bleed air flow, W, from Eq. (11-20)

---—-x

" A

The total system weight is calculated for the mimimum duct diameter and
several larger diameters. The minimum total weight is obtained from the
curve of total weight versus diameter, This minimm weight may then be
used to compare the bleed and burn sysiem with other types of accessory systems.

Fo Weight of the Air Turbine

In calculating the total weight of a pneumatic system from Eq. (II-16),
it is necessary to know the air turbine weight. This section presents a
method for estimating the turbine weight,

The total weight of an air turbine can be expressed as'the sum of the
weights of the turbine wheel, the turbine casing, the governing device and
the gear box. Thus:

Wo =W 4 W, AW W (11-26)

where:

WT = total weight of the turbine, 1b

'"w = weight of the turbine wheel, 1b

L weight of the turbine casing, 1b

HG'- weight of the govermer, 1b

WGB- weight of the gear. box, 1b
WADC=TR 53-36 36
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. The weight of the gear box is determined from torque and speed rednction
requirements. The procedure for calculating this weight is presented in
Section VI, -

The weight of the governing system is largely dependent on the type of
governing used; that is, whether a variable nozzle area control or a throttle
control is used and whether a mechanical or electronic goverming system is
useds Once the method and type of governing are chosen, the weight of the
governing system becomes a function of the power output of the turbine, The
weight of the governing system must be obtained from the mamfacturer's data.
This weight may vary from 5 to 10 pounds for a simple throttle control and
may be many times this figure for a partlal admission turbine. For the bleed
and burn system the burner weight is included with the govermor weight.

The weight of the turbine wheel and casing depend on the type of turbine
useds Two basic types of air turbine are considered here, the axial flow
type and the radial flow type. Schematic dizgrams of an axial flow and a
radial flow turbine are shown in Figs, II-8 and I1.9, respectively.

To determine accurately the weight of these turtine wheels by analytical
methods would be highly impracticals In an aircraft accessory power turbire
installation, the turbine wheel weight represents only a small percentage
of the total turbine weight, and the weight of the turbine casing and governcr
can only be estimated. Therefore, it is sufficient to establish approximate
methods for estimating the wheel weight,

The weight of these turbines is based on the geometric dimensions of
the wheel. The geometric dimensions of the axial flow turbine are determined
by the flew requirements and the stress limitations of the disk and blades.
For a given set of conditions the flow is indicated by the maximum required
nozzle throat area. The stresses are indicated by the pitch line velocity
of the wheel, which in turn is determined from the jet velocity of the gas
leaving the nozzle, (see Fig. I1-8). Thus, the geometry of the axial turbine
is determined once the maximum throat ares and jet velocity are known. The
weight can then be estimated from the wheel dimensions.

The geometric dimensions of the radial flow turbine depend almost entirely
on the flow requirements. Here again, the flow is indlcated by the maximum
nozzle throat area. Therefore, the weight of a radial flow turbine cam be
determined once the maximmm nozzle throat area is known.

The method for determiming the maximum nozzle throat area and the Jjet
velocity is different for the straight bleed and the bleed and burn systems,
Steps 1 and 2 below describe the procedure for calculating the maximm nozzle
throat area and the jet velocity for a straight bleed system, while steps 3
and 4 describe the procedure for calculating these quantities for a bleed and
burn system. This supplies the necessary data for calculating the weight of
elther an axial flow or a radial flow turbine. Steps 5, § and 7 describe the
procedure for calculating the approximate weight of an axial flow turbine.
Step 8 describes the procedure for calculating the approximate weicht of a
radial flow turbine,

WADC-TR  53-36 ' 37
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NOZZLE BLADES \_%
a 8|V, = v, cos 8
Vi ! I

{
0TI+
%1 T

L

Fige T1-8 SCHEMATIC DIAGRAM OF TUREINE WHEEL AND
YELOCITY DIAGRAM AT NOZZIE EXIT
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1. YMaximm Reguired Nozzle Throat Area, At’

The following procedure is used to determine the required throat
area Ay, for a straight bleed system,

- Straight Bleed System

a. Determine the Dimensionless Horsepower Parameter, HP*

For the most adverse flight conditions and makximum required
horsepower, calculate B from

DR
2.95 HP
HP® = B Fnax (I1~27)

2
Y(T Tor P
The head loss parameter, /5? s is determined from Eqs (IT-1) for the critical
fiight conditions

b. Determine the Dimensionless Pressure Drop Parameter, X

Using the value of HP' calculated above and the value of of

prevailing at the most adverse flight condition, X* can be taken from
Fige II-5e

¢e Determine the Value of the Dimensionless Pressure Drop Function

For the Straight Bleed System, g(X')

Knowing X*, the value of g(x*) can be taken from Figs I1-10.

de Calculate the Maximum Required Throat Area, A
The maximum required throat area is found from

2
= 1,15 D

A
b B

2o Jet Velocity - Straight Hleed System

g(x*) . (1I-28)

For the straight bleed system, the jet velocity of the gas issuing
from the nozzle can be closely approximated from

—
| —_— -
vj — 2g RT,, (11-29)
where:
o
WADC-TR 53-36
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k¥ = ratio of specific heats
acceleration due to gravity, f-l'./see2

[
[

R = gas constant, ft-1b/lb °R

Ty = discharge tentperﬁture of compressor, ‘R

3¢ Maximum Required Nozzle Throat Area - Bleed and Burn System

The following procedure is used %o determine the required throat

area, A ., for a bleed and burn system.

t’

ae Determine the Dimensionless Horsepower Parameter, HP

For the most adverse flight conditions and the maximumm required
hersepower, calculate " fram

H* - Eiﬂ . (1I-30)
D T
e T |
The head loss parameter, /6' s is determined from Eq, (II-1l) for the critical
flight condition,

be Determine the Dimensibnless' Pressure Drop Parameter, I*

Using the value of HP" calculated above and the value of ol
prevailing at the most adverse flight condition, x* can be taken from Fig, II-7.

ce Determine the Value of the Dimsnsionless Pressure Drop Function

For the Bleed and Burn System, h(X")

Knowing x*, the valiue of h(x*) can be taken from Fig. II-11,

de Calculate Maximm Required Throat Area, Ays for Hleed and Burn

System
Maximum required throat area is found from

2 T.
Ay = 1.15 \l_:%-'—? ,\% n(x") (11-31)
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where: -
Tbh = turbine inlet temperature, °R

ke Jet Velocity - Heed and Purn System

- For the bleed and bum systmn the veloeity of the gas issuing
from the nozzle is given by

i k 1
cn,d X ZgRT.bh (11-32)

Since the. pressure ratio is normally greater than critical, c should be
taken equal to umity.

S5 Weight of the Turbine Wheel for an Axial Flow Turbine

Having determined the jet velocity and the maxiyum required nozzle
threoat area, the following procedure may be used to determine the turbine
wheel weight:

a. Determine the Anmilar Area of the Rotor, A

The annular area of the rotor (see Fig. II-8) is found from

A= 12O A, (11~33)
A
where:

¢ = per cent increase in rotor blade height over the
nozzle blade height

fA = area factor or gaging

The area factor is defined as follows:

= &
A
N
where:
Ay = annular area of the nozzle ring, i.n.2 (sce Fig, TI-B),
b. Determine Pitch Line Velocity, V_
P
The pitch line velocity is found from
v, = I, Vj cos @ (1I=3k)
WADG-TR 53-36 ‘ bk
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wheres
£, = velocity factor, ratio of pitch line velocity to
tangential velocity (Vp / Vt)
@ = admission anglé, deg.
¢e  Determine the Ratio of Elade Height to Mean Radius, h/z'in
The blade-radius ratio, h/rm, is calculated from (Ref, II~6):
h . 1
- hé30 ¥ (IT~35)
m a’b v
p
wheres

§ = aliowable stress, 1}3/im,2
T = taper factor

Y, = Weight density of blade material, 1b/ft>

. The taper factor, T, is introduced to correct the stress at the blade
. root for the decrease in stress due to tapered blading. The value of this
factor is shown in Fig. II-12 for several values of taper, a. The taper
is defined as the ratio of blade cross-sectional area at the tip to the
crosg-sectional area at the root.

The ratio, h/r , may be taken directly from Fig, II-13, which shows
Eqe (II-35) drawn for several values of s/T and for an assumed material
weight density of 540 1bs/ft°.

d. Determine the Blade Height, h

The mean radius, 'rm, can be calculated from

, A 1
= it m—n— (I11-36)

The mean radius may be taken from Fig, II-1l where h/.'cm is plotted
against T for several values of anmilar area. Knowing the mean radius
and the ratio, h/r , the blade height, h, can row be calculated from

' h
h = (_.rm ), (11-37)
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8. Determins the Wheel SEeg, N

The rpm-of the turbine wheel 1s calculated from the knowm
values of the mean radins and the pitch line velocity,

N = -:% 2 (1z-38)
L] n

The rpm can be taken from Fige IT-15, where the mean radius is plotted against
pitch line velocity for several wheel speeds,

£e Cﬁmgate the Turbine Wheel Heig_h_f.‘_l_i"
The effect of several design variahles on'turbine wheel

weights has been investigated by the NACA (Ref. II-5)e The resulting re.
lationship, as showm by this reference, can be approximated by:

S .
-w-"-,—- - F (—h-) h (11-39)
A r

or the wheel weight can be calculated from

ww--g—r(-%:)h

where:
Ww * = weight of the turbine wheel
S = aspect ratio, blade height/tlade width
A = amnulay area behind rdtor, :I.n.2
h * blade height, in.
F(}-}-l—) = a function of the blade height to mean radius ratio
m

The values of F(h/rm) are shown in Fig, IT=16 for the following representative
design conditions;
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rs = 0.9
A - 1.5
& = 0.3
X = 0.15

Ya =50 1b/2t3
¥, =5w 10/24°

where:

T, * stress ratic of stress in the blade %o the stress
in the disk

)\ = blade solidity (ratio of blade width to the blade pitch)

a = taper {ratio of blade cross-sectional area at the tip
to the cross-sectional area at the root)

X = proportionality constant (rati’o of cross-pectional area
at the blade root to the square of the blade width)

'Y, = weight density of the disk material, 1b/ft?
¥, = weight density of the hlade material, 1b/ft’

From Eq. (II-L0), lines of constant h/r, ratio can be drawn as shown

in Fig. II-17. On the same graph, lines of constant anmular ares, A, are
shown. The equation of these lines is given by:

h
T

h - l -2-‘5,7,_,-‘\—:‘-,;- (TI-k2)

Fig. II-17 is drawn on two sheets to facilitate reading the low values of the
S

A

-1
p =2Trh = 27 (—-——) (1T-11)

parameter,
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6, Welght of the Turbine casing,_lic, for an Axial Flow Turbine

The weight of the turbine casing can be approximated by replacing
the casing with a cylindrical enclosure having the same diameter as the tip
diameter of the turbine wheel. The weight of this enclosure can be expressed
in terms of the blade-radius retio, anmilar area, and design constant as
followss

2
Ay, | w 1 '2%'
G 1
Voo T | Tt —= (11-k3)
E?;
or
2
h
1728 W, 1+ ?,;:\
. * (1I-Lk)
IO o L L
C[d T] or
mn
wheres

o
]

c width of casing (assumed), in.

tip diameter at turbine wheel = 2 r. * h, in,
= thickness of turbine casing {assumed), in.

weight density of casing material (assumed), 1b/ £t

OQ‘ o
]

_ Eqe (II-4L) is shown graphically in Fig. I1-18. Xnowing the blade-radius
ratio, h/rm, a value for the left member of Eqe. (II-hli) can be taken from

Fige IT-16. Since all of the factors except W, are known, Wc can be calculated,

7o Combined Weight of Axial Flow Turbine Wheel and CasinMc

The wvalidity of the system evaluation will not be materially impaired
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if the total weight of the turbine and casing is determined as follows. The
weight of the turbine wheel is given by Eq. (II-40) and the weight of the
casing is given by Eq. (II-43). The combined weight, ch, the sum of the
two, can be written as: ‘

LR e caleedle 5]
r r t + 1+
% - n N A3/2 . cld "2 R Y (11-45)

X0 | 1728 -

In order to simplify the detemmination of this combined weight, the following
representative values are assigned to the design parameters:

g = 3

t = 0,10 in

W

'a-g = 005

3; = 190 1b/£t°

By fixing these values, the weight becomes a function of the area alone.
The ra:l:.cio.h/rm can be used as a parameter, the value of which can be determined

.for a given pitch line velocity from Fig. IT-lhe The variation of the weight,
Wyeo With annular ares, A, (determined in step 5-a), for several values of

the parameter h/z'm is shown in Fig. IT-19 which can be used for estimating the
combined weight of the turbine whael and the casing,

8. VWeight of a Radial Flow Turbine

Approximate formulas have been developed to determine the weight of
a radial flow turbine as a function of wheel diameter.

S Determine the Wheel Diameter

For aircraft accessory power turbines the ratio of nozzle area
Ays o the square of the wheel diameter, d, may vary betwsen 0.08 and 0,10,

(Refe II~-h)s Using the value of 0.10 for the weight analysis gives

d = 3.16 | Ay ' (II-46)
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be Determine the Wheel Weight

Assuming that the weight of the wheel is equal to weight of
a s0lid cylinder with the same outside diameter but a smaller or average
equivalent width, it was found that the wheel weight is proportional to the
cube of the diameter. The proportionality constant was calculated for steel
wheels from available data on'actual turbines., The weight of a turbine wheel
was found to be '

Wy o 0.,0182 & (TI-47)

¢« Determine the Turbine Casing Weight

The weight of the turbine casing canbe approximated by
replacing the casing with a cylindrical enclosure. The diameter of this
enclosure, d ., can be taken as 1.5 times the wheel diameter (see Fig. II~9)

while the width, w_, can be taken as 0.5 d o This resulis in the following
for the casing weight:

2
] ’n"dx t oy
1728

We

L
(7 + &) (I1-L8)
where:

= diameter of equivalent cylindrical enclosure, ine

wldth of equivalent eylindrical enclosure, in.

thickness of equivalent cylindrical enclosure, in.
weight density of material, 1b'/ft3

ol T W W

Using the ass_umptiom
4 = 1.5 d
W - 0-5 dx

x
and assuming

t = 0.10 ine
¥g = 190 1b/243
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then

W, = 0.2

de Combined Weight of Turbine Wheel and Casing

Adding Eqs. (TI-47) and (IT-L9) gives the combined weight of
the turbine wheel and casinge

Wy = 0.0062 & + 0.2 & (1I-50)

Eqs (II-49) is shown graphically in Fig., IT-20. This figure canbe used to '
obtain the approximate weight of & radial flow turhbine having a wheel diameter, 4,
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ANALYSIS OF THE WEIGHT OF HYDRAULIG

POWER TRANSMISSTON SYSTEMS

Section IIT

- A. Introduction

A hydraulic transmission system consists essentially of a pump for
extracting power from the engine, fluvid transmission lines for transmitting
the hydraulic power to the motor, and a hydraulic motor for reconversion
of the hydraulic power to mechanical power. In addition, a reservoir is
required for fluid storage and de-aeration; an oil cooler must be provided
to dissipate the heat generated within the system, and controls are needed
for regulating the flow and pressure of the system. Such a system is shown
in Fige III~-le

The speed of the motor is controlled by its displacement and rate of
flows The power output is given by the motor speed and the torque as
determined by the pressure difference acting on the motor,

In this section, the procedures are shown for determining the approxi-
mate weights of two types of systems which may be mnsed on aircraft, Thése
systems are:

1. Constant flow, variable pressure system
2. Constant pressure, variable flow system

The constant flow, vardable pressure system incorporates a variable displace-
ment pump and a constant displacement motor, As the engine speed changes,
the pump displacement is varied to maintain a constant flow. Consequently,
the power output of the motor is determined by the system pressures

The constant pressure, variable flow system utilizes variable displacement
units for EOEE the pump and the motors Umder constant load conditions, the
pump displacement is altered to compensate for any changes in engine speed,
so that a constant output load is maintained, A change in load conditions
tends to result in a change in ocutput speed. 4 speed or torgue sensing
servo-mechanism alters the motor displacement to provide the torque required
for restoring the speed. This change in motor displacement. is transmitted
to the pump servo-mechanism to cause a similar change in pump displacement,
thereby providing the flow necessary to maintain the new motor load at the
rated speed,

The constant flow, variable pressure system is best suited for single
load application and can be operated at constant motor speeds It is capable
of supplying a limited overload for short time intervals by operating above
the rated pressure of the pump and motor.

The constant pressure, variable flow system is best suited to miltiiocad
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applications which do not require a constant motor speed, but which require
continmious operation. Applications of this system include flight control
power boosts, fuel pumps, etc. The system must be designed for maximum
load requirements, because it cannot be operated above the rated pressure
of the pump and motor. Since the units must be larger, the system weight
is greater than that of a constant flow, variable pressure system.

For the purposes of comparison, an optimum hydraulic system is defined
as the lightest system capable of fulfilling all power requirements of the
design mission. The weight of this system includes the following items:

le Weight of the system components (pump, motor, transmission
lines and fluid, oil cooler, reservolr, etc.i

2+ Additional fuel required by engine to provide the power
extracted by the hydraulic pump,

3e¢ Additional fuel required by engine to provide the power
required to overcome any additional airplane drag caused by
the transmission system,

he Any structural weight increase caused by the incorporation
of the system in the airplane,

In the system analysis presented in this report the first two items
listed above are considered, Since the other two items are determined
primarily by the airplane design concept, they are imtroduced as constants
which have to be evaluated before the analysis can be carried out,

'With design concepts introduced as constants, the weight of the optimum
hydraulic transmission system is dependent upon factors influencing the losses
in the systems A large part of the losses are represented by the transmission
line losses as given by the pressure drop in the liness If the lines are
designed too small, the pressure drop will be highe The pump, motor and
oil cooler must therefore be larger in order to compensate for the increased
lossese If the lines are designed too large, the losses will be decreased;
but the line weight will be disproportionately large. The optimum system,
therefore, is one which has a pressure drop that results in the minimm
system weight,

A method is presented here by which the cptimum pressure drop for a
given application can be determined, It is based on the assumption that the
flow in the lines is turbulent, and the pressure drop proportional to the
square of the welocity. The pressure drop in the straight portions of the

transmission lines is assumed to be small compared to that in the bends and
.t’ittings. )

The evaluation of hydraulic transmission systems can be divided into
four steps: :

1. Establishment of the design conditions required for the evaluation,

WADC-TR 53-36 65
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These include the mission profile of the azirplane, the power sched-
ule of the accessories, and the approximate locations of the acces-
sories within the airframe.

2. Establishment of the parameters used to describe the characteristics
of the system and of the units comprising the system. The charac-
teristic parameters include those describing the engine specifie
fuel consumption for the power supplied to the system, and those
describing the system flow and energy requirements for the power
delivered by the motor. Other parameters are those expressing the
transmission line and fluld weight density, and pump and motor pa-
rameters which reflect design features of these componentss

3, Determination of the optimmum pressure drop. The parameters estab-
1lished in Step 2 are utilized to determine graphically the optimum
pressure drop for the systems The curves expressing the optimum
pressure drop in terms of the characteristic parameters were ob-
tained by minimizing the total weight equation with respect to the
pressure drop. Separate curves are shown for constant flowevariable
pressure systems and for constant pressure-variable flow systems,

he Calculation of the total system welght and the weights of its com=
ponents. From the optimum pressure drop, the required power oute
put, and the defined parameters, the total system weight is obtained.

Equations are shown which will give the weights of the individual
components if desired.

Be Nomenclature

A constant in Eq. (III~15), representing the fixed weight of
constant flow variable pressure hydraulic power transmission
system, 1lb, defined by Eqe (ITI-1l)

B constant in Eqe (III-15) defined by Eq. (III-8)

c constant defined by Eq. (III-9)

ch thrust correction i‘aétor of engine due to power extraction

‘1'31 fuel flow correction factor dwe to power extraction

Ci',x specific fuel consumption of engine for the increment of total
engine power which is extracted by the power transmission
system, 1b/HP-hr

D hydraulic power transmission line diameter, ft

F engine thrust at design cruise speed énd altitude, 1b

energy parameter, secg/ftz, defined by Eq. (III-2)

@

constant in Eqe (TIT-30) represemting the fixed weight of
constant pressure variabvle flow hydranlic power transmission
system, 1b, defined by Eq. (III-29)
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power requirementé from the system at eruise conditions, hp
maximim power required from system, including overloads, hp
power required by accessory at its nqma_l rating, hp

rated power of pump=-motor coml;ination at rated pressure, hp

a reference power of the jet engine, arbitrarily taken as 10
per cent of the jet power at sea level static conditions, hp

average welght of control and auxiliary limes and fluid, 1b
velocity head loss

Jength of hydraulic transmission lines, f%

combined length of contrel and auxiliary limes, ft-
parameter defined by Eq. IIT«27

rated speed of hydraulic motor, 1/min

flow rate, i‘ts/ sec

pressure, 1b/ft2

maxirum permissible operating pressure of pump, 1b/ft2
rated working pressure of pump, 1b/ft2

maximum gage pressure of pump, lb/..‘i"t;2
parameter defined by Eqe (IIT-26)
parameter defined by Eqe (IIT-28)
duration of power extraction, hr
finid velocity, fit/sec

weight, 1b

weight of oi; cooler, 1b

weight of contrel and auxiliary lines, 1b

weight of fuel consumed by engine to deliver power extracted
by the accessory drive system, 1b

engine fuel consumption rate at thrust, F , 1b/hr

67
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HL weight of hydraulic power transmission lines, 1b
Wr welght of reservoir, 1b
W weight of pump-motor combination which, when closely coupled,
s has same power output as that required from system, 1lb
Wy weight of required pump-motor.combination, 1b
-Wk increment of total aircraft weight due to additional structural

requirements and to the fuel required to overcome any increased
aerodynamic drag chargeable to the transmission system, 1b

g acceleration of gravity, 32.2 f't./sec2

h matio of weight of filled reservoir to weight of fluid in it

m ratio of weight of hydraulic lines, including fittings
and clamps, to weight of tublng only

s maximum permissible working stress in tube walls, 1b/ ft2

x* rressure loss coefficient

x:r pressure loss coefificient evaluated at cruise power cutput
conditions

x; pressure loss coefficient evaluated at maximum power output
conditions

ot fraction of hydraulic line fiuid volume carried in the reser- -
voir for fluid de-azeration, expansion and contraction purposes

ﬂ fraction of hydraulic line fluid wolume carried in the reserw
voir per hour of power extraction to compensate for small
seepage leaks

AP pressure loss through the transmission lines, lb/r*r2

AW change in weight, 1b

}t a efficiency of the hydraulic pump, expressed s a decimal

nb efficiency of the hydraulic motor, expressed as a decimal

nL efficiency of the transmission lines, expressed as a decimal

Y weight density, l‘n/i‘t3

Yr ‘Weight density of the fluid, 1b/ft’

afn . weight density of the tube wall meta.l,'lb/ i‘t3

K total velocity head loss
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b4 total weight of the system, 1b

¢ - line density parameter, lb/f‘l:,3

9b specific thrust fuel consumption of engine, 1b/lb=hr
JL flow coefficient, ft3/sec

C. BReaquired Design Information for the Evaluation of a Hydraulic Trans-

mission System

To determine an eptimum hydrauvlic power iransmission system for a given
aircraft, the following design information is required;

1. From preliminary design data and airplane specification:

Locations of pumps and moitors in the airplane
Design mission cruising speed

Design mission cruising altitude

1?4 Turation of power extraction, hrs

HPcr Average power extracted from transmission system during design
mission cruise, hp

HPm Maximum power, including overloads, extracted from drive sys-

teme This includes overloads due to electrical system faults, hp

2e From the engine manufacturers! performance specification;

F Engine thrust at design mission cruising speed and cruising
altitude, lbs

We Fuel consumption rate at thrust, F, 1b/hr
CPX ‘Thrust correction factor of engine due to power extraction,
(see Ref, III-1)
Céx Fuel flow correction factor due to power extraction, (see
Ref. III-'].)
-HPref A reference horsepower, arbitrarily taken as 10 per cent of

the jet horsepower at sea level static conditions (see
Ref, IIT-1) This rating is used as a base for comparing
engine performance at any operational condition, hp

3s From the pump and motor manufacturers' data:

HP Rated power of units at rated pressure, hp
&9
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Maximum allowable working pressure of units, 3.b/:t"l‘.i2

Maximum gage pressure of units, 1b/f't2

This pressure is the maximum working pressure plus any supere
charge pressure used in a pressurized system

Rated pressure of units, 1b/ i‘t2

Pump efficiency

Motor efficiency

Rated speed of hydraulic motor, rpm

From miscellansous sources:

Weight density of hydraulic fluid, 1b/ft
Weight density of hydrawlic line material, lbs/ft°
Working stress of line material, 1b/ i‘tz

This is the rated tensile stress divided by the required
safety factor

Estimated Data:

The following data must be estimated from the design information:

Length of the transmission lines, ft

This should be estimated as closely as possible from the airplans
configuration and the location of the system components within
the airframe, keeping in mind the need of clearing the major
structural and functional components of the airplane.

Total length of auxiliary and control lines, ft

Number of bends and fittings in each line - The gereral line
configuration will be an indication of the number and types of
fittings required.

The total mumber of velocity heads lost in the transmission
line. This is a function of the total line length, the’mmber
of bends, elbows and other fittings, and is influenced by the

Reynolds Number of the flow in the transmission line., Since

XX will vary for each airplane model, it must be evaluated in-
dividually for each particular model and no estimate of XK can

be given here, Table III-1 shows representative K values for

some hydraulic fitting configurations at various Reynolds Members,
and may be used as a guide in estimating the value of the total
velocity head loss, £ K. Further data will be found in Refs, I1I-2,
and ITI-3« As & check on the validity of the assmmed values

70
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TARIE III-1

REPRESENTATIVE K VALUES FOR VARIOUS HYDRAULIC TUEE FITTINGS

AR-821 AN-B2L Tee AN-827 7 Cross
200 L5 k.0 5.0
500 3.0 2.9 3k
1,000 2.h 2.8 2.8
2,000 2.1 2.h 2.4
5,000 1.k 1.7 1.7
10,000 and up 1.0 1.0
Sodden Expansions Sudden Contractions

o.lo 0,'98 0.&
0.18 0.0 0.6
0.10 0,66 0.48
0. 0.32 0.22

#Deset en Tertulent Yiew and Velecity V,
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of ZT K, the line pressure drop should be recalculated after the
line diameter and ths fluid velocity have been determined from
Eqss (III-11) and (III~13), and the range of Reynolds Numbers
checkeds If the discrepancy is large, a new value of =K
should be determined, '

Fraction, added to the tube weight, to account for the ade
ditional wight of tube fittings and clips. It is the ratio
of the tube fitting and clip weight to the bare tube weight.
It can be estimated or obtained by a survey of hydraulic sys-
tems in existing aircraft. :

ol Fraction of the line fluid volume which corresponds to the
reservolr volume that is provided for fluid de~aeration, ex-
pansion, and contraction,

A Fraction of line volume to be carried in the reservoir for
every hour of power extraction to compensate for small seepage
leaks,

ol and (7 should be so proportioned as to give a reservoir of
reasonable size when considered in the light of current air-
craft practice,

h Ratio of total reservolr weight to the weight of the fluid
stored in it,

Ds Evaluvation of Design Parameters

In the course of the minimum weight analysis a number of parameters were
introduced for the convenience of later applications and graphical presenta-
tions In this paragraph, these parameters are emumerated and explained,
where possible, in physical terms, It should be kept in mind that the
primary purpose of introducing these parameters was to write the analytical
relations in a simpler form, particularly suited for graphical presentation,

In applying these parameters, they must be evaluated for the data of
the design point (cruising and/or maximum conditions)s If they are meant to
refer to overload, or maximum power conditions, the subscript 'm* is used,

egs .
I 550 Ep_
n Iibim
s The Flow Parameter, (), ft3/sec, represents a rate of flow, and is
éxpressed Ei )
550 HP_ |
ﬂm ] (III"'].)
J? 'bin
2+« The Pressure Loss Parameter, G, secz/fta, represents the pressure
72
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losses per unit velocity. It is given by,
8 r;ZK
G -
2
T T % P
Line Density Pa.ramet% R 1b/ft3 , represents the specific weight

of the 1ine and the fluid enclosed by it. It is represented by the
equation

(III-2)

(IIT.3)

P
(MR G +mQ -+ oy

2s

Specific Thrust Fuel Consumption, 4, 1'b/hr/lb, is the rate of
change of engine fuel consumption per unit thrust at the design
mission eruising speed and altitude. 1t is defined by

W
«71/ - EF‘£ (ITI-k)

n

This parameter ‘is evaluated as the tangent to the curve of the
specific thrust fuel consumption at the specified thrust output.
Fige TIT=2 shows graphically the procedure involved,

Specific Transmission Fuel Consumption, C" 1b/HP-hr, is the

PX’

increment of fuel consumed per hour by the engine, due to a unit

of power extracted by the power transmission system. It is obtained
by correcting the fuel consumption to maintain the normal cruise
thrust output of the engine at the required level.

Y F, Cpy = We C'py

ref

C“PX - (III-S)

Power Units Weight Factor, dW JdHPm, 1b/HpP, represents the weight

per horsepower for a hydraulic pump and motor combination without
transmission liness This is obtained as the slope of the plot of
the pump-motor weight as a function of maximum power output.e During
this investigation a correlation of weight and power parameters
was made for units meeting the requirements of Ref. ¥IT-5. . The
equation obtained from this correlation was then modified to
reflect the weight of pump and motors in combination, allowing for
additional weight increments for variable wolume and supercharging
features, as well as other auxiliaries. The resulting equation,
for pump-motor combinations operating at a 3000 to 6000 rpm input
speed range, and constant 6000 rpm output speed, is

g 68,10
2
m 2/3 fn /3 173
NrA (-I-,:-) HP

(111-6)
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If no other data on weights of pumps and motors are avallakle,
Eq. (III-6) may be used for an approximation, Theé change in
weight of these pump-motor combinations with change in power
output is shown graphically in Fig, III-3. Care should be used
to evaluate dws/dHPm at the design point,

E. Evaluation of a Constant Flow Variable Pressure System

The constant flow, variable pressure hydraulic transmission system
utilizes a variable displacement pump and a constant displacement motor,
If the engine speed changes, the variable pump displacement adjusts itself
80 that the flow remains constant, Since the flow is constant, the resulting
pressure loss in the line is constant.

The power output of the motor is determined by the acting pressure dif-
ference, As the load increases, the system pressure increases. The maximm
power cutput of the system depends upon the maximum permissible system
pressure,

The transmission line pressure drop represents only a small portion of
the total system pressure at maximum power output, However, as the power
output decreases, the system pressure decreases, until at gero power output
the system pressure is just sufficient to overcome the line resistance,
Fig., III-l 15 a dlagram of the pressure-power output relationship for such
a system, where the maximum horsepower, HPn’ is twice the rated horsepower,

HPs It may be seen that for a given design point, the slope of the pressure
ve power curve is determined by the pressure drop, AP. IfAP is too large,
an inefficient system results. If AP is too small, the installed weight
is unnecessarily high. The lightest system has the optimum pressure drop.

In the following, the procedure will be outlined for obtaining the
optimum weight of the pump-transmission line~motor combination including the
required suxiliaries, in terms of the horsepower rating, the diameter and
wall thickness of the transmission line, all based on the given aircrafi
configuration, mission profile, and accessory power schedule,.

The weight of the system to be optimized consists of the welight of the
pump-motor combination, including governor equipment, Wu, the weights of the
oil cooler, W, the transmission line, Wps the reservoir, W, and the in-

crement of total alrcraft weight due to the additional structural requirenents
and to the fuel required to overcome any increased aerodynamic drag chargeable
to the system, Hk. With the exception of the last item, which is considered

to be a constant for any type system, the weights of the above component.g in
terms of the system parameters are shown in Eqs. (TII«16) to (ITI-21).
1, Determination of the Optimum Transmission Line Losses

The system weight is required to be a minimum, and the optimum pres-
sure loss in the transmission lines connected with this minimum is to be
determineds This was done mathematically by optimizing the total weight

equation (shown in Part 2) with regard to a guantity, x*, which is the square
root of the pressure loss written as a fraction of the working pump
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Power Cutput

Fig. ITT-l GENERAL RELATIONSHIP BETWEEN PRESSUne AND POWER
OUTPUT OF A CONSTANT FLOW, VARTAELE PRESSURE HYDRAULIC POWER
TRANSMISSION SYSTEM

For two typical cases. Curve 1 represents the relationships
for a system designed for maximum power at maximunm pressure.
Curve- 2 represents those for a design power at rated pressure.
QP and AP’ represent the respective line pressure drops
for the two cases.

Legend
HPm- Maximm pouei' P“1 ~ Maximum permissitle
) . operating pressure of pump
HP? - Design, or rated power and motor
I-IPcr- Cruise power requirements P_ - Rated Operating pressure

of pump and motor
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pressure, —‘%2. The quantity x* was introduced for the convenience of
celculation, and is called the pressure loss coefficient. '

# AP
= ‘\}"Ta" (111-7)

The condition for minimm wéight as obtained from optimizing the to-
tal weight equation with respect to the pressure loss coafficient x* is

2
25, 1-33
G —:3— (111-8)

x

where :
B is representative of specific pump and motor unit weight,
0il cooler weipght and fuel weight due to transmission line

losses
aw e T
0.385 PY
B = -Effrs + + (I11-9)
m ‘Ja jia nb .

and
“C is representative of the weights of transmission lines and
reservoir -

1/2
[’% (X +47) ‘th*ﬁ] LQETLL (III-10)

The relationship expressed by Eq. (III-8) is shown graphically in
Fig. III-5, The values of B and C are determined first from the avail-
able data on aircraft configuration, mission, engine characteristics, etc.
Then x* is found for the corresponding value of 2B/C. From x*, the pres-
sure drop is found, see Eq. (ITI-10).

Haviné dstermined the optimum transmission line pressure loss, the
line diameter, fluid flow rate, and fluid veloclty can be calcunlated.

The line diameter is a function of x*m, and is given by the equation

o 1/ _erl/é

p =2 . III-11
[;—ZT?Mn o x: ( )

The fluld flow rate within the system is found from the equation
Q= (II1-12)
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The fluid velocity in the transmisgion lines is

h ;:
Y= . (HI‘B)
T /2
M

From the line diameter, the fluid velocity, and the viscosity of the
hydraulic fluid used, the Reynolds Number can be obtained and the vaiue of
XK can te checked for conformsnce with the value obtained on the basis of
an assumed Reynolds Number. If the discrepancy is large, a new value of
&' K should be assumed and the foregoing calculations repeateds

2. Total Weight of the System

The total weight of the system may be considered to be comprised
of three components: & fixed weight, A, which represents the weight of the
system without the transmission lines and reservolr and the variable weights
represented by B and C as shown by Eqse (III-8) and (III-9), respectively.
The fixed weight of A is defined by the equation

0.385 HP chTHP |
A=W+ 2 - ye2 s L ew, +W (1IT-1k)
8 )z‘ )(b }(aylb %‘ ]zb CL k

‘where:

W' = welght of the pump-motor combination which, when
closely coupled (transmission line of wzero length)
has the same power output as that required from the
syetem. W_18 %o be taken at the point at which d¥ ./dHPm

was determined,

HPn- power required by the driven accessories at their rated
output

= weight of control and suxiliary iines. This may he
estimated from the line lengths and the unit weight of
each line size involved,

Wer,

The total waight of the system can then be expressed as

#2
HP .
We=a+BHR o - +¢ 2. (I1T-15)
3* * #2
;}_-xh xm(l-xm)

3. Weights of System Components

The welghts of the system components may be calculated individually
from the equations given below, The derivation of these equations will be
given in Part 2 of this report.

8o
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a. Pump-Motor Weight

The weight of the pump-motor combination is assumed to includs
the servo units required to vary the pump displacement.

The weight is given
b
Yy *2
s T (I11-16)
u 8 dHPm m *i )
1-x

be 0il Cooler Weight

The oil cooler weight is assumed to meet the requirements of
Ref,ITI-ljs It is further assumed that overloads will be of very short duration,
and, therefore, no additiomal cooling capacity will be required for them.
However, the system should be capable of running contimally at the full
rated power of the driven accessories without undue heating. The oil
cooler weight is approximsted by the following equation, obtained from a

curve fitted to the weights and face areas of round tubular air cooled
oil coolers.

2
_ 3t
W = 02385 (1 - }Z)Zb ~ED 42 (1II-17)
R P
m
where:
I-IPn = rated power required'by the driven accessories
¢. Transmission Line Weight
The weight of the hydraulic power transmission lines is given
by
gL Gml/ 2.(l.m
W o= (I11-18)
L % 20
x (1-%)
m m
de Heservoir Weight
The reservoir weight is assumed roughly proportional to its
capacitys This i i

This in turn is proportional to the line capacity, the design cruise
power, and the duration of power extraction. On this basis the weight is

TL (@0 ¥n 2L
. (K +31) fhzl n 1129)
hx:(l-x*ﬁ)

WADC-TR 53-36 8
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e. Fuel Weight

The weight of the fuel consumed by the engine in generating the
power extracted by the transmission system is based on the design migw
sion cruise power output only. The fuel weight is .,

fz’HP 1
W > (11T-20)

F nanb d

1~=-2x
f. Weight of Control and Auxiliary Lines

Tt;e weight of control and auxiliary lines is considersd to be
unaffected by the system efficiency, and is shown as

WCL = JL3 (111-21)

where:

J = the average weight of control lines per unit length
L3 = total length of control lines

F, Evaluvation of Constant Pres sui'e Variable Flow System

A constant pressure, variable flow hydraulic system is one in which the
transmission line pressure remains constant and the flow is varied in accord-
ance with the accessory demand. The ocutput speed is not constant if fixed
displacement motors are used, but it .can be made nearly consgtant with vari-
able displacement motors, particularly if units with linear torque-displace-
ment characteristics are used,

Since the pressure is constant in this type system, the power output is
a function of the system flow, Fig, IIT~6 is a graphical representation of
the rate of,flow vs power. It may be noted that the power output increases
as the flow inecreases, up to a maximum value. At this maximum pourer, the pres-

mare loss equals one third of the pump working pressure (AP = —) s Which can

be readily shown by optimizing HP = (P - AP) (AP/k)l/ with regard to AP,
A1y Increase in flow beyond this value causes a decrease in power ocutput, due
to the rapid increase in the pressure drop. Ultimately the flow becomes so0
great that the pressure energy of the fluid is completely dissipated in over-
coming the fluid friction, and no power is available for driving the accessor-
ies.

The flow at the maximmm power output must be limited to such a value that
the pressure drop does not exceed one third of the pump working pressure. The
flow at design cruise power output is » therefore, a function of the maximum
power as well as of the cruise power,

The constant pressure variable flow system must be designed to provide
maximim power output at rated pump pressure. The flow and energy parameters

WADC-TR. 53-36 82
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given by Eqs. (III-1) and (III-2) must also be evaluated at rated pressure.
The pump and motor must be capable of handling the maximum flow requirement,
Thus, the weight parameter given by Eq. (ITI-3) is calculated for rated pump
and motor pressures.

1. Optimum Transmission lLine Losses

The procedure for minimizing the weight of a constant pressure
variable flow system is similar to that explained for a constant flow
variable pressure system. However, varying the flow instead of the pres-
sure results in a somewhat different expression for the optimum trans-
mission line losses. The result and its derivation is given in detail
in Part 2, .

The optimum losses are most readily found graphically after the de-
termination of the following parameters:

R is representative of the pump, motor and oil cooler weight changes
dus te trapsmission line losses.

ax
- u . 00,1925 _
A ~ (-2

M is representative of the fuel weight increment required due to
transmission line losses.,

C“PXT

y = ‘ (I11-23
za 2%3 )

8 is representative of line and reSjrvoir weights.,
1/2

- a ~ G Sl

HP ,

E?E_ = ratio of maximum power requirement to cruise power require=
ar ment (I11=25)
% = ratio of parameter R to parameter M (111-26)
% = ratic of parameter S to parameter M (IT1-27)

Having determined Ine parameter ratios listed in Egs. (ITI-25) to
(III-27) the value of X is obtained from the curves shown on Figs. III-7
to ITT-10, inelusive, The préper curve is selected in accordance with

HP

the T—m ratio,
H cr

HP
»1f the ratio lies between two integral ratios of HPm . , the value
of x 1s determined by interpolation. cr
WADC-TR 53-36 &
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The value of X" is found on the abscissa scale directly below the
intersection of the % and% parameter curves,

2
Since x* = %,1-’, and the system operates constantly at the rated pump

pressure, the optimum pressure drop for cruise power conditions can now be
determire de

The pressure drop coefficient, x; s at maximm power conditions is

determined from Fig. ITI-11, reading up from the xzr - value to the proper

I']:Pm carve, and then directly to x: on the ordinate. The pressure drop

Her

at maximum power conditions is then calculated as before.

The equations whose solutions are represented graphically in Figs, ITI-6
to ITI-10 are derived in Part 2 of this report.

The line diameter, flow rate, and fluid velocity may be determined from
Egse (I1I-13) and (III-1l), evaluating{), G, and % at the proper design
values, The validity of the assumed value of = K can then be checked, as
outlined previously,

2o Total Weight of a Constant Pressure Variable Flow Hydraulic Power

Transmission System

The weight of the system may be expressed similarly to that of the
constant flow varialble pressure system. In this instance, however, there
is a fixed weight, H, plus three incremental weights. The fixed weight
represents the weight of a system without a reservoir or transmission line.
The incremental weight represents that of the lines and reservoir, as well
a3 the added welght due to the line losses.

Let the fixed weight be represented by the symbol He

Then

- dW
- - J - ’
H WB ;e HPm 0.,1925 HPm +2 4+ JL, +W

3 " (111-28)
m

where
Ws- is evaluated at maximum power and rated pump pressure.
The totalweight of the system is expressed by '

HPE HPOI' Hp
+ M +5 E (111-29)
3t k.3 3 3
1-x 1-x. xcr(l - xcr)

We=H+R
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3. Weights of the System Components

The equations for the weights of the individual components of a con-
stant pressure, variable flow system are the same as those for a constant
flow variable pressure system, with the exception of the equation for the
0il cooler.

The equations for the weights of the system components are summarized
below.

a., Pump~Motor Combination

daw *
wu = Ws + dJ-Ils’ HPm im—*f (III-30)
m
1l=-xy

The oil cooler weight is based on a heat rejection of one half the
losses at maximum power, This assumption is valid for most practical pur-
poses. However, if the rated input of the accessories is greater than
one-half the maximum design power, the oil cooler size should be increased
+o handle the additional load.

b. 01l Cooler Weight

1
w_ = 0.1925 HP - =1 +2 {111- 33)
¢ n 7%. ”b c

¢, Transmission Line Weight

1/2 -
W= LG _._ZnL—fL (II1-32)

¥ *
x (1= X )

"d. Reservoir Weight

- M(X+BT) L¥n Gl/ﬁn_m

" — (111- 33)
I X, {1~ X )
e, Fuel Weight
¥ HPcr
Wy & ——= ‘ (I1I-3k)
l - x*
cr
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£, Control and Auxiliary Line Weight

The weights of the control lines and suxiliary lines are considsred
to be constant for relatively small changes in power output of the
system. Their weight may be represented as:

L Ly
where
g = Veight of control and suxilisry lines
J = average unit weight of the lines

W

1.3 = total length of the lines

92

We™ 5% pETRICTED



RESTRICTED

REFERENCES

III-1 . Military Specification MIL-E5008, Model Specifications for
Aircraft, Turbo-jet Engines, 19 July, 1949

IIT-2 Nels M. Sverdrup, Calculating the Energy losses in Hydraulic
- B 4
Systems, "Product Engineering®, pp 146 - 152, April 1951

TII-3 Je E. Campbell, Investigation of the Fundamental Characteristics
of High Performance Hydraulic Systems, USAF T, R. 5997, June 1950.

1TI-4 Military Specification ML-C-5637, Coolers; 0il, Tubular,
Aircraft, 15 February, 1950,

III-5 _ Air Force-Navy ‘Aeronautical Specification AN-P-11b, Pumps; Power
Driven Hydraulic, 17 June, 1945, '

-93

RESTRICTED

WADC~TR 53-36
Part 1



RESTRICTED

ANALYSIS OF THE WEIGHT OF AN ELECTRICAL

POWER TRANSMISSION SYSTEM

Sect.ior; Iy

Ae Introduction

An electric transmission system consists essentially of a generator or
alternator for extracting power from the engine, electriec transmission
cables for transmitting the electric power to the motor, and an electric
motor for reconversion of the electric power into mechanical power. In
addition, a constant speed drive is required if constant frequency output
is desired; an oil cooler must be provided to dissipate the heat gemerated
by mechanical losses (o0il used as cooling medium) and controls are needed
for current control. Such a system is shown in Fig. IV-l, For most aircraft
applications, the electric transmission system is intercomnected with the
electric distribution system. This is shown in Fig. IV-2,

For purposesof comparison, an optimum electric system is defined, This
1s the lightest system capable of fulfilling all power requirements of the
design missions The weight of the system includes the following items:

1. Welght of the system components, (generator, motor, transmission
lines, control equipment, fuses, eic.)e

2s Additional fuel required by engine to provide the power extracted
by the generator or alternator,

3¢ . Additional fuel required by engine to provide power required to
overcome any additional drag caused by the transmission system,

he Any structural weight increase caused by the incorporation of the
system into the airplane, -

In the system analysis presented in this report the first two items
listed above are considered in detaile The other two items are determined
primarily by the airplane design concepts They are introduced here as _
constants which have to be evaluated before the analysig can be carried out,

With the design concepts introduced as constants, the weight of the
electric transmission system is dependent upon factors influencing the
losses in the system. A large part of these losses are represented by the
transmission line losses as given by the voltage drop along the lines, If
the cables chosen are too small, the voltage drop will be high and the
generator must have a larger capacity since it must supply more power to
overcome these losses. If the cables are chosen too large, the losses will
decrease, but the cable weight will be disproportionately large., The optimum

system, therefore, is ome which has a voltage drop that results in the minlmum
system weight,

oh
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If the electric transmission system is interconnected with the
distribution system, the maximum allowable voltage drop is dictated by
the allowable regulation at the loads 1In addition to this, the total
voltage drop along the cables is limited by the heat dissipating capacity
of the cable, That is, the maximum allowable voltage drop per unit length
is prescribed for the several cables used for aircraft applications The
voltage drop used for the system design cannot exceed the limits imposed by
these restrictions. In some cases, a voltage drop smaller than the maximum
allowable may be desirable from a system weight viewpoint,

In this section the procedures are ocutlined for determining the weights

of electric systems which may be used in aircraft. These systems are il
lustrated in Fig. IV-3. They are:

1. Two wire d-c system

2+ Grounded d-c¢ system

3. One phase, two wire a-c system

4. One phase, grounded a-c system

S« Three phase, grounded a-c system

The most commonly used systems are the 28 volt direct current system and
the 200/115 volt 3 phase alternating current system.

Be HNomenclature
A crass-sectional area of conductor - ft.2
ch thrust correction factor
Cf’x fuel flow correction factor

E voltage, volt

F, thrust of engine, 1b

HP - horsepower

I current, amp

L  length of cable, ft

N rated speed, rpm

P power, watt

T torque, ft-1b

W weight, 1b
WADC-TR  53-36 9t
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AC-SYSTEMS
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© ¥
3 Phase, Nevrtral Grounded (

Fige IV=3 SCHEMATIC DIAGRAM OF ELECTRIC POWER SYSTEMS
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n mumber of cables

pf power factor

combined specific weight density of cable, lb/i‘t3
efficiency, per cent

resistivity, ohm~f%t

o 3 X

time, hr
Z W  total weight, 1b
AE  voltage drop, volt
SubscﬁEts
c power control
es ‘constant speed
F fuel
g generator or alternator
GB gear box
m motor
o output
r rated

C. Required Design Information for the Evaluation of an Electric Transe
mission System

To determine the optimum electric power transmission system for a
given aircraft, the following design information is required:

le From preliminary design data and airplane specification

Locations of generator or alternator and motors in the airplane
Design mission cruising speed
Design mission crulsing altitude

T Duration of power extraction, hr

WADC-TR 53-36 99
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P - Average power extracted from transmission system during
° design mission
Por Rated power, extracted from drive system

2. TFrom the engine manufacturers' performance specification

Fn Engine thrust at design mission cruising speed and cruising
altitude, 1b

We Fuel consumption rate at thrust, Fn’ 1b/hr

ch Thrust correction factor of engine due to power extraction

(See Rer, Iv=1)
Cly Fuel flow correction factor (See Ref, IV-1)

A reference horsepower, arbitrarily taken as 10 per cent
of the -jet horsepower at sea level stutic conditions (see
Ref. IV-1l), This rating is used as a base for comparing
engine performance at any operation condition, HP,

3

ref

3. From the electric equipment manufacturers' data

Pr Rated power of units

Y(g Efficiency of generator or alternator
)?m Efficiency of the motor

N Rated or base speed of the unit, rpm

k. FEstimated data

The following data must be estimated from the design information:

L Length of the transmission lines, ft. This should be estimated
as closely as possible from the airplane configuration and the location of
the system components within the airframe, keeping in mind the need of
cleaning structural and functional components on the airplane,

5. Caleculated Data

The specific fuel consumption of the transmission system, C'I"X’
must be caleulated from the basic engine data. The method used is shown in
detail in the hydraulic section (D-i and -5).

D. Evaluation ¢f an Electric Transmission System

The total weight of an electric power transmission system is the sum of

WADG-]’I:R 53-36 100
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the weight of the slements of the system, that is,

zw.-w CW LW W RW W

v ¥ F gt W ¥ (3V-1)

k

where:
EW = total weight of the system, 1Db
Wt = weight of the transmission cables, 1b
W_ = alternator or generator weight, 1b
= weight of motor, 1b

Wm
WF = weight of fuel required to provide the power required
by the system, 1b

W__ = weight of const.ant speed drive, 1b
L Weight of gear box, 1b
W, = weight of power controls, 1lb

Wk = other weight costs chargeable to the system suchas fuel
required to overcome additional drag, 1b

The first four items are functions of the losses in the system, and can
therefore be expressed as functions of the wltapge drope.

The information required to obtain the weights of the system components
is presented here. The derivations of the equations are shown in Part 2 of
this report. For the a~c systems it was assumed that the power factor at the
alternator is equal to the power factor at the load and that the woltage
drop along the transmission line is only due to the resistivity of the lines.
In aireraft applications these conditions are very nearly met.

1. Generator or Alternator Weight

The power output of the generator or alternator must be sufficient
to supply the required load and the transmission losses. The total output
power required by a generator is given by

P EZ
P - or / m (IV-2)

gr AE
e RS
£
and froman alternator by
P = Por /
er 1 - Ay
rEglpfj

m

(1v-3)
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where:

-rated power output of the generator, watts

o
]

= rated power delivered to gear box by the motor, watts
Y(m = efficiency of motor
B = generator voltage (see Fig. IV-3), volt

voltage drop between generator and motor, volt

B
w0
]

pf = power factor

The weight of the machine canbe calculated from the following equation:

) 0.56

W = 311-05 (IV-h)
g N

wheres

N = the base speed of the generator, rpm

This equation represents an empirical relationship between the generator
or alternator weight and the output.

The weight versus power output is plotted from Eq. (IV-L) for various

rated speeds, The resulting family of curves are shown in Fig. IV-L, In
terms of the voltage drop, the generator weight is given by

POI‘ / }lm 0.56

wg = 34.5 _ (Iv-5)
N1 - ‘%E )
g
and the alternator weight by
P/ 0456
W, = 3ba5| —= & (1V-6)

N(l- -i-géé—ﬁ)

2s Fuel Weight Expressed as a Function of Voltage Drop

The fuel weight is determined by the power extracted from the
engine.s This can be expressed in terms of the generator output power, and

WADC-TR 53-36
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the generator efficlency as

1340 o P 7T

F )lg

(Iv-7)

where:

= power ocuiput of the generator, watts

duration of power extraction, hr
1340 = conversion from watts to horsepower

Wg = generator efficiency’

2
]

specific fuel consumption of transmission system, 1b/HP hr

In terms of the power at the load and the voltage drop, the fuel weight
is given for a generator by

1340 Choy By T

W, = (Iv-8)
F AE
bl - 45
4
and for an alternator by
) e
13u0 o X Po L
Wp = AE (17-9)
1=
r{m ng[ Eg(pf iJ
3s  Cable Weight Expressed as a Function of Voltage Drop
The weight of the cable or cables is given by
We¥AL n o= ¥ L, (IV=10)
c [] I c
X
where:
& = combined weight density of cable and insulation (619 11)/:£"l;3
for copper aircrafi cable and 260 ],b/f'l:.3 for alumimm cable)
A = cross-sectional area of conductor - ft2
WADC-TR 53-36 104
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L = length of cable, ft

o, = mumber of cables in system (one or two wire system)

In terms of the power cutput and voltage drop this can be expressed as
shown beloW.

For d-c systems,

2 2
W _a’fL (Por/)?m) e

(Tv-11}
¢ g 1-L2EyAax
g E
g
For 1 phase a-¢ systems,
2 2
°(p_//)n
Hc - a’f or )zm eA (IV-12)
E
E, (pf} [1 - E""("?)'g 5 ]AE
For 3 phase a-c systems,
2
L° (P )
. XSV Fol - _ (1v-13)

W
c - A E
Eg (pf) [1-Eg' 57 AF

f:’ = resistivity, om-ft (5.66 x 10“8 for copper wire
and 9,0 x 10 for alumirum wire)

where

In case multiple channels are used to supply a load, the channels
should be able to supply 25 per cent overload without exceeding the design
voltage drope The load to be supplied by each channel, therefore, becomes
(1.25 Por)/(no. of channels)e This value should be used in the cable weight

caleulation for multiple channels,

For a single channel system the load to be supplied is Por'

Le Hotor Weight

The weight of the motor is a function of the torque requirement.
The output torque of the motor is given by

T & 5250 P 1_/1\1 (Iv-1k)
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where
HPor = rated horsepower output of unit, HP
N = rated speed, rpm

T = torque, ft-1b

The weight of the motor reguired to furnish this torgue can be obtained
from Fig. IV-S.

5« Weight of the Constant Speed Drive

In the case of an a~-¢ system, 1t is usually more economical to
provide constant frequency current. This arrangement makes it possible to
parallel alternators and no auxiliary devices are required to produce
constant frequency current for special equipment. The weight of the drive
can be obtained from Fig, III-3 (hydraulic section) for a given power
rating.

6s Weight of the Gear Box

The weight of the accessory gear box, in the case under consideration,
will depend only on the speed of the motor driving the gear box, since the
required cutput speeds and torques are fixed, The method to be used in this
welght anaiysis of a gear box is presented in Section VI of this report.

Te  Weight of Generator or Alternator Controls

In order to maintain adequate control of the electric power system
certain controls and protective devices are required for each generator
useds

Because of standardization of this equipment the combined weight of
the control equipment is practically a fixed value for all presently used
systems of the same voltage.

The devices used in conjunction with a d-c gepmerator are:

a) Voltage Regulator

b) Field Relay

¢) Differential Current Relay
d) Over Voltage Relay

e) Differential Voltage - Reverse Current Relay and Comtactor

£} Circuit Breakey

WADC-TR 53-36
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The devices used in conjunction with an alternator are:
a) Voltage Regulator
b) Differential Current Protection Relay
¢} Current Transformers
d) Excitor Protect_ion Relay
e) Excitor Control Relay
f) Reactive Power Equalizer Circuit
g) Real Power Equalizer Circuit
h) . Circuit Breaker
i) Frequency Control Circuit

The combined weight of this equipment for the systems used is shown in Table IVele

TARIE Vel
Weight of Generator or Alternator Controls

System Weight - llb
28 - Volt d-c 15,5
115 - Volt d=-c 25,8

200/115 - Volt a-~-c 38,5

E. Determination of Design Voltage Drops

In order to be able to calculate the total system weight from the
expressions shown above, the voltage drop must be known. The design volt.age
drop to be used is the smallest of the following voltage drops:.

1) Maximum allowable voltage drop for voltage regulator
2) Maximum allowable voltage drop per foot of calble

3) Voltage drop which minimizes the total weight of the system,
or the optimum voltage drop

WADC-TR 53-36 108
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In most applications the design voltage drop is determined by the
regulation requirements, The theoretical optimm voltage drop is usunally
large and cannot be used in actual, applications due to high current den-
sities, which result in large voltage drops per foot of cable,

The voltage regulations required for aircraft applications are tabulated
in Table IV=2,

TAHLE IVae2
Allowable Voltage Dirops

Nominal System Voltage Maximum Allowable Regulation
Voltage Drop E_ g
E Gontimuous, E E ?
28 1 3457
115 ]-L 3.&8
200 7 3e5

The maximum allowable voltage drop for the cable is determined by the
current carried by the cable. The allowable current capacity for copper and
alumimum cables is shown in Table IVe3,

The current carried by the cable can be obtamed in terms of vower
output for the several systems considered from Table IVels For multiple

channels, the current carried by each channel is obtained by using 1.25 Por
for the rated load and dividing by the number of channels used,

WaDC-TR 53-36 109
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TABIE 1V-3

Current Carrying Capacity for Cables

Contimuous Current Amps

Cable Size - Single Gable Cables in Con-
in Free Air duit or Bundles
AN - 20 11 745
AN - 18 ' 16 10
AN - 16 22 13
AN - 1) 32 17
Copper AN - 12 hi 23
AN - 10 g5 33
AN - 8 73 6
AN - 6 101 60
AN - L 135 80
AN - 2 181 100
AL - 8 60 36
AL - 6 83 | 50
AYuminum AL - L 108 66
AL - 2 152 90
AL - 1 174 105
AL - O 202 123
WADC<TR 53-36 110
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TABLE IV=h
Current Required by Electric Systems

Current Carried in cables, amp,

DG - Systems
o-wire system and grounded system P, / )zm
(1 wire) I= xE
E (1= % )
& g
AC - Systems
P _/
1 Phase, 2-wire system and 1= X ”.m A
E
1 Phase, grounded system, (1 wire) Eg (pf) F - E, pf]
3 Phase, neutral grounded 1= Por / nm
AE
1 -
) Eg (P) [ T, 0

WADC-TR 53-36
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ANALYSIS OF THE WEIGHT OF A MECHANICAL

POWER TRANSMISSION SYSTEM

Section V

A. Introduction

A schematic diagram of the mechanical power transmigsion system used as
the basis of this analysis is shown in Fig. V-1, It consists of a series of
hollow torque tubes and coupling units, The length of the torque tube is dic-
tated by eritical speed requirements and is a function of the tube diameter
and wall thickness. Each coupling unit (Fig, V=-2) consists of two adapters,
a flexible coupling, intermediate so0lid shafts, and two bearings. The adapt-
ers serve to reduce the hollow torque tube to a solid shaft at the coupling
vnit.. This avolds excessive size and weight for the bhearings, pillow blocks,
and the flexible coupling which would be needed for the larger:tube diameters.
A shaft housing is included, since specifications require such a housing in
some cases. I1f a constant output speed is required, as, for example, when
driving an alternator, a constant speed drive must be included since the en-
gine speed varies.

It is assumed that there are "n" coupling units and shaft units in the
system, each end of the shaft having the equivalent of one half of a coupling
unit.

B.  Nomenclature
A eross-sectional area which must be added to standard pillow block
to prdVide clearance for torque £ube, in,?
c radial clearance between outside diameter of the shaft and the in~
agide diameter of the shaft housing, in.
parameter defined by Eq. (V-6)

paremeter defined by Eq. (V-7)

a O O

S

thrusﬁlcorrection factor due to power extraction

fuel flow correction factor due to power extraction

[+3

specific fuel consumption of transmission system, 1b/HP-hr

[

outside diameter of bearing, in.

=)
o

inside diameter of housing, in.

=

o
¥

insidé diameter of torque tube, in,

VII,ADC"TR 53-36
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Do butside diameter of torque tuﬁe, in.

D, solid shaft diameter, in,

E  modulus of elasticity, 1b/in

Fn engine thrust at design cruise speed and altitude, 1b.

g acceleration due to gravity, in./sec?

HPr normal rated horsepower output of transmission system, hp

HPc power requirement from the system at cruise conditions, hp

HPREF:eference.power of the jet engine Arbitrarily chogen as 10 per cent
of jet power at sea level static conditiens, hp

HPx horsepower extracted from engine, hp

I rectangular moment of inertia, in%

K  diameter ratio, Di/Do

K£ shock factor

C;f total distance accessory power to be transmitted, ft

L shaft unit length, in,

Lcu length of coupling unit,_in.

Ls length of solid skaft, in,

n mmber of shaft units

N normal rated shaft speed, rpm

Nc shaft speed at cruise conditions, rm

Ncr critical speed of shaft, rpm

R area ratio of billcw block

Ss design shear stress, psi

t practical minimum wall thickness of torque tube, in.

t, wall thickness of shaft housing, in.

T torque, lb=in,

16
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Ts static torque, lb~in.
LA width of adapter, in.
wp width of the pillow block, in.
w torque tube weight, 1b
ﬁb bearing weight, 1b
=W total weight of transmission system, 1b
wcs weight of the constant speed drive, ib
Wcu coupling unit weight, 1b
WF welght of fuel required to operate the accessory system for a given
time, T, 1b

Wf fuel flow of unburdened engine, lb/hr

Weo flexible coupling weight, 1lb
W, welight of shaft housing, 1b
Hk Increment of total aircraft weight due to additional structural re-

quirements and to the required fuel to overcome any ineoreased aero—
dynamic drag chargeable to transmission system,1b
w p weight of pillow block, 1b
W intermediate solid shaft weight, 1b
¢l adapter proportionality constant for weight, 1b/j_n2
W primary proportionality constant for pillow block weight, lb/in?
_,8 secondary proporticnality constant for pillow block weight, lb/in?
£ ratio of housing clearance to outside diameter of the shaft = ::/Dn
T( coupling unit efficiency
7108 - efficiency of constant speed device
7~ weight density of torque tube material, lb/iré
7.4 Weieht demsity of adapter material, 1b/in>

Yl-a weight density of shaft housing material, lb/in?

17
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weight density of pillow block material, lb/in%

weight density of solid shaft material, 1b/in?

duration of power extraction, hr

horsepower parameter defined by Eg. {V-2)

.ﬂ%; g4 c*léai~ubﬂ

specific thrust fuel consumption, 1b/1b-hr. I:see Eq. (III-h)]

Ce Initial Data to be Obtained

The initial data and information required to evaluate a mechanical power
transmission system, are listed below.

1. From Flight Profile of Airplane.

 The flight profile of the airplane will furnigh the following data:

cruise speed of airplane
cruise altitude

“maximum altitude
approximate duration of power extraction
thrust required from each engine at various flight conditions

2. From Engine Specifications

The engine manufacturer's specifications for the engine to be used
on the airplane will provide the following data:

Maximum speed at accessory drive pad on engine (corresponds to
maximum engine speed), rpm

Normal rated speed at accessory drive pad on engine (corresponds
to normal rated engine speed), rpm

Speed at accessory drive pad on engine under eruise conditions,rpm

CPX thrust correction factor due to power extraction at
cruise conditiong
Cix fuel flow correction factor due to power extraciion at
i cruise conditions
HPhEF reference horsepower of engine
W, fuel flow of unburdened engine at cruise conditions,lb/hr

3. From Tentative Specifications for Transmission System
These specifications will supply the following data:

WADC-TR 53-36
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HP_ normal rated horsepower required of transmission system

HP  horsepower output required of the transmission system at cruise
¢ conditions

T duration of power extraction, hr.

éi: distance between main engine amd constant speed drive, ft

L. From Design Constants for System Components
Several .decisiona or assumptions must be made in regard to the type
of components and materials to be used in the system. Based on cur-
rent airceraft practice and the stage of component development, the
following must be assumed:
kind of materials for the shaft, pillow blocks, and housing
approximate éonfiguration of coupling unit
type of flexible couplings
type of bearings
type of conversion unit
“The design constants should be based on the best information avail-
able for these components. If no suitable data are:obtainable, rea-
sonable assumptions should be made. The assumption= chosen in the
sample calculations may be used as a guide,
The'foilowing component design constants are necessary:
Lcu length of coupling anit, in.
Ls length of solid shaft, in.
Kt shock factor for shaft
c radial clearance between outside diameter of the shaft
and the inside diameter of the shaft housing, in.
minimum critical speed of shaft, rpm (based on maximum
cr shaft speed)
11 coupling unit efficiency
1lcs efficiency of constant speed device
¥~  weight density of torque tube material, 1b/1n?
3’;6 weight density of adapter material, 1b/in§
WADC=-TR 53-36 19
Part 1 '
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7;‘ weight density of shaft housing material, 1b/in%

3; weight density of pillow block material, 1b/in?

wfc flexible coupling weight for various torque ratings, 1lb

Db outside digmeter of bgarings for the range of shaft sizes
under consideration, in.

sS design shear stress, psi

t practical minimum wall thickness of torgue tube, in,

t, practical wall thickness of shaft housing, in.

w;d width of adapter, in.

wb width of pillow block, in.

Wb bearing weight for various shaft sizes, 1b

wcs weight of the constant speed drive, 1b

Y weight density of solid shaft material, lb/in?

(0 Primary proportionality constant for pillow block weight

1b/in’

D. System Analysis Procedure

For the purposes of this analysis, the transmission system is divided inw
to a number of identical units. Each of these units consists of a hollow shaft
having half a coupling unit on each end of the shaft.

The shaft must satisfy two basic requirements. First, the critical speed,
Ncr’ must be equal to or greater than the specified value, and second, the

shaft must be strong enough to transmit the required horsepower indicated by
the torque parameter,®. The critical speed of -a hollow shaft is determined
by its wall thickness, diameter, and length. The torque capacity of the shaft
is determined by the wall thickness and the diameter., It is necessary to es-
tablish a combination of the practical minimum wall thickness, t, of the torque
tube, the shaft diameter, D, and the shaft unit length, 1, such that these two
conditions are satisfied.

For a minimum practical wall thickness and a given critical speed, there
exists a length which will exactly satisfy the torgue requirements, The num=
ber of shaft units corresponding to this length is referred to as the critical
number, L If more shaft units are used and they are designed for the re-

quired critical speed, they are not able to transmit the required torque, If
the number of units is less than the critical number, the shafts can transmit
more than the reguired torque,

WADCTR 53-36 120
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The optimum mumber of shafts is defined as the mumber of shaft units which
results in a minimum total welght of the transmission system, including the
fuel required to supply the power extracted from the engine., The optimum
mmber of shaft units must be equal or less than the critical rumber if the
shaft satisfies the critical speed and the toerque requirements,

The procedure for analyzing a mechanical power transmission system cone
sists of three phases, ¢alculation of the mimber of shaft units which will
satisfy critical speed and horsepower requirements, determination of the
optimum shaf$ diameter, and computation of the minimm total system welght.

A step by step procedure is presented for calculating each of these quantitiea.

To simplify the computation, recurrent parameters and constants such as
the torque parameter,¢b, and the auxiliary constants, ¢, and C,, are evaluated
separately or taken from curves, They are then used in subsequent calculations.

1. Caleulation _of the Number of Shaft Units Which Just Satisfy Critical

Spsed and Horsepower Regquirements, n..

The maxisum mumber of shaft units is determined by a trial and error
procedure,

&+ Assume a value for n, the mumber of shaft units,

be Compute the shaft unit length
L = i%-}é (V-l)
where

I = total length of transmission line, ft

cs Compute the critical speed parameter, L ]N or

de Caleculate the torque parameter, ; 3
K, HP

% - t _r
N 5, )?cs ?n

(v-2)

where
K = shock factor
HP,, = normal rated horsepower of system, hp
N = normal rated shaft speed, rpm
5 = design shear stress of shaft material, psi
)/{ = afficiency of the constant speed drive
}z = goupling unit efficiency

n .= mmber of shaft units

WADC-TR ©53-36
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e, Plot the value of t and I, /Ncr on Fig. V-3.

At this point the shaft diameter, D o? is determined such that the
critical speed requirement is just _satisfied. If this point lies
above the é_‘; value, calculated in step 1-d, the shaft is capable
of transmitting the horsepower and the horsepower requirement is
satisfied. If this point lies below the§ value, the shaft is

not capable of transmitting the horsepower and the horsepower re-

quirement is not satisfied.

f. Repeat steps a through e until the critical number of shafts (nc J:_)
which will just satisfy the horsepower regquirement is determined.

2. Calculation of the Approximét.e Optimum Torque Tube Diameter

The approximate optimum torqgue diameter is also determined by 2
trial and error procedure.
a. Determine solid shaft diameter, D, from Fig. V-l for the torque
parameter, § » corresponding to LI
b. Determine the weight for a unit length of torque tube, 1%.
The outside diameter of the torque tube, Do s is taken from Fig.
V-3 at the value of L Ncr and "t" used to obtain B The
weight per unit length of the torque tube is then determined
from Fig. V-5,
¢. Determine the adapter proporticnality constant, Oc'.
Ty, w
R (v=3)
where
Y,, weight denmsity of adapter material, lb/in?
width of the adapter, in. (see Fig. ¥~2)

w
ad
ds Determine secondary proportionality constant, ‘6, for pilleow block
Weigh-tl
When D $1.25 D,
o] b
=0
When D >1¢ 25 D
: o ” b’ (v=4)
_/6 = RB/PWP
where
R area ratio of pillow block
ag weight density of pillow block material, 1b/i 3
WADC-TR 53-36

Part 1

RESTRICTED



1[‘“ -3
N _ x10
Critical Speed Parameter, L cr

|
! “ \\ D_ = 6.o|
Y a
6- | 1 D, = 5.5
A\ \ \ ~
= 5.0
\ \ \\ \ DO >
‘-‘\- \\ A \\
NARY | o * b
Li. \‘ \\ \‘
I \
\ v N Y D = )0
2RVWANANA
\ N
\ ‘\ \ Ay \\ D = 3.5
VAN NN YD 0
TS ~
-‘\ ‘\ \ \“ \ - \\zo.&.
YN\ S ~~——%0% D = 3.0
N e o | I~L
b- L% AF‘* {18‘6 Bl e S
\ \ .\ o \-"'"- D '-.2-:':"'“--.
N N Y, I A s pe = SR N it
A '\ _\s Lo~ T S~
‘\‘ \ \3* \\d ™~ ~— .-.“""'"--..__.
o n 1 LY - .“.-h“
\ N [ ‘\\C‘g_ﬂ__:::::: .h;“j:??E,__h
N ™a ~. =y o
\ \ \eb~6 “\\\ "'"-u-..___ ——
I N TN T~ [ —
3-‘ \ *___- "'-n.\ — "--..____.--'-__
N ~ -'“—:-:"._'--_ D = 1.9 T
N\ \\'\i-t ——
N ~Ness D e
\\ T~ -
‘--.1_‘___--_.-_-\{4_ N -" T, e
_—M_
\ i —
M : iD= 1.0
1'--.. — |
""--.____--
2" © pig, V-3 EFFECT OF TORQUE TUZE DIAMETER AND WALL, THICKNESS ON CRITICAL
.,  SPEED ANDVHORSEP(HER 4
=(K HP N ‘
N ( t r)-/ E‘ B )?08 }Tn)l 1 ] 1 i
0312 ,0625 0.1 0.2 0.3 0.4
Well Thickness (%) in,
WADC-TR 53=36 123
Part 1

RESTRICTED

RESTRICTED



RESTRICTED

Fige V-l SOLID SHAFT REQUIRED TO TRANSMIT A GIVEN HORSEPOWER
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Fig. V-5 WEIGHT OF SHAFT PER UNIT LENGTH VS OUTSIDE DIA.
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wp = width of the pillow block, in.
D, = outside diameter of terque tube, in.
Dy, = outside diameter of bearing, in.

The area ratio of the pillow block is found from

R= ba
' A 1ol 2
[/ (Do - Db)
where

A is the area that must be added to standard pillow block
to provids clearance for large diameter torque tubes (see

Fig. v"é)o
es Determine the specific fuel consumption of the accessories, C"Px.
- 1
% - % Fn GPX Wf CPX (v_s)
HPprp

where

Cly = specific fuel consumption of the transmission system, 1b/HP=hr

F, =engine thrust at design cruise speed and aiﬁt:ude, 1v
}1) = specific thrust fuel consumption, 1b/lb-hr (see Eq. (IIT-L) )

= thrust correction factor due to power extraction

clgx = fuel flow correction factor due to power extraction

Cox .

W, = fuel flow of unburdened engine, 1b/hr

IERE}F. reference HP, arbitrarily taken as 10 per cent of jet horse-
pover at sea level and stationary conditions

All of the factors in the above equation can be obtained from engine
specifications.

f. Determine the auxiliary constants cl and 02.
To determine the minimum total weight of the system, the eguation
for the total system weight is differsntiated with respect to the
torque tube diameter. The solution of the equation for the torque
tube diameter which will give the minimum total system weight is
shown in the supplement to this report. In solving this optimum
diameter it is convemient to introduce the auxiliary constants, Cl

and cz. These constants are defimmd as:

126
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of the factors in these two equations have been determined pre-

viously.

Ee

h.
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Determine the approximate optimum torque tube diameter, (Do) opt”
On Fig. V-7 locate the lines of constant auxiliary constants

c1 and 02 calculated above. The intersection of these two in=

tegral curves determines the value for the approximate optimum

t tube diameter, (D .
orque s 0)0 ot

Determine the optimum number of shaft units, n From Fig,

opt’
V-3 at the optimum diameter, (Do) opt and the practical minimum
wall thickness, 4, obtain (L’\/Ncr)opt' Then,
- X 12

opt

Bopt {v-8)

Compare the optimum number of shaft units, nopt.’ to the critical

number of shaft units, n

ep® The value of n will be equal to,

opt

greater than, or less than n .

If nopt

timum torgue. tube diameter.,

= ncr’ ﬁhge value of D0 corresponding to n,. s the op~

It n p't> R the optimum torque tube diameter lies below the
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corresponding line of constant torque parameter, § » and, there-
fore, the torque tube is unable to transmit the required horsepow-
er, In this situation, the torgue tube diameter corresponding to

n__ should be used,
er

i

If nopt < N ooy’ the optimum torque tube digmet,er lies above the

corresponding line of constant torque parameter, §. In this case
it is necessary to assume a new value of n<p‘!‘r, and caleulate

agrees with the assumed n within one

anawn .. If the new.no

opt pt
shafi unit, the Do corresponding to the new nopt is the approxi-
mate optimum torque tube diameter. If the new Rypt, 406 not agree

with the assumed n, another n must be assumed; and the process
repeated until the calculated value agrees with the assumed val-
ue within one shaft unit.

3. Caleulation of Minimum Total Weight qf ‘the System

The calculated value for the optimum number of shaft units, n _,, is

opt
usually a fraction. Therefore, the total weight of the system is cal-
culated twice, for the torque tube diaméter corresponding to the next
whole nmmber of shaft units above the calculated Bopt? and for the

torque tube diameter corresponding to the next wholé mumgber of shai“tr

units below the calculated Dyot® The lowest of the two total weight

pt
values is the approximate minimm total weight of the system.
The total weight of the system is given by:

W'n[%L*Wcu +WF+Wh+WCB+Wk+WGB (v=9)
where

n = number of shaft units

W = weight of one shaft unit, 1b

L = length of shaft unit, in,

wcu = weight of coupling unit, 1b
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WADC~TR 53-36
Part 1



RESTRICTED

WF = weight of fuel required to operate the accessory
system for a given time, 7, 1b

= weight of shaft housing, 1b
= weight of the constant speed drive, 1b (see Fig., III-3)

wk = increment of total aircraft weight due to additional
structural requirements and to the fuel required te
overcoms any increased aerodynamic drag chargeable to
transmission system, 1b

Wyp = weight of the gear box, 1b (see Section VI)

Each of the terms in the above equation is evaluated as follows:

a. The torque tube weight per unit length, -%.

The torque tube weight is found from Fig., V=5 for the practical
minimum wall thickness, t, and the optimum torque tube
dismeter, (D) opte
bs The coupling unit weight, W‘m
The coupling unit weight, ch, is the sum of the component

weights as follows: (Sees Fig. V-2)

oo = Bq * 20, + 20 + W, + W, (v-10)

where
Wa ar weight of the adapter, 1b
Wp' = woeight of the pillow block, 1b
W, = weight of the bearing, 1b (from manufacturer's data)

Weo ® weight of the flexilble coupling, 1b (from mamfac-

turerts data)

Ws = weight of solid, intermediate shaft, 1b

These coupling umit component weights are determined as shown below,
The weight of the sdapter is found from:

W =K (02 - 1) - (V-11)
where

K= UG- ¥ ad Yaa
| L
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D diameter of intermediate solid shaft, in.{frem Fig v—h)

¥, weight density of adapter material, 1b/1n? (from
‘mamufacturer's data)

w width of the adapter, in. (see Fig. V-2) (from manu-
facturer's data)

The equation for the pillow block weight is:
_ 2 2 2,
Wy édnb +3 (D] - D) L - (v-12)
where

D outside diameter of bearimg, in, (from manufacturer's
data}

W  primary proportionality constant for pillow block

welight determined from the design of the particular
pillow blocks, 1b/in2

_A? secondary proportionality constant for pillow block
weight determined as shown in section 2-d, 1b/in2

The weight of the solid intermediate shaft is determined from the followe
ing equation: 2

T

5 8 '8

b

- W
ws L Lcu (v-13)

where
3; weight density of solid shaft material, lb/ing_
L
8

length of solid shaft determined by the coupling
unit configuration, in.

lengun of coupling unit determined by the coupling

% unit configuration, in.

The last term in the above equation is a correction factor, taking into
account the fact that the torque tube does not extend over the full length,
L. (see Fig. V-1)

¢+ The fuel weight, W?.

The fuel weight is obtained from the following equation:

gr__ HP
W = -——I:-X-—-E. (-v_lh)

F e
WADC=TR 53-36
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where
T duration of power extraction, hr

cn specific fuel consumption of accessories, 1b/HP-hr

RS (determined as shown in section 2-e)
HPc horse.spomr required by accessories under eruise
conditions
d. The shaft housing weight, Wh.
The housing weight is found from:
W37yt (1 +28)LD (v-15)

where
¥} weight density of housing material, 1b/in’
b, wall thickness of housing, in, (assumed)
6 ratio of housing clearance to outside diameter of

torque tube, %—. The clearance, ¢, is assumed,
)

E. Sample Calculation

The procedure for determining the minimum total weight of the shaft system
is illustrated by the following sample calculation,
1. Initial Data

The following conditions are assumed for an aircrafi operating at

cruise conditions:

Speed of .aircraft LOO knots
Altituge 35000 £'t

Engine thrusi 3000 lbs

Engine performance as shown in Ref. 7

The following specifications for the transmission system are assumed:
normal rated power required by accessories,/HP, 50 HP
normal rated speed of shaft, N 6000 TP

maximum shaft speed, Nma.x 10,000 rm
WADC.TR 53-36
Part
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minimum critical speed, Ncr

duration of power extraction,’EJ
case {(a)
"case (b)

distance between main engine and gear box, I
shock factor, Kt
design stress for steel shaft, ss

density of torque tube material, ?j/

practical minimum thickness, t, for torque tube

shaft Nousing thickness 3 th

density of shaft housing material,?i

density of intermediate, solid shaft material, 3/8

efficiency of constant speed drive, ncs
coupling unit efficiency,?’(
width of adapter, wd
area ratioc, R
length of solid shaft, I‘s
coupling unit length, Lcu

diameter of the bearing, Db

14,000 rpm
2 hr

20 hr

&0 £t

1.5

25,000 psi
0281, 1b/1n3
0.062 in.
0.062 in.

0.28l 1b/in’
0,284 1b/1n§
0.85

0.97

0.5 in,
0.125

4.0 in,

6 in,

23:DS

proportionality constant for the adapter weight,&C0.111 lb/:i.n:.2

proportionality constants for pillow block
weight,_/G
A7 (when Dos 1,25 Db)

bearing weight
flexible coupling weight
gspecific fuel consumption of accessories, Cl';,x

ratio of housing clearance to outside diameter
* of shaft, .

134
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0.223 1b/in’

s

L2
0.565 1b/in.
1.0 1b/in of D
L5 1b

0.5 1bs/HP-hr
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2. Determination of Critical Number of Shaft Units

a. Assume a value for n
n*= 25

b. Compute the shaft unit length
L = 60 x 12

ce Compute L ",Ncr
L 4}11;,000 =311 x 103

d. Caleculate the parameter, $ » from Eq.{v-2)
- 1.5 x50

$ - 6000 x 25,000 (0.97)%° (0.85)
6

= 28,8 in,

= 1.26 x 10°
e, FPlot items ¢ and d on Fig. V-3 at t= 0,062
It is seen that the line of E’= 1.26 x 10-6 crosses the t = 0,062
line at Lm = 3,54 x 10°, Step ¢ indicates that a 25-unit
's:}stem requires LM = 3.41 x 103, and, thus, will not tra}ls-
mit the required horsepower.
f. Assume a new value for n

n =24

g. ~Compute new shaft length

&0 x 12
L-_.E__

h, Compute new I Ncr_

i. Calculate new parameter,§
1.5 x 50

2= %000 x 25,000 (0,91 (0.85)
6

=1,22 x 10

J+ Plot items h and 1 on Fig. V-3 at t = 0,062 in,

It is seen that the new L»\INcr lies above the intersection of

RESTRICTED

WADC=TR 53-36
Part



RESTRICTED

6

F = 1.22 x 107, and t= 0,062, Thus, a 2h-unit system will sa-

tisfy the horsepower requirements, whereas a 2b=-unit system will
not. Therefore, il

n =* 24 nnits.

cr
This value of n 1s used as a first approximation for n in cal-
eulating the optimum torgue tube diameter.

3. Determination of Approximate Optimum Torque Tube Diameﬁer

a, Determine solid shaft diameter
From Fig. V-L at§= 1,22 x 10_'6
b =1.20 in.
b, Determine weight for unit length of torgue tube-
The Do of the torque tube is taken from Fig.V-3 at L‘/ Ncr =
3.5k x 10° and + = 0.062 in.
Do- = 1,9 in,
The welght per urit length of the torque tube, W/L, is de-
. termined from Fig., V=5 at D, - 1.9 in. and t = 0.062 in,

%- 0.1 lbs/in,

¢. Calculate Parameter, Cl

For the assumed conditions amd ’(':J= 2 hours, Eq;'(v-é)!gives:
G1 = 0.0368
d. Caleulate farameter, C,

For the assumed conditions and'c= 2 hours, Eq.(V=7)gives:

G, = 0,280

2 )
e. Determine approximate optimwm torque tube diameter
From Fig. V-7 fors

WAIC=TR 5336 :
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Cl = 0,0368

02 = 0.280

(DO)Op'b = 2¢08 iﬂ-'
i Calculate optimum rumber of shaft units, nopt'
From Fig. V-3 determine Ld Ncr at t = 0,062 in, and Do =

2.08 in,

- 3
In "Ncr_ 3.67 x 10

Then,
L = 31 in.
and - no ot = 23,2
This value of no ot is within one shaft unit of the n.. found in

step 2 - j, above,
Repeating steps a to f for T = 20 hours gives:
(Do)opt = 3-&? 1le

Bopt 19,15

F. Determination of Approximate Minimum Total Weight

Calculate the total weight for the next ]argef and the rext smaller whole
number of shaft units from Eq.((V-@)e

For ’r’ 2 hr:
n =23 n=24
L = 31.3 in. L = 30 ine
D = 2,11 in, D = 1.95in,
o o
D = 1,19 in, b =1.,20 in,
s s
Z% = 690 lbs EW = 696 1bs
For ’U* 20-hr:
n =20 n =19
WADC.TR 53=36. 137
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I = 36 in.r L = 37.9 in.
DO = 2078 in, D°‘= 3.07 in,
p =1.1% in. D = 1,14 in,

s -}

EW = 1670 1bs ZW = 1680 1bs

Thus, for the 2-hour system the approximate minimum total weight is 690 1lbs.
For the 20-hour system the approximate minimum total weight is 1670 lbs.
The results and pertinent design data for this sample calculation are tabulated

in Table V-1,

WADC-TR 53~36 338
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Table V=1
TABULATION OF PERFORMANCE DATA FOR A MECHANICAI ACCESSORY

POWER TRANSMISSION SYSTEM

Design Data 2~hour 20-houy
system system
/EJ Duration of power extraction (hr) 2 20
HPO Output horsepower £0 50
(Do)o ot Torque tube diameter, in. 2,11 2,78
n Number of shaft units 23 20
ZW-WF Installed weight, 1b. 571 583
WF Weight of fuel, 1b. 119 1087
WF/’U Fuel rate for accessories, lb/hr 59,5 54435
=W Min. total weight of system, 1lb. 690 1670
WADC=TR 53-36 139
Part 1
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ANALYSTS OF THE WEIGHT OF AIRCRAFT

ACCESSORY GEAR BOXES

Section V1

A, Introduction

Adreraft accessory gear boxea are generally designed to satisfy the
particnlar requirements of a specific imstallation, These designs result in
e wide variety of gear boxss, since the mumber of drives, the configuration
of the gear box housing, center distances, and flange and drive sizes depend
on the requirements of the individual application. Also, many acceasory gear
boxes are incorporated in the accessory umit, as in the case of most pneumatic
turbines, - .

In the evaluation of aircraft accessory power transmission systems, it
is desired to estimate the weight of the required gear boxes., The basic type
of gear box is a single-step speed reducer with a single drive. 4 method for
determining the approximate weight of this type of gear box is developed in
this section, '

When necessary, the weight of a multi-drive gear box can be obtained

by the same method of analysis; however, a considerable amount of specific
design information in regard to the particular installation is required.

1. Description of Single-Step Speed Reducer

A schematic diagram of a single-step speed reducer is showm in
Fige VI~ls The gears are mounted on hollow shafts and connected to driving
and driven units by means of splines and standard AND drive and flange. The
casing is just large enough to contain the gears and bearings. The size of
the drive and flange is dictated by the torque and overhung moments of the
driving unit and the accessory upon which the gear box is mounted.

2o, Method of Analysis

For the weight analysis, the gear box in Fig, VI-l is modified %o
look like the gear box shown in Fig. VI=2, A&l1 of the parts are lumped into
three major squivalent components: the gears, the housing, and the drive and
flange. These components are analyzed individually to detérmine their weight.
The total weight of the gear box is the sum of the equivalent component weights.

~ For the type gear box under consideration the gear box total weight
decreases with a decrease in pinion diameter. Thns, the smallest pinion which
will transmit the required torque should be used to obtain minimum weight.
Therefore, the gear box should t> designed with the smallest possible pinion
diameter which will transmit the required torque.

The smallest permissible size of the gears is first determined from
strength considerations. The size of the gears determines the size of the
casinge The type of AND Standard drives and flanges selected is determined by
the torque transmittad and the overhung moment imposed on the gearbox. The
size of non-standard drives and flanges is determimed in a similar manner,
WADC-TR 53-36 Wt
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Once the size of these equivalent compongnts is determined, their volume and
#eight can be compnted from geometrical considerations.

B. Nomenclature

A

a

WADC-TR 5336
Part

proJQCted area perpendicular to the centerline of the geara, in.2
welght factor

height of gear box, in.

hole factor

pitch diametar, in.

dlamster, in.

tangential force at pitch line, 1b

‘function determined from the geometry of the projected areas of

the gears

face width of the gears, in.

splinre sddendum, in.

horsepower, hp

scale factor

shock factor for shaft

housing width factor, in,

length of line tangent to outside diameter of both gears, in.
mininm thickness of material above keyway, in.
speed, rmm

number of gear teeth

diametral piteh, 1/in.

gear reductlon ratio

number of spline teeth
éervice‘factor for gears

working strépa for gear teeth, psi

design stress for shaft, psi

torque,; ib~in.

1hhy
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t thickness, in.

v pitch line velocity, £t/min,

W weight, 1b/

w width of gear housing, in.

Y form factor for Lewis Equation

3 diametral pitch x addendusm

% pressure angle of gears, degrees

7 weight demsity, 1b/ins

e angle between line through gear cemters and a line perpendienlar
to ‘common tangent of the outside diameters of the gears, dagrees

SUBSCRIPTS

1 input

2 output

ave average

e equivalent

G gears (both pinion and large gear)

GB gear box

H hub

h housing

i inside

L large gear
o - outside

P pinlion

fd flange or drive

r rim
sp spline
W web

. 1y
WwaDc-TR 53-36 °
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Cs Initial Data

The following basic data are required to caleulate the total weight of a
single=-gtep speed reducer: ‘

le From Acceésory System Specification

HP rated horsepower, hp

Nl rated input speed, rpm

HPmax maximum or overload horsepower

Nmin minimum input speed, at maximum power, rpm
R gear reduction ratio

2., From Assumptions Based on Experience and Judgment

Kt shock factor for shaft

{sF) service factor for gears

Sy design shear stress for shaft, psi
S design tensile stress for gears, psi
XG weight density of gear material, lb/in3
. weight density of housing material, 1b/in>
tave average wall thiclkness of casing, in,

De Analysis Procedure

The total weight of the gear box is the sum of the individual component

weights,
Wap TG Mt (Fpgdy * (W), (V1-1)
where:
UGB = total weight of the gear box, 1b
Wb = weight of the gears,.lb
Hh = welght of the housing, 1b

(Wfd)lg weight of flange, 1b
(W.,),= weight of drive, 1b
fa-2

The weight of these components is determined from their size, Their
size and weight are determined by the following procedures:

WADC=TR 53-36
Part 1
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1. Size of Gears

The size of gears is effectively determlned when the following quan-
tities are known:

outside diameter of the pinion shaft
pitch diameter of the pinion
face width of the gears

The value of these factors stem from the solid shaft diameter which
.will transmit the required horsepower., The method for caleulating these face
tors 1s shown below.

a, Determine Solid Shaft Diameter

The diameter of the solid shaft whlch will iransmit the required
horsepower at a given speed is found from

P X '
t 3,12 x 2676 ds3
N 85 (VI—2)

wheres
HP = horsepower transmitted by shaft, hp

shock factor

=™
[+
] [ ]

shaft speed, rpm

design shear stress for shaft, psi
= diameter of so0lid shaft, in,
This equation is shown graphically in Fig. VI-3,.

.« Determine the Cutside Diameter of Pinion Shaft

The solid shaft drives the pinion through an intermally splined
hollow shaft. Since the hollow shaft must be as strong as the solid shaft, it
is possible to obtain the following expression relating the ratio d /d and
the number of spline taeth,

d _ d, (5 + 1.8) b
dg (s = 1.8) (VI-3)

where:
do = outside diameter of hollow shaft, in,

'S = number of splind teeth,
A curve, showing the relationship between d /d and S is shown in Fig. VI-h.

Assume the number of spline teeth and determine the diameter ratio, do/ds’
from this curve. Knowing the diameter ratio, the outsids diameter of the hol-
low shaft can be calculated,

- W7
g%g% {R 53-36
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| Fig. VI=L DIAMETER RATIO FOR EQUAL STRENGTH
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c. Determine the Minimum Pitch Diameter of Pinion

The root diameter of the pinion is assumed to be equal to the out-
side diameter of the hollow shaft, Then, for standard tooth proportions, cal~
culate the pitch diameter of the pinion, D ? from

d (VI-h)

where:
np » minimum number of teeth on pinioen.

Thevalueornpisfoundm _
_ LR+ 4168 s %o 31+ 2R

2 sin® f(l + 2 R)

n

P (vI-5)

where:

R = gear ratio

% '« pressure angle, degrees
This equation is shown graphically in Fig. VI-5 for 20 degree full depth, in=-
volute tssth,

d, Determine the Face Width of the Cears

The face width of the gears is determined from the Lewls equation
for precision cut gears (Ref. VI-1)

FP(78+ AV
S.I'T

£a (VI-6)

where:
f = face width, in,
F = tangential force at pitch line, 1lb,
P = diametral pitch, 1/in.

V = pitch line velocity, ft/min.

8" working sitress of gear material, psi

T = form factor for Lewis equation
The tangential force, F, is determined from the design horsepower, speed, and
the pinion pitch diameter as follows:

126,000 HP

SF Dp Np (VI=T7)

F=

wheres '

(SF) = service factor which depends on the type of loading and
service expected from the installation.
The pitch line velocity, V, is determined from the following:

TD_N
Vae—2>PD
To facilitate computation, Egs. (VI-7) and (VI-8) are shown graphically in
Figs. VI-6 and VI-7, respectively.

: The form factor, Y, for the Lewis Equation has well established
values which may be found in tabulated form in almost any mechanical handbook.
For convenience values of I for 20-degree, full-depth, involute teeth are plot-
ted against the number of teeth in Fig. VI-8, :

WADC TR 53-36
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Fig. VI-7 PITCH LIKE VELOCITY VS PITCH DIAMETER
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2. Welght of Gears
Talculate the total weight of the two gears, ineluding shaftis from

W, 'T B’ £ (a. + aLDL) (v1-9)
where:
W, = weight of pinion and large gears including shaft, 1b.
G
¥ g = Weight density of gear material, .‘i.b/:l.l_'n3
f = face width of gears, in.’
a_ = weight fector for pinion (weight of actual pinion/weight of solid
P pinion)
a, = weight factor for gear (weight of actual gear/weight of solid gear)

DL = pitch diameter of large gear, in.

It is standard practive in aircraft accesscry gear boxes to mount the gears on
hollow shafts in order to reduce weight. It is assumed for this analysis that
the shaft material extending on either side of the gear will just £ill the hole
at the center of the gear., (See Figs. VI-1 and VI-2). Thus Eq, (VI-9) gives

the weight of two right eircular cylinders of Height f and diameters IJp and D,

The factors ap and ap take into consideration the weight reduction due to webs

and lightening holes in the pinion and gear.

When the pitch diameter of the gear is large compared to the ocutside
diameter of the shaft, reduction in weight is obtained through the use of webs
and lightening holes, Althowugh there is a wide latitude of possible designs
and applications of the gears, it is possible to make reasonable estimates of
the weight factor from empirical data and-theory.

The weight factor for agear is obtained from the following equation:

a=1-(1-8) (x*-2%) (VI-10)

where:

a = weight of actual gear/weight of solid gear

B=c (0157+0125-]f:)

X=1- ._(E_t.ﬂ_“)_f_

2= T AT
where: :

¢ = hole factor, (weight ratio of gear web with holes to solid gear web)

As can be seen from Eq. (VI-10), the weight factor is a function of the pitch
diameter, face width, and the outside diameter of the shaft. Either ap or a

is determined by substituting the a ppropriate values for the pinion or the

gear, whichever the case may be. For the range of gears|of inkerest in this
investigation, manufacturers' data indicate that the hole factor, ¢, remains
approximately| constant at a value of 0,45, Figure VI-9 shows the weight fac-
tor vs, pitch diameter for several different values of do and f which are likely

WADCTR 53=36 _
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to be encountered in aircraft accessory'drives. These curves can be interpo-
lated within the accuracy of the curves themselves, ’

3. Weight of Housing

The functional purpose of the gear housing is to provide support
for the bearings, maintain required center distance for the gears, retain the
lubricant, and keep dirt and foreign material away from the gears and bearings,
The gear case must fulfill these requirements and at the same time be as light
as possible. It then follows that simplicity of design is sacrificed in order
to reduce the weight to a minimum. As can be seen from Fig. VI-1, the gear
housing has a rather complicated shape sven in this simplified skeitch., The ba-
si¢ casing is built wp with bosses and webs to suppart the bearings and increase.
the rigidity.

Although the wall ithickness of a gear casing is very irregular, it
is reasonable to assume that the average wall thickness {(inecluding bearings,
bearing bosses, stiffening webs, and joining flanges) is constant for gear box-
es designed for approximately the same horsepower over similar speed ranges and
ratios, Therefore, for this analysis, a modified gear case is assumed in which
all of the discontinuities are evenly distributed over the entire surface, give
ing an average wall thickness as indicated in Fig. VI-2.

The weight of the modified gear case is obtained by considering two
volumes, the inner volume ("i Ai) bounded by the inside surface of the modi-

fied gear housing (see Fig. VI-10) and outer volume (wo Ao) bounded by the out-

side surface of the modified gear housing (see Fig. VI-1l), The volume of ma-
terial in the gear case, is equal to the difference between the outer and inmer
volumes., Muliiplying by density gives the gear case weight. Thus, the housing
weight can be found from

Wy m By, & - vy A (V-1
Using the geometric relatiormchips of the gears and housings, Eg. (VI-11) can
be written as

‘ 2t 2
2 2 ave
W, = th F(R) {(f + K, * 2tave) 1+ n_p + -—-—-(-1———-)-Dp - R)

- (f Kw) (1+ %-) (vi-12)

P
where:

Kw = housing width factor

F(R) = function determined from the geometry of the projected area of the

gears,
The housing width factor must be assumed. It is defined by
K =w, = °f (VI-].B)
W i

See Fig. VI-2.
Values for F(R) can be obtained from Fig. VI-12.
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Fige VI~-10  MODIFIED GEAR CASE (INNER VOLUME)

Figs VI-II MODIFIED GRAR CASE (OUTER VOLUME)
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Fig. VI-12 F(R) VS

REDUCTION RATIO
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h. Weight of Drives and Flanges

The size of the drives and flanges used on a gear box is largely de-
termined by the overhung moment of the accessory being driven by the gear box
and the overhung moment of the machine driving the gear box. AND Standerds
which cover a wide range of sizes should be used., It is left to the judgement
of the analyst, performing the calculation of gear box weight, to select the
proper AND Standard.

‘The flange and drives are assumea vo bDe solid discs with a thickmess
and outside diameter given by the AND Standards, In most cases the drive is
made integral with the gear casing., If the drive happens to be larger than the
gear housing, the housing is flared out to the proper diameter and the drive in
general 1is faired in with the over-all design of the installation., Bosses and
webs are added where necessary for the flange bolts and for added stiffness.
Thus, although the solid disc assumption gives a heavy drive, the extra welght
campensates for the added weight of the bosses and webs,

The weight of the flange or drive is found from the following for round and
square configurations respectively: ' :

~

' 2
Moy * A 7 vy 0 (VI-1k)

W " Ohteq Sed? (V1-15)

uherés 3
Xh = density of the housing material, 1b/im

dfd = outside dimension of flange or drive; in,

tfd = thickness of the flange or drive, in.

E. Multi~-Drive Gear Boxes

The weight analysis of a muiti-pad gear box is approached in the same
manner as the single-siep speed reducer. The unit is reduced to three compo-
nents, the gears, the casing, and the pads,

, To determine the weights of the components, the following design infor-
mation is necessarys

1. Maximum horsepower, speed and direction of rotation for each drive
or flange,

2. Approximate overhung moment and torque for each drive or flange.

3. Center distances between drives,

4. Input speed.

The weight of the gears, drives and flanges can be found using the same aqua=-
tions and curves developed in this report. It is necessary to make a scale
layout of the gear box to determine the configuration of the gear case. From
this the outer and immer projected areas can be determined graphically,
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