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THEME

One of the characteristics of modern high-performance aircratt is their high demand for power lor electrical,
hydraulical or pneumatic subsystems, On board auxiliary power systems are installed to fulfil this demand. In past years,
the design of these systems was primarily determined by the increasing power levels required. For the future, new
requirements concerning the economics of auxiliary power generation and thé continuous availability of auxiliary power
have grown out of the general fuel situation as well as of the advent of new technologies, like fly-by-wire and active
control technology. The latter also underline the need for provision of emergency power. The increasing use of
electronics and avionics on board aircraft gives risc also to increasing cooling requircments, which must be taken care of
by auxiliary power systems,

For the provision of auxiliary power various technical systems have been developed and new solutions discussed, It
was the purpose of the mceting to review the current state-of-the-art, to exchange expericnces, and to discuss future
problems of auxiliary power generation.

Les avions modernes 3 hautes performances sont caractérisés, entre autres, par un besoin considérable en Energie
pour les sous-systémes électriyues, hydrauliques ou pneumatiques. Des groupes moteurs auxiliaires sont installés 3 bord
pour répondre & ce besoin. Jusqu'ici, ces groupes moteurs étaicnt cssentiellcment congus en fonction des niveaux de
puissance accrus qui étaient requis. Cependant, des impératifs nouveaux en ce qui concerne I"économie de 1a production
de puissance auxiliaire et la disponibilité canstante de cette puissance sont apparus; ils résultent de la situation géné-ale
au plan des carburants ainsi qu I'apparition de technologics nouvelles telles que le pilotage par fil et le pilotage actif. Ces
dernigres fechnologics font également ressortir la nécessité de Ja fourniture d’une énergie de secours. L'emploi de plus en
plus étendu d'équipements électroniques 3 bord des aviuns se traduit également par un besoin accru cn systémes de
refroidissement, auquel doivent pourvoir des groupes motcurs auxiliaires.

Divers systémes techniques ont été mis au point pour la fourniture d’énetgic auxiliaire, et des solutions nouvelles
‘tudjées. Le but de cette réunion était de présenter 1'état de 1'art dans ce domaine, de susciter des échanges touchant
I'. ipéricnce acquise, et d'étudier les problémes que posera, 4 I'avenir, la production de puissance wnxiliare,
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“""—'; AUXILIARY POWER REQUIREMENTS

THEIR ROLE IN AIRCRAFT PERFORMANCF
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Summary

//-;bBased on the historicel development and the actual status uf requirements, the trends

of essential parameters are analyzed, physical and technical possibilities are assessed
and a prognosis 18 offered,

Increaaing dema:ds for secondary power for subsystems aad more powerful engines have led
to stronger secondary power components, thus creating e mass protlem, Energy losses
add a thermal problem. Complexity rises rapidly with the number of inputs and outputs,
All of thim, together with such aspects as redundancy, relisbllity, safety, meintain-
ability end life cycle cost, composes today's suxiliary power system.

The future system, in response to high performance requirements and budgetary and
personnel restrictions, should ainm at les= complexity and more efficlency.

1. ENERGY IN AIRCRAFT '

If we regard all sources of stored energy aboard a contemporary combat sircraft, we '
can identify about two dozens of different types of them, The largest by far, of

course, 1s the main fuel system destined to feed large and powerful engines in order

to achieve good performance characteristics, which usually means a high thrust/weight

ratio, The energy converted for the latter purpose is by magnitudes higher than that

required for the different subsystems which, on their part, are powered by the

secondary power system drawing its energy in flight from the main engines, whose

operation as & propulsive force for ground operations involves & tremendous waste,

A modern military aircraft is expected to have a total lifetime of 150 000 to
200 000 hours; of thia time, some few percent are airborne, while another percentage
in the order below 10 refers to ground operation,

For some thonsand hours, energy in different forms must be provided. If there 18
a requirement for autonomous operation, the most reasonable energy sourcv is main
fuel, in terms of logistics as well as of cosat.

Today's tool for conversion of main fuel energy into usable energy forms, e.g.
shaft puwer to produce electrical current or pressure air for cooling and other
purposes, ls n small gas turbine, increasingly found in advanced sircraft systems

since about the sixties, as the oparation of a main engine, equivalent to about

6 000 kW - even .n "idle' status - meaas very poor efficiency in the megnitude of

4 2 percent.

. 2, HISTORICAL DEVELOPMENT !

A glance into history showa the advance of flight vehicles under .ifferent aspects, !
such as o

- speed (note the need for power-aided and non-linearily connected cortrols), Fig.1
-~ dimenaions and masses (requiring "aids"™ for the human sensors),

-~ altitude (note the number of changing paremeters up to detrimental/perilous
{ states),

-~ adverse weather operation (requiring a controiled environment for crew and
ingtrmmeantaticon),

. - capability for aercbatic operations,
- reliability (flights over sea or polar regions),

The effects of this development on equipment and, consequently, on its power demand
have been iremendous:

2.1 Fuel System

Increasing engine power and flight duration and, especially, the jump to Jet
engines have led to considerable fuel loads. Today's combat aircraft are reted
to carry internal fuel of about a quart-r of their T.0. saas. FEven when the stowage
problem 18 solved, changea in weight/monents of inertia of this magnitude result
in problems ot C/G, of ground and airborne stability, Inevitably, partition of
the fuel mass follows, resulting in a complex fuel system with a number ot
redundant pumping, fuel gauging, level sensing, switching, supervising, inert ng,
pressurizing, dralning, diumping etc. equipment, & lot of which requires energy.
Modern engines need some kg/s of fuel; accordingly, the power demend of the
diverse fuel pumps 1 in the range of some 10 kW per englne, the luad being

about constant (except for afterburner operation) and cunnected to the

electrical and mechanical drive subsystem,
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2.3

2.4

The mass of the fuel system relative to the empty weight 1s about 2 ,.. 3 % both for
combat aircraft snd hellcopters. The tendency i1s growing in proportion to engine
demands.

Hydraulic System

Hydraulic systems made a fairly late appearance in aviation., Their increase and Fig.2
sophistication is quite obviously connected to the advance of aircraft in the areas

of speed, dimension, mass (see above), automatic flight control and critical systems
design a8 Controlled Configured Vehicles (CCV), with the need for high redundancies,
The power requested is about 15 ... 20 % of a total SPS-gearbox power, 1.e. somewhere
between 8 ,,, 40 kW, showing a rapidly growing tenderncy, as this subsystem is

directly connected to the operational performances of the aircraft, The locd during

a mission is greatly varying., All of the hydraulic power is finally converted Pig.
into waste heat, distributed by the system fluid and dissipated by the components 3
and their installstion.

Electrical System

Electrical energy has been aboard since powered flight begen, starting with negligible
power levels for ignition and followed by ever more diverse applications, Thus

in the years before World Wer 1I, electrical syatems resembled those of motor vehicles
that were fed by DC generstors, the latter, in turn, being driven by eir turbines

or from the engine(s). Ever higher, faster and farther flying aircraft made it Fig.4
necessary to install ever more equipment to grant fuactionality, comfort and saZety
for man; to provide for regulation and control, navigation, communication, super-
vislon, lighting and deicing, in addition to all sorts of sensors and weapons,

There 12 hordly anything witiout electrical connection.

The necessary power could no longer be generated and distributed as direct current.
Today's heavy combat aircraft in general have alternators, three phase, 400 Hz,

with integrated or preceding constant speed drive (usually a hydraulicelly controlled
planetary gear), distributing their power via a bus system into a widely ramified
network., s systems have been used in this context for years. The electrical Flg.5
system - as the other systems - must be designed for peak loads, which occur only €.
aporadically or never during miasions (e.g. deicing). It ls an interesting question,
whether the welght necessary for this design case can be diminished when a

continuously operating APU 1s a constituent part of the secondary power concept

so that the total weight will benerfit.

The electricel power generation rating 18 a good indicator of the complexity and
all-weather capability of an aircraft and usuwally a clue for any significent Fig.6
secondary power installation. The power requ’red in military aircraft is about

30 % of a total secondary power system geerbox, with generators reted somewhere
between 20 kVA ... 60 kVA each; however, this is by far exceeded in specisl

aircraft or large transporters (e.g. Advanced Airborne Command Post total generator
rating 8 x 150 = 1,200 kVA), and usually there sre at least two generators.

Helicopters (smuii) provide DC generation of ebout 2 x 7 kW up to 2 x 40 kVA (large)
and more. A special function is engine starting, which i. found essentially in
1ight attack A/C and helicopters. T the electrical system is a DC system, a
combined starter/generator will Lc used most probably,

Almost all of the electrical power is finally corverted inside the aircraft into
waste heat and must be carried overboard

- with the aid of new energy,

-~ within fairly narrow temperature and other limits, at least as far as crew and
electronics are concermed; but even for general equipment, Arrhenius’' Law
points to the benefit of moderate temperatures.

Another interesting relastionship with thermal housekeeping and the mass problem
gshould be indicated: The electrical system can be conaiderably overloaded for
short periods, the main parameter in that casge being tempersturc build-up/cooling.

Related to the empty weight, the electrical systeme proportion is between 1.8 ...
3.7 %, whilst in a medium transport helicopter this rises to about 7 ¥. The
tendency is growing.

Pressu'e Air and Cooling Air

Pressure air for the air supply and environmentel control system is usually tepped
from one or more of the engines compressor ptuges in qu-ntities of about .1 ...

1 kg/s and some 100 degrees C, This bleed air is coole. by & rem air or ejector
operated cooler and then further processed, e.g. in cooli air turbine, additional
ram air/ejcctor assisted cooler(s), water extractors, and then distributed with
the ald of a variety of valves, chokes, regulators, sensors for pressure,
temperamture etc. It is usad, according to its degree of preparation, for

- "air cooling™ for the crew (e.g. foot or body spray),
-~ operation of pneumatic drives and devices,

- supply for anti-g-sult,

- canopy sealing or other movable parts/slot sealing,

e ke G WD S
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- rain removal system (blow upon wind shield/front screen),

- canopy pressurizing and demisting,

- cooling/air conditioning of avionic, equipment gun and RADAR bays,
- supply of compresscd air tou external loads (pods, tanks),

As thip i: an enorgously cowplex tusk, the systew musl Le equully coaplex, llerdly
anything is conatant, neither the input eir (varying in temperature, humidity,
composition, pressure), nor the other environmental conditions (hest rejection or
reception of the enviromnment, 4 cnding on speed, altitude and cther parameters),
heat rejection of the equipnent.?varie y of operating condition and times), {ferent
temperature gradienta, heat conductance and much more. For illustration:

At 12 km altitude, the cooling mir requirement is about 4, at 18 km about 10 times

as high as at S.L.

Soue basic figures for demonstration of the requirements:

Electronics with less than 6 mW/cm3 heat rejection and without "hot spots" need no
sgecial cooling, those with more than 16 mW/ca3 need forced air cooling; when more
than 120 m\i/c:g are expected, air ccoling is no longer sufficient,

During ground ogerution, a modern fighter's need for cooling air amounts to 10 kg/min;
1f that is supplied by small inlets, a n-ise problem for the ground crew will occur.

The power required for the air supply/environmental control system is considerable,
ranging from about 70 kW in small combet aircraft to some 100 kW.

As this air is bled from the engine(s), the energy by-passes the mechanical pert of
the secondary power system. Relative to the aircraft empty weight, the air systems
proportion is between 1.3 ,., 1.7 %, in medium transport helicopter about 1 ¥,
Another remarkable feature 1s that the airstream can carry all sorts of contamination
to every corner in the aircraft, cockpit included, be 1t 0il dust or things related
to A, B, C warfere,

The air and cooling aubsystem is very closely related to equipment and parformance
characteristics and, therefore, a deaign-dominating system, which cannot be stealthily
eluded. The trend is: Fairly rapidly growing system as the last resort for removal
of waste heat from all other systems,

Fower off-take
The requirements for mechanicml/pneumatic power must be satisfied Plg.7
~ by the engine: during all missmion phases,

- from ground sources; precondition: aircraft at adequately equipped ard
functioning sites,

- from eircraft intermal power source other than main engines,
Re dash No. 1:

Power off-take, even if only in the percentage region of an sngine's power, can
lead to or favour engine operating problemsa in some sreas of the flight -nvelope
ond during critical flight manceuvers (engine surge/stall with possible lame out).

Fig.8

Re dash No, 3:

The only eligible source could be a hattery, Batteries for military aircraft
including helicopters range between 15 Ah ... 40 Ah, energetically equivelent to a
kerosene mass in the megnitude of 100 g. Formerly sufficient for checks of moderate
duration, they cannot be used in most cases today for various reasons:

- DC most unauitable to feed a three-~phase current network;
- electrical battery power would be consumed in & very short time;
- no cooling air, electionics would be quickly damaged;

~ no power/no operational condition/no test practicable for hydraulic, pneumatic,
mechanical, o0il systems etc.

Thus, several unfavourable trends add together:

A lot of equipment means a lot of (pre-flight) testing, requiring electrical and
other forms of energy and implying lsrge generators and other power drives, All
these mechanical loads are connected to the shaft of the sngine, thus aggravating
the already difficult task of atarting a large engine, or they are connected via
clutches end control mechanisms, thus contributing to complexity. As a rule of
thumb, the starting pownr is about 1 % of the engine compressor drive input et
rated rpm or, even more roughly, dry thrust/daN x 2 ... 3 = atarter rating/kW,
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As the trend in engine power (e.g. expressed by thrust/engine weight) 1s expected
to increase and as this will be accompanied by higher pressures, one mey expect
starting power to increase as well,

3, ACTUAL REQUIREMENTS ANWD THEIR REALIZATION IN TERMS OF HARDWARE
3.1 Requirexents

Actusl requirements are governed by the effects of a tremendous increase in Flg.10
equipment, especially in electronic equipment. This ia due to the fact that
enhanced sensing, regulation and control is e pre igite to optimeslly adapting

a component or system to 211 relevant operating conditions, thereby increasing

1ts affectivenese, The rapid advances in electronics, data processing and
micro-miniaturization allow almost every imaginable perameter to be sensed,
processed and combined with others.

Fig.9

Inherent in these overwhelming possibilities, however, is the danger that
requiiements may be establisned as an end jn themselves.

A further dsnger is that the weli-meant realization of all possible advances,
added together, may not unconditionally lead to higher weapon Bystes effectivenesn,
The latter may be seen as

- a cepability to assert vneself against an snemy in o realistically envisioned
scenario;

- a deterrent potentisl realized in the form of a continously available man-machine
weapon aystem, whose performance criteris surpass those of the corresponding
aystem on the cpponent's side, and which slhould be achieved at minimum
possible coat.

Given the aforementioned reservations, the 1ist of asctusl requirements could
read as follows:
3.1,1 Sufficlent electricel and hydraulic power (possibly cooling supply) for
- cubaystem check
-~ ground servicing.

%,1.2 Usufficlent electrical and hydraulic power (Eouibly cooling and envircnmental
control system supply) for operational stand-by.

3.1.3 Continous APU operation during sircraft and srmament turn-sround.

2,1.4 Capability to maintain for hours a ready-for-take-off status (wi'nin A few
minutes).
3.1,5 Capsbility to serve as an emergency power unit for
- restarting the main engine(s)
- feeding the sbsolutely necessary subsystems/components with
~= hydreulic and/or
-- electrical power
to permit controlled flight or to establish the paramsters for ejsctlon-seat
operation,
3.1.6 Cepability to allow self-contained start of the aircraft.
3.1.7 Cspability to ellow start with external power (e.g. electrical or other power).
3,1.8 Autonomous oil system.
3.1.9 Use of main engine fuel (primary/alternative/emergency fuels may be required).
3,1.10 01l type mame as for main engine.
%.1.11 A/C can move X =mc

3,17.12 During engine starting:
sufficient electricsl power/cooling supply for aircraft operational stand-by.

3.1.13 Capability for some subsequent main engine starting cycles in a given time and
environeent,

3,1.14 Capability to relieve mﬁne(u) of the burden of electricel, hydraulic etc.
dxt-ivea 12 v;ry critical ight status (e.g. helicopter hovering at low altitude,
at aea etc.),

3.1.15 Vulnerability requirements.
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3.1.16
3.1.17

3.2

2.2.7

3.2.8

3.2.9
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Capsbility to start the APU mar-ially (e.g. via hydreulic hand pump).

APU/EPU combination feor either

- air-breathing mode (Jjet fuel combustion ror ground power delivery inclis’ve
engine star:§

- gas generntor system for emergency power (uydrazine or LOX with JP-4) to be
independent of altitude limitations,

Past and Present Hardware Solutions

Since more than half & century, there have been requiremente and solutions fnr
auxiliery power eboard aircraft, Examples for zsolutions:

Airships, e.g. Zeppelin LZ 127, in the twenties, carrying a spark ignition engine
coupled with an electrical generator of about 1,5 kW, serving as "APU" for three
rem air driven electrical generators; LZ 12¢ in the thirties, equipped with two
Diesel engines of 33 kW each, generating AC w«sid PC,

Flying boata/aseaplanes as DO 24 in the late thirtles, furnished with & sparx
ignition engine combined with an electricel generator of about 1 kW, supplying
auxiliary power for stand-by/lay-days/main engine start.

Jet fighters Me 262 JUMO OO4-engine starting feciiity, provided by a two-stroke
engine of lawn-mower type, housed in the front hub and swung manually.

The APU in its contemporary meaning, developed asz a small gas turbine for
transport aircraft C 130 in the fiftles,

The APUS for V/STOL aircraft, such as the HARRIER and VAK 191 B, the latter
supplying shaft power for 1 alternator 15/20 kVA and a hydraulic pump as well as
bleed air up to 5 kg/min for lectronic equipment cooling and tank pressurization
during ground operation end . eration throughout the fl1ight envelope as well
including in-flight start by battery or windmilling. As the sum of all possible

functions exceeds the APU's rating, sn automatic load seguence switching is
provided,

AFU in A-10 az an example for 8 ground atteck mircraft thai operates at a
critical low altituda.

APU in special ajrcraft with a large equipment share, such as Maritime Patrol
Alrcraft (KPA):
- Breguet Atlantic ANG
- Nimrod
or
- E-3 Sentry as an example for C3 aircraft
or
- tankers, such as
- VC-1i0
- KC-135 R (two APUs).

A prototypu of an APU/EPU indwpendent of altitude anc flight condition according
to the SIPU concept.

TRENDS OF ESSFNTTAL PARAMETFRG

It is evident from the pruccding parographs and slides that the power demand for
eleccrical, hydraulic, air, fuel and other subsystems is rising; so is the demand
for removal of equally increasing amounts of waste heat and 80 is the demand for
starting power for engines. Plg.11
€.

Complexity, defined as the number of many "items” n and the maximum of their
autual connections

rises.

This, in turm, causes the coat to ris , as it is a function of single parts® cost
plus cost f.r all connections between all "items" (comprising these parts pios
all related quantifiable aapects)

Total cost = (parta cost)y + — {connections r.:ou‘t)‘_3
; = ; ggi 3

where the first term reveals the cost sum of all the parts of a W/S and the
second term reveals the cost sum of all luterconnected "items".

B gt €10 7 WETE




e A

. ——

1-6

Tt is easily deducible that the whole is much more than just the sum of its parts, the

second term illustrating
- the lion's share in cost and time,

- the danger of false assessments and loss of control,
er demand and waste heat problem, as far as enerqgy

~ the increase in secondary pow
in this dense network is concerned.

flow/energy conversion between "items"

a aircraft with respect to achievable

complexity, while unavoidable to optimize a
lop and operate aircraft on reliably pre-

goals, is contradictory to the wish to deve
plannable cost basis.

How c.n we get out of this dilomma?

Evaluation of the preceding formula, especially with respect to power system and
auxiliary power, shows that future fighter aircraft of

- small,

- light, and consequently

- single seated,

- single engine design

would ease the problem, provided that

- a reliable and modern engine can be chosen

- this engine is assisted by an adequate airborne operated APU,

the thermal housekeeping of the aircraft is as thoroughly desigi.d and optimized
as that of satellites.

an emergency power facility (e.g. booster rocket) for short-time emergency
thrust is available

¢his dictates the renunciation of technical reveolutions,
t for the development of completely
aircraft, but recommends thc stepwise
factory svstems to even better ones.

consequently,
as the flippant regquiremen
new, large and super-complex

evolution of recognized satis
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ELECTRICAL POMER DEMAND V.5. MISSION PHASE
Klestrioal
lead
w
or
(1] ey N rT
PT ’.—.
e - .
iy
HISSION PHASE
Figure 5
e Elh cmmm
§
B TRENDS IN PROCESSOR AND n .
setvne | MEMORY DEVELOPMENT N i
me —
g;;’p Ird Ceneration fLarge Saale Inl
204 Geperation { Nybride with seme IC's)
( Transistors )
5 13t Generalion Bit-
-10 ( Relays + €1 tybes} Hlmumpuh
'Ii -Bit-
Mlmuroumv
Trend : ﬂ .
| 10* Decreasing Power/ Function BEX -8t~
[n.g.nW/Bit) in spile O Micrecomputer
of thix higher specific
heat rejection, higher
susceptibility \a ENI 13
§-Bit-
-10? O Microprocessor
! I]Ill: [ BiNary Aviomatic Tompyin, 3. ] % 4-Bit
El. tubes; ultrazonic memory; | large room, Micracampyter
Telelype in-/ ou(pul /
mAc, 1o, tlldron tubes; ALGOL FORTRAN ,;;,.m
lm;vlqu Inlnauud L -Bit
w ZUSE ully pm:usnv, Mitl Comp. Dclign Microprocessor
punch tape :unmh
dual system Hnunlandlnq_i
f‘r—T—fﬁ.....ﬁ, —rr T —r—r—r——y
l“]l ] 5 1853 1963 1972 1980 1985 1590
bigure 6




|
|
;
i
|

B ———
\ v :
!
IIW
!
L e TNCAEASE LN PONER PERARD
' FRON SECONDARY PONER SYSTEN
aaad
- Soe
[ oo " - .
VJT Yoot o fires fiigm
t “V"Wm"'"‘w- nd
Figure 7
]
'
i BECONDARY POVER syavmm
fl S - TOWNR pINPAIBUTION
feative papag: “loaeg”
i DMatributed 411 owwr the tnversor,

Hotas

| .
7 T
- -
= i
L
i — -
" b

thiv part of powsr finelly bonverte
1o wasty hest,and wuat be spilled
overbeard.

Yor thay purposs, A9
e, powsr from

-3retem Blesds
tne,

By Hydraulfo pup

£argy Riyotrios! genwrator
ke

THIS graph “sreathee™ {0 811 branshes,
Wvirenrunisl Centrol Syatan (MCH) wid Al seoling sywtes st

18

Hosh. pewrr euppL10d rom wigine

Figure 8

.f

Puel vesling spates mut

l lead off

.'l

Heut swrgy 1n Jubepge-
tim ot of wgine

Hott srargy In 1ubrie-
U otl of 3py

Boargy sor flrat stage
Tusl pang

Conwequanade, Deeite

vaich equlpment
~Inatrumentasion, mptrvision
- laytar and vantrol
~waight

Msarding be flight vandision, Aretes Viatum ard wnvirsment ,
hs dosipied For poah leading.

—— ey




1-12

010z 0007 0661 uesl 0z6L 096l 0461 a6l
+—A 130 KI938
1010} - ‘.uta_ﬂm:F___::J L
1] L

__= %00 __,m: L

__ |

| ,
_; __Joz €
it~ /

Y- NIH-5L1 @ n:_a__z.. . |

il i ! e
==_ Jdwp el

———te me—a—-

yubropm suibug
- isagy) Buiperg |
ﬁa—.‘ | ll_

-
———

9i¥

-
[P, il

01ivY-1HOIIM : LISNUKHL SINIINI
1iVHIYIV 1V8W0J 40 ON3HL




.,

'hL‘" Lo e g 0 TN R

1-13

o * Y
° °
° LCYEL OF SEMLNWBL DPEATIONAL aXQeIGINEAIL o
L] e
o . . . o °
® o ©
l,,.

2y,

-« “u'\

L o B e
[t . ““.“‘.u—-'

y woo o

ldl-..h
ERIT
7ol salty, fest "elingy °
Pomer link Detween qearboaes Bhech. ar siber) ° e
[}

lenn fot IV m.h.;-“\\h coaneryinal
vlen

wt

L at e . UVl & we(Ica1i20k Bu TECRINCAL CORCEMTS
W

et
- L .
o we Rl o e
13 u Y L]
w A Y ®e o °
\\0"\ ol M e ®ee o @ Cace 11,
o T R 7 I O S i)
at M o e, %, Y iy tiat, Wiy
B W % bagyy (Mo .
AR *, ady,
w" oW Qﬂ"' t
I DN 4
o
>
3 e
A% N
- w
w

1
Aniserrase o 19y paylosd oo rarelit in wnitresss of obeot Sy in LB mers

T 1AW sddirionat merte bast mesns an Istrense i - mess of csod Wip

Figure 10

i




{
|
|
B
{
I
|
!
LT
i
i
[
.
|
|
|

1-14

> the individual points in the "LEVEL OF SUPERIOK

CPERATIONAL: REQUIRENMENTS"

Connexions bet

Figure 10-1




e )

——— e —

Connexions
individual
points in
levels and
different

between
the Bsame

|
~ |
h i
2 |
v f
@
3 ~— !
.2 1
= i
I
1
i
1
2 T
, . U e e

e _ _ S U A -



]
|

~ —

El

116

goNPLEZITY
Oraphical display of the relatien between number of
"Itess™ n and mex. connsotiona bstwesn them!

{n=-1)n .
0 U —

0 2
l;alur i
. i

Deanvo- "P 10
204 tioas B
190 . o

- —

180 2
170
160

Wumber of "Items” »
L4 v v

) 3 8 10 20 30

Figure 11




T A T P —a—

DISCUSSION

E.W.Fckert, (Ge

(General comment after end of meeting).

At present there are a lot of discusions in NATO and European organizations and governments on future military
helicopters for Army, Navy and Airforce operations, (sce footnote) e.g. capability to relieve engine(s) of the burden
of Secondary Power System in very critical flight status (¢.g. Navy helicopter hovering at low altitude at sea etc.)
where every KW is needed fcr the rotor. Based on first known requirements at least some of them might be
candidates for APUs or JFSs.

I wonder why hclicopter use has not been mentioned here. The PEP could certainly be helpful in providing support
for decisions on auxiliary power in this area.

Footnote In Geriany: LTH (Leichter Transport Hubschrauber)
MHS 90 (Marine Hub Schrauber 90)
PAH 2 (1 nzer Abwehr Hubschrauber 2)

LTH = Light Transportation Helicopter
MHS 90 = Marine Helicopter 90
PAH 2 — Anti Tank Helicopter 2
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GROUPES AUXILIAIRES A TURBINE A GAZ
par
A. ROMIER ot P. CALMELS
Sociétd MICROTURBO - Bolte postale 2080 - 31019 TOULOUSE CEDEX (France)

RESUME

Lea Lroupas Auxiliaires & turbine A gaz emharqués ont été Jdéveloppés pour répaindre a ia demands
d'autenomiu des svions lors de leur mise en oeavre : check 1{at, conditjonnement au sol, démarrage drs
moteurs principaux. On examingra :

1) Las solutions dévaloppAes danes lus domaines militaires at civils tant en aystéma Ju démarraygs
pur & fonctiunnemegnt court qu'en groupe auxiliaire & functionnement continu.

2

Les tendances actuwlles r las aviuns modernes ou le systéma de démarrage est capable du fonc
tionnement continu en g 0 auxiliaire.

3) Les besuins futurs que l'en peut prévedr en fonction de la Complexité cruissante des systimes
«d"armes embarqués, nécessitant un conditionnement su sol, des dévelunpemants dea réacteurs piin
cipaux imposant Jes puissances Je démarrags e plus un plus importantes et un fonctionnement an
secours dans 1'ansemble du domatine de vol avet des tempe Jde mise en vauvie extrfmament réduits.

1. SOLUTIONS OEVELOPPEES
1.1, Généralltés

Les Groupes Auxiliaires embarqués cnt pour objectif principal de conférecr A 1°avian porteur une au-
tonomle compléate par rappurt aux moyena sal.

Ce besoin d’autonomis me juatifie suivant le type d'utilisation de 1'avion ; par la disponibilité lo
gistique pour les avions militaires pouvant 8tre sppelés & vtiliser des terrains wommaires et temporaires
gana accompagnemant d'une infieslrucilure sol néceasitant ua transport par avion cargo. vulnérable en opéra
tion militaire, par le souci d'économie et d'indépendance pour lews avions civils dont la rotstion est im-

‘ portante et qul na peuvent 8tre tributaires o’'une infrastructure au sol colteusw, pour couvrir &n nombra
suffisant len adroports et pour un service peu fréyuent sur certains terrains,

Ca baesuin J'autonomie de l'aéronaf peut s'wxprimar de plusieurs faquns ;1 essentisllement Jémarrage
tu wu des motaurs principaux pour les avions militalreas, confort en cabina (climat ‘eation, électricité)
avant. le vel, moteurs arrBtés, et démarrage des moteurs principasux pour las avienn clvils,

Chayue cas n donné lieu A des développements spécifiques que nous pguvuna hridvemant examiper .

1.2. Application milltaire

Comma nous 1'avons souligné, 1'objectit principal eat le démarrags du ou des motaurs principaux e
1'avian, Le Groupe Auxiliatirs smbarqué est dans e cas un siinple ayatéme de Jomarrage de fonctionnemgnt
trés court.

i
i
!

Las critédres principaux & satisfaire pour ce type de function sant :

flabilité de mise en cauvre au mol dans un large domaine de températures ambiantes A partir d'une
soyrre de puilssance @lectriyue (batterie) ou hydrauligue (accunilatsur) relativement faible,

- rapidité da mime en peuvre : la pleine puissance doit &tre disponible dans un tempa minimum (10 A
15 me&condes snviron),

- sncorbrement et messe réduits 1 le aystdme de démarragae est un pofds mort pour 1'avion en val,

On paut Jistinguer deux cas principaux Jde réalisation de ~yatéme de démarrage sulvant (e type de
transfert da la pulasance :

- accolplement mécanigue,

accouplement pnaumatiqua.

Dans 1'accnuplemant mécanimia e aBndratas J- -




&
e

Catto sclution ust blen adapttee A dns aviona bl ou multi-moteurs et peut satistoire des impératifs
d'installation, le générateur d'air pouvant 8tre installé loin des moteurs, ’a liaisun avec lus démar-

reurs 4 sir, d'encombrenant faible, se faisant par de simplas conduites (planche 7).

Actuellameni, les niveaux de puissance requis pour les molours militaires nmodurnes sont de 1'ordre
due 200 chevaux,

Catty puilssance pout Cire développés en une dizaina de secondes par une turbine A gaz auxiliaire
d’'une masse de 35 kg [solt 7 Ch/kgl.

1.3. Application clvite

Dans 1'utilieation civilae des Groupes Auxiliaires embarqués, laa fonctions assuréas st le domaine de
fonctiannemuent sont heaucoup plus 6tendus.

Le groupe assure au sol i

- la gffAration électrique de bord,

- 1'alimentation en air comprimé du circuit de climatisation et de pressurisation de la cabine et das
baies électruniques,

- la démarrage das motsurs principaux (plancha 3).

Le fonotionasmant du Groupe est assuré pendant les phesaes de décollage at d'attarrissage et peut 8tre
utilis® un socours dens un large domaine d'altlitude (0 - 9 OUO matres).

Dans cae cas, les critéres principaux A satisfairs sont :

capacité de misa en osuvra dans un large domaine d'utilisation (0 - 8§ QUO m, I.S.A. + 30°C A
I.5.A. - 40°C),

- wicombrement et masse réduits,

performances Glavées (consommation carburant}d,

régulation de régime parfaita pour natisfaire l'epirafnement d'alierrateur A fréquence uonstanta,

meintenabillts, aptituds & la miintenance élegvée par le développement de circuits d’mutotests et
détecteurs du pannau.

1.4, Conclusion

On constate que les Groupes développés & cu jour
diffarentes. Cegpundant, les o voloppemunts vAcenty en
en cours montrent une tundanc

asatisfort das critéres differents et das fonctians

séronautique militaire (larnade, F18) at las Atudus
de rapprochement entre les deux concepts.

2. TENDANCES ACTUELLES

2.1, Systémes do démarrage —~ Groupe ‘uxillalre

Les avions J'armas modernes, e par leur complexité, nécessitent de plus en plus - puissanceo pt (e

tasts avant vol [systdme de navigation, commnde de vol électrique). Da ce fait, pour conserver la carac-
tare d'autonomis la systdmae du démarrage davient un véritable Groupe Auxiliaire capable d'sntralner les
générations électr-iquas et hydrsuliques de 1'avion monté sur la bofte "structurse”.

Dans co cas, le systdmu de démarrage sat rouplé & la bolte relals d'accessoirss structura, elle-méme

connectée & un réacteur et pout. por lu jeu d’uvmbrayages hydrauliques au flectromagnétiques, soit entraf-
n3r la boite relais st, de ce fait, 1'ensemble des accasapiras,

anit démarrer 1a ou les motsurs. Ca prin-
cipa est assnntisllement ratenu dans le cas d'ovion bi-motweur,

la readondanca an vol cn eas de 9anno do

V'un ey moteuis Gtant assuzdu, 1y asysteme de déomarraga ne sara alurs utilisé gqu'aw sul on tant que suurce
da puissance ssecondaire.

Nans Vi cas d'un monomoteur, 11 est généralement demandd aw syatape do déeevrsge 38w Copable Jdlan
swar Lo ulance du moteur principal en vol, 1'allumage du co dernier sn auto relation pouvant Birg dars
cartaines configurations de vol dflicates et dangersuses (monomoteur éoole ou d'apput tactiqus au sol).

2.7, Gravpes Auxilialros - opplication eirile

Un ne note pas actuellomeni dans ca domalea une dvolution des fonctions rogoisea.
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L'affort la plus important porte sur la fiabilisation et la réduction de la maintenance préventive
des Groupss Auxiliaires. La dispunibilité 6tant ls qualité principale de ces darnivrs, 11 est nécessaaire
d'assurar 1e développement des circuits annexes de tests et de contréle.

Le développemant des techniques digitales, électronique numérigue, permet de prograesaer raplidement
dans ca domaine.

3. BESQINS ET DEVELOPPEMENTS FUTURS

Yuels seront les besoins futurs 7

En plus dus forctions de base citfes su sol :

- démarrage des motsurs principaux,

- génération de puissanca electriqus et/ou hydrauliqus,
- alimentation des clrcuits de corlitionniment avion,

la conception des Groupss Auxiliaires devra permettre de satisfasire la s6curit¢ en vol, c'est-a-dire, le
suuours total de 1'avion.

11 st nécessotre pour cela d'assyrer une radondance compléte des sourcas de puissance. Il n'wat dunc
plus suffisart yue le systédme de démarrage soit capable de prandre on chargs, c'ast-d-dire d*entrainer, la
génération principale de l'avion mais %1 faut qu’il soit &guipé de sa propre butte relais d'accessouires
untralnant sos propres géndratsurs de puissance capables d'alimenter les circuits vitaux de 1'avion dens

tout son domaine de vol.,

On peul distinguer doux functions val différentes.

Dane 1o dom: . passw altitude 0 A 10 000 mdtres, le groups te puissance paut Atre en fonctionnement cor-
tinu & un réglms d'attente wt vapsble wn 2 vu 3 secundes d’alimenter les circuits avion en cas de défaillan-
e das génerateurs sntrafinés par le réactaur st J'asssurer une alde suffisante pour la relance Jdu moteur 'uut

un assuyrant la généralion @lectrigus.

Dans lu domainm haute altitude 10 000 5 30 000 métres, une source annexe daoit alimenter en gaz de com
bustion la turbine de pulagance du Groups Auxilisire pour assurer la fourniturs minimala de puissanie nfi
cessaira aux commandes J vol el ce pendani .es guelquas minutes avant de retrouver le domaine basse alti-

tude d'utilisation normaia.

Lao principaux obstac s & ce dévsloppement sont s poids, 1'sncombrement et le coQt d'un tel systdme.
Coa dernicrs tombent d'r ux-mdmae si, dés 1a conception de 1'avion on accepte de valoriser la fonctian du
Groups Auxiliaire st de 18 roncevoir cowme unn saurco de puissance embacnufa.

Par axemple, les développements récants, en éGlectrotechnique nutamment, peuvent permettre d’étudier dus
génératuurs du pulssance adaptées 3 1'entralnement par turbine A gaz auxiliaire, moins contraignants gue
par les moteurs principaux pulsgue les vitesses de rotation sunt molnu veriables (rspport de 1 & 1,2 pour
ie groupe, caontre | 4 2 pour le mteur). De plus, la vitesse de rotation du groupe eat nettement plus &le-
vée yue calle du noteur prinuipsl et le poilds d'un génGrateur 6lectrigue vst toujours inversement propor
tiunnal & son régims de rotation. On est cepable aujuurd’hui de réaliser dus alternateurs A grande vitesss
(50 000 ou BU BOU tuurs/minute) de 40 KW ne pasant pan plus ifs B ky el assacifis A& un convertisseor atati-
que da 15 kg onviron pour fournir catte puiscaneo saus forme de 400 He triphasé et courant continu haulo
tansion ou basse tenaion.

tes glissements de vitesse, chute da régime du groupe, pendant le démarrsge des mutwirs principauv<, ne
sont pas rassentis au niveau de la fréquence du réseau 400 Hz, rette dernidre Atant obtenus indépendammant
du régime alternateur au nivea: du convertisseur staclique. Ce point wst trds important pour 1'alimentation
dea systdmes de navigatinn qui ne peuvent plus &tre coupés aprés luur alignament.

La transmission de puissance de démarrage ssra, sulvant le cas :

mécanique, par couplage entra la bolte du groupe et la bultw structurals du réacteaur, dan: le cas d'un
monomoteur et si 1'instaltation le permet,

pneumatique, psr alimentation des démarreurs A air montés aur la bolte ralais d'accessoires de chanue
moteur Jdans le cas du biréscteur.

Css solutions sont résumédes sur la planche 4.
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DISCUSSION
R.Smith, US

The statement of start {ime of approximately 5 secands. Is this for starting the starter or the main engine?
Author’s Reply

Actucllement en utilisant des circurts de démuarrage conventionnels (batterie-moteur électrique de lancement) In
pleine puissance est disponsible pour |- lancement du moteur principal en moins de 9 secondes.

Le temps total de 1a séquence de démarrage du moteur principal, y compris le temps de mise ¢n ocuvree du démarrour
est de Pordre de 25 secondes.

Ceci pour des systémes développant une puissance de I'ordre de 200 ch.

J.F.Chevalier, I'r

Vous avez parlé d'unc variante dans laquelle la turbine de puissance peut étre alimentée, 3 haute altitudc, par une
chambre séparée A propergols. Avez vous essayé soit par cctte chambre spéeiate, s0it par le générateur de gaz du
groupe?

Author's Reply

Non, aucun essai n'a ¢(¢ effectud d ce jour mais cette conception est en cours d’étude.
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SECCNDARY POWER SYSTEMS FOR FIGHTER AIRCRAFT
EXPERIENCES TODAY AND RE{UIREMENTS FOR A NEXT GENERATION

by

Walter Hausmanu
w Manfred Pucher
N Thomas HWeber

KHD Luftfahrttechnik GmbH

D 6370 Oberursel, Germany
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SUMMARY

~AThe necessity of a cantinuous increase of fighting efficiency of weapon systems
n.‘ sets forth a number of new requirements for the next generation of military ajrcraft in
~particulaf regarding the distribution and use of the on board auxiliary power.

Energy conversion methods will have to be applied which are readily adaptable to
Q:uperntion requiremants and also favour the thermal balance of the aircraft.

As an example of the pneumatic ener?y conversion the efficiency of a new auxiltary
system is presented together with a 1isting of those factors which play a role in its
optimisation. . Sede. d”'ﬂ pooes o A uwyyy‘,, Yoo dent

Destgn concepts and options available for future\f? and -APY systems will bedcc ¢
presented. Tuday's experieice, derived from a modern fighter aircraft system/ that has
successfully entered production, waserve*as a basis for discussion of advanced re-
quirements and desiqn features,

.
SYMBOLS

ATH Air Turbine Motor

APU Auxiliary Power Unit

Co Compressor

c/0 Cross Drive

ECS Environmental Control System

EM Electric Motor

FRBP Fuel Backing Pump

FP Fuel Pump

GB Gearbax

Ge Generator

Hp Hydraulic Pump

106 Intearated Drive Generator

ME Main Engine

P10 Power Take Off

SPS Secandary Power System

¥SCF Varfable Speed Constant Frequency

1. INTRODUCTION

Modern military aircraft have developed into complex flying systems, making in-
creasing use of auxiliary power tec enhance both their handling qualities and fighting
effeetivensss, 1t s thorefore that efficiency, reliability as well as cost of Secon-
dary Power Systems have become of siqnificant desian importance.

As next generations of fighter aircraft are in their conceptual - taqes of desiqn
throughout the western world, {t is felt appropriate lc reflect upon iie eyolution of
Secondary Power Systems and to monitaor {ncipient oro ress together wi.i future develop-
ments against todays experience and tomorrows requirements.

2, PRINCIPALS OF SECONDARY POWFR SYSTEMS

Secon: y Powsr ystems (5PS) for military aircraft have to provide and distribute
auxiflary ‘rgy .. alrframe .nd main propulsion enaines during flight and on the
qround .




This auxiliary enerqgy is needed as shaft output power, pressurized oil, electricity

and compressed air.

Two different instailation schemes for auxiliary enerqy systems are known and have
been realized today (Fiq. 1):

- Auxiliary system intearated into the main engine frame

- Auxiliary systems installed in the aircrafi{ coupled to propulsion engines by means
of a shaft.

For zircraft with only a Tow amount of secondary en -rqy required and accordinaly
small accessuries, these were integrated into the main engine(s). The concept however
chanaed with the introduction of larqge propulsion enqgines and wulti-engine applications.

Wereas previously the intearation of accessories into the engine was possible due
to their size, the accessory nower now required and hence the dimensional increase of
the auxiliaries demands remote arrangement of the SPS in an appropriate jocation of the
aircraft. This also reduces the required cross sectional area of the aircraft. Additio-
nally in many cases SPS's of today are equipped with auxiliary power units (APU), which
provide for independence of around support, availability of auxiliary energy for qround
system checks, alert capability at minimum fuel consumption conditions and for main
engine starting. However, these advantages have to be weighed against increased mass in
case the APU is operationed on the ground only, and cost of installation with respect to
air inlet and exhaust,

Fig. 2 summarizes the systems currently in use or in active design.
As already mentioned, a..essories were previously installed directly on the main engine.
This arrangement is still found in some of today's fighter aircraft.

The next step is the remote arrangement of the SPS. This system is most)y used in
the current generation of fighter aircraft. For twin engine installations the gearboxes
are mechanically coupled to each other and tn the main engines, Also the APU is directly
coupled to the gearbox (GB), For the immediate future this coupling will be replaced by
pneumatic eneray transmission with the exception of aqearboxes remaining mechanically
copnected to the main engines,

3. FXPERIENCE GAINED WITH THE TORNADO-SPS

Atrcraft with mechanical SP5 have been nut in operation for some time now. Their
performance standard can therefore be evaluated both by development- and service expe-
rience.

Requirements for uninterrupted enerqy supply during all flight conditions and emerqency
situations result in very complex systems as they are found for example in F15 and
Tornado.

Ten years aqo, when these systems were designed, the goal to achfeve was hiah
transmission efficiency which automatically required a complicated mechanic. i system.

Furthermore, in the Tornado case, the start sequence and switchina functiens during
cmergency conditions had to be automated to the fullest extent possible which again con-
tributed to the complexity of the system.

Fia. 3 shows the main features of the Tornado-SPS, The arrangement provides the redundan-
cy reyuired in fiight, i .e. it has two independent gearboxes sstarboard and port) and two
generators (IDG-Type), two fuel backing numps and two hydraulic pumps.

Independence from qround power {s achieved by the APU which is mounted on to the
starboard GB.
The SPS control unit monitors the function of APU and GB's including control of the

clutches.

The system is activated by starting the APU with an electric starter motor. llpon
achievement of full APU speed the clutch between APU and B is sutomatically actuated.
Enqganement of the cross drive clutch also permits to drive the port GB sv that in the
APU running mode all accessories can be checked for proper functior. Also the full
supply of electrical and hydraulic eneraqy is available.

The actuation of an electrically controlled valve allows to fill either the star-
board ar the port torque converter which inftiates the start sequence of the respective
main enqine. After engine idle has been achieved the APU is automatically shut dcwn.
The second engine is started accordingly. In this case however, the already running
‘ngine iv now drivino the other engine to be started. Finally the cross drive clutch
vi11 br opened and both qearboxes are driven individually by their main engine,

The Sys:

the 5PS is in prndent irom ground power supply and can be driven by the APU alune for
proionged perivds of time.

-Advantanes are:

> ',
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The start sequences are automated to a large degree, providing short times tor
scramble start. The availability of the cross drive clutch aliows power input into the
second accessory GB in the one engine failure mode as well as the inflight restart of a
flamed out engine. This cross drive system yields extremly high mechanical efficiency.

The versatility of the system is payed for by high complexity. This is supported
by the choice of inteqrated drive generators and the integration of thefr oflsystems in-
to the GB's. The IDG's are susceptible to fast speed changes which necessitated a com-
plex acceleration speed control for the GB mounted clutches., The ~ffort required can
also be seen in the oilsy.tem, where the oilsupply to the IDG's is of prime importance
and where variable distribution of the oil1 under all existing possible flight attitudes

has to be safeguarded.
Power Tosses generated in the accessory GB's and the IDG's are dissipated in fuel/otl

heat exchangers.
Substantial effort was required to develop this ambitious oil system.

The wide distribution of the oil users and depots such as cooling system and gene-
rators and the interconnecting high volume passages requirc a large quantity of oil
where on the other hand, due to size restrictions only small additional oil volumes for
torque coaverter function and viscosity compensation were possible., These demanded ex-
tensive optimisation with respect to econimical use of the oil.

In conjunction with the regufrement for muitiple functions of the oil system the
oilpumps had to be increased in size and number of stages which again adversely influen-
ced optimisation as reqards power Josses,

Fig. 4 shows the results achieved, they can be considered as a very successful de-

velopment.

The extensive experience gained with the Tornado 5PS will bear fruit for future
systems. This especially applies for the following main components:

- Multiple plate / dry disc clutches were selected for their higher temperature capabi-
lity. These components are wear prone by function, especially in the area of friction
surfaces and splines. Required component 1ife could only be achieved by proper choice
of material.

The basic disadvantage of such clutches {s their semns{tivity to thermal overload; be
it due to malfunction of their control system or mishandling. This can be of detrimen-
tal influence onto the system reliability.

For the hydraulic torque converter safe function over a wide temperature range has
been demonstrated. This also applies to the low ambient temperatures where ofl visco-
sities approach 10.000 cSt.
In service use so far has not
commended for future SPS.

Overrunning clutches in the Tornado-SPS have shown that tafloring to the individual

requirement and test experience 1s mandatory.
Parts that have operated successfully under similar conditions will not automatically
function with the same reliability in a new design, even though high reliability and

1i{e has heen finally achieved.

~hown any failure, hence this component can also be re-

should be
system,
signifi-

Expericnce gained during development also suggests that a future system
equipped with generators that impose less stringent requir ments onto the oi)
Furthermore the deletion of the mechanical cross drive beiween the GB's would

cantly reduce complexity.

Fig. 5 shows the SPS of the F15 and F16 fighter aircraft with mechanical
transmission.

power

4. DEVELOPHMENT TRENDS

Future trends in the development of auxiliary systems for fighter aircraft are
directed towards a complete decoupling of the SPS's from the main engine. The following
reasons dictate this development:

Furthier increase of the auxiliary power demand results in accessory size increase which
does not allow their installation in close proximity to the engine

Incrcase in main engine performince and mission flexibi{lity by the deletion of power
extraction from the HP-spool of the propulsion enqgine

Quick-change requirement for main enqines with the accessories and the SPS remaining
aiveraft

in the

sensitive; since their application increases,

- Electronic components are temperatu:
-t temperature ongine bay

they have to be removed fr-.m the h

Favourahle conditions for the intcaration of SPS and ajrconditioning sy tem rosulting

L -
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in more economic use of the energy available.

|

t ! For future generations of fighter aircraft various energy transmission systems are ;
[ ' being cons{dered to replace todays mechanical coupling of APU and GB's. For the time be-

} ing however, the mechanical coupling between SPS and main enaine will be maintained. .
|

|

[

Technically four energy transmission systems and combination thereof, can be ;
pursued, these being either mechanic2l, hydraulic, pneumatic or electrical in nature. I
In parallel with advances in respective technologies, the transition will be made from
mechanical to pneumatic and finally to fully electrical system. In spite of significart
advances in the past, the latter will however, have to await the full development of the
required "high density" electrical generators and motors in order to allow for flying by
wire only. This type system has not yet achieved the maturity to make its way into the
next generation of fighter aircraft, presently being designed. Incipient progress will
be made here by the pneumatic systems, which is therefore described in more detail.

5. THE PNEUMATIC SYSTEM

When changing to a new transmission system not unly {ncreased system fiexibility
but also possible influence onto the aircraft ueat balance must be considered. i
The dissipation of waste heat which is oroduced in all energqy transmission systems re-
[ : su'ts in considerable problems. The theoretjcal comparison of airframe waste heat based i
on the useable enerqy shows Fig, 6, that out of the systems available today and invisag-
‘ i ed for tomerrow (pneumatic, hydraulic, electrical) the pneumatic system is not only most
‘ simple but also the system with the lowest waste heat.
I,

: ' Haste heat is generated by the oilsystems of the APU, accessories and intermediate ;
! gearboxes. Additional waste heat, resulting from losses when cenerating compressed oir
and the subsequent expansion in for example airturbine motors (ATM), is blown overboard, !

t

|

! The advantage of a considerable relief of the aircraft cooling system suffers from
' the worzt total efficiency of all systems discussed in this paper.

\ {
|

' An additicnal advantage of the pneumatic system undoubtetly is that this form of
H energy is directly available &5 bleed air from the main engine or the APU and that no
f further means of energy transformatian such as hydraulic pumps etc. are needed.

| lopment, are equipped with pneumatic SPS.

| .
| i It is for this reasons, that new fighter aircraft as they are presently under deve- .
|
l : The functional features of these systems are

|
| - Flexible and simnie enerny distribution from various potential sources to many difffe-
: rent users.

- Free choice of APU location as reaards optimuw arrangement for supply of consumers,
good maintainability and ease of installation,

i - Increased reliability, since riqid counling is avoided and secondary failures resul-
! . J ting from individual system defects are reduced.

! Fin. 7 shows the schematic nf a pneumatic system. Not only can the APU, which now
mainly generates compressed air, energize the aircraft's pneumatic system but also bleed
' ' air from the main engine and compressed air from qround supply can he fed into and

. . distributed by the system,

' Pneumatic power will drive the GB and its accessories by means of an ATM. t .
RAir is alse available for airconditifoning purposes when passing throunh a cooler and an
4 : expansian turbine,

I[f such an energy distribution system connects all users the previously mentioned

¥
- H flexibility ie immediately detectable, 1t 45 then for example possible for 2 main engine
: i already running and supplying bleed air to start th: next engine without agatn utilizing
; the APU, As a future ootiom the APU of one aircraft takes over the standby-supply of
! ' other aircraft by means of umbilical lines.
. tess effort §s involved in treating emergency situations, such as x main engine
i fatlure where the GB could remain in operation by hleed air nr monofuel onto the ATM,
Accessory gearboxes in turn becoeme much more simple in design and manufacture after the
: : deletion of interconnecting shafts and the mechanical decoupling of the APU.
] i A factor greatly contributing te Tower system life cycle cost. :
|
i ! Fig. 9 compares aearbox Josses of mechanical and pneumatic systems. !
i tven though the losses of the pneumatic system are Tower a furil-r fmprovement in waste
- heat dissipation methods is mandatory.

i ! Today, heat that cannot be dissipated by ennine fuel! to ambient has to be stored in
; ! the aircraft fuel tanks.
; : . Continuous heat flow into the tanks together with a continous reductic . of the amount of
: fuel will result in high tuel temperatures tnwards the and of a missic...
t I
‘ !
: ]
i +




Therefore, in order to avoid overhea_.ing a minimum residuvai amount of fuel has to
be available at the end of the fliaght.
This fuel has to be considered as unnecessary ballast which detrimentally influences
afrcraft design and weight.

An increase in cooler size for the reduction of heat remaining on board does not
show any improvement since such size increase will result in higher drag with the con-
sequence of higher main engine power demand and fuel co..umption and last not least in-
creased takeoff weight,

When changing to a pneumatic system it becomes mandatory to emphasize the subject
of loss reduction.
It is important that not only the GB but also its oilsystem are simplified. Accessories
that utilize the GB ovilsystem should be improved to the mxtent where they do no langer
require additional treatment of oil with respect to temperature and air content.

Considerable effort is presently spent to improve the efficiency of the accessor
This is most obvivus in the field of electrical qenerators. Initially the wmanufacture.
changed the Integrated Drive Generator (l10G) used today to the new variable Speed Con
stant Frequency (VSCF)}, which is rigidly coupled to the gearbox, f.e. {1t can be driven
with variable and higher speeds.

The required constant frequency is aenerated by a power conditioning unit. This
electronic device however, poses a new challenge with respect to cooling.
Since there have also been improvements to the 1UG, it is not the purpose of this paper
to state, which type in the end should be Favaured for a given application.

6. NEW AYENUES IN HEAT DISSIPATION

In the following, new avenues in heat dissipation will be described.
The reduction in waste heat togqether with the application of new cooling techniques
allows operation nf future pneumatic SPS's making reduced or no use of airframe mounted
coolers. The propesals are further in order of their evolution and shaow increasing im-
provements as well as a reorientation of cooling technigues.

It can be stated that the max, allowable temperature in the fuel tanks s achieved
at the earliest, during the last minutes of descent - most 1ikely however during an in-
crease in mission Tength caused by an emerqency situation.

The amount of heat generated in this segment of the mission is shown in Fig. 9, Once the
maximum fuel temperature has been reached, automatic starting of the APU will assist in
oilcooling hy means of anm air/oil cooler located upstream of its inlet, The APU is now
operating in a flight segment where idle operation is of nu detriment, Since fuel con-
sumption 1s minimal (Fig. 10).

A further reduction of heat flow into the fuel tank can be achieved by heat dissi-
pation directly overboard.
Fig. 11 shows an example for an aircooled qearbox. The finned wall of the gearbox forms
part of the ocuter skin of the fusr~lage and {s cooled by afir. Heat transfer 1s very effi-
cient since the oil flow is forced along the bottom portion of the gearcase.

Fiq. 12 shows the typical mission profile of a modern combat afrcraft with lines
of constant heat disspation over a finned gearbox wall. Heat dissipation is dependent
oin ram temperature and hence on mach number and altitude. The amount of heat shown
carresponds to a given area of finned surface. As would be expected residual heat exists
in extreme points of the flight envelope which cannot be fully dissipated. If increased

surface far heat transfer cannot be provided, a temporary increase in oil temperature
could be acceptable,

n

ip

If this is not possible or if the
c ¥y & supplementiary expendabie cooiant system

where yam air ronling lopses {ts effi
will offer relief (Fig. 13)

A container is filled with water and equipped with a tubular nilcooler. Evaporation of
the water and overboard discharge of the generated steam through a valve reduces oii
temperature to approx. 100°C. Upon reaching the maximum allowable 011 temperature the
evaporative cooling ts turned on automatically.

A sample calculation resulted in 1,5 kg of water being required for dissipation of 4 kW
of residua) heat during 15 minutes of suparsonic flinght.

In addition it could be contemplated to use an expendable coolant system as the only
means far oflcoeling., According to ig. 9, the tutal heat aenerated during a mission
amounts to 5,14 kWh., 7.5 Vitres of water would suffice to dissipate this amount of heat.
This volume could be stored in a spherical container with a diameter of 250 mm.

ission profile is extended to higher mach number,

7. APU's FOR PNEUMATIC POWER

In instances where aircraft system operation requires independence from ground
equipment, this can only be gained by installatior of an APU, to provide pneumatic
startina power,
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The individual application will define APU design criteria, such as
- Split between pnevmatic and mechanical power
- Space available
-~ Ajr intake and exhaust ducting

- Gearcase and accessories.

Fig. 14 depicts the APU used in the Tornado-SPS. This powerplant supplies mainly
shaft power and a small amount of bleed air. It is of single shaft desiqgn with axial air
intake and a laterally grientad exhaust duct, Fig. 15 shows design schematics for bleed
air supply, with a 1imited amount of mechanical power provided,

Variant "A"™ jis a single shaft turbine driving a compressor. This system offers in-
creased flexibility with respect to customer reguirements, it however also results in a
long slim unit., If space restriction require more short and compact features, single
shaft APU's to configuraticns B and D are available, In both cases the engine compressor
suppties the bleed air. This simplification with respect to desian results in a lower
efficiency bleed air generation.

Case "B" shows a split-compressor where the pneumatic power is taken from an appro-
priate location within the compressor flow path where the required pressure has been
reached,

Case "D" however, shows an enqine where bleed air is taken out at the end of com-
pression i.e. the air is first brought up to pressure required by the engine cycle. Sub-
sequent reduction of pressure to levels compatible with the pneumatic system results in
significant penalties for system efficiency.

Where good part load operation and minimum specific fuel consumption are of prime impor-
tance todays APU's are desiqned as two shaft engines with separate Yoad compressor ccn-
figuration "C*".

Fig, 16 finally compare torque and power of single shaft and two shaft designs,
The single shaft engine supplies no positive torque below 50% speed, therefore it cannot
ve started under load. The speed reqgime at which such engine can work is limited between

approx. 80 and 100%. The shaded area shows the performance map of a single shaft desiqn.

It is narrow and drops of rapidly with decreasing speed.
The two shaft enqine connects gasgenerator and power turbine pneumatically whereas the
Toad is mechanically coupled to the power turbine. Torque is available from 0 to 100%

power turbine speed.

8. CONCLUSTON

Together with advances in alrcraft systems also SPS5's will see improvements in
current and future applications. They have become an additional design aspect in its own
right and hence will influence system 1ife cycle cost. This challenge has been accepted
by manufacturers of SP5's and APU's. They are ready and vrepared to make their contribu-
tion to improv: future generations of fighter ajrcraft systems.
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DISCUSSION

G.B.Toyne, UK

Fig.6 of the paper shows huw the heat is dissipated for cach of the following systems;, mechanics!, hydraulic,
pncumatic, electrical. Have the Authors done 4 comparison of the total weight for each system?

Auther's Reply
Not yet, the weight analysis is under evaluation.

A.L.Romanin, US

With retard to the rum air/fioned oil cooling design: has this system been compared to other cooling methods
regarding weight, resistance, volume and cost?

Author'’s Reply

As was said before weight analysis is under evaluation, volume and cost will be dealt with later on, ‘The resistance,
i.e. Iight drag will be approximately 1% less comparcd with conventional ram air heat exchangers,

E.H.Wame, UK
How do you propose to overcome difficulties due to freezing of the expendable coolant, (Fig.13 of your paper)?

Author’s Reply
Freezing of the coolant will be aveided by means of additives.

K.Mose, ;e
Amongsl APU conligurations presented in Iig.15, is there the APU model being offered for the Airbus A 3207

Author's Reply
Ior Airbus A 320 mast probably configuration C will be used.

R.Smith, US
¥ig.11 and 12, Are the cooling fins rammed with a recovery duct or are they simply on the extemal skin?

Author's Reply

The cooling tins are part of the outer skin of the fusclage.
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SMALL AUXILIARY POWER UNIT DESIGN CONSTRAINTS

. by
~ Colin Rodgers

\ Chief Analytical Engineer
™ Turbomach
A Division of Solar Turbines Incorporated

4400 Rutfin Road
P.0. Box 80966
San Diego, California 92138

ABSTRACT

v

*»Self-sufficlency for military aircraft operating from remote advanced bases can be at-
tained with small on-becard air breathing gas turbine auxiliary power units (APUs) supglying
main engine start and aircraft secondary power.

The small, fixed shaft, gas turbine configuration comprising the single-staee radia‘J
comprassor and radizl inflow turbine, mounted back-to-back, and overhung from a Mcold J
bearing capsule has found favor in providing this duty due to inherent attributes of uw
cost, simplicity and high power-to-weight ratio.

This configuration of APUs first entered service in the early 1950s, and derfivatives have
been designed, developed and produced to meet aircraft industry demands. Extensive experience
with these APUs has led to the formulation of several major design constraints, within the ob-
jective of minimum i1fe cycle costs, that enhance development of both modified and derivative
versions, This paper highlights some of these design constraints and identifies advantageous
areas of research and development for future APUs.

T

NOMENCLATURE
b Blade Hefght
D Rotor Diameter
g Gravitational Constant
H Head
hp Horsepowar
Hz Frequency
k Constant
kW Power
[N Blade Length
n Exponent
N Rotational Speed
NS Specific Speed (Dimensionless)
q Compressor Work Facter
Q Volume Flow
Rc Compressor Pressure Ratio
Re Reynolds Number
SFC Specific Fuel Consumption
t Blade Root Thickness
T Total Temperature

T.I.T. Turbine Inlet Temperature

U Rotar Tip Speed

Vo Theoretical Spouting Velocity

B Blade Angle

5 Altitude Correction Factor

A Difference

v Kinematic Viscosity

w Angular Velocity
SUBSCRIPTS

1 Compressor Inlet

2 Compressor Exit

3 Turbine Inlet

c Compressor

t Turbine

m Metal

Pol Polytropic

opt Opt.imu

IR 1 b - a
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INTRODUCTION

In the United States, competitive bidding on major military, airborne and air breathing
APY programs has historically shown that the primary program requirements were (in order of
importance):

¢ Development and Selling Cost
e« Reliability/Maintainabflity

* Volume and Weight
* Fuel Consumption

To minimize costs, the development of small gas turbine APUs has been constrained to the
modification, adaptation, or extension of existing engines and components. Only in special
circumstances have private sector or government research and developm .t funds been available
for the design and development of new APUs.

Self-sufficiency for both military and commercial aircraft operating from ri.note air-
fields can be attained with small on-board APUs supplying main engine start and ground check-
out power. In spite of increased fuel costs, APU fuel consumption has not been a major aspect
because most applications involve only intermittent duty. Fundamental design emphasis has
therefore been focused upon a reduced number of components for reliability and maximum power-
to-weight and power-to-volume ratios.

Life cycle cost (LCC) analyses may be conducted for comparative design evaluation when
detajled information concerning a spec{fic mission profile has been defined by the user. In
most {nstances, development and selling cost constraints have dictated the selection of an
engine utilizing a maximum of existing hardware and experience. This is corroborated by the
fact that it 1s not uncommon for a particular APU product 1ine to have 40 or more {ndfividual
variants for diverse fixed and rotary wing aircraft applications.

Under the constraints of minimum development, selling costs, high reliability, and min-
imum weight, a desfgn philosophy has evolved which {s the majnr topic of this paper. These
constraints can essentially be divided into two categories. For example, if an APU specifi~
cation {s issued which can be satisfied by an existing model or derivative thereof, the major
constraint will be system fntegration for minimum LCC. Alternately, if the specification
demands an entirely new APU, LUC must be aptimized within the constraints of the engine and
component design disciplines.

DESIGN DISCIPLINES

The major engine desiyn disciplines of cost, 1ife, performance and weight must be inte-
grated to optimize the final APU configuration. Cost often mandates a simple turbomachinery
configuration with a minimum nunber of components and simple external impingement cooling of

the hot~end module.

The small gas turbine and turbocharger configurations having the largest production in
the United States to date are comprised of a single-stage radial compressor mounted back-to-
back to a single-stage radial inflow turbine. This configuration, shown in Figure 1, has
found wide acceptance for small APUs 1n the 10 to 200 kW class.

Figure 1. 5Small Single Shaft Gas Turbine
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Although "simplifying design through component reduction" can be construed as an over-
statemenl of probable engine reliability, the establishment of a design goal in the reduction
of components and parts s a big step forward in attaining the ultimate goal. Component re-
duction {s also an obvious technique to minimize cost and tolerance stackup restraints. Con-
sequently, the compressor and turbine rotors are often single-piece castings similar to that

uf the nass-produced turbocharger rotors.

The dominance of the single-stage radial or centrifugal compressor stems from its cost
attributes. Incremental improvements in turbine materials and progressive aerodynamic devel-
opment of centrifugal compressor technology have provided increased temperature ratio,
pressure ratio and airflow swallowing capacity (specific speed) to the extent that APU power-
to-weight ratios of 4.4 kW/kg, and power-to-volume ratios of 8000 kW/m® are attainable.

Other small gas turbine component configurations are also manufactured, retaining the
single-stage radial compresser, but in combination with a single-or two-stage axial flow

turbine.

CYCLE OPTIMIZATION

Design optimization normally begins with a design requirement for an engine of given
power output, specific fuel consumption, and possibly weight and size. Within these confines,
it 1s customary to select an optimum combination from the following cycle variables:

T.I1.T.-to-Ambient Temperature Ratio
Compre-cor and Turbine Efficiencies
Pressur - Ratio

Combustor Efficiency and Pressure Drop
Mechanical Lesses

Comprehensive performance analysis for small gas turbines using single-stage radial com-
pressors and turbines have been developed (Reference 1) and extended to include the constraint

of turbine rotor stress ruplure life,

Current methods of predicting the peak component efficliencies demand lengthy computation
procedures and extensive input including compiete turbomachinery geometry description and per—
formance requivements. Such predictien methods are too Inflexible for use in a cycle optimi-
zation procedure. To obtain a practical procedure, it fs necessary to define component effi-
ciencies 1n terms of a reduced number of parameters without significantly sacrificing accu-
racy. The major parameters which influence component efficiency are rotaticnal speed, Mach
number and pressure ratio, component size, operating clearances and state-of-the~art techno-

Tagy level.

The influence of rotational speed and compressibility can be assessed from specific speed
tharts such as those for typical single-stage radial flow compressors and turoines shown in
Fijures 2 and 3 respectively. Component state-of-the-art efficiency levels are depicted based
upon the defined limitations, and can be digftizcd for inclusion into cycle analysis routines.

Impelier Tip Diametera 100 — 300 mmn Suriacs Finish, Pol!iahed

" . Ne Plosio N AN A
an AR EA et rtie MU 115 8.35.5%
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U3
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Axial Cloarance/Blade Height<8% Averegs Exit Mach No. 0.20
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Figure 2. Attzinable Peak Efficiencies Single Stage Centrifugal Compressors
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Figure 3. Attainable Peak Efficiencies Single Stage Radial Turbines

For intermittent duty, there are incentives to provide higher specific power with 1n-
creases in cycle temperature and pressure ratios, commensurate with turbine 1ife and reliabil-
ity objectives. Higher single-strge compressor pressure ratius are realized by increasing

rotor tangential velocities:

2
1)

U, a AH/q

2

Higher Mach numbers at the rotor entry and exit are incurred. The aerodynamic problems
associated with diffusion at these conditions are being resolved to attatn efficient high
pressure vatio compressor uperation. These problems involve careful selection of the blading
s0]idity, thickness chord ratios, nose radtus, hub and shroud contours, appropriate rotor and
diffuser diffusion ratfos. and strict control of the design dimensions.

At higher pressure ratios, compressor surge and engine matching do not always allow oper-
ation at peak cumpressor efficlency. Therefore, engine design point compressor efficiency
may be one to two percentage points below peak efficiency depending upon compressor

characteristics.

Pressure ratin increase by itseif does significantly impact turbine performance and life,
Efficient turbine expansion demands relatively high rotor tip speeds (650 m/s) at pressure
ratios above 5.0. High tip speeds consequently increase rotor centrifugal stresses and com-

promise turbine life and burst margin.

Optimum efficiency for radfally bladed turbines occurs adjacent tuv a velocity ratio of
UV =0.7. Other considerations often restrain the tip speed, U, to values less than

the aerodynamic optimum. where turbine efficifency approximately decreases according to the
relationship:

2.
tr-(—— -3 )1 (2)
opt (U3/Vo)
apt.
Factors influencing the selection of allowable tip speed are:

« Turbine Life - Stress Rupture, Low Cycle Fatigue, and Burst Margin

e Turbine Efficiency (U3/Vo ¥ U3/Vu opt) (3)

* Ekngine knvelope Dimensions

s Engine Starting Characteristics
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For a typical non-interpally cooled superalloy rotor, the allowable tip speed for a given
Tife can be expressed as:
n
U3 « kl (Tm-13) (4)
where: n = an exponent on the order of 0.5

Tm = Metal temperature near zero strength

The impTication of this relationship is that the stress (stress rupture and low cycle
fatigue) permissible tip speed decreases rapidly as the T.I.T. approaches 50°C of the "“zero
strength” temperature level, which for current conventicnal superallioys is around 1400 K,

Engine envelope 1imitations and starting characteristics result in the setection of a
turbine tip diameter normally no larger than 10 percent of the compressor tip diameter:
D, =1.1D
3 Y

OPTIMIZATION EXAMPLE

The simplicity of the radial gas turbine with single-stage compressor and turbine com-
panents permits a computerized performance optimization incorporating all the aforementioned
design disciplines plus determinatio. of the approximate APU weight, volume and cost from the
following correlations:

n

- n ¥
Weight o kZ(Rc l)D2 k303 + k4 (5)
n
Volume o kgD" + kg (6)
Cost a k7w" + kg (7

Weight and volume include the powerhead and gearbox but exclude accessories, driven
equipment, containment, ducting, or external oil cooling. APU cost studies indicate power-
head costs are a function of weight; whereas accessory, control, assembly and test costs are
essentfally fixed in this size range. These correlations should be interpreted as represent-
ative of the weight, volume and original equipment manufacturer's cost trends, rather than
indicative of abhsoTute values.
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Figure 4, 100 kW APU Optimization
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A hypothetical 100 kW APU radial configuration was analyzed using the performance optim-
jzation technique to assess the trends of weight, volume, cost, and fuel consumption at sea
level, 15°C conditions. A maximum uncooled T.]1.T. of 1280 K was selected with compressor
pressure ratios of 4.0, 5.0, and 6.0. The results and analysis are shown in Figure 4 and
indicate the following trends.

e QOptimum cycle SFC and minimum cost/weight ouccur at different specific speeds.

» Cycle pressure ratio has 1ittle effect on specific weight, volume and cost.
(The use of titanium compressors at higher pressure ratios can increase cost up to
10 percent.)

e With continuing emphasis upon minimum weight for intermittent duty APUs, compo-
nent development efforts should be channeled towards specific high speed compres-
sors and turbines, plus high heat release combustors.

The trends only relate to the optimization of an entirely new or hypothetical design.
In most instances, higher specific power is obtained by continued uprating in terms of speed,
airflow, pressure ratio and T.I.T. for an existing APU. Continued uprating within the same
envelope towards maturity in engine development may result in reduced fuel economy in spite
of increased power, as precipitated by component specific speed effects and increased duct
pressure losses.

It is of further interest to examine the effect of engine power on specific weight,
volume and cost at a specific compressor speed of 0.9, as shown in Figure 5. Engine weight
departs considerably from the classic kWw'* formulation, since low cost demands utiTization
of existing accessory and control components,

Specific APU power and volume ratios rapidly approach zero at very low powers, as do most
other sources of seccndary power. At lower powers (less than 30 kW), rotational speeds in
excess of 150,000 rpm are encountered near optimum specific power and volume,

8
K
E g W/IKG
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T 10
e
X Kwim3
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Turbine Inlet 1280 K
400 r
x>
&
3
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0 1 i L
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Figure 4. Influence of Power on Cost, Weight and Volume
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for constant speed, single-shaft radial gas turbines operating at constant T.I.T. are shown i
in Figures 7 and 8, It is observed that output power decreases approxir .ely 30 percent at
hot day conditions of 50°C. Thus, if the APU is sized for hot day aircr it starting require-
ments, the maximum T.I.T. for ground starts will only be experienced at vlevated ambient {
temperatures. Since up to 95 percent of APU operating time is normally spent at ambient tem-

peratures below 32°C, the turbine is rarely exposed to the maximum rating, which is similar ! ]
to flat rated helicopter gas turbine engines. Emergency inflight starting is occasjonally |
specified up to the altitude limits where consistent APU starts can still be achieved, de-

pending upon starting technique and ignition characteristics. In emergency conditions, time

from "power loss" to "power up" is vital, particularly for fly-by-wire aircraft. Air breath-

ing APUs have difficulty in meeting such altitude emergency restart requirements, due to

power lapse rate (Figure 7) which invari..ly occuvs with no inlet ram. Consequently, supple-

mentary non-air breathing emergency power units are also fnstalled in many atrcraft, with

commensurate weight penalties, {

Figure 6. T20G Gas Turbine

20
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M
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Figure 7. Typical Power Lapse Rate Single Shaft Radial Gas Turbine
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Small gas turbines (Figure 6) still have higher powe. volume and power-weight ratios than
‘ : intermittent combustion engines and stored electrical energy (batteries).
‘ The cycle optimization example previously discussed was conducted at sea level, 15°C
conditions for comparative evaluaticn purposes. Most intermittent duty APUs for main engine
starting are designed o .perate at smbient temperatures of 40° to 50°C where engine starting
difficulty is increased.
L ! ENVIRONMENTAL CONSIDERATIONS )
! Typical trends for the effect of ambient temperature, altitude and flight Ma~“ number ’
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Reference 2 indicates that high aititude start and power characteristics of air breathing
APUs can be enhanced by improvements in ignition, fuel atomization, and combustion, plus in-
stallation to maximize the significant effect of inlet ram (Figure B). It is now considered
feasible with appropriate res=arch and development to attain full APU power in an elapsed time
of six to seven seconds at 15,000 meters altitude.

HiIGH AND LOW CYCLE FATIGUE CONSTRAINTS

Far cost reasons, it is desirable to produce both compressor and turbine rotors from
single forgings or castings. A fundamental problem with munolithic rotors is their very high
response to excitation (similar to that of a church bell). There are many sources of high
frequency energy excitation within small gas turbines which can "ring" a beli-1like structure;
therefore, cast rotors are susceptible to high cycle fatigue failure. Fortunately, Lecause
the small radfal gas turbine normally operates at constant speed, it may be possible to de-
tune resonant frequencies out of the operating speed range. The two-shaft gas turbine, often
used as a jet fuel starter (JFS), operates at varfable speeds and requires additional vibra-
tion testing to assess high cycle fatigue dura.ility.

It 15 a standard and advisable practice to avoid any of the first three or four orders
of shaft speed resonance. This is difficult with specific high speed, high Mach number com-
pressors, and it is necessary to accurately control blade frequency between the second and
third excitation order levels, or compromise performance in favor of durability. Approximate
blade first flap frequencies for radial rotors can be calculated from the data shown in
Figure 9, which are useful in preliminary rutor design.

More accurate frequency determination is obtained from thrze-dimensional, finite element
modeling in the detail design phase (Figure 10).

Eventually, holographic testing of actual hardware resolves the static resonant modes,
which, in combination with engine dynamic strain gauge testing, defines the resonant frequen-

cy (Campbell) diagram.

10
o8 —
06
04 —
[&
o Mach
A ac|
J
. 02 Numb;r
s |
20
o] 25
2
=
c 01 |-
uw
Z o008}
9 Curve Showa Annrovimatae Effact of Flioh?
'é 0.08 [— Envelope Var._Liws on APU Outout Power lor:
% + Constant Speed
0.04 |- s Coastant Turbine Inlat Temperature
* Inlat RAM Racovery 75 Perceat
.03 -
0.04 inciudes Correction for Reynolds Number
Fifacts
002 }— Standard Altitude Lapss Rate
1 i i |
5 10 15 2

ALTITUDE, METERS THOUSANDS

Figure 8. Tffect of Altitude and Flight Mach Number on Ga- turbine APU Performance




Root
Thicknesa

/

~

t

Statlc Frequency Hzg v kit

w2
k = 55,000 — 50,000
‘Dynamic Frequency a [V 2-°(HJS__)2 Hzp
Static Frequency \ Hzg

Hzg = Rotor Shait Frequency

Figure 9. Estimated Blade First Flap Frequency

Figure 10. 3D Finfte Element Rotor Model

Small gas turbine jet fuel starters are also susceptible to Tow cycle fatigue (LCF) 1ife
limitations. These units are required to make between two to six thousand start cycles, de-
pending upon the installation. A typical start cycle endures up to 10 seconds for the JFS$
start, followed by 30 seconds of maximum T.I.T. to accomplish « main engine .tart. Immadiate
shutdown follows and restarts are often required after a minimum cool down period of two
minutes. As most small APUs have minimal external or no turbine rotor cooling, the maximum
thermal gradients may be 300°C or more. The turbine rotor accumulates low cycle thermal
fatigue damage by repeated operation to full speed and temperature.

Turbine overtemperature and overspeed excursions impact LCF 1ife. In some applications,
only one turbine exhaust temperature probe is used for engine control, Calibration of the
probe must be maintafned, especially 1n hot climates, and should be accurately positioned at
a point in the gas stream representative of the mass-averaged temperature. In general, LCF
Tife is extended by operating at lower temperatures and Tower rotor stresses, which are con-
trary to the attainment of maximum specific power and are another example of demanding design
constraints,

In additien tn high and low cycle fatigue and stress rupture constraints, turbin  utor
burst overspeed margin and mode of burst influence turbine rotor design philosophy. tor
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stress optimized rotor discs, the overspeed burst margin decreases with increasing pressure
ratios and turbine inlet temperatures. The mode of burst {s a significant factor in deter-
mining APU containment weight, if reguired by specification. The disc can be designed for a
high burst margin with a tri-hub burst characteristic, or a somewhat Tower burst margii with
a more desirable, fragmented, lower energy disc burst.

SHAFT DYNAMICS BEARINGS AND SEALS

The shaft dynamic characteristics of radial gas turbines with overhung back-to-back
compressor and turbine rotors (Figure 1) have been extensively studied.

Shaft critical speed is primarily a function of the following variables:

Combined Rotor Mass
Bearing Stiffness
Shaft Diameter
Bearing Span

Rotor Overhang

Different vibration modes for a given rotor system with large changes in spring rate are
exhibited in Figure 11. The linear portion of the curve, at low bearing spring rates, corre-
sponds to the "rigid body" mode of yibration where 1ittie or no shaft bending occurs and all
motion is in the bearings and thefr supports. At high beariny spring rates, the converse is
true, and almost all motion is in shaft bending, with 1ittle motion {n the bearings. In the
transition region, the vibration mode shape involves both bearing motion and shaft bending.
With bearing spring rates in the 3 x 10° to 4 x 10* kg/mm range, the rotor characteristic
lies in the transition region, with a critical speed near 10 percent design speed. This rotor
system would demonstrate the very desirable characteristic of having one critical speed in the
low speed range and no additional critical speeds in the high speed or operating range.

Fur a given rotor mass and bearing stiffness, the important variable in the support
system {s the shaft diameter, preceded by the bearing span/to overhung ratio. Likewise, the
shaft diameter is also constrained by the bearing "DN" val'» limitations. Bearing span to
overhang ratios of near unity provide the hignest system critical speed.

The significance of seeking the highest critical speed is to provide the stiffest overall
system in terms of combined shaft and bearing deflections which are of importance to <ompres-
sor and turbine shroud clearances.

Important factors controlling bearing 1ife i1 overhung radial rotor systems are:

. Selection of optimum bearing size and "DN" value

. Rotor unbalance, prior to and after repeated dynamic and thermal excursions
. Bearing environment and lubricatian

. Bearing preload (angular contact bearings)

. Bearing internal clearance (roller bearings)

. Rotor static load and end thrust
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The majority of field service related bearing problems stem from the above factors 2 and
2, Bearing "DN" limitations do not scale directly with engine size. One deviating constraint
arises from the larger ball sfze to withstand centrifugal stresses at high rotational speeds.

Current bearing materials and life requirements 1imit bearing "DN" values for small
radial engines to the order of 1.8 x 10° mm/rpm.

The "cold" location of bearings, shown in Figure 1, is an ideal environment where the
compressor inlet air bathes the bearing capsule. Sealing 1s required between the bearings and
the subatmospheric pressure at the compressor eye, and is accomplished with either a buffered
labyrinth, viscoseal or more expensive carbon face seal. Heat input to the bearing capsule
arises trom bearing viscous drag, heat conduction from the turbine rotor down the shaft, and
possibly the buffer air, Buffer air heat input becomes significant as advanced technology
demands hfgher compressor pressure ratfos and higher buffer afr temperatures.

Higher compressor pressure ratios also result in elevated Mach numbers and impose a
trade—off between compressor hub size - thus beaaring external diameter - and minimum inlet
relative Mach number.

APU STARTING AND COMBUSTION

The combustor and fuel system are not only vital to APU reliability but may also be the
only determining factors of consistent aircraft starting. Fast starting is required over a
wide range of ambient temperatures and altitudes for the APU and the main engine to which it
supplies starting energy. Starting torque characteristics of small aircraft gas turbines and
APUs are discussed at length in Reference 3. The dominant factors controlling start charac-
teristics at sub-zero temperatures are both the lubricant and fuel viscous shear effects, 1In
fact, the stored energy start system (with hydraulic accumulator) for rapid sub-zero starting
may weigh as much as the APU 1tself because of high lubricant shear stresses. Starting duty
APUs are further burdened with the incompatibility of torque cutput dependent upon altitude

correction factor "&§". However, main engine initial cranking toirque 1s dependent basically
upon Jubricant viscosity.

single can scroll burners, which are common to many larger gas turbine engines. The principal
combustor requirements are mirimum envelope and an efficient short stable combination flame
over a wide range of environmental operating conditions. This must be achieved with fuel vis-
cosities of one or more centistokes. Efficient combustion over this viscosity varfation
permits the use of a compact, lightweight, low energy, ignition system and allows simpie,
open-loop acceleration fuel scheduling. With restricted volume, the time for fuel evapora-
tion, mixing, and reaction is small. Short residence time is critical to ignition, combustion
etficiency, flame stability and flame length. However, mixing and reaction criter{s have less
influence on fuel evaporation. The principal rombustion problem {s to provide fine fuel evap-
oration with viscous fuel, thereby accelerating the fuel evaporation process

‘ Combustion for the small radia® APUs is accomplished in either annular reverse flow or

1
}
Handling small fuel flows requires extremely small flow passages when conventional pres- l
4 sure atomizing systems are employed. These small pa-sages are susceptible to clogging with
) dirt or qum. This beccies even more restrictive in considering the importance of good atom- !
izing requirements for 1ightoff and combustion (during lightoff and APU acceleration) with '
about one-third of the full speed fuel flow. The problem fs further compounded when the totai
fuel is distributed among several injection points, as required by annular burner designs, g
]
i

For these reasons, the combustion systems of smaller APUs employ a single can-type com

buseor, {4n which ail the air and fuel are confined to one location for atomization and

burning. A unique rotating cup atomizer, shown in Figure 12, permits fuel addition to the

combustor at low pressure through large flow passages, and atomization is accomplished by .
thin fi1m injection of fuel from the edge of a single, open, rotating cup with 1ittle possi- !
bility of fouling or plugging. An additiona] significant advantage of the rotating cup !
system {s that the electric motor-driven cup can be at full speed and full atomization

potential when the fuel is first introduced for lichtoff during the turbine start-up. The :
excelience of this system ensures relfable initia) Vightoff and high combustion efficiency

with all fuels, narticularly at the extremely low temperatures required tn typical military
applications.

huct
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DEVELOPMENT CONSIDERATIONS

The develnpment history of small radial gas turbines has shown cunclusively that it is
difficult to duplicate engine component performance in typical individual component test

rigs. The major reasons for this difficulty are hest transfer, shaft dynamics 1eatage, and
flow distribution effects.

f
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Figure 12. T20G Gas Turbine with Rotating Cup Fuel Atomizer

Clearances

Since clearance gaps must be provided between the rotor and {ts shrouds, leakuges from
the rotor blade pressure to suctfon surfaces occur and decysace the efficlency. The minimum
tolerable operating clearance is determined by a transient operating condition, and the
efficiency at the desired steady-state operating condition is compromised,

Test results indicate that the effect of clearances en radial compressors and turbine

efficiency can be approximated by:
(8)

(9)

Compressor efficiency loss % = 0.25 x axlal gap/tip blade heiyht ¥
Turbine efficiency loss % = 0.15 x axial yap/tip blade height ¥

A loss in compressor efficiency due to increased axial clearance is accompanied by a re-
duction in matched compressor airfluw at the rated engine speed and operating temperature.
This follows as a consequence of reduced compressor discharge pressure against an esuentially

constant turbine flow function.

The assignment of clearance settings for the compressor and turbine requires a compromise
among the requirements of the aerodynamicist, the mechanical designer, and manufacturing per-
sonnel. A thorougl appraisal of these requirements is mandatory before clearance gaps can be

chosen, espec‘ally since the above clearance loss relationships indicate that a gap-to-blade-
height ratio of 1U percent couid decrease cCompressor efficiency 2.5 percent and turbine effi-
riency 1.% percent. Maintaining gap-to-height ratios may prove impractical to the mechanical

desfgner and manufacturing personnel wher blade hefghts less than 5.0 mm ar: necessary.

The number of compunents, individual component tolerances, turbomachinery arrangement,
and bearing clearances can magnify the problem of maintaining close gaps. A shimming process
fs often used to satisfy clearance gap and component tolerance limitations with the widest

possible manufacturing tolerances.

Heut Tranafar

Heat transfer from the hot section of an engine to the compressor influences both the
direct aerocynamic processes and Lthe therwal cquilibrium and positioning of the stattonary
shrouding of the compressor. Assembly .learances which may be acceptable on a rig may result
in interferences on an actual engine. Gas turbine package systems often use inlet afy for the
gearbox and acressory cooling with resulting unmixedness and nenuniform compressor afr. Com-
pressor rigs, on the vther hand, are noted for thelr exactly defined and uniform inlet

conditions.

Thermal modeling of the ga: turbine engine assembly during design can assist 1n assessiag
the compatibiiity ot rotor and statiuvnary shroud deflections during steady-state and transient
conditions. Solutions of the complex problems raised by the.e analyses Lenefit great'y from

simulated engine tesiiny carly in the compraccor dovelopment,

|-




3
VIS T

e e B

(IR

——

i pty oo R TR

413

The magnitude of heat transfer effects on both the rotating and surrounding stationary
components increases with the trend toward higher pressure ratios, higher tip speeds, and
higher turbine inlet temperatures. External heat losses also tend to {ncrease with surface
area, which 1s inversely proportional to diameter. The effects are further amplified on

small size components, in which potentially high performance losses are associated with large
ratios of clearance gap to rotor blade height.

Shaft Dynamics

The customary component development approach is to select a rig design that minimizes
potential mechanical problems associated with rotor support and drive-shaft dynamics. At some
later stage of development, it becomes necessary to superimpose the effects of the engine and
its support and shaft dynamics system. It can be seen that these effects are better measured
on an actual system when one examines some aof the whirl patterns that characteri:e engine ro~
tor systems. The minimum rotor to stationary shroud clearances are significant only when due
consideration has been given to the rotor system at its critical speed condition on the com-
plete engine rotor. For the back-to~back system with overhung compressor and turbine, the
maximum rotor radial excursion occurs at the turbine exducer tip du.ing acceleration through
the first critical speed of the shaft system. Here, minimum clearance is primarily contingent
upon rotor imbalance and the piloting system retaining the turbine nozzle. These factors
are, in turn, dependent upon thermal conditions throughout the engine components. Therefore,
it becomes evident that early engine testing is required to Fully resolve these problems.

Leakage

The sealing system, required to prevent external and internal engine leakages, may pro-
duce performance defects which cannot be simulated on a simple compressor rig. Seal pressure
and temperature differentials vary with engine load levels and account for vartations in these
leakage effects. Jn actual engines, these cffects are rarely known directly, and therefore

rannot be duplicated on & compressor rig. The sealing problem {s further aggravated by the
realities of manufacturing tolerances.

Flow Distribution

The flow distribution in an:l out of the engine compressor depends upon the final engine
design and, in some instances, the final package configuration. The compressor outlet influ-
ences the combustor design and vice versa, Performance is critically dependent upon flow sym-

metry and swirl and cannot be properly considered without correct knowledge of these flow
conditions,

In spite of the many pitfalls involved 1n individual component rig testing, 1t is advan-
tageous to conduct the initial exploratory component performance evaluation on fdealized rigs.
These tests confi.m the validity of the flow- swallowing capacity and provide a more reproduc-
ible standard of ;erformance evaluation. Such tests are particularly necessary in instances
where departures from established design procedures have been attempted in an effort to obtain
significant technological improvements. However, the improvements must he immediately exam-
ined In a realistic engine envirunment when overall enqtue performance is the ultimate goal.

LIFE CYCL: COSTS

|ife cycle costs for 4irborne small gas turbine APUs are highly missicn dependent.
basfc start duty life cycle costs consists of:

For
Acquisiti. n Cost

Cost per tyerhaul

Maintenance Cost/Start

Number of Starts per APU Overhaul

Start System |{fe

Development Costs

Costs are fairly w- i1 defired with a generic APU overhaul and development, and depend
mainly upon ltabor rate, materi:ls and past experience. Malrn enance costs may not b dictated
vy actual APU running hours o; number of starts, since envir nmental aspects play a deminant

role. These aspects are, for example, acceleration (g) forces, vibration amp)itude and fro-
quencies, and windmilling.

For combination start and continuou: duly APUs, enyine operating time and fuel consump-
tion will enter LCC appraisal, depending upon the used life fraction for each mode of opsra-

tion. 1w continuous duty periods less ihan 1000 houvs beiween overhauls, tuel costs may
vasentially be omitted Yrom LCC calculations,
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In a given installation, APU size may be determined by the main engine start time or by
the environmental control system for coolfng of electronics.

The demand for minimum weight (especially on intermittent duty APUs) necessitates tha
the APU operates close to its limiting T.I.T. at hot day conditions. The percentage of time
spent at this limit controls overhaul 1ife. Typical start cycle requirements between over-
hauls range from a minimum of 500, to a normal of 2000, and to an uppe. limit of 8000 starts.
For installations where continuous duty consumes the major 1ife fraction, the average time
between overhauls is on the order of 2000 hours. For mixed missions, either 2000 hours or

2000 starts may be used as an overhaul criterion.

An option for reduced APU 1ife cycle costs is the selection of a derated APU with better
LCF and stress rupture Tife, This option fnvolves a complete weapon system LCC analysis be-
cause this derated APU carries a take-off gross weight penalty.

The diversity of APU applications, modes of operation, geagraphical locations, T.I.T. and
stresses at rated power requires each LCC analysis to be conducted on a case-by-case basis.
In general, such analyses indicate that the initial acquisition cost can constitute about one
quarter of the total LCC. However, some major APU programs have been and are primarily

secured on the basis of acquisition cest.

ACQUISITION COSTS

Much has been written and speculated concerning the potential lTow cost, small gas
turbine. The cost yardstick has been the piston engine of equal power. Factors which nave
so far prevented the realization of low cost, small gas turbines are:

Low Production Volume
Requirement for Specialized Manutacturing Machinery and Toouling

High Fuel Consumption

High Rotational Speeds Ri-quiring High Reduction Ratio Gearboxes
Use of Strategic Matevials

No Low Cost Source for Accessories

Current Department i Energy auto mbile gas turbine programs (Reference 4) attack the
cost standard of superalloy strategic matevials with the proposed large scale development of
ceramic casting technologies. Nearly all o) the large automobile maniifacturers have tried
the gas turbire venture, without yet entering volume production

Relative engine component costs for small, simple-cycle radial engines currently in pro-
duction are listed in Table 1. Improved manufacturing technology has been suggested (Refer-
ence 5) as a way to reduce engfine manufacturing costs to 60 percent of current standards.
However, therz is little evidence to support a reduction in small gas turbine engine prices

in the long term.

The small radial gas turbine and turbocharyer are related in that both use a single-
stage radfal compressor and turbine. This relationship has often led to the misconception
that a small gas turbine {s really a sophisticated turbocharger with only a combustor and

gearbox added.

A cursory examination of the small gas turbine (Figure 1) and a typical turbocharger
shuws thie commonality of the single-stage compressor and turbine, but any other similarity is

purely cuincidental,

The relative component cosis in Table 1 Indicate that Lhe votdling assembly and housings
constitute one-third of the engine price. However, even 11 -mall gas turbines could be manu-

Relative Costs of Small Gas Turbine and Turbocharger Components (1:82)

Tahle 1,
Component Smal) Gas Turbine, % Turbocharger, %

Rotating Assembly 23 2.0
Housings 12 2.0
Caabiu.iun 7
Gearbox 18 -
Contrnls and Accessories 27 -
Assemhly and Test 13 1.0

Total 100 5.0
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factured in the volume and at the percentage of cost of turbochargers, the price of the
turbine would still be more than three times the price of the turbocharger. Presently, the
small gas turbine costs 20 times more than the turbochargers,

Using the monovotor and monostator configuration (Figure 13 and Reference 6) is one
possible way of reducing powerhead costs up to 15 percent.

High rotational speeds of small gas turbines, 60,000 to 100,000 rpm, resuit in expensive
high speed reduction gearboxes with precision ground gears to abtain output power at speeds
compatible with existing driven equipment generators, engines, converters, hydraulic pumps,
and accessories. Engine accessories do not scale in cost or weight. Theoretically, the small
gas turbine should score a weight advantage according to the square cube law of power ratfo.
Specialized accessories are not always available and manufacturing constraints prevent direct
scaling. The net result is that small APU weight deviates substantially from the square cube

relationship (Fiqure 5)

The increasing demand for built-in test equipment for engine health monitoring, and
closed loop acceleration fuel scheduling {s spearheading the advent of full authority elec-
tronic digital control, even in small, low cost APUs. As a result, the control system and
accessories may constitute the major portion of the acquisition cost. The opposite approach
is to provide an APU which has to be removed from the installatien and returned to the manu-

facturer for failure determination.

LCC comparisons between existing and advanced fuel efficient APUs for typical airline
service indicate the importance of fuel costs. Maintenance and averhaul costs are dependent
upon engine complexity and labor rates which are indirectly linked to fuel costs. More so-
phisticated fuel efficient APUs must be as reliable as their simpler counterparts in order-to
provide lower LCC. Emphasis towards design to cost, with early and extensive relfability and
malntenance testing of advanced APUs 1s then mandatory, along with the requisite development

e.lpenditures.

CONCLUSION

The small single-shaft radial gas turbine APU was first introduced into aircraft service
in the early 1950s. Since that advent, extensive design and operating experience has permit-
ted refinement and optimization of the same basic features to higher levels of performance and

Mcnorotor and Monostator of Titan Gas Turbine

Figure 13.
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refiability. A direct example of this is the continued development of Solar's Titan T-62 APU
product line (Figure 14). The initial T-627-2 model was rated at 62 kW, sea level (SL), and
15°C conditions. The current Titan T-627-45 model shown on test in Figure 15, is now rated at
280 kW within the same envelope dimensions, and later prototype engines will be devaloped up
to 370 kW. During this development period, a host of design constraints have been identified
and categorized. Dominant in hierarchy are cost, reliability/maintainability, weight, and
volume, The bottom line is the LCC for the complete aircraft system of which the APU {s only

a minov component.

An example of a new hypothetically optimized APU design indicated no apparent weight im-
provement through the use of higher compressor pressure ratios. On the contrary, however, up-
rating of an existing APU can be achieved by increasing speed and pressure ratio.

Centrifugal compressor and radial inflow turbine techniques have come a long way since
the advent of the Solar's T-41 radial gas turbine in the 1950s. Design techniques now exist
to esseniially confirm both component performance and 1ife prior to cutting any metal. The
progress of technology in the last two decades has reduced potentia) performance improvements
and the rate of return on research and development investment. Performance limitations for
centrifugal compressor impellers are discussed in Reference 7 where tt is reasoned that the
inharent friction 1imit is being approached for large high performance compressors.

Small radial turbomachinery 1s more restrained by mechanical and manufacturing 1imita-
tions; thus, significant improvements are possible. Emphasis upon improving the investment
casting technology for thinner blades with better surface finfsh, plus thermal and dynamic

coimpatibility of the stationary shrouds and rotors is likely to produce higher performance
levels.

Performance improvements not only stem from increased «omponent efficiency levels but
alsn from increased component operating ranges, either by decreasing incidence and diffusion
effects on both compressors and turbines, or by utilization of varjable (low leakage) geometry
stators. Increased efficiency of the compressor operating range is particularly important for
small radial gas turbines with integral hleed and shaft power output. Compressor range can be
increased by designing blade tip sweepback angles of 50 degrees. Higher blade stresses are
consequently incurred and better materials must be sought for the task
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Figure 15, T62T7-45 Test Installation

I
]
i
\ As discussed previousiy, maximum T.I.T. for simple, externally cooled radial turbine !

rotors bracket the 1350 K mark. Several yuvernment sponsored programs (References 4 and 8)

are currently being directed towards increasing T.I.T. up to and beyond 1500 K, both with

sophisticated, {nternally cooled, metallic and ceramic, radial inflow rotors. This cooled
: !
‘ :

|

radial turbine technology could provide higher engine specific power, if the manufacturing
costs are not prohibitive.

that increased fuel costs will eventually demand higher APU compressor pressure ratios to im-
prove fuel consumption. Acquisition costs of fuel efficient APUs will consequently increase,

and adaptations of proven medium-size turboprop and turboshaft engines for APUs will and are
beginning to enter the marketplace.

‘ . Continuous duty APUs have not been fully addressed in this discussion, but it is obvious

In concert with the increase in fuel efficient APUs, there will be an impravement in the
efficiency of secondary power absorption systems and energy conservation. Afr conditioning
requirements for older commercial afrcraft were on the order of 0.5 kg/m per passenger. This
could be reduced by 30 pe:-ent for tulure aircraft, which would decrease APU size requirements.

PR T

Finally it is suggested that the most profitable development avenues for higher specific

power, lower weight, intermittent duty, single~shaft radial gas turbine APUs with low LCC are
.'! those focusing upon:

Higher specific speed, single-stage radial compressors and turbines.

Higher temperature capability. lower cost hot end materials, such as cCeramius.
High heat release combustors wi h wider altitude start and operating envelop: -,
Manufacturing techniques to pruduce near net-shaped components which will
minimize machinery cost- and save critical materials.

i
» a2 v u

Computerized design techniques to minimize development risk and time,
integrating many of the design constraints discussed hereir.
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DISCUSSIONS

R.Smith, US
(1) What is the tip speed of the fuel slinger driven by the electric motor?

{2) Do you run high tip speeds at low rpm and during starting?
Author’s Reply
4 (1) The tuel slinger electric motor operates at a constant speed of 10 000 rpm.
(2) Tip speed is of the onder of 25 m/s,

S.S.8lecco, It
Acconding to your fig.5, influcnce of power on cost, weight and volume, it looks that over 300 KW of power the
ratio between power and weight first slows down and then decreases, Is this correct oris it a “drawing cffect™?
And ifit is correct haw do you explain it? 1L secms to me that this ratio should have roughly asymptotic
behaviour.

N Author’s Reply
The effect is correct due to the square cube relationship of power and weight in terims of engine dimensions
(size).

K.Mose, Ge
Not knowing the APU's application to the aircraft types, did TURBOMACH ever have problems relative to APU
system welglit restrictions as asked for by the aircraft manufuacturers?

Author's Reply

< Most APU-, engine- and aircraft manufacturers have experienced weight problems at one time or another. Our
expericnees with APUs for large commercial aircratt is limited but nevertheless we have been conlronted with
excessive weight, The difficully mainly arises from the inability of accurately predicting complete installation
weights, sizing of the cooling system, noise silencing material ctc.

A.L.Romanin, US
What materal, overall length and diameters of monorotor(s) have been successfully tested? What is the most critical
LCF-problem by analysis or test?

Author's Reply
Monorotors of 165 mm and 114 mm have heen successiully tested made from UDIMET 700 and hipped IN 792,
More specific details can be found in ASME 78-WA/GT-2.
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APU IN COMMERCIAL AIRLINE OPERATION

b
\ H.W.C.L.Schoevers and A.Booy
AN KLM Royal Dutch Aifliaes
. PO Bax 7700
.._:_\ 1117 ZL Schiphol-Airport /
pE. The Netherlands

Introduction

Early in the sixties, while thu jets we operate todoy were still on the drowing boords, it

was apparent thot an efficient and repid ground handling could not be obtoined when following
the practices commen ot that time, The demands on ground support became lorger than could be
handled by most of the existing facilities necessitoting modification or, os in mast instances,
procurement of entirely new equipment,

Therefore and for many other reasons the wvirlines whole-heartedly welcomed the intraduction
of the auxiliory power unit (APU), which provides pneumatic and elsctrical power on the ground
for operation of the airconditi ing and alectrical systems ond for staorting the main engines.

Operation and contrnl ere fully cutomotic after atort initiation, making o better use of the
manpower avaoilable,

Since the cirplane's air packs are run, the APU can provide a cooler aircraft at boarding time
on hot doys than grcund equipment. Moreover, individuul temperature control of the cabin sec-
tions is possible.

The APU reduces dependance on ground equipment availability and reliaebility, thus enhancing
on-time performance. [t reduces the quantity of required ramp equipment, thue reducing romp

congesation and consequently turn-uround time. ,

Trouble correction on circraft on the ramp con be parformed without the necessity to move
mobile units into position, which also means time soving.

It is interesting to note that many systems operate on air presaure us well as electricity
each requiring a mobile unit to be moved.

Even o water system may foll in this category.

On some cirplones, for inatance the DCY and the DCI0, availability of the APU may be used to
replace o failing engine generaior during specific flight phases.
Flight flexibility and lost but not least sufety can he budly hampered by loosing o gonerater.

For thesu und not yet envisioned reasons the APU was gladly accepted by the airline os o
standard installation of every airplane to come.

The disadvantags of constantly carrying the weight and the costs ot thot time for maintenonce
and fuel did not cauvss speciol concern.

Configurotions

At this point it sesms appropriate to mention some sulient dota ot the APU's os ye use them on
our dircrafi,

[P

Our first APU wne on the DCP. This is built as a single shatt engine with o 2-stage centrifugol

type compressor driven by o radiol inward-flow turbins. It develops 60 shaft horsepower and 1
90 1iv of oir per minute with o pressure of 47 psi. :
The 747 APU contoins o 4 stoge compresscr driven by a 2-stage turbine both oxinl. The unit i
drives 2 generators each 70 KVA; it develops 300 shaft horsepower and 500 lbs of air per minute ]
on o standard doy. 1
1he sntire installation, that is the engine proper, the ossociote ducting, wiring, monitoring %
hardware etc. weighs BUQ kg. {
The DCIO it cenzists o F o 3 stuge aviol o or driven by o P osiage i Teeoand gozodio] e
compress: driven by a <ne 3tage turbinme. Tt movms one %0 KVA yensrotor, Thix installotion
woighe Dt ky. The uiii delivers 142 shuii hop. wid G635 1o win u1 win.
In both 747 and DCIO instcllotions the eir pressure suppliad is 40427 pai. i
ii
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The lotest APU in our fleet is the one for the A310. This APU is the first in our fleet with
o modular construction ond consists of o powar section, a lood compressor and o gearbox, aoll
mounted on u single shoft.

The powsr section consists of o two stoge centrifugal compressor, a reverse flow anulor combus-
tor ond o 3 stage axial turbine. The single stoge centrifugal load compressor is driven directly
by the power section and delivers the bleed-air to the aircraft system, The gearbox attoched

to the lood compressor, drives the gensca.or and other accessories.

It delivers 135 shoft h.p., 250 lbs/min air with 43 psi oir presaure.

. Reliobility ond ovnilability

The APU is not on cirworthiness requirament, so it is on girline's chaice how to use the APU
most sconomically. Appects such os passengar comfort, on-time deportures and turn-aoround times
as well os possible alternatives play o role in the evaluotion ogoinst costs and effort to keep
the APU in operotion.

Based on the eirworthiness criterium KLM vsed to classify the APU r= o 3o-colled go-item or at
most @ consult-item, which meont that a defective unit was not considered prohibit’ ve for
departure except for special circumetances like doubtful ground equipment cr sxtreae weother
wonditions ut next stutiun, not to forget the selection of oltarncte girg

We alsn hove sufficiont exomples where cirplones had to be swapped in order i. oscertein o
punctual flicht schedula.

In o cose where such an interchonge is impossible, dispetch with a fly-away unit is the only
alternative. As a mutter of foct not o very attractive method, considering the weight of 300 kg.
and the dimensions that toke o considerable curgs hold spuce. The unit is kept os simple as
possible and is only meant to start aon gircraft engine. No slectricol power supply or aircondi-
tioning is provided.

However, the APU reliability or rather avoilability is infiuenced by its status of being a go
or o no-go itew. We experienced too mony crew and passenger complaints due to low comfort.

Coneequently we now consider an APU as o no-go item from howe bose.

A speciol APU workteom hos been institvted, consisting of mointenance and engineering speciclists,
to uvercomwe the low availability. They monitor the individual APU condition on each aircroft
clossly, investigate chronic or trend problems in consult alsc with workahop and operotional
speciglists and try to defina possible solvtions.

The actuol reliability figures ore raughly for the DCIO MTBF 3500 /MTBUR 1600 (APU)hrs und for

the BI47 MTBF 5100/HTBUR 2450 (APU) hrs.

Some typical problem aceos we experienced, nse
1. compressor damage
2. compressor de: «rioragtion

3, inrcorrect troubleshooting

In the spring of 1981 we experiwnced o rather bod rscord of unscheduled removals for the DC1O.
Investigation .evealed that duleterious matter enters the APU—nir intake and settlem in the
multiple~tant, lang ducting and fouls the compressor blades, thus cavsing o qrodval decreass of
Pertarmance,

The improvement ua uochieved in the swusssr seusun wos ottributeblae to the oction, that the ducting
i- removed ofter every 18090 flving hours and thoroughly clecred, Also o pervcTmance-trend curve
.3 mainteined, using poromaterr such as NI, N2, EGT and duct pressure, taken ofter every flight.
By accomplishmant of ike rice-huil cleaning procez. tho APU performance is improved if neaed su
requires.

As con be sean frow ihe MTBF/MTBUR figurea something is failing in the troublsshooting or cor-
vrective action implamenivtion, I manticned clready ovx APU workteom.

Furthe we smphosized the use of testequipment and in particular the FIM (Foult Isolation Module).
This is on slectronic box connecied to the Contrel Box of tha APU, which contolns circuits to
monitor the pritective shuldown functions of tho APU. When an utomstic shutdown wccurx the FIM
will display ¢ number or letter, wliing wiiuhi protection was octiveted.

P Rl
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4. haintenance ond weight costs

For our fleet of 16 Boeings 747 ond 6 DC10's * » yearly expenditure for maintenonce is

UsD 750.000 based on an experne of approx. USD 11 per flying hour being about equal or
slightly lower than figures of other major airlines.

In addition we hove to taoke into occount opproximotely USD 125.000 to carry the wsight of
these instollotions os well as the extro fuel that hos to be lifted.

5. Fusl costs

The costa of o three quarter of o million dollars for mointenance os mentioned before is sur-
mountable, but the sitvation hove changed dramaticolly since the fuel prices started to
escalate.

The 747 APU gorges 600 liters of fuel per hour under normal load conditions e.g. when supplying
power for electricity and aoir for the airplones pnsumatic systems ond airconditioning. This
consumption will be a littie less of course when extracting either alectrical power or air. The
figures are then 425 ord 550 1/hr respectively,

The DC10 APU i3 comparatively modeat with 300 1. foi normol load, 140 1. for slectrical power
and 230 1. for air supply.

The AJ10 APU needs approximataly 200 1. per hour to supply its oir ond shaft horsepower,
Recently, bosed on a fuel price of USD 1,20 per USG KM has to spend 8§ million dollors per
year to ksep these precious mochines going in the 747's ond DC10's. The costs for our 28 DC9's
and yet two Airbusses does not leave much to be imagined anymore.

6. Fuelsaving measures

It stands to reason thot these excrbitont expenses have set the cirlines aobout studying ways to
decrecse thie consumption.

Even the vemoval of the APU all together ia contemplated.

The variouvs airline-studies that were recently brovght forward, clearly indicate that this matier

ia complicated as could be expected. The problems ore munifold and different for every single
oirline and for every airport.

There are factore such os:

- the uvailability ond copabilities of the necessary groundequipment of a company wlong
its network;

- the climotological circumstances where hot and cold temper :'res require reliocble and
powerfull units.

Until todoy we do not know of any eirline thut hos decided to remcve tho APU. To the best of
out knowledge only one airline hos propnsed tc commence o tast on o limited scola with some
freighter aoircroft that remuir close-to-bage.

Since it is extensively cheaper tu run groundequipment rather thon the APU, airline instructions
are issved that primarily aim at o drastic limitation of APU smployment and use of the ground
support instead, oven though the copabilities ore at times insufficient to provide the re-
quired comfort, Agoin the inconvenience of apron clutter, noise ond pollution ossocioted with
=ultipls plscss of ground suppusi wquipment hos to be occepted.

These inc ipabilities will not only be manifest under extreme conditions. As o matter of fact,
stotions in the For,liiddle and Near East as well os in Africe ond 5outh, Middle and Southern
part of North-Americo are often t.» waxrm and in Northern USA too cold to handle with even the
maximum possible number of Airco units. Only Europe is considered moderate in our network!

In many tronsit stotiois possengers remain on-board requiring full gircenditioning.

Dependant on circumstances such as directives by oirport authorities aond the prefersnce to
certoin procedures of the airlines o variety of deporturs and arrivol procadures has been noti-
ced,

- Powar-back instesd of push-back From the boarding gate is done by sowe airlines in the U.S.A.
This is carried out on revurse pover of the moin engines. It is cloimed that this procedure
affers o more rupid depariure than push-back, that lest ground parsonnel, ground equipment
is required and thus the entire operotion will be cheoper.

Other companies like KLM use the push-back method ond stort the sngines while basing moved
backwards. Time between off-blucks and roll-out is shorter. Shorter usage of APU and engines
is cloimed.
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Regaordless of the selected method some operators taxy out with one or two engines still dead.
These are started shortly before reaching the toke-off position.

In many coses the APU is started about 8 to 10 minutes before departure with the sole reason
to assist engine starting.

The APU is on while taxiing to the gate after landing, except at turn-c ound stotions vhere
ground power is usad.

On behalf of passenger comfort and in order to meet our scheduled tight transit-stoptines we
run the APU during the stay-over unless the oirport rules prohibit such o procedurs. Farti-
cularly airports close tu o dense populotion have very atringent rulee. Since the APU is
aitting high obove the ground (3 - 9 meter) its noise is carried out over a conaiderabls
distance. While incessan‘ly running at approx 40.000 rpm it can become quite o nuisance.

- Sometimec~ the gircraft is towed-in tc the gate after arrival. APU haos to be switched on if
the troctor doas not carry a ground power unit.

However afficient these und other procedures may be, the exorbitont fuel costs have urged the
industry to search for cheaper techniques for airplane groundhandling. The most economical way

to meet that requirement will be a fixed ground-instollation, which can cperate on diesel fuel
or o) purchosed municipol electrical power.

Such o cantrolized system feads every boarding gote with electricol pnwer ond gir for the
airplona‘s aeirconditioning system and for engine staorting. If climotological circumstances per-
mit it is possible to provide electricol vower only, leaving the air supply to mobile equipment
if needed. The facility to start engines makes the installation complicated and expensive.

Estimates indicote that the costs of an all-in system per hour will bes about one fifth of the
APU and gbaut squal or o little less for the mobile units providing the same services.
Consequential to these savings the building of fixed systems wus started a couple of yeors ogo.
More than 100 oirporte in the U.S.A. provide this service ulready but also in other countries
we will find these facilitiss either available or wnder construction.

7. APU or_not?

Lknowing that the APU is the most mxpensive supp

ort device, the temptation is strong to entirely
remove it from &hl

commercigl transperts. A-J&'V'z AS §727 MYl sz LA g delude:
Even though it may be repetitive , o couple of gdverse ccnssquences cre summarired such o»:

- %pll of the APU puts the burden on the ground equipment, of which the maintenance at the
ine stutions(lcq!gl[iaﬁofi;;ilﬁuch to be desired;

- for some stationa the removal of the APU could require o sizeable investment of ground support
equipmant;

.~ loas of the ability to atart engines during or after push-back;

- jncreosed angine operating time at the gate;

.+ angines have to be kept running after orrival until ground equipment is hooked vp; = /

- last but not least the risk of deficient comfort for passengers ot certain stations in hot
or rold weathar., .7 , .7, oo ledee -

It is our firm opinior,that KLM cannot permit the removal of the APU since this is the nnly
device that provides prompt and ralinble scrvics, iindependent ot othar focilities, Since KIM
has a route network to every corner of the woxld we will hove to live with these fittl- gionts
for many yeors to come. \




A GENERAL OVERVIEW HOW WE, AIRLINES, ESPECIALLY AN FFFICTENT AND KAPID CROUND HANDL ING COULD NOT
KLM, LODK Al THE APU.

BL DBYAINED WHEN FOLLOWING THE PRACTICES OF TNE
EARLY SIXTIFS.

THE AIRI INES WHOLE~REARTEDLY WELCOMED THE OUR T IRST APU WAS ON THE DeY.
INTRODUCTION OF THE AUXNY 1ARY PDWER UNIT,

THt DC1D UNT .

THE LATEST APU IN QUK FLELT Ih THE ONE FOR TH

Aslo.




56
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SOME. TECHNICAL DATA OF OUR APU'S.
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WE NOW CONSIDER AN APU AS A NO-GD ITEM FROM
HOME BASE 10 ALMOST ALL ROUTES EXCLPT NORTH-
AMERICA IN SUMMERTIME.
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TN THI SPRING OF 1981 WE EXPERTENCED A BATHER
BAD RECORD OF UNSCHEOULED REMOVALS FOR THE DCIO.

SOMETIMES DISPATCH WITH A FLY-AWAY UNIT IS5 THE
ONLY ALTERMATIVE.

typical problems :
mcompressor damage

] » » deterioration

®incorrect trouble shooting

SCME 1YPICAL PROBLEM AREAS WE [ XPERILWCED,

INVESTICATION RLVEALLD BHAT DULL TERIDUS MATT
ENTERS THE APU-AIR INIAKE AND SETILES IN THE
MNTIPLE BENT, 1 ONG DUCTING.
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. : APUcosts || $ |maintenance|weight

. fieet. {| per

. 750000 125,000
) . (e ;147 year

=
(6) DCO "m 1100 I 180
| fube
FOR COMPRUSSUR OF TERIORATION A PERIORMANCE ~ MAINTFNANCE AND WEIGHT COSTS, STILL SURMOUNTABLE.

TREND CURVE 1S MAINTAINED.

' APU fuel consumption
]
— SLI0QF  W/hr )OO
nom. | pneu. rel.pwr.
. load | on only
] 747 | 600
: DC10 | 300
i S S
: A310 | 200
|
. ! SR S —
I
A THE STTUATION HAS CHANGED DRAMATICALLY SINGCE HIE RIMOVAL (T THE APIS, A TOMPLICATID MATTER,
* l THE FUFL PRICES STARTED 10 ESCALATE, DIFFERENT TOR EVERY SINGEE ALRI INU AND ATRPOHT.

fuel saving measures:
wpower-back instead of pushback
wengine start during  pushback
w taxi out with dead engine|s|
mlimited use of APU.
= shutdown during tow/taxi-in
= ongine start only

A VARTETY OF Di PARTURL AND ARRIVAL PROCEDURNS THE KIM POLTCY IS A5 FULLOWS: THE AP IS NDU RUNNING

HAS BEFN NOTICHD. WHILE TAXUING 10 THE GATE AT 5L ANG TURN-AROUND
STATIONS, WHERt GROUND POWER 1S USED. AT DEPARTURL
APY W1 L BE STARTED DEPCNOING WEATHER CONDTTIONS A)
TRANSTT-GTOPTIMES WE RUN THE APU UNLESS THE A[RPOR|
RULES PROHIBIT SUCH A PPROCEHDURE |
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Fixed Ground Power system

THE. MOST FCONOMICAL WAY WILL BL A F1XLD GROUND-
INSTALLATION, WHICH CAN OPERATE ON DILSEL T UEL
OR UN PURCHASLD MUNICIPAL LUFCIRICAL POMWER.

FIXED FLECTRICAL POWER.

-tum arourx time

"mceta

REMOVING THE AL WAS A COUPtE OF ADVERST CONSEQUENCLS
M NTIONE D HLRE TN SUMMARY.
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DISCUSSION

E.H.Wame, UK

Do you feel it is justified to taxi out without alt engines started since a failure to start at the main runway can affect
other flight operations.

Authoe'’s Reply

Failurc to start during taxi-out will be inconvenient (o the own airline, due to extra delay tine and gives extra
congestion of taxiways.

Starting the engines at the main runway js unacceptable for the engines. They need at least 3 minutes for warming-
up before T.0). thrust setting.

$0, tuxi-out with onc or more engines off, only makes sense with long taxi times.,

KLM will start atl engines betore taxying out,

P.Vaquez, I'r
I suppo. your APU's are “on

condition ! What do you expect from trend monitoring?

Author’s Reply
Yes, our APU's arc on condition.

Trend monitoring is used for determining the health of the APU. It the trend shows a deterioration, timely

maintenance actions (e.g. compressor cleaning, component- or APU-changes) will be initiated to preclude en-route
breakdown and/or major damage.

C.Ruxlgers, US
)
2)

Are you advocating changing the APU role trom auxilisry to “ciergency” power generating 1ole?

If rhie APU s to be used sparingly would you recomniend future APU's be designed for higher reliability and
lower cost or still for improved fuel cconomy?
Author’s Reply

€1) We do not consider our passengers’ comtort an emeigency! Like already mentiened in our presentation, the
APU will be necessary as long as adequate ground eqaipment is not available all over the world. Since this will
be the case in the forcseeable Future, the APU must be sble o fulfilk the functions like they do today.

Althought ihe use of the APU can he reduced further in future, fuel will still account for some miltion dotlars

per year, In commercial airline operation passenger comfort and punctual flight schedule requires high

reliability and fuel ond low-reliability must be paid for the whole aircraft life. For this reason high reliability
and improved el econmay will both bave the highest priority,
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] \'\ : . \l AUXILIARY POWER UNITS FOR WIDE-BODY AIRCRAFT t
1 v . w S. RIAZUELO" M. CENIVAL* M. EGLEM" !
| I * ABG SEMCA. 408, Avenue des Ftats Unis ~ 31016 TOULOUSE FRANCE
. oo
{ / + TURBOMECA ~ Bordes 64320 BIZANOS FRANCE
’;‘ i C\' 1. INTRODUCTION
) (:\I This document is prepared by A .DYNE pooling of common economic interests (GIE)
ijrouping Turbomeca and ABG/SEMCA cumpanies for design and manufacture of Auxiliary
Power Units (APU}. )
g The auxiliary power uni;;?duaigned for wide-body aircraft shall closely meet
- C::: the requirements concerning,pore partioularty the reduction of consumption,
t i weight, dimensions and maintenance cost.
) | ' ‘:Lﬂ Meetling these imperative requirementis 1s obtained thanks to a highly detailed |
1 analymsis of the various ajircraft power requirements and utilization of a load ’
H L) compressor and a digital-type regulation. @
\ C Further improvements in the near future consist in khé optimization of the APU
characteristics by using a free turbine generator and a load compressor flow
E regqulation which takes the variable alr requirements of the aircraft into account. ~{~ h
\ [ I 2. DESCRIPTIUN OF EXISTING AUXILIARY MOWER UNITS TYPE AST ;
| The AST auxiliary power units are deaigned to be installed on wide-budy
} ; military and civil aircraft, The range from AST 600 to AST 950 covers a power range !
‘ from 400 to 700 kilowatts. !
\ ! There auxi! wower units conRist of modules and are mainly composed of the following
] . . elements :
i
| 1' l - Power mection !
. } - Accesrory year box l
. ' - Load compressor ]
| { - nigital electronic reyulation.
1
\ | This modular concept as well as the complete interchangeability of each module without
| g | adjustment enable maintenance optlimization. !
& 1
| '
: ! 3 The AST family which comprises power generators Astazou I11, Astazou XIV, Astazou XVI, !
.- M ' Astazou XX, Arriel, TM 333 and TM 319 includer two typen of architecture in order
| J to meet the various installation requirements :
!

|
| — The in-line assembly formed by the gas turbine engine, the load compressor and
) i ! the acceusory gear box
!

. i
Fiqure ;
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Figure 2

— The assembly formed by the gas turbine engine, the offset accessory gear box
and the load compressor.

4.1 Power section

Derived from existing engines umed for powering helicopters, the gas generator
is composed of

1

2

5

6

An ailr inlet.

An amsembly of one, two or threc axial compressors in accordance with the
type of generator in ume.

A centrifugal compressor.

An annular or reverse flow counbustion chamber fitted with a centre or
lateral injection according to the type of engine in use.

An assembly of three axial turbines,

A shielding ensuring the turbine stage containment.

Especially for the AST 950 bullt around the Amtazou XVI, the internal generator
layout is defined by the following section view :
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SHIELDING FOR TQTAL STEEL AXIAL .
DISC CONTAINMENT COMPRESSORS

2

1 3-STAGE TURBINE

4

STEEL CENTRIFUGAL

COMPRESSOR
Figure 3

[

Axlal compressors are supported by two bearings 7 ~nnd 8 and centrifugal compressor-
turbine assembly bearinys 8 and 9.

The containment capabilities of all the generation rotary parts, have been proved
by full scale testa.

2.2 Load compressor
1 . -

This module is composed of an advanced-technology centrifugal compressor stage
which Is directly driven by the generator shaft,

} It is supported by twou ball bearings.

The supply alrflow includes mobile guide vanes which control the compresaor
performance while ensuring prerotation at the impeller inlet.
; .

The position of these vanesa is permanently monltored by the Aiyital requlation
module. At constant rotational speed, thie requlation provides a quantity of air in
conformity with the aircraft requirement in order to minimize the power consumption.

Upon the APU atarting phame, the vanes are closed to limit the power draw from the
generator.,

e

Thede vanes are driven by a proportional control actuator as well as the air

dincharge valve vonnected to the load compressor outlet and avoids surqe during
extreme operating phases.

The utilization air bleed system cansists of a device weasuring tne delivered

2ir flow and pressure atio tor controlling this module. A shut-off valve isolates
this system at the ai: raft system :aterface.

e 2 AR
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l MEASUREMENTS FOR ‘ i
'PT‘ AIR FLOW CALCULATION |
. |
| ' T ~ VANE CONTROL ,
ACTUATOR ’
J—k |
. |
I
; !
| : '
PRE-ROTATION VANES POSITIONED
| ACCORDING TO THE AIR FLOW
! ! LOAD — _ CALCULATION :
i | COMPRESSOR i
| I
} LOAD COMPRESSOR AND BLEED SYSTEM i
[ r
; ] Figure 4 !
1
" { 2.3 Accrnaory gqear _box '
‘ “ The purpose of acce#sory dear box is to transmit the power available at the ‘
& . generator to the various connection flanges linted to the various accesaories used for |
| : aircraft and APU operation ancillary equipment.
i : The accensory gear box consists of spur-gears stages lubricated with pressurized
' oil and delivers power to the followling equipment :
} 41 — alrcraft ancillary equipment |
1 |
! . Generator f
. Hydraulic pump, if req:ired
- APU ancillary equipment ,
!
. Starter ! '
¥ . Fuel pump
. . 0i) pump !
< . 0Ll gyntem cooling Fan |
. P.M.G. i
‘: When the equipmant uses an offset accessory gearhox, the primary reduction .
. gearbox 13 installed between the generator and the driven modules. !
\ !
i
i ;
| P P
H i '
| P
- i f ;
| 5 I
. | ? |
} | N
| |
I
| ’ !
b i
: [‘ . 4,
Tk
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( ‘ 2.4 pigital electronic control module
‘ ‘ The control module, which can be divided into 2 units according to the alrcraft
. {nstallation requirements ensures twWwo main functions : 1
! ' 1 The microprocessor regulation function, the measurement acquisition and
processing and the power concrols.
2 The parameters monitoring, safeties and maintenance aid. A second microprocessor L
! covers digital processing for these functions and controls the failure
store BITE system. i
The data relative to failures and their monitoring function can he displayed : :
on the control module front panel or transmitied to the aircraft monitoring i
system through an ARINC 429 type connection.

i

{

|

|

l 3.1 Reduction of the rated power by a detailed analysis of the various power
{ reguirements

\

B !

3. CHOICES FOR THE FUTURE i 1!

l i
t

i

After describing a modern APU such as that proposed, let us study how it
can be improved in the future.

{ j The first user's concern is the gain in weight. '
. . 1t ia worth noting that the weight to be considered includes the weight of the .
. APU itself (power generator, accessory drives, load compressor...), of the driving |

accessories (starter, fuel and oil pumps, radiators, fans, regulation...) driven
: accessories (hydraulic pumps, ac and/or dc gyencrators...), of the fuel, of the APU cawing.

and ¢ ircraft manufacturer shall result in welaht gain.

]

1

' ! Conscquently, common efforts from the APU supplier, accessory manufacturers
! For information, figure 6 indlcates the weight of the various elements in

list,

Obviously fuel welght can conniderably vary according to the type of operation.
50
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is to install a smaller APU. This is made

possible by reducing the puwer demand in the most critical configuration.

: The ticust solution to Jqain weight

This often ncours with s elecivival supply demand, should one ot the main power
sources fall Aduring high altitude cruis-, Power

1 wing can be quite appreciable since
o ! every kw saved at 35,000 feet permits to use g cator supplying 1 kw less at p~ak rate

. 1 together with & power section providing 3 kw 1« . on ground {air density ratio).
1

|

+ 7 | This operation also 2nables the consumption to be reduced in the mast current
e ] ‘ 1 operational configuration, at low altitude and at a nearly standard temperature -

- ope;atinq with a power value close to the irated power results in specific corsumption
saving,

Let us tale an example, with a single shaft turbine gas generator operating in
these conditions 30 &% below its rated power. If, while supplying the same power, the

raled power in reodiced hy 1 &, the specific consumption is reduced by 0.5 % approximately.

T This means thac if “he extreme requirement (which in used rarely duriry *he aircraft
s | ‘ i service life) hLa heen overestimated by 10 8, this will result in a consumption increase
CR | of 5 % per day ot utilization on ground.

It is neverthe’2ss recommended to be careful, since the power conaumption of
an aircraft genervaliy tends to increase with its evolution.
'

Aucrles operetional c.ise determining the APU dimension is the supply of
compressed aii to start the main enagines in "high and hot” conditions. For this case,
the Joad compressor can be sligntly undersized, withsatanding an APU overupeed when
this case actually nocurs : in the operational zone of a compressor used at this moment,
the flow increase in relation tg - apeed ig significant (approximately a 2 % flow

1ncrease for a 1 % speed jrcrease to make this system efficient. Once again care must
L be taken whetre new dimensions are ieguired for certain generator parts and which could
H result 1n a freguency inc vezue of the current supplied by a simple generator.

e

This me r>d is now heing =dopted for some APU.

3.z Dtilization uf a free turbine auxiliary power unit

The power generator weight and consumption can simultanecusly be reduced by using
an engine featuring aidvanced technilogy. For demign leadtimes and costs reasons and
to

readily obtain a high reliabiiity and a long service life, arn APU {5 often derived from
an existing gas turbine engine.

This particular case raises a problem.

Our high efficiency modern engincs (MAKILA, TM 333,...; are of the free

turbine type whereas, up to now, single shaft turbine engines (ASTAZOU family)
were in use,

Such a modification {s beneCicial at neariy all .evels :

- Weight. : Gain ip weight in the power section due to its advaiwved concept
(5 to 10 %)

[
E e M
e e e s il e e et

I3

Consun -tion maving at partial prwes duw to the utilization of a
fr o« turbine (5 %

at iU % of rated power, at equal technology!.

Consumptinm, saving at all speeds due to advanced concept (10, 15 & or
more).
NI These two galins are added.

- Power section dimensions slightly reduced (advanced desxign).

- Operation ; Startina conditionz improved since during this phaae, the accessory
yearbnx and ancillary =zquipmen

arc rot drivean. This remults in a reduction of mervice-
time and a gain in welaht an the stareer,

Nevertheleas, the regpanse to an instzntaneous cenerator loading is not to be
disregarded. With a single shaft turbine, the unit rotates at vonstort speed and the
power varies only in arcordance with the fuel [luw variation. With a perfect regulation,
the speed deviation might be null and in reality, the value ersily remains witiin

*he + 4 & tolerance required by operatora, With a free turbine, the power varies by

increasing che yas flow through turbine, which presently implies a ,ower section
reveleration,

Figure 7 aives an examgle of this type of response.

)
et

It represent: o turbhiuce of an

Jdder type (TURBOMECA TURMO III C48) with a
rited power of 1,000 kw driving a

500 kw generator.
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The best acceleration time we can obtain on ground with this type of engine is
3.5 5 between 0 and 1,000 kxw, When applying a load of 400 to 500 kw to the a.c geanerator
instantaneously, response curver 1 and 2 are obtained. Theae cutrves respectively show
transitory speed drops of the generator by 26 and S0 A,

When improving Lhe ergine with currently uged methods (reduction of the rotary
assembly inertia), the acceleration t(ime can be reduced to 2.5 s and to obtain cu-ves
3 and 4 with transitory drops by 22 aud 37.5 %,

If modern current gas generators can withstand such inpi1 speed variations without
any sxcepsive additional weight, no further step :s being required. If not, it will be
necessary to tind the way to reduce the pcwer variation time asignificantly.

The relevant studies are now in progress.

The power generated by the f[ree turbine depends on the gas {low, expansion ratio
and h)ade angle. At present, the firat two parameters are made to vary while varyling the
speed of the gas generator the third parameter is deterained hy the distributor geometry.

It is also posaible to maintain the {lee turbine speed constant or nearly voanstant
and vary the air flow with vanes placed in front of the compressuvr and the hlade angle
on the free turbine with a newx svt of vanes.

The power variation Is then obtained by simultansously varying the setting of the
two vane s>ts and fuvel flow.

Th» first tests prove t. at times tor full power initistion can be around 0.3 a.
ch & result applie to the previous exasple gives curves : and 6 with transitory

A Ao —_ B .3 L. F
& GTSYH S TeduaTas Lo

Su
sp Jad 11 S,

A- a’iditional advantage is that fluctuations of fuli power initiation time
decrease, "ith altitude.

3.3 Insteaintion and maintenance !“nrovement.

A significant improvement of the pecific consumption can be obtained by using
a turbine outlet/compressor outlet heat exchanger, but with the present technclogy,
the weight and dimensions cf such a system are excesnive.

As far as the driven eq. ,ment are concerned, slignificant ve
presently obtained : the weight ¢t recent generators is less than h.
old generators, for the pamzs power cutput.

jains are
he weight of

New yains will be obtained by increasing the speed of rotation.
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Improvements can also be brought up by the aircraft manufacturer.

Por example if it facilitates installation, the location usually chosen for the
APU (in the fuselage raar cone) is vertainly not quite satisfactory for in~flight
operation : the pressure is gensrally higher at the turbine outlet than a+ +*w= compressor
inlet which is in a thick boundary layer with a ram air pressure recovery null nr
negative. Moreover, it should be reminded that a gain of 1 8 on the inlet pressure
gives a gain of 2 % of the maximum power and a gain of 1 ¢ of the specific consumption.

It is to be added that any favorable diffsrence in pressur» results in a considerabla
cnoling improvement.

Simplifications are already in progress. The control panel is simple, it comprises
an on/off control, an indicstor light and a fault light.

.dditional data can be digplayed on one cf the flight compartment scresns
through regqulator on crew request.

The control module detscts and analyses f tional faulte (it particularly
wonitors the indicatione provided by sach measur: ; sensor) etored for maintenance
purpoe It also counte down the service life of the unit components into number
of cycles and operating time, alloted with a temperature coefficlient i{ necessary.
Obviously, this method can be improved but its principle is establis! :d.

Scheduled maintenance is limited to a check of the cil level and magnetic plugs

and, if reqguired by the user, it can be extended to oil sampling for spectographic
analysis.

The APU is modular without excess : it compriees threr modules : the power section

the accessory gearbos and the load compressor.

In case of utilization of a free turbine generator, this ons can be divided in
two modules, one hot and the other cold. Bach module is interchangeable without
adjustment of the assembly.

It im necoesary that the time required for the APU removal be very shoct

(> 0 mr) and that the operations cerried out in-situ be limited to the replacement of &
meaguring sensor or of a small accesscry. Por & major action like replacement of ¢
wmodule, it ie essier and quicker to perform it on workbench.

..4 Optimigation of the APU air bleed

i.4.1 Gensral

The main advantage of the losd compressor mechanically driven by the power
generator unit is in that it can be suited to all the aircraft requirements thanks to the
regulation coversd by the air intaks vanes.

Another sdvantage i{s the pos. bility for the load compressor regulation
to be entirely independent of the aircraft.

This ie made poseible by » good integration of the APU into the aircraft

an accurate knowiedge cof the aircraft actual requirements stored in the electronic car-
trel module.

4.2 utilization system (Airbleed) mee fig. 8

Th® two main systems using pneumatic power in the aircraft are the main
engine starting system and the air conditioning system.

* Starting system

The main ¢ngine starting eystem coneists of a fixed sonic port through
which the air delivery is the greatest in order (Lo ¢btain the shoitest possible
engine starting phase. Generally, it is then considered that this requirssent
Aetermin the zzximus Capecvity of the 1nad compressor. The very short ‘uration of this
phase doss not require the unit consumption optimization.

* Aiv conditioning system

Associated with the digital computers, the alrcraft air conditioning
cystew can very ite tiow requirement in relation to the thermsl lcad of the cabin
or tflight compartwent. Tre air flow supplied to the air conditioning unit(s) is
limited by an sdjustable flow regulation valve located ujstream the air conditioning
sy-ten. Thie valve {8 controlled by a signal releassd by zone temperature regulators.

Thus it can be noted that the air requiroement of tha sir conditioning unicle}
varies in flow and pressurs in a significant way, according to verious sircraft
configurations.
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Tha long duration of this phase within the APU operating time results in the
optimiration of the air supply to the aircraft with minimum losses (the flow regulaticn
valve of the air conditioning unit should be as much open as possibls) and s maximum
cr-pressor sfficlency.

i.4.! Load compresssor characteristics - Operating points

The characteristice of the vari- >le-vane load compressor are such that it is
possible to obtain a very wide operating ranye for flow as wall as for pressure, without
discharging air for protection of the compressn impeller against surge.

Diagram in flgure 9 defines the possible operating range within the unit
temperature range.

This dizgram also shows the typical pneumatic bleed points on aircraft. It
can “e noted that the air rasquirement for starting the engines is much higher than the
air conditioning points (except cabin heating during cold weather).

Air bleed points for air conditioning can appreciably vary in flow (from 70
to 10 8 of rated flow) and pressure {(according to ov side temperature).

{.4.4 Load comprassor requlation

With this type of regulation, our aim is that unit should remain entirely
independent of aircraft controls.

The purpose of the pressure ratio and flow datection system coneists in de-
termining the position of the operating point of the compressor within the compressor
disgram at any time. When establishing one of the parametsrs, the pressure is regulated
to a refsrence value and the compressor outlet flow is automatically adapted to the
permeability of the downstream system. Ths inlet vanes ars controlled by the regulation
module to maintain the outlet pressure at the reference value.

In the air conditioning configuration, this type of regulation has been
chosen in order to observe at any moment the permeability variations of the downstreas
syrtem (position of the flow regulation valve of the air conditioning unit), while
maintaining a fixed pressure level.

This reference pressure level can vary in relation to the data received by
the regulation module (external pressure, external temperature and it is then poseible to
optimize the air delivery for air conditioning in the variocus attitudes of the aircraft.

In the case of a high air flow requirement {aircraft heati.g or main sngine
start), the permeability of the eystem downstream of the compressor is greater than when
the flow regulation valve of the air conditioning system is open. Above & certain
compressnr outlet flow, a referenca value of tha flow-predsure is snsured at its
outlet ; this reference value is such that the compresn.r corresponds to a higher
permeability of the downatream eystem. Consaquantly t! ompreascr vanes will fully open
thus allowing for rapid heating of the cabin or optimu: starting of the main engines.

Figure 10 repressats the refersnce operation line (for a given altitude and
tosperature) that the load compressor regulation will follow to control the inlet vanes
according to the aircraft system requirements.

2.4.5 Machine protections

The APU control medule comprises two control systems for protection purposes.

* Protection against the load compressur surge

In casa of alrcraft system air bleed lower than the comprssso: possir .-
ties, & discharre vaive, simultanecusly slaved to thea main regulation by the compute
protects the c.apressor against surge. The difference between the requirad flow and the
possible minimm compresesor flow at the reference pressure only is discharged.

rigure 11 represents such a functional configuration. The actual operati: -
ual point of the cumpressor is in B whereas the vequiremesnt ls in A.

* Protection against the tharmal engine overload

During starting phasss of wain engines in hot weather conditions uming
the alectrfon: aupply fyom the APU genarstor, i+ may ba possible that the hot pactn of
the gus turbine engins ba in thermal overload condition. In order to avoid such a
problem, the computer psrwanently determinas the thermal load value and cospares it with
the limit value ensuring the unit sarvice tife. If this &iffarenca becomes positive, a
signal is went to the load compressor air inlst vanes tn close by a value such that this
difference is cancelled or bacomes negutive as long as the slectrical supply from
the machine 15 not reducel.
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. DISCUSSION
C.Rodgers, US l
‘l How rapidly can you close the load compressor discharge valve without causing suige? !
|
: Author's Reply
“ ‘The luad compressor outlet is conpected with two valves located in parallel disposition: a bleed valve and a
; ! dischurge valve, The discharge valve isnormally closed and opens only when the bleed valve closes or if the bleed
[ flow decreases too much, In these cases, the APU digital control opens the discharge valve befor  the bleed valve i
! will be completely closed or before the compressor wheel goes acrass'the surge line, When the ¢ charge valve closes, ’
' ) the bleed valve has begur (o open before, This operation sequency does nui allow any APU suryc due to bleed or .
‘ discharge valve closing. Minimur surge closing time is 3 seconds, )
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i SECOHDARY POWER SUPPLIES ’
w » FOR A SMALL S(NGLE ENGTNED COMBAT ATRCRAFY )
- 1
i
N G. JONZS |
Senior iystema Fnginesr - Powerplant
N British Arvespase Public Limited Company
Aireraft Group
o Kingston-Brough Division
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~T FUMMARY t
- i
- P Thls puper describes a ponuible secondary power supply cysiem for a t
amull singleeengined combat aircraft. It describes the way in which !
. reliability, survivability anl jnatallation problems influence the
. type of myntem which in proposed for unch an aireraft. The particular ‘
i eonastrnints imponed by the use of a Pegasiag vectored thrusl engine in '

Off Vertical Landing (STOVL) aircraft are alao -iiacussed.

A Bhort M

The propussd pyatem consiste of a conventional engine=driven accensory |
wearhox bo provide hydranlic and elsctricsl powar in flight. A
remoiely mounted APU is used to atart the engine by means of a
prenmatic link from a load comprescor.  C‘The AP drives s separata
rsiaadby hydranlic pump and generalar for ground vperation and
rmorgency power in flight,

-

Pounibl~ arean of future research asd devealopment which woutd tead to

improyed efficieney and reduced weighl wre aloo dinennaed, ,( .

! TNTRODHCTION

Qyer the pasit fow yeara Breitish Aevosjuore Brough have heen involved in project atudies on several
o Uooingle engined combal airersft. Some of these have been 'conventional' aircraft but the majority of
the ptidien hmyve boon of aireralt wilth vectored thrust to give a short take off and vertical lating
capibilitye  Home of the work has been done in collaboration with vther Britiah Avruspacy sites rmirh am
Kingikor nont Wn-ton, 1

i 211 alreraft dealgns hmve Lo b a compromice to meet the conflicting requirementa of survivability,

) ralinhility sod maintnionbility,  In uddition, there ig a need to minimine wejght and coat, both initial J
parchase eont and mtseguent opemting conte. A S10VL fighter/atiuck wi cratd | obably presents one of i h
str. 14 must no' only ment the pertoimances eeprirementn bt

~

f the mont ncyere chdlenges Ao all th
i1 omund aley be cnpalile of operating from Jdiaperned ni'es in relatively primitive conditions.

PRINCIFAL SYGPEM REQUIKEM NS

The an<i'iary power syntom mus! provide hydranlic power, elactrical poser aml hlsed air to the air-
4 frame servicen, both in flight and on the groomd. It munt alno he capsble of atarting the main engine and
! it neceasary an.isting it to relight in flight,
'

‘ Thera has heen a steady growth in the aize of aaxiliary powar raquiremerts as mircraft have hacoma
woFe pophiisiiceisd.  The development of more manovcuviable aircraft fitted wi'h 'fly by wire' flight
{ cunlrol systemn han 1+d to increased demands on the hydraulic nystem. The reqguired flowrates have i
increaned beemse of tis lnvger aumer of artuatocs sl faster retes of movement demanded by such syctemp.
the Hpccanser, which firat flew in 1999 has an inatalled hydrau'ic sy.tsm powar of about

AR an example,
! OUKW Rrondly sfmiler aireraft of wore terent dew-wm have typicaily g giout twiee the instal bad .
i

hydr.ulic wytiten powsr.
. . - |
Eloctyical powsr demsnds have aluao increased ss micerafi have Lecome mare mophinticated and the :
. - amonnt of srsential avionic equipsent bae ipeecaseds T in interesting Lo note dhel with ssch gancration i
3 of avioniv squipment great claimn nre made for radw ed jose demaeds and stimller nivess Hingmver, the .
K amallry gize of aqu pment almenl inveriably lemdes to mare components treing installed in the available N
' apice 1o overal) the power demande have increassd pteadily. noe frend in illuotrnted oy the deVelopment
Y - of the Harrier family of aireraft. This nterted life wit e camir of LKVA alternitora, proadunloed to g
, single LKVA dvtegra’ed deove generntor (10) and aow in i0r fytent form s the Gl 9 bam twe 10 FVA TIGL i
I . The intepraty of cVertrien) pover copplees mct oo Y apiosed siocs peatems el mn Ty by wirve
are [tight critieal and cumo! toloate Infertuptionse to their powesr guoplica, Tt i quite feanible to ,
. fiy a Buccaamar foo gves &1 hour using its singls lead acid battery no the aole nource o electrinal powsr,
However, on eoure Pors tecend s Falt the ondo s nvsilald o on the bpttery can Lo lere than 10 minuten,
¢
i »
[ 4
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The nuxilisry power system must also be capalile af heing used to power systems for ground checkout
and servicing, ‘There in increased emphagis nowadays on dispereed site operation to protect the aireraft
fleet, “hio is particularly true for HTOVL ai-craft which gain much of their operational flexibility from
this type of utilisution. Power is alsc required while aircraft remain on alert, possibly with crew
wmanning the aircraft for quite long periods of time. During such alerts the crew would need to wear suit-
ablu clothing to protect against nuclear, chemical or biological weaponsn. Congequently, there is & ne d
to supply cone form of nir conditioning to make their life folerable., Some aircruft aperators have
npecified quite long periods of aiveraft readiness, ons reguirement was for § hours in i two hour bloucks
with n crew chuge at the end of each bHlack.

HYDRAULIG AND FLECTRICAT, POWBR SUPPLIERSG
Twa

Heliability studiea show that the primary hydrawlic power wupplies need to be duplicated.
indepundent syntems are required, each povered from an engine driven pump, For the aize and configuration
of aircraft ntudied with a typical empty weight around YO00-9000 kg, each hydraulic pump necds to he rated
st about 1,7 lilres/sec at a nominsl delivery pressure of 27600 KPau. Some vesearch has been done on higher
prescure systems, up to Y5200 KPa, in the USA. Howsver, there does not yet seem to be a clear case for
such a lavge inerease in system operating pressures.

Some novel hydraulic pump designs have been triad on rrwent aircraft. Wowever, the conventional
axial, multi-pinton pump still appears to offer the maul reliable pource of hiudraulic power. Relutively
conventional volntional speeds would be proposed, i.e. a maximum of about € ) rpm for a pnmp of the size
chosen. Hydraulic accumulatorse will be nsed in cach system tor ‘peak lopping' to minimise the required
pump flow,

The reliability el the electrical power generation channel is usually betler than the hydraulic
Aystem aud the primary demandm can be met by A siugle generator rated at 40/60 KVA. A typical breakdown

in the load in givep in the table below.

AYSTEM TYPICAL, MAX. LOAD KVA
Radar/Weapons 9.4
Flectronic Warfare 3.0
Heaters/De~-icing 9a%
Navigaiion/Unmmunication 1.8
Flight/Fngine Coniroln 1.7
Comput ing/Displays 2.0
Miacellaneovus Syitemn )

Renerve for Growth 14,0
TTAL a0
- —

1t can b= geen from (his luble thut there {n no provieion for electrically driven fuel booster pumps.
The BAe Hrough philosophy for aircruft fael systems is based on the use of » hydrmulically driven fuel floy
proportioner for engine fuel (red ayntema and gir jressurisation for intertank transfer. The main advantage
of this system in that its input power requirements are more dmmand corscions than electrically driven
bouster pumps. “here im, therefore, leea of & power penalty incurred by the need to aupply the maximum

reheated engine fuel flow.
recovar the aircraft after a main generator

There in B Aaigunificant electrical
fuilure. Provit na) satimetes puggest that this mdds up to abont S5.% KVA,  The standby load required
while the mircraft is on alert is wbout the same order. Tne absolute minimum flight critical losds are
entimnted to he about 1¥0 watts to keep the FCS, engine and basic irsiruments powered.

Various types of AC geaerator huve heen consilered. When relatively small power levels are requirrd,
i.t. below 30 KVA, 11 appears that Variaule Speed Connlant Frequency (VGCF) syutoms ure beginning to be
comprliiive,  iluds vy, o the mid range {he moAt appropriate syatem acems to be an integrated drive
generator uaing an axisl gear differential constant speed drives Veoy bigh SV (00 000 ) mretema such
mii the Lucan Compact Cunatant Froquency Gererstor have yet to be proven at this sort of power supplies level

t KVA and above,

asfale

ioad requirnd ta aafely

iar.

but look vromising for high power vyatems,

into the pusmibilily of sn ‘al! eleclion aivoic, .
However, we are yei tu be vouvinced

ome studien have besn rarvied oul in which
hydronlic rystems ¢oild be replaced by high pawer elasctric motorn.

thnt thinm is a fomsible option for a Bmwll mililary avversfe,

———
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STANDBY AND TMFERGENCY POWER SUPPLIES

Power is required on the ground both for checkout of the aircraft systems and for powering essential
equipment while the aircruft is on quick reaction alert or operating in the ‘cab-rark' role. In order to
i ! check the main sources of power it is necessary to vbe able to drive the main accessory gearbox from the
: APU. Although it s unlikely that this power will be needed for very long, or very often it is undesirable
to drive the engin. ss well ms the gearbox. However, for engine starting the main power take off mhaft
must be connected tu the mccessory gearbox if the same source of power is to be used. Various methods have
been umed to overcume the problem including overrunning clutches, torque convertera nud frictivn clutches.
However, 8ll these methods add to the complication and weight of the eyatem. The yruposed solution is a
simple mechanical clutch on the power taske off ahaft from the engine to innlate it when the gearbox,
hydraulic pumpa or main generador need to he checked.  The system schematically then loocks like thac shown
in Figure 1,

|
|
|
|
|
/l

HYDKAULTIC PUMP e
- ba—-—- MAIN INI'UT DRIVE SHAFT ,

__—— CLUTCH

INTEGKATED DEIVE ——— .
GENELATOR

!
] \ STARTER/CRANKING MOTOR
{

HYDRAT'T 1¢C PUMP —

"~ OVEMKUNNING CLUTCH

T ACUESLORY GEAKRD) ’

s[

I

L] - !
1,

When sittiig on ulert for long periods of time the main accesnory geartox would represent an
. unnereasarily lage load for the relatively liitle amount of hydrmilic and elactrical power needed. Toe
. propeaed rolution is to have a small hydraulic pump and AC genera‘or -iriven dirwctly by the APU. The
hydraulic pump sized at atout U.b litres per second would provide sufficient power to chock out the
mujority of the hydraulic oystem. It would also drive the fuel flow propertioner to recirculate funal for

| The: penerator aized ar »tout B KVA would provile sulfiicieni elwctrical power fov

)l , ' eqiipment needed on the ground.

u: = At A heat sink.
Several means of providing emargency power in flight have been conmidered. Ram mir turbines are
; relatively simpls tut are of doubtful performance at extreme attitudes or very luw mirspeeds which are .
i , rosmsible with modern maioruvreable aircraft. Emergency power units opesa' ing on hyvdragine or imopropyl
: nityute have mluv Leen considered. lowever, thene ayatema do present a loginticr problem since additional
| conaumat-la supplirs have to be prowvided at each operating bacs.

In addition, the fuels uied are relatively
bsrmsdoun,

, The Pepamis reagine hns quite a la-ge high preasure cora and windmills at a reasonable speed unser most
: " Flight conditipae,  Th the event of o flameout F «ill cupply adeguate bydrmulic power to kesp the ay crart
. in oa oetabge flight path. A dedirnted NiCad batte:r 14 propoa-d for the FUS and sngire cortrol systess

and o the immediate conoequsnoes of un engine flam-oi* can be catered fore 1o tie longer term the APU

i con be ntarted and itn Jdedirated hydraulic pum} and genermtor can he used to recover the aircraft to hase,

'

! ! T the eyent of u catactrophi. cagine fallule the daircraft, being o ngle engined, will probatly e
lost, The hydrnulic syitem accumul: 'ors will provide a few aeconda of powser to eneble the oircraft to be

i . . mano=uvred inlo a sate attitude for oivctinn,

: N .

! « H HLFED AT OPPLILS f

! B ’ T mll the SOV - =ft ntudisd, cnfine Sléed mar fan bwen speeomed to be URed Ton reactlon - ottrole

! ' | ¢ in huvering flight and during the tymansition to wingborne flight.

At a rough guide the maximum aount of
tleed atr requuored is about 1 kg/eec for every 100 hg of mircraft weigh'. The only practical source of sach

i
2 quantities of air is the mmin engine aince APV wir is generally mt toov low & pressure and only availstle in
1 l | small qaanticien,  flewever, mince the APU must be uned tu provide bleed a'r to oparates epuipmeut cooling and
' aircrew environmental control systema on *he grcund thers 48 & case for it continuing to te uned during tmke
' of { snd landing fu moiimise main engine bieed witn its consequent thrust loss, Typically, eacn kg/mec Llcad
from tie main wngine costa about 175 kg of engine thrust for » given TGT mo any aaving in well worthwhile.

i
Won swrmwoon

;
:
i
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FNGINE INSTALLATION ASPHCTS

A1l the STOVL aircraft studied at BAe Brough have used engines wiich were derived trom the Rolls
Royce Pegaiuis vectored thrust turbofan. The Pegasus engine in a major constraint on the installation aml
layout of the secondary power system. It large frontal area imposes a severe aerodyramic penalty,
particularly on a supersonic aircraft. ‘The Harrier has all its engine driven accessories mounted on top
of the engine but this leads to an unacceptable increase in fronta! area on a superronic design.

In efforts to get around thece installation problem: several means of driving a remotely mounted set
of accensories have been studied. These have included using m hydraulic drive, pneumatic drive, mechaniral
drive shafts and dedicated auxiliary power units. Howsever, all these methods have been found to be
significantly lecc efficient than a conventional «lose coupled gearbox with a direct shaft drive. In
addition, they impose reliability and vulnerabilily problems which lead to waight increases when attempts
are made lo overcome them,

Although modern electronic controlss have reduced the nred for large numbers of engine mounted
hydromechanical components there is s8till a substa.a*inl volume occupied by thia equipment. On most of the
proposed advanced versions of the Pegasus engine the major parts of the fral aystem are colleclted together
in the area forward of the starbonrd front nozzle {o allow them to be faired within its profile.  The area
forward of the port front nozsle is therefore m convenient lacation for the engine driven accespories as

shown in Figure .

EMGINK FLEL
SYSTEM

ACCESSCRY DRIVE

Thig lecation for th mcceanories an ronveaniently situated to uae a radial drive from th~ Front of
the cngine HP compresaor. However, there i: not nufficient space to fit the AFY aa well am tie main gear-
box. In any event mitce the APD is to drive the emergency hyiraulic pump and genersto theres i= a good
case for mounting it away from too muin pose: uupplve

ANXILIARY POWER UNIT INSTALLATION

The: nont Ftexible means of Vinking the APH apd the main aceeasory geavbox 1 by uning a pneunata
drive from an AN drarven load compresioere  Unas caker tios pyatem rechanically simple since 04 obivimie fee
et for clhatehes or borque convertor: o ths main accorsory Zeartox.  Ab o alr turtbane on the gesrbox will
®1¥e a smaoth ancrease in toad on the AP as it ptarto the main geartox mrud enpine.  The AP load compr
can Le drolated by menne of yarcial 1o inlet poide yanes and the ntardty hydeoml e pump o and gene) otos

e ottlosded to minimice AV startang torque. A achemat e view of e AP g snown in FVigare ®

4 10 FRGINE STAR SR SVNGE REI 1EF
AN E.

3 OVERNOAKD DUHI’\
l

VIESTRTC STALTE]

STANDUY HYDRAVLIC

! - F

Hind AUANDAY |
' GINIEATGL T
.
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The APU nceds tu be capable of rapid starting in an emergency and also he capable of operating at
high altitude. The preferred means of APU starting is by using an electric motor supplied from the generat
services battery. Alternmative means of rapid engine starting have been considered snd the most promising
solution seems to bhe to use a cartridge sterter. some preliminary assessments of this system have been
carried vut by APU manufacturers. No insuperable prublems have been revealed but it does bave the
disadvantage that cartridgers would have to be provieioned at all operating basen.

There har been much debate about the need to operate the APU at high altitude in the evenl of an
engine failure. In BAe Brough's experience the majority of high altitude engine incidents arise either
from surges during reheat lighting or exceasive intake distortion while manceuvreing. It can be argued
that modern flight control systems and engine control systems will prevent such incidents occurring on the
next generation of aircraft. The Pegasus engine will windmill fast enough to provide hydraulic power after
a flameout and snould permit a rapid descent to a low encugh altitude to relight. However, it shonld be
posiible to start the APU as a precautionary measure at times of high risk such ac arear of the flight
anvelope where the engine has & low surge margin. Thua, althoagh it would be an advantage iv the APU could
oparate at high altitude it need not necessarily be ahle to start at such heighta.

OVERALL SECONDARY POWJER SYSTEM

From the dincusmions in the previous aections of this note th» syatem which has evolved in as shown
in Figure .
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A common ducting system is used between the engine, APU and environmental control system. This

allows the engine to drive the main accessory gearbox by meane of compressor bleed air as a back up to the
shaft power take off. The Pegasus engine does not have any particularly severe limits on shaft power off-
take. However, on RB199 engines a compressor bleed air back up systez can provide a useful supplement to
the shaft power available while at the sane time improving the surge margin of the engine.

AREAS FOR FUTURE RESEAPCH AND DEVELOPMENT

As secondary power systems have grown in size they have begun to have a significant effect on engine
and airframe performe::ice. Bleed air offtakes and shaft power demands have become particularly important
with the advent of high bypass ratio turbo fan engines. The supply of even relatively small amounts of
engine bleed air brings a number of problems for the airframe systems designer. Typical environmental
control systems require an air inlet pressure between 400 and 600 XPa. However, in order to achieve these
pressures at low engine speeds the air must be taken from a high pressure compressor stage. At the
extremes of the aircraft's flight envelope this may deliver air at over 2200 KPa and at temperatures
approaching 805°k. As a result, precoolers and pressure reducing valves have to be used to dump much of

the energy which has been very expensively put into tae air by the engine.

One approach to this problem has been adopted on the Spey engines used in the RAF Phantom aircraft.
Air can be bled from either the 7th or 12th stage of the HP compressor, depending on the delivery pressure

of the engine. The principle of the system is illustrated in Figure S.

FROM RIGHT HAND

TO KIGET HAND SIDE TAPPING
. RAM
SOLENOID ! 90 AIFCRAFI
VALVE SERVICES
sile
F3 AIR 2
HP COMPRESSGE SRESSURE
i
. cetd 12TH STAGE " o
A VALVE
i P <
7TE STAGE 0 el - S 7~ 2 g 2
PRESSURE I ‘ 12
SWITCH Al - s
7TH STAGE
NON RETURN VALVE TO POSITION INDICATCR

After some teething troubles this system has been found to work well in practice even though the
changeover between stages operates as a 'bang-basg' system. The amount of bleed air demanded froe engines
can also be minimised by rejecting as much heat am possible to ¢he engine fuel supply. This vill cften
entail complications such as recirculation back to the aircraft tanks to control temperature levels with
varying heat loads and fuel flow rates. The ability to transfer fusl around can in any event be a useful

aid in improving survivability after combat damage or system failures.

Such systems are only acceptable provided that they Jo not degrade the aircraft reliability or increase
pilot workload. The advent of modern microprocessors is making it possible to provide %the intelligence to
cope with the control of these advsnced systems. In addition the use of a data bus such as MIL STD 15533
is mairing it possible to transmit all the necessary sensor and coeeand informa‘ion without the weight penalty
of wvast amounts of wiring. With modern engine electronic control systems a much closer integration with the
airframe is possible. Data on airframe power and bleed offtakss can be supplied to *he comtroller and
compared wita what offtakes are available from tnhe engine. The most efficient comtination of power, bleed
an? engine handling bleeds can then be scheduled throughout the flight envelope, hopefully remorving oany of
the restrictions which exist on some of todays engines.

Modern auxiliary power units are becoming smaller and more efficient. Fowever, there are still very
few available which will operate at high altitude. There seems to be a growing need for such units as
aircraft power demands are increasing and their integrity is becomirg more critical. One possitle mears of
improving high altitude performance is to ‘supercharge’ the APU by utilising a small amcunt of engine bleed
air. This presupposes that the APU will be started either as a precautionary peasure under conditions of
high risk or can be started rapidly as foon as an engine failure is detected.

Hydraulic pumps are likely to “ecome mors sophisticated even if pressure levels do not increase very
much *eyond todays typical 27600 KPa. Dual pressure level pumps are now quite common with a lower datum
pressure for offloading the accessory gearbox during engine starting. The next stage would seem to be
viable delivory pressures as well as the almost universal variable flowrate pumpe. Zy running at a lower
system pressure during cruise conditions, engine shaft power demands can be minimised at low engine speeds.
Systea internal leak rates will be lower s0 less heat will be reiected within the hydraulic systee. Again
reliable micruprocessor control will be needed to make such systeas feasible.

>

En
f.'i_.t..._*
h———‘—nl
—



In the field of electrical power generation the development of voriable speed, constant frequency
generators promises improvemenis in reliability over the mechanical complexities of constant speed drives
Hloweve.r, there seems to be some way to go to get the electronics sufficiently reliable and able to with-
stand the temperatures associated with operation in close proximity to the engine. There is still a
requirement for a reliable battery, even after all the years experience with the available lead-acid and
nickel~cadmium types. A reliable charging system and stute of charge indicator would go a long way towards
giving more confidence in the use of NiCad batteries for emergency poser supplies.

CONCLUSIONS

There is 5till scope for considerable improvement in the overall efficiency of aircraft auxiliary
power supplies. Perhaps the greatest improvements would be achieved by & closer co-operation between the
varicus irframe systems designers and the engine designers at an early stage in the development of the
project. It is apparent that the presunt situation where the project aerodynamicists seem to have first say
in what engine cevelopment is necessary is not always the best approach. 1t is essential that the aecondary
power system, engine bleed air offtakes and engine design must be cousidered as a whole rather than

developed in isolation.
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GENERATION HYDRAULIQUE DE SECOJRS DU MIRAGE 2000

par

P. Atlan

Ingénieur Civil de 1'Aérconautique,
Chef de Département au Bureau d'Etudes Série
AVIONS MARCEL DASSAULT
78, quai Carnot
B.P.300
Saint-Cloud

92214

FRANCE.

INTRODUCTION i

La présente communication a pour obijet la description et la justification du systeme
de puissance hydraulique secours du MIRAGE 2000. (c syst®me de conception originale
répond en fait 3 un problame tout A fait particulirr et spécifigque de l'avion : }

En effet, il s'aygissait de trouver une source d'é&nergie d'une part et un moven de
la mettrm en oeuvre d'autre part, susceptibles d'assurer le fonctionnement des servo-
commandes hydrauliques de commande de vol de 1l'avion dans les conditions particuliéres
suivantes :

(a) Moteur Bteint E

(b} Dans une phase de vol tr2s particulidre que nous appelons la "cloche" (TAIL SLIDE
MANEUVER) .

1. PHASE DE VOL CONSIDEREE i
Cette "cloche” est une figure acrobatique ou de combat composée desphases suivantes :

(a) Une phase de prise d'assiette au cours de laquelle la vitesse aérodynamique dimin a
en méme temps que l'altitude crolt. Pendant cette phase les gouvernes agérodynamiques '
sont efficaces et assurent le contrdle de l'avion.

(b) Une phase au cours de laquelle l'avion suit sa trajectoire "par inertie", pendant
laquelle la vitesse aérodynamique diminue et, sl l'asslette initiale prise pendant
la phage (a) est suffisamment grande, passc wmdme par z6ro. Pendant cette phate, et
bien que les gouvernes aérodynamiques soient inefficaces pendant un vourt laps de
temps, les commandes de vol €lectriques restent touvjours actives ot poritionnent les i
gouvernes de facon a réaqir & la situation pour que l'avion scit contrdlable dés que
la vitesse reprend quelgue valeur.

Au cours de cette phase 3 vitesse quasiment nulle, l'avion "bascule" vers 1l'avant du
fait ge son hyperstabilité longitudinale A 'rés forte incidence.

(r

Une phasec de repris~ de vitesse aérodynamique au cours de laquelle les gouvern=s .
redeviennent efficaces et de ce fait recentrent l'avion scus l'effet des commandes
Glectriques, ce qul évite tout engagement en vrille incontrBl#& et permet 2 1l'avion

de sulvre la ligne de vol choisie par le pllote, méme si les urdres dupllote ont &té

donn&s pendant la phase (b) avant la reprise de vitesse.

71 faut préciser yue cette stabilisation de 1‘'avion a lieu immédiatement aprds le
basculement (nose down) et 3 une vitesse encore trés faihle.

C» derniey point est trds intéressant : mé&me si le MIRAGE 2000 n'est nas le premier
avion A entreprendre des manceuvres balistiques impliquant un passage A vitesse nulle, )
il est néanmoins capable de retrouver un haut nive: de manoeuvrabilité fmmédi :tement :
aprés, sans que le pilote ajt besoin e "tout mett - au milieu et d'attendre, ¢n

g'arrétant de respirer, une vitesse aérodynamigue suffisunte”. Ou peut dire que les i
commandes de vol restent efficaces 3 des vitesses de 1l'ordre de 40 Kts. Au-dessous,

le travail cst principalement dii aux saincs qualités aérodynamiques de l'avion, en

particulier son hyperstabilité en tangage 3 une incldence supérieure 3 30°

2, LE MIRAGE 2000 ET SES COMMANDES DE VOL ELECTRIQUES

La figure qui vient d'&tre décrite cat, ¢ rtes, rfalisable sur avion A commandes de
vol clrssique, main elle conduirait le plus scuvent A4 des situations difficiles A4 contrd-
ler =ans une habileté exceptionnelle du pilote : .

Fn effert, 841 la premifdre phase de prise d'assiette est toujours possible, il arrive 3.
un moment o0 ! 'avion &chappe au ronrrdle du pilote : on ne sait alors prédire ce qui va
se pasrer : A partir de ce moment ou hien la vitesye s'accrolt 3 nouveav et l'avion )
redevient progressivement contrdlable, mais alors la figure vst ratée, l'avion ne 'est
pas arrété en l'air, vu blen I'avion entre en vrille, vonfiguration de vol plui »u moin
atable d'ol 11 ne sortira gu'en prenant 3 nouveau de la vitessi: anréds ues manodecvries
bien déterminfes.
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C'est grace aux commandes de vol &lectriques gue dans le MIRAGE 2000 la cloche est
réalisable en toute s&curité et sans habileté& exceptionnelle du pilote :
1

Le but des commandes de vol 8lectrigues est de rendre l'avion contrblable et pilo-
table en toute sfcurité quels que soient les incidences, les charges ou les cas d'insta-
bilité rencontré&s. Ellus permettent en particulier le pilotage avec une stabilité
longitudinale stztiquu négative ou voisine de zéro. Dans le cas de la "cioche", cette ,
caractéristique facilite d'ailleurs le lancement de l'avion vers le haut dans la premiére

phase (a) de la figure.

De plus, les limiiations d'incidence et de facteurs de charge automatiquement
introduites dans le cialculateur de commande de vol permettent au pilote toutes les ‘
manoeuvres sans risque de dépasrer ces limites. En particulier c'est ce calculateur qui

pendan: la cloche braque A plein pigqué les &levons sans que le pilote intervienne. Par

contre celui~ci pourra, pendant ce temps 14, pré-positionner son manche de fagon qu'a

la sortie l'avion suive la trajectolre désirée et sans qu'll y alt A aucun moment perte j

de contrdle.

Bien 3alir ces mouvements de gouvernes demandent une certaine puissance et c'est ce
qui nous amene au sujet essentiel.
i

3. SOURCES D'ENERGIE POUR LES COMMANDES DE VOL

L'énergie n&cessaire au fonctionnement des commandes de vol est normaleient fournie
par le moteur sous forme &lectrique et hydraulique. Dans le cas du MIRAGE 2000, le moteur '
entraine deux alternateurs a vitesse constante du type AUXIVAR de 20 KVA et deux |
pornpes hydrauliques autorégulatrices débjtant 112 1/mn scus 4000 PSi A 6100 t/mn, ce qui
correspond A un Loyime moteur de 10 600 t/mn. L'énergle hydraulique fournie par les It
pompes entralnées par le moteur est trds largement suffisante non seulement pour alimenter
les servo-commandes et les servitudes (train, hypersustentateurs, etc...) mais aussi pour
entralner des alterr.ateurs destinés A fournir de 1'é€lectricité aux commandes de vol,
indépendamment de celle fournie par les alternateurs principaux entrainés par moteur.
C'est pourquol, mdme avec le moteur &teint, 3 condition que la vitesse de l'avion soit
suffisante pour entralner les pompes hydrauliquea par l'intermédiaire du moteur en mouli-
net, le fonctionnement des commandes de vol reste assuré aussi bien hydrauliguement
qu'électriquement. A titre indicatif le régime du moteur en moulinet est encore de
2 380 t/mn pour une vitesse indiqufe de 200 Kts environ, ce qui donne un débit hydraulique

.disponible total de 50 1/mn pour l'avion.

Par contie, que va-t-il se passer si le pilote de l'avion exécute une figure de vol
du type de celle que nous avons décrite précédemnent, au cours de laquelle la vitesse
avion passe par des valeurs tr2s hasses, voire nulles ? 81 le moteur reste allumé&, i1 n'y
a pas de problifme puisque le régime de ralenti vol reste encore supérieur 3 50 % du
régime maximal, ce qui donne un débit hydraulique de 60 1/mn disponible sur chaque pompe.

Il n'en est pas de méme si une extinctlon du moteur survient avant ou pendant cette
figure. En effet cette extinction pourra conduire 3 une vitesse de rolation moteur en
moulinet trés basse voire nulle, en tout cas trés insuffimante pour assurer un débit
convenahle des pompes hydranliques entrainées par le moteur. Il faudra donc dans ce cas
trouver une autre sowrce d'énerglie pour assurer le fonctionnement des commandes de vol
qui comme on 1'a vo précédemment sont indispensables au bon positionnement des gouvernes
pendant cette phase, en attendant que la vitesse retrouvée puisre permettre un moulinet.
sut fisant du moteur ct éveptuellement son rallumage.

4. CHOIX DE LA SOURCE D'ENEXRGIFE DE SECOURS :

Plv -4eurs formes d'é&nergle de secours peuvent 8tre envisagées : le moulinet moteur

est £t & par hypothese, de mdme que les procé&dés utilisant la vitess. afrodynamique :
comme aéropompes, eystdmes “ram—air"™ et dérivés. Il ne nous reste guc l'énergie que
L'on p { stocker A bord snus forme chimique : carburants ou batteries.

Un aAPU utilisant le pétrcle de 1lavion aurait l'avantage de ne pas n&cessiter 1femporc
d'un carburant. sp&cial. Il a par contre 1'inconvénieni de nécessiter une installation
d'entrée d'air pour le comburant et i! a surtout l'inconvénient majeuxr de son temps de
démarrage et de mise en oeuvre. Avant d'atteindre son régime nominal, 1l lul faudra
plusieurs dizalnes; de secondes e gul est incompatible avec le probléme. Nous verrons ,
plus loin que la mlse on ceuvre de ce systdme doit interveni: en un temps ne dépassant !
pas 2 secondes. De plua {1 y a toujcurs une limite suplricure 8 l'altitude de rallumane
de ce genre de machine qui interdirait 1la manceuvre au-dassus de cette altitude. On ne
voit pas moyen de surmonter caes difficultée, 3 moins de lajsser cet APU en fonctionnement
purmanent depuis le sol. Mais alors ce | nécessiterait des précautions d'installation ct
unt endurance de la machine tr2s injustifides vis-ad-vis de la rareté de L'&véncment que .

1'on cherche 3 couvrir,

Un E.P.U. A hydrazine auratt pu &tre envlsagé : la faible pulssance mise en jeu et
1a faible durfe de fonctionnement justifievatent 1'usage d'une faible quantit& de cerbu-
rant ¢t de comburant, mais 13 encore on se heurte, quoique dans waes moindre mesnre que

dans l1e cas de 1'APU, au probldéme de la repsdicé de mise en oeuvre du Byst2me.
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L'id&e la plus simple qui viendrait 3 1l'esprit serait d'utiliser une source d'érer-
gle qui existe de toute fagon 3 1l'intérxieur de l'avion 3 savoir la batterie &lectrique,
Fr. effet, dans le MIRAGE 2000, cette batterie alimente une pompe hydraulique de secours
de B 1/mn % fonctionnement discontinu. Cette pompe qul existe sur tous les avions du
type MIRAGE a pour but de permettre en cas de blocage réacteur et donc de suppression
de toute possibilité de prélévement d'énergie sur le moteur, d'alimenter les servo-
commandes de vol de fagon 3 permettre au pilote de se mettre en position favorable a
1'éjection, qui est la consigne normale dans ce cas extrdme de panne.

Si on utilisait cette pompe de secours pour alimenter les servo-commandes dans le
cas qui nous occupe, il n'est d'abord pas certain que son débit serait capable d'assurer
les mouvements de gouverne nécessaires. En effet, mettre un avion en position favorable
4 1'éjection n'est pas la m@me chose que de le manceuvrer de fagon A exécuter une sortie
de cloche. De plus J'utilisation intensive de cette pompe pendant le temps nécessaire
risquerait de vider substantiellement la batterie de l'avion, ce qui la rendrait inapte
par la suite A remplir son rble de source &lectrique de secours, r8le qui consiste a
agsur:r un temps d'autonomie &lectrique A partir Ju moment ol les Bources d'é&nergie
¢lectrique normales se sont trouvees indisponibles. En particulier cette batterie risque-
rait d'&tre indisponible pour le rallumage du moteur par la suite.

En résum&, cette source d'énergie doit donc &tre conservée précieusement et ne peut
donc @tre utilis&e pour 1'usage gul nous occupe.

5. SOLUTION CHOISIE

I1 a fal v donc créer un nouveau systéme de secours indépendant et disponible
immédiatement.

Ce syst2me consiste en une pompe hydraulique branch&e en parall2le sur un des cir-
cuits d'alimentation hydraulique des servo-commandes (circuit N° 2). Cette pompe est
entralnée par un moteur &lectrique alimenté& lui-md@me par une pile amorgable dont 1'é&ner-
gie devient immédiatement disponible pour un temps limit& d&s sa mise en route. Cette
pompe se substitue au syst2me ncrm..l de mise en pression du circuit hydrauligue N°® 2
dont elle assure tous les Bervicas tant gqu'une tension &lectrique suffisante est mainte-
nue aux bornes du moteur.

La pompe proprement dite est une pompe délivrant 12 1/mn sous 230 bars (rappelons
que la pression normale des circuits hydrauligues est 280 bhars). Elle est autorégulatrice
c'est~a-dire qu'’elle comporte un plateau oscillant 3 7 pistons dont l'inclinaison est
command&e par un régulateur maintenant la pression de sortie constante et &ygale A
230 bars tant que le débit demandf n'eat pas supérieur 3 la valeur nominale. De 1la sBorce,
le déplacement par tour est variable et atteint 1 cml par tour environ pour 1l'inclinaison
maximale du plateau. La vitesse de rotation varie entre 10 000 et 14 000 t/mn suivant
la tension &électrique d'alimentation.

Le moteur é&lectrigue esi du type compound ce qui lul permet d'allier un couple au
démarrage élevs (indispensable pour vaincre le couple résistant de la pompe) avec des
caractéristigues couple/vitesse acceptables lorsgue la tension bailuse.

La pile thermigue est cons. ituée par un ensemble de plusieurs pagquets de 13 &lémentn
séric branchés en paralldle. Ces €léments sont congtitufs d'une électrode négative en
métal alcalin pur et d'une €lectrode positive en oxyde fort {Ca Cr 04) noyées dans un
Electrolyte solide constitué par un mélange eutectique de chlorure de lithium et de
potassium. Ces £lé&ments ne sont donc pas actifs tant que 1l'é&lectrolyte reste 3 l'état
solide. L'initiation de la plle consiste en la mise 2 feu d'une composition chauffante
qui am@ne 1l'électrolyte au-delad de sa température de fusion de 360°C, le rendant ainsi
conducteur ijonique actif. La puissance maximale est disponible au bou. d'une scconde
seulement, temps A partir duguel la tension aux boraes aiteint 30 Volts. A partir de ce
moment la tension baisse progressivement, cette bainme dépendant de la consommation.
Pour la copzommation initiale dmportante de 1'&lectropompr (de 1l'ordre de 250 A), la
chute de tension est rapide, Au bout de 20 secondes, la tension aux bornes n'est plus
gque 25 V. Ensuite la consommation diminuant, la chute est moins rapide : tension enviion
20 Vv an bout de 50 gecondes.

Ce type de pi'e est utilisé sur engin balistique mals en général ces piles sont 2
injection d'€élecctrolyte liquide et ne fonctionnent qu'entre 10 et 30°C ce gui n'a en
général pas d'importance, vu la tempé&rature des silos dans lesquels ces engins sont
stocké&és., Au contraire sur le MIRAGE 2000, il a &tf nécensaire de choisir une pile capable
de fonctionner 3 basse tempfrature initiale (- 30°C au plus) d'ol le choix de 1'&lectro-
lyte sulide.

Cette pile se prfsente sous 1'aspect d'un boitier métallique cylindrique herm&tique.
Le mélange chauffant de la pile est mis 3 feu par deux f'oupilles pour asnurer la
redondance. ('es étouplllas sont équipées d'un shunt de | otection pour le transport.

Le syst2me de commarle d'amorgage est automatique une tension continue de 27 V
et envoyée aux bornes des &toupilles lorsque toutes les conditicng suivantes sont
réalisfces
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(1) Vitesse de rotation du moteur inférieure 3 15 § du régime maximal.
(2) Vitesse alr de l'avion inférieure a 100 Kts (50 m/s).

(3) Altitude avion supé&rieure 3 10 000 ft et inférieure & 70 00D ft.
(4) Train non sorti Jdé&tecté& par un rontacteur triole.

Pour éviter des risques de fonctionnement intempestif an sol en malntenance l'avion
étant & l'arrét, une condition N > No (environ 5%) a été ajoutée en plus des guatre
conditions ci-dessus.

La logique de commande est enti®rement doublée, chaque logique attaquant chacune des
deux &toupilles d4d'amorgage.

Enfin, comme il aurait &té& regrettable de ne pas pouvoir utiliser un systdme aussi
simple pour ramener l'avion avec réacteur &teint qui se trouverait par hasard assez prés
d'un terrain pour se contenter d'un fonctionnement aussi court, on s'est donné la possi-
bilité d'une commande manuelle par poussoir sous opercule quil par son action simule
toutes les conditions du fonctionnement automatique.

Un témoin d'amorgage indique gue le systéme est en fonctionnement.

6. JUSTIFICATION

Le choix d'un syst®me aussi rustiqve ne se justifie qu'a cause de deux fléments
importants, tous deux diment vérifiés p - l'expérience :

(1) La faible durée pendant laguelle on risque d'avoir besoin d'une telle source d'énergle.
(2) La faible probabilité de 1l'occurrence d'une situation nécessitant son emploi.

En effet, le systdme d&crit ci-dessus a deux caractéristiques : sa faible durée de
fonctionnement et le fait gu'll ne peut servir gqu'une foi:, la batterie thermique devant
ctre renocuvelée aprés chague percussion.

(A) En ce qui concerne la faible durée de fonctionnement, le chiffre de 1 minute environ
donné plus haut résulte du calcul l¢ plus défavorable de la dusée nécessaire pour retrou-
ver un régime suffisant en moulinet moteur. Pour ce calcul, on suppose que l'extinction
moteur est survenue au moment le plus défavorable de la cloche, c'est-3-dire au temps tl
tel que la durée pendant laquelle le régime moteur va rester inférieur 3 2 500 t/mn
cenviron est maximale. Ce temps correspond & une vitesse avion de l'ordre de 1B0 Kts. Et
c'est blen 1'hypothese la plus d&favorable :

Avant, lc pilote, prévenu de l'extinction moteur, a encore une vitesse suffisante
pour interrompre la figure et amorcer la manceuvre de rallumage. Aprés, le temps qui
reste 4 courir a vitesse falble devieat de plus en plus court et finit par &tre inféricur
au temps que met le moteur 3 "débobiner™ jusqu'au régime de moulinet correspondant a
Vi = 100 Kts (25 % du régime maxl.), avquel cas i1 n'est plus besoin de source d'énergic
autre que le moteur.

Des essals w sol ont &té conduits ¢n simulant la décroissance du débit fonrni par
la pompe principale A partir de 1'extinction moteur grace A un groupe hydraulique programmé,
tout en demandant le débit instantané maximal correspondant aux valeurs mesurfes en vol
dans la manoeuvre la plus d&éfavorable ("rontre" des &élevons arrivant au moment ol le
moteur a entidrement d&bobiné€). Ces essais ont montr# que le pillotage en électrigue res-
tait possible jusqu'd la fin de la manoeuvre et que la capacité de la pile, de l'ordre
de 1 minute 3 pleine puissance, plus un exc&dent A puissance réduite pouvant aller jus-
qu'a 2 minutes et plus, couvrait largement cette exigence.

(B) En ce gui concerne la probabilité dlocvuriencve de lu situalica nitcessi .
en route d'un tel syst2me, notre expérience a montré gqu'elle &tait tras faible.

De nombreux essais en vol ont montré que l'extinction du moteur pendant les cloches
€tait trds improbable, et de toute fagon pas plus probable que dans n'import. quelle
autre phase de vol.

Durant lea essais en vol, plus de 500 cloches ont 6té exécutées dont 100 dans toutes
len configurations moteur possibles (tous r&gimes possibles, PC maxi, réduite ou éteinte,
mouvements hrusques de manette de gaz el méme simulation de pasmage en secours du régu-
lateur (FCU) motecur etec... ) sans yv'il y ait eu ni extinction ni mBme autre anomalie

moteur.

Cette bonne fiabllité du motenr SNECMA M 53 ust en fin de compte la meilleure justi-
fication du choix du systdme de générati .n de secours du MIRAGE 2000 puisqu'on est agsuré
ainst de n'uvolr 3 s'cn servir que tout . fait exceptionnellement.
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On peut méme dire, et ce sera la conclusion, que sl les essais moteurs, qui ne sont
pas terminé&és, continuent 3 8tre aussi bons, il est possible que tout le syst2me décrit
ci-dessus s'avére superflu, la probabilité d'extinction moteur en cloche &tant si faible
gu'elle ne justifierait alors que le sidge &jectable du pilote, 3 l'exclusion de tout

.

autre systéme capahle de ramener :’avion.
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DISCUSSION

w Fs

E.Eckert, Ge
I refer to your slides **Emergency Power Sources” listing possible power sources and “Energy Storage System
Range”. I could not find the silver-zinc (one-shot) battery system there. As this has very high energy content and is
well known for a long time and even in use with military aircraft is there a substantial reason why this has not been
regarded?

Author’s Reply
It is a very good question: The silver/zinc “oneshot™ batteries are used on ballistic missiles and have been actually
considered for the application described. The rcason why we discarded them is because these batteries are “‘liquid-
injected-clecliolyte™ type and cannot operatc properly at a temperature lower than 0°, while the thermal battery L
used on the MIRAGE 2000 can start at —30°C. i

M. Metohianakis, Gr
Can we use the thermal battery which usually d:livers 30 volts to activate some other systems with different voltages
simultancously?

Author’s Reply
I cannot see any reason why we could not use a thermal battery to activate systems at other voltages (like 100 volts
for instance) provided an adequate number of voltages is added.

Supplying different available voltages simultaneously would also be theorctically possible but 1 think not practically
feasible with the pesent technology of the battery which has been used in the case of the MIRAGE 2000,
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SUMMARY

I

g . 3This paper examines the configuration constraints presented to a systems engireer when

| designing a Secondary Fower System, with particular reference tu the minimising of

engine power offtake. It briefly discusses the effects of power offtake on the engine i
| and looks at current solutions available to the systems designer. The paper derines a

e Secondary Power Syntem which is optimised for a twin engined, agile, combat aircraft. <(U

| DEFINITION

For the purpose of this paper the term Secondary Fower System may be taken as the
syastem which transmits power from the engines to and including the electrical and !
hydraulic generation systems, together with the engine starting and ground power
systems. (fig 1)

————e

S5YMBOLS
APU Auxiliary Power Unit
ATS Alr Turbine Starter f
ECS Environmental Control System ;
F Thrust - Newtons

<, H.p. Hydraulic Pump

" Hp Engine Shaft - High Pressure )
Ip Eugine Shaft - lntermediate pressure !
IbGc 'ntegrated Drive Generatour
M tlaso
N KRotational speed - rpm '
p Preasure
POT Power Ofitake
PTO Power Take Off
PRV Pressure Reducing Valve }
[a] Flow ~ Kg/sec.
SFC Speaific Fuel Consumptlon
SPS Secondary Power Sysi. m
T Temperature
INTRODUCTION

NDesigning a Sccondary Power System is an exercls: in compromise, bialancing the fulfl llment
of "desirable reguirements" against such factors s Mass, Volume, Environmenral \
conditions and engine power offtake, and producing the beat system within the many

constrajints. Because the Secondiary Power System i driven by the engine, the system
should be cesigned such that Its impact upon the engine's performance Is minimised. I

Three traditional goals for a fighter engine have been hlgher power-to-weight ratio,
better SFC and impraved reliablility. These aims have resulted in the development of the H
relatively high by-pass ratio multisponl turbo fan engine, with its smaller Nmax ratio
min
aqy higher reheat-to-dry thrust ratio. The reheat boost ovn a 3-spool turbo fan engine
can be as high as 70% and this results In a much smaller engine than its single spool .,
equjivalent, and gives a much hetter cruisc SUC. Huwever, the smaller core engine has \
a smaller core maass flew, Hp aspool size, inertia and power, and because engine startiug : =

is achieved by driving the Hp spool, it follows thit pover offtn must Lo tukest irom ’
the Hp shaft if a secund Lower =naft is to be avoided. t(his otftake now becomes a |
greater percentage of the total energy generated by that spool. Power off-take has also .
risen dramatically during the past 30 years (fig 2) due to the increasing sophi:tication

and manoeuvrabllity of the weapons system requiring greater electrical and hydraulic i
generating capacity. Both frends moke SPS design more difficult.

In order to appreciate the change in engine technology and power offtake, let us

consider the two typical engine-secondary power system combinations shown on Flg 3.

Engine A is a single =zhaft turbo-jet in tLhe 15-17,000 1lb reheat thrust class welghing

in the order of 1,700 Kg. Engine B 13 a 3-ghaft turbo-fan uf' 4 similar reheat thrust

cuapability but weighing only 1,000Kg. The relative SFC's at max dry ave 30 units, for
engine A and 20 units for engine B.

For the next generation of fighter aireraft the "ourvivability? of the expensive pilot

and aldrerai’l will become a prime orilterion of design, M"Snrvivability" in this conlext
involven the ability vo ontmanoeuvree and outtight the cnemy weapons syatem.  To

facilitate this, the adva.opd Cightor will nesd to he agile Uhiroughont the entive agh s
4+, -j
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and supersonic regime. This aspect will have an immediate effect on the way in which
the power offtake demands are made on the ¢ngine, as well as on the basic engine concept
itselr.

The aim of this paper is to look at the configuration constraints presented to the
systems enginecr and discuss the possible ways in which the system may be optimised
using the technology avajlable today. The paper uses this rationale in order to
define a full Secondary Power System for a twin engined, unstable, agile. supersonic
airecraft.

‘ We will consider the following aspects:
System Requirements
System Constraints
System Optimisation 1

Definition

1. SYSTEM REQUIREMENTS

Primarily we are concerned with two of the basle areas which make up the functional
requirements of any aircraft system.

Technological Improvements

Customer requirements will specify the basic parameters that the customer needs in
; order Lo meet the role he sees for his aircraft. For example these could be:-

- Aircraft st.ote of readiness

| - Engine start times

|

. i

} Customer requirements
({

! - Time from alert Lo aircraft getting airborne

- Type of standby required

- Need for an auxiliary power unit

- Need Por system redundancy

} i - Need to be able to start engines without systems interrupt Following standby
J i - Failure modes
- Maintenance requirements
These, In turn, will estahlinh:-
- Need for a dedicated sacondary power system i

* L] - Ijector bleed requircments
- Type of cooling aystem
Technological Improvements are the result of advances in the state-of-the-art and bring

signiTlicant savings 1n maas, volume, or 1ife cycle cost or lmprove reliability and
malntatnability.

kExamples are:-
- Evolutlon of the Electricul Generating System

- Use of new lighter materjals, titanium magnesium eto.

- lilgh sperd acvcosnorics

- Microprncessor controel

1t should be noted that the reguirements for an ‘'agile! 'unsatable' airceraft by neces-
sity force the systems designer into seeklng improvements in technology aver and above
i the "evolutlon” of a product.

———— A L

A1l theae requirements must, of courze, be accomplished within accepted tbDeaign
Standards ' (natlenal or internationnl) which will also establish test requirements.

EM CONSTRATNTS

' The eugineering constraints involve the consideration and minimising of:-

1 Englone Power Ufttake

| . nayrtem Heat Rejectlon

' ! : Masy and Volume Lo

Gout ot Ownerahiip.

—
-
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Engine Power Offtake

Fig 4 shows diagrammatically how the engine offtalle is divided between :.:chanical and
bleed for a typical twin engine fighter. Fig 5 gives us an idea of the waste power
which must be rejected as heat to fuel or cooling air #hen -11 the prucasses are
complete and it 1s this factor which has encouraged BAe Warton to do extenzive Energy
Management atudies ir order to optimise the complete energy statement of the aircraft.

The engine is predominantly designed to thrust, specific fuel consumption, and handling
considerations. Power offtake will normally affect one or more of these parameters and
to avoid unnecessary, undesirable effects on them, the aystems engineer must design

systems to minimise the offtake and must not be tempted to extract power irresponsibiy.

Power offtake is not conatant, but varies with the hydraulic and electrical demands
made by the weapons system and control surfaces. Fig 6 shows a typical generalised
compressor characteristic with lines of constant N/JT plotted against compressor

pressure ratio and non-dimensional mass flow MYT . Efficiency islands are shown in

order to give an indication of the balance that the working line will need to take
between the most efficient 1ine for the engine and the one which gives adequate surge
margin under all conditions. Fig 6 also shows the effects of power offtake and
compressor bleed both generally and, for a fixed rpm, condition. Mechanical power
offtake tends to push the engine towards surge, while air ble:d moves the engine away
from surge. The wider aspects of engine acceleration decelecation, and airflow
distortion have been added to Fig 6 in order to give a better understanding of the
total problem. It is normally the adverr - combination of all these effects which
results in engine surge. It is for such conditions as this that an accumulator is
fitted to the hydraulic system. However all of these adverse cffects are likely when
a pllot needs to take sudden evasive action., 1i.e.:- demands power for the alrcraft
controls probably puts an acceleration demand on the engine and inflicts airflow
distortion on the compressor inlet by increasing incidence and yaw.

Fig 7 indicates the apecifiec guantitative effects of mechanical power offtake and
compressor bleed on nett thrust, SFC and % surge margin for a parclcular flight case,
for one spool of a current military engine, in a form which the SPS designer can use
directly.

From the above it can be seen that the extraction of power offtake reduces thrust and
compromlisea engine matching and thereby component efficiencies. Good, cost-effective
systems design will result from a consideration of engine power offLake.

Secondary Power System Heat ReJection

Even for a fairly efficient Sceondary Power System the heat rejection 1s considerable.
Reference to Fig 5 shows that the predicted heat rejection from the total Secondary
Power System (including hydriulica and electrical generation) in the early 1980's

would be of the order of 10DKW al normal operating conditions for a twin-engine aircraft.
However, optimication of current systemsa has resulted in considerable improvement
against this prediction. The engine and secondary power heat rejection is normally

re jected to fuel in the engine feed line and this is an excellent arrangement if the
flow to the engine is sufficient to absorb all the heat wlthout exceeding the engine
f.ecl inlet temperature limit. Thia co <ition 1s normally met when the engine 1is in
reheat or at max dry conditions. Howe vr, the efficlency of Lhe small multispouled
turbo fan 1s such that at cruise engine settings when the fuel flow is low,fue’ must
either be reecirculated to tank, which results In o rige in bulk fuel temperature, or,
the S5PS o0il must be cooled by ram alr, again Jith the attendant drag penalty. Since
fuel may be used to cooul other systems it js more practical tc¢ use the fuel as a heat
sink and protect the aircraft from excesaive fuel tank temperature by means of an air
cooled fuel cocler. This system involves the aircraft in a drag penalty, therefore,
reduction in heat rejection will be beneficial both directly, by reducing coocler weight

and volume, and irdirectly, by reducing drag.
Maas and Volume

These parameters are critical for any component whieh is part of an alreraft system.
S$ince larger and heavier systems nust lead to a larger and heavier aircraft it followa
that more fuel must then be carried in order to accomplish the same mission. However,
hy engaging in a complete system evaluation, the systems englneer can establish the
exact design requicements for cach celewment in the ayastew. This will now encure tha
each component will weigh only that which is necessary to obtain system performance.

Studies zhow, that for each kilogramme saved at this stage up to four xg. can be saved
on take-off gross wetght. ‘lhis in turn reaults in:-

- A cheaper aircraft

- Heduced fuel for the same mlasion

- Inereased eungine thrusat margin.
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A good example of how technoiogical advances influence the component weight can be

seen by considering the development of the A.C. generator. Fig 8 shows how the
specific power has increased fivefold over the last 30 years. The weight reduction has
been accomplished mainly by increasing the speed of rotation of the generator from
6,000 to 24,000 rpm.

This feature has been used in the development of other pieces of equipment the hydraulic
pump being one, where a proportienal increase in flow results from an increase in rpm.

Some components have changed in form or priacipal of operation. New materials have
been introduced, giving mass and other advantages. New processes make it possible to
use existing materials in a new way which may also produce a mass or volume advantage.

Reduction in accessory size means that the secondary power gearbox can be lighter
especially if the use of high speed accessories results in faster running, lighter
shafts within the gearbox.

However, not all the components on a Secondary Power System rotate and these are
unaffected by the introduction of high speed parts. Hence, there iz a need to
miniaturise valves, electrical controls and connections.

Cost of Ownership

Cost of ownership is the factor which should determine the validity of technological
improvements and advances in the state-of-the-art. If "improvements" to any part of a
complex system like the Second. ry Power System are introduced a+ the expense of
reliability, maintainability r overhaul 1ife, then time and cc .t of repair and overhaul
do not Justify the "improvements", This is particularly true when a completely n-w
system concept is suggested, then great care must be taken to fully analyse all the cost
and spares requirements, and aircraft down time aspects before offering a solution.

It is worth noting, in passing, that cost savings resulting from wejight reduction
amount to over £70 per alircraft for cach £1 invested in technology aimed at weight
reduction, when considering a large aircraft Cle=t (500 - 1000).

3. SYSTEM OPTIMISATION

Having locked briefly at some of the constraints placed upon the systems designer, we
may now conalder scme of the options which are open to him as a result of current
state-of-the-art technology.

3.1 The Hydraulic System (reference 1)

The aircraft hydraulic system has traditionally been a constant pressure system with
maximum pump power proportional to flow (stroke x rpm), the pump characteristic being
shown on fig 9. The .gile aircraft with its manoceuvrability and greater incidence
considerations puts increased demands upon the hydraulic system, and the problem is not
helped by the advent of control technology which permits maximum demands to be made
anywhere in the [light envelaope.

A number of solutions have been investigated including "soft-cut-off'" pumps and "constant
power" numps whose characteristics are also shown on flg. 9.

Design studies a* BAe Warton have shown that a conaslderable saving in power offtake can
be made by varying the system pressure. Such a system was developed for the P110
Aireraft and will be briefly discussed here.

bel
Consider a system which is regquired to deliver 3.7 |/sec at 2Y MH/m" per pump (one pup
per gearbox). This 1s 100KW of fluid power,or 125KW with losses, per engine. When
added to the other loads on the engine the fotal load approaches 200KW at max hydraulie
demand. Hence the shaded area on fig 10 will effectively be out of bounds if engine
canstraints are to be respected.

It has also been shown that variation in maximum hinge moment for a typical primary
control surface follows the curves shown on fig. 11. This means that at lower Mach
numbers and higher altitudes the control forces are reduced. If the load curves are
plotted then these can be converted into lines of conatant pressure (fig 12) which in
turn can be smnothed out into curves which can be expressed in two variables Mach No.
and altitude.

Or future aircraft the parameters neceszsary for pump "scheduling" will he obtained from
the air data system and by means of modern microprocessor-based computers, the pump
output pressure will be controlled as required.

n
Assuming that a minimum pressure of 15 MN/m“ iz decided upon, the hydraulic power demand
in the case considered reduces to 55KW which resulvs in an increass of the 'unlimited!
tlight envelope of about 5,000ft. Besidea this gain, a raduction in total hydraulic
energy usage in each tlight will give a saving in fuel and a reduction in heat rejection.
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3.2 The Electrical Generating System

This is currently a fairly efficient and demand conscious system of power distribution
and the electriral loads on the aircraft tend to be fairly constant or switched on and
off as cequired. Demand is not affected by Mach Ko or altitude. Some components, e.g,
fuel boost pumps a—e a function of engine cendition and could be matched to engine rpm
rather than continue as constant speed A.C. pumps.

The advent of microprocessor based control would facilitate the matching of fuel boost
pumps to engine conditions,and the careful application of maximum heating loads to the
varlious missiles ana astores. It would also allow 1oad shedding following the failure
of one generator. However. current studies at Warton indicate that the saving is amall
and suggests that this complication is not cost-effective on the current aircraft.

3.2 The use of the 4FU in f)ight (reference 2)

This seems at first glance to be an ideal mechanism for improving the engine power
offtake situation, the APU taking part of the offtake otherwise supplied by the engine
in eritical engine conditions (low speed, high altitude). However, a brief examination
of this proposal hirhlights the following problems:-

3.4.1 Installation

The Intake/exhaust system must be so deaigned as to allcw the APU to remain operative
even in ronditions in which the main engine may be aubject to appreciacle flow
distortion. An installation using a flush intake on the lower surface, feeding an

inlet plenum chamber, should bes relatively unaffected by incidence and sideslip effects.
An outlet on the upper surface would enable the beneflit of any positive pressure
difference, especially at high incidence, to be used, This arrangemsnt reduces the
effect of ram pressure on power output with increasing speed, biut could eliminate the
necessity for a separate source of emergency power. However, this installation
requires considerably more volume than the simple ram intake/exhaust system and thils I=
considered an unacceptable penalty.

3.3.2 Light Up and Running the APU at altitude

Studies at Warton, which are borne out by existing in-flight APU application=a (Civil
aeroplanes, etc)., indicate that even a large APU will not re:r.ily light-up above 25,00Uft
or run reliably above 35,000 ft. This is mainly because of the effects of Reynolds
number, blade thickness and blade tip clearance.

3.3.3 APU bay becomes a [fire vone

The use of a dedicated in-flight APU would require the APU to become a Fire zone with
dedlicated fire protection. This would add to the masa/volume penalty, as well as
increasing the hazard situation.

3.3.% APU Augmentation

It 15 almost certain that for the APU to carry part of the total power offtake over the
full rlight regime, it would require some form of augmentation. Two syatems have been
the subject of studies at Warton. The firat requires the use of oxygen enrichment and

Irn wot generally considered Yo he ming and eont effective. The secaond requires maln
engine bleed alr to be fed directly to the APU combustion chamber progreasively

closing down the passage between the APU compressor and combustion chamber with altituds,
Although this second alternative appears to offer a viable solution it is again

expensive and heavy.

From the studies into in-flight APU's carried out at Warton it is found that the
efficiency of the wain propulsion engine in producing power ufftake even when the
penalties of so doing are taken into considermtion, is still sufficient to render the
mass penalty of any appruach utilising an in flight APU unancaptable for a twin-engined
aircrafit .

3.0 The use ol tnging bleeds to improve Puwer OFTLake capablility

Two methods of optimising stage matching may ba used:
(1) use of variable geometry guide vanes
(11) use of 'blow=-off' or 'bleed’ valves

In the second case whe:~ the engine uses Ip and/or Hp blow-off valves, set to aperate
at a certain engine inlet condition, e.g. Mach No. altitude, total pre=sure etc., these
Llesd: could be used top augment power offtake.

Alr bled from the engine cowmpressor exit 'hlow-nff' valves at present, passes into the
engiue by--buss duct, with some contribntion to engine thrust. This will be small,

and the air may be hetter used to provide power additionesl to the spift power offitake,

by expansian through a turbipe. This would have the effect of reducing the shaft power
reguired to meet & partionlar avatems power demand, which, in turn, would restore
COMPresse!” surge margins, or enable a reduction In the 'bleed’ valve air l1iuws tu e mauc.
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Examples ol the level of power which could theorctically be extracted frrom the 'blow=
off' valve flow at say, 1.0M/50,000ft are:-

! (a)} Ip bleed, assume 0.5Kg/sec at 175 kPa and 500°K can be extracted. If expanded
tErough a tuibine to ambient at 80% efficiency this would ive approximately 100Kw
(neglecting duct losses).

(b) Hp bleed, assume 0.25Kg/sec at 450 kPa and 700"k rcan be extracted, 1If expanded -
wifﬁ som= reduction in tapping pressure to give a feasible pressure ratio, wouid
give approximat .ly 70Kw. Whilst these levels of power are not always practically
achievable, the potential power avallable in compressor matching bleed flows is
considerable, |

Additional power could be generated by the use of a bleed-and-burn system, with the
penalty of the fuel flow reguired. )

i
!
i
I
The penalty of extracting and utilising such ‘'bleed' flow is:- f
I - the lcss of thrust recovered when the flow is directed into the fan duct - this is !
u samall, however, when compared with the loss of thrust due to extracting that bleed

3 | from the core engine.

- the maas of the bleed ducting and turtine together with the necessary mechanical
drive from the turbine.

1t i5 also worth mentloning that bleed extraction is not normally required within the
normal (1g) envelope.so that we are talking of optimising the systems in order to achieve {
the maximum potential of the aircraft.

1.5 Use of Engine Bleeds to augment the mschanical offtake (reference 2)

One way in which this concept could be utilise: ' by making use of a pneumatic link

' between the aircraft APU and gearbox-mounted air urbine starter motors, which could

! also bz used in-Ilight for a pneumatically linked crossdrive. The necessary ducting
wni1ld then be available to be utilised in the Air Turbire Starter on the gearbox driven
by that engine to boost the power input available as shaft power, when the engine
compreasor bleed valves are open. A schematic of a 'Pneumatic Link' system of this type
is shown in fig 13. 1In-flight when the sysiem is required to operate, the air turbine
would extract a nominal bleed flow from either the Ip or Hp compreasor, as required to
optimise the engine spoul matching. The torque/speed characteriasti: of the alr turbine
would be arranged so as to provide a nominal powar to the gearboxes. The control system
would need to be so designed so as to prevent the air turbine motor providineg the full
requirements, since this would allow the alr turbine to drive the secondary .nWer system
completely, allowing the PTO shaft to become orf-loaded and thus producing a hunting

{ situation between the twvo drives. It would also ensure that core en:zine thrust is not

| compromised by the extraction of too much bleed air. Since we areoutsidethelg flight

¢ envelape, th: engine is operacing at, or near maximum conditicns, {including rpm).

Therefore bty making the air turbine characteristics fellow some unique function of

engine intake total pressure (say), we should be able to obtain corpatii-ility be: seen

the two inputs and ensure that the air turbine power is always usejully employed.

Other control systems might be enviscaged or the gearbox conld he de=igned so that part

of the gearbnx (that driving the hydraulic pump for example), cocld be driven at a i
higher speed by the air turbine, thus off-lpading the P.T_.O. shaft af that power

requirement,

o ‘ U DEFINITION OF AN "OPTIMISED" SECONDARY POWER SYSTEM .
4 In this seation we shall look at the design for a Secondary Power System for which the
. requirements were such as to need some of the features described in Sertlon 3. BAe
i ! ¥ Warton designed a complete Secondary Power System for an "agile" twin engined fighter,
- ! ! the P110. This alrcraft haa now become the ACA being built incollaboratinn with our
8 { ‘ : partners M.B.C. and A.L.T, The system requirements are simiiac, cequiring the optimissz
' tion of the Secondary Power System in order to maximise the full potential of the
H ' weapons system.
, .
| i ' The P110 system was required to be [lexible, simple, rost-effective and extremely
| H r tlable, and because of the 'unstable' nature of this alrcraflt there was a basic
Yoy ' requirement to maintain, fully functional, at all times:-
By i
! 1 1 engine
! ! 1 Hydranliec Pumyp
‘ i 1 IDG
' The following additional features were alsn necessary:-
'
. - Ground ntandby napability
) - Systema -heck-out capability
. Fngine atarting (without elertrisal zystems Interrupt)
‘ Independenne of ground suppce. i quipment
{ ' N
. -+ A
i
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The need for flexibility coupled with cost effectivenecs suggeated a pneumatic link
system. This system shown in fig. 13 comprised the following:-

- Two airframe mounted gearboxes whlch could be driven =ither by PTO shafts or the
gearbox mounted Air Turbines. Each gearbox drives:-
- 2.9 l/sec 27 MN /m? hydraulic pump
~ H40/60 KVA I.D.G.
- 10 Kg/sec Firat Stage Fuel Pump

- AFPU remotely mounted delivering:-

Pneumatic power for gearbox checkout engine starting and ECS. It also provides
mechanical power to drivea 20/30KVA Alternator iuorder to provide standby electrical
power.

Operating Modes
(i) Mechanical Each engine drives its own gearbox via a PTO shaft.

(41) Pneumatic

(a) FEngine dr.ven REither gearbox could be driven via the air turbine by
compressor bleed air from either engine. Each engine was protected by a
check valve and the system was fed through a pressure regulating shut off
valve. Air could then be fed to the Secondary Power System via the SFS shut-
off valve and Air Turbine Control Valve and/or to the Environmental Control
System via an ECS shut off valve.

{(b) APU driven The APU drove either gearbox via the Air Turbine Control Valve
and 1ts own check valve. ECS air was supplied via the ECS shut-off valve.

The =zystem offered other advantages which we wiil look at briefly:-

(1) The APU was remotely located giving the desired installational flexibility.
An electrical ganerator was fltted to the APU, large enough to allow electrical
systems check-out and standby, but small enough so as not to compromise the APU
pneumatic output. Tuis feature meant that the ground running requirements could
be achieved without running the gearboxes, other than for a short duration
hydraulic check-out (e.g. leakage check). It was envisaged that the nomplete
hydraulic system would nominally be fully checked following engine start. The
APU was zelfl cooling.

(1i) The gearboxes were bralc spur gearboxes with no complex control functiona, they
were simple, light ani inexpensive. By designing the APU to be used in the
ground running mode the overhaul life of the gearboxes was expected to be high,
and linked directly to engine running hours.

(iii)Secondarx Power System Cooling was simplified by not having to cope with heat

rejJection In » standby mode. The fuel war- not needed as a heat sink, which meant
an increase in mission effectiveness, following standby, particuiarly for the
'hot-day' considerations.

(iv) EC5 air was readily available during APU running as was alr for ejector cooling
for any systems requiring this form of cooling.

(v) Engine starting would be achieved by motoring up the gearboxes and engines i
means o e air Lturbine starters,electrical supply being maintained by the Ai'lU
generator until the IDG came on-~line. A mechanical disconnect between engine and
gearbox allowed for the gearbox to be driven in isolation but meant that the
gRearbox needed to be atopped in order to engage the eungine,

(vi} Alr .urbine starters and contro) valves were =xlsting, cost-effective equipment, which
gave a 'softT connectlon between The APU and gearbox/engine.

In the engine running mode the gearboxes were ¢riven mechanically via the P T.O.
shaft. Following engine failure or shut-down in-flight the gearbox of the failed
engine would be driven pneumatically from the gooo engine., This would maintain
surge margin on the engine at the expense of a small amount of thrust. The use of
a pneumatic link cross-drive asystem was calcualted to give full aystem vapabllity
at altitudes above the 'ig' flight envelope. The enhancement was certainly
desirable if not necesasary, considering the role of the weapons saystem.

Although not specifically included in the basic design the use of bleed air
augmentation would have been a very useful development exercise since this would
have given full syatems cnpability (full SPC capabiliiy with aircraft manoceuvring
and engine ha' iling) well 1bove the '1g' env. lope.
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t : (vii)Hydrauliec System

The variable pressure hydraulic system {(Sect. 3) was also included in the baslc
P110 design, giving a further enhancement of engine power offtake.

CONCLUDING E ¢ ARKS f

(1) Engines of the same thrust class have become smaller and more efficient. The part
of the engine from which power offtake is extracted has ailso decreased in size.
Fig 3.

(ii) Power offtake required from the engine by the airframe . ystems has Ilncreased over
the same timesnale, making the Secondary Power System prublem more difflcult. H

[
{
I
(111 )Good component and syst¢ .esign can influence the amount of power offtake taken
from the engine, and tallor it to respect engine offtake capability.
1
(iv) A systenm designed to optimise engine power offtake can give full systems
capability well beyond the normal flight envelope without compromising eitner i
engine or alrcraft performance.
I
o ; ' REFERENCES3 !
o \ (1) F. W. Greerwnod, British Aeraspace document Conccpt of Variable Hydraulic Pressure !
) ; {2} P. F. Smithsan, British Aerospace document TNAM 3346 Systems Power Management on
' ' Military Airoraft.
{
|
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1
m[ H%{ “ - 70 kN R/},

Foouw *[___]/‘; 1700 kg

Engine A
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A e e e .

5150 kw ~— D//L] &

1000 kg

Engine B
Fig 3 Engine- SPS Comparison
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HOT GAS APU STARTER_FOR
ADVANCED AYRCRAFT APPLICATIONS
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W. E. Jorgenson, Project Manager;
D. A. Pahl, Project Manager

Rocket Research Conpany
a Division of ROCKCOR, Inc.
York Center
Redmond, Washington 98052

amP002291

ABSTRACY

- Jpesign, analyais, and testing has be-n conducted on a4 hot gas yotary vane Fotos for
airgruft APU starting over the environmen. - temperature range of ~65f§ to +130‘F;*—54 C to
C Clw v k

! !

—Experimental testing of the motor was conducted with gaseous nitrogen and with hydra-
zine based munopropellant hot gas decomposition products. Initial testing indicated prob-
lems with excessive gas consumption and binding of parts due to diffesrential expansion.
Subsequent revision to the motor configuration reduced gas consumption by 52 fpercent’
compared to the original baseline and eliminated end clearance sensltivity. Analytical
studies, verified by test results, indicated the effect of friction coefficient, vane
weight, venting, and blade linking on overall internal friction. Deslgn approaches were
evolved to minimize overall friction and loads on the vanes,

With design revisions implemented to solve init{ial problﬁy&, a motor Buccessfully
demonstrated operation at environmental temperatures down to -65YF as well as repeated re-
start capability. Deslign criteria have been evolved to ailow application of the rotary vane
motor to specific alrcraft starting requirements.

g
NOMENCT.ATIIRE
A = baege area of vane
AN = radial component of acceleration
Ay = tangential component of acceleration
a = empirical conastant, 0.25
b = conatant, 0.7
F3 = tip force between vane and stator
FEND = contact force at end of vane
FRB = reaction force at base of vane
HR = helqght of vane exposed beyond rotor
J = proportionality constant, 788 ft-1hf/Rtu
nv = length of vane within rotor slot
Hv =  vane maJs
P = pressure
PF = force produced by pressure differential acting over exposed vane area
PFbase = vane base premsure
prip = vane tip pressure
Q = jdeal available energy, Btu
QA = actual available energy, Btu
QF = energy loss due to friction, Btu
QL =~ enefgy losu due to leakage, Btu
QQ = energy losg due to heat flow, * u
QR = enerqgy reyuired to produce desired parformance, Btu
™V = vane thickness
v = volume
WN = radlal furve due to acceleration acting on blade magn
Wo = tangential force due to accleration acting on blade mass
Xv = length of vane within rotar slot
A ~ actual efficiepcy
i = ratin of apecjfic heats

= coefffcient of friction




!
. v
| i
i i
H 0.2
(‘ 1
; :
; SUBSCRIPTS :
: 1 = inlet control volume between blades
‘ 2 = jisentrovic expansion from condition 1 to control maximum volume
3 = ambient atmospheric conditions

CONCEPTUAL DESIGN ( \

Current military alrcraft auxiliary power units (RPU's) are generally started with l \
either a battery powered electric motor or with a pneumatic accumulator driven hydraulic

motor. At low temperatures (-40°F to -65°F) these systems often contain insufficient !
energy for a single start attempt and have no capability for restart.

A review of the problems and shaortcomings of the current pneumatic-hydraulic APU
starter concept has led to the definition of an advanced APU starter system. This system
employs a high pressure hot gas source in a rotary vane expander as the prime mover to
start the APU. In the baseline design, the hot gas is provided by the decomposition of a
hydrazine-based fuel blend although other hut gas sources could be employed.

1
The major benefits to be derived from this type of advanced system include: :

. 1. Reduced weight and volume for a single start,

.
i
{
{
1
1

.

2. Multiple start capability with minimal time between restarts.

|

; 3, rTrue -65°F Bystem start capability.

A conceptual sketch of the aystem {s shown in Figure 1 which also includes a schematic
of the system approach, High-pressure nitrogen is contained in a removable pressure vessel )
(2) and provides the gas source for pressurizing the fuel. The gas control valve/regulator
(4) may be permanently installed in the aircraft and regulates nitrogen pressure to the
fuel tank. The hydrazine-based fuel nupply is contained in a removable positive expulsion
pressure vessel (5), The fuel control valve (6) sequences startup flow to assure that the
maximum torque limits are not exceedad as the gas generator (7) decomposes fuel into hot

gas and delivers it to the hot gas moto: (8), Fuel and gas capacity may be asized to provide
the desired number of starts prior to refilling the tankage.

Technology exists for all components of the system except For the hot gas rotary vane
expander, This paper discusses the design, analysis and test efforts conducted to develop
the device. This work was conducted by Rocket Research Company under contract F33615-76-C-~

2148 with the Air Force Aeropropulsion Laboratory, Air Force Systems Command, Wright-
\ Patterson AFB, Ohio.
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STARTER OPERATING REQUIREMENTS

The design requirements for the hot gas rotary vane expander were based upon the torque
speed characteristics of an advanced APU, which is [elt to represent the most stringent
starting requirements for future ajrcraft. These requirements are_ shown in Figure 2 for
three ambient temperatures, Tiie critical requirement occurs at -65°F (-54°C) where a high
breakaway torque is required at zero speed, with a second torque peak slightly above 20,000
rpm (2,090 rad/s)}. A 10:1 gearbox reduces the required motor speed to a reasonable opera-
ting range and increases the required motor torque by the asame factor. Since the torque
speed curve for the rotary vane expander lis relatively flat, the midspeed range was

selected as the design point for the motor, including allowances for gear box efficiency
(B5 percent) and a 32-percent torque margin,

BASELINE MOTOR DESIGN DESCRIPTION

The dimensions of the motor and porting arrangements are shown in Piqure 3. Por high
expansion ratio and adiabatic efficiency, the arc of admission must be kept s=small,
generally less than 17 degrees (0.3 rad). In this range Refersnce (1) showe efficlency
improvement up to as many as 12 vanes. Tradeoffs of rotor and vane strength led to a
baseline motor design with eight blades.

I
ROTUR LIAME TER 3865 in {82 84 mnl
I SR —_ LI . ROTOR LENGTH 3658 . 197.04 mm)
1\‘;‘(‘;&: —‘ 1 STATOR INSIDF UIAMETER 4,126 » (1048 m}

1807 (3,14 MAD}
yﬂll
— SR U SE——

80 (3,78 A
187 8% [2.76 mADY

FLITG

£NO OF
— EXHAUST
FXHAUST ARC
g K}

N I2% TORUUE N
MARGIf ALLOWANLE

AL | OWANCE FOR 85%
LEF[CIENT LEARBOX
b ]
~
TYPICAL POSITIVE
 DISPLACEMENT ]
N HOT GAS MOTOR

Ay

RQVE

I

—YANE
\ N 2
0 — E iﬁ —
1w n A0 b *
SPEEO KHPM i
A 050 1t 1o MIN
® 50,000 1pm AutoR
IARBITRARY
2 SELECTION}
- -—
TURQUEAPHE D COnvE OF
Il PROPUSED HOTAN Y VANE ATATON -
MOTOR [UEHRIVATION
TORUUE SPEHD CURVIE QUIPJT SHAFT - /
+ FRESENT IN THE FOLLOY
ING SECTIONS)

STANT OF

228% 0 4 RAN}
FXHAUST AR

VAME NO 4

Figire 2, Starter System Envejope Figure 3. Rotary Vane Motor

The major parts of this moto., shown in cross section in Figure 4, include the ball~
bearing mounted rotor, sight rotur vanes, the stator shell, end plates which support the
rotor bearings and position the rotor eccentrically in the stator bore, and various seals
and springs. Each end plate contains an eccentrically mounted boms. These retain filexible
split cam rings which bear on thc base of each blade and provide a force to preload the
blades against tha stator. The mating contact points on the blades

are p ded with m
sliconers

slippers, pluned to the vane. Segmented end seals located circumferentially between the
vanes at both ends of the rotor are spring loaded againgt the end plates to minimize
leakage to the bearings. 'The bearings are further protected from hot gas by deflectors
arranged in labyrinth form together with large uverboard vents to preferentially duct gas
away from the bearings. The disassemblied motor is shown in Fiqure 5.

are provided with metal

Motor clearances were established basmed on a combined structural and t

Bernal analysis
assuming nominal gas inlet conditions of 1,000 psig

(6,895 kPa) and 1,600 F (871 C), and
deflection occuring due t - pressure loading as well as thermally induced stresses. Major
materials of construction include:

Rotor Waspaloy
Stator Hastelloy C
End Plates

Hastelloy C
Titanjum LAL-4V
Inconel ¥-750
P-658 RCH Carbon

Deflectors & Bearing Seats
Spllit Cam Rings
Vanes
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Figure 4. Cross Section of Rotary Vane Motor

Figare 5. Pisavenbled Vane Motor .
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:
X THERMAL-STRUC(URAL ANALYSTS

A computer program was prepared to assist the structural design by predicting the temp-
erature of major piece parts in the motor. Thermal networks were established representing
conduction, convection and radiation modes of heat transfer. The conduction network is
shown in Figure 6,

j ACEEREHHE RRHEEREEEN AR 3 . R :

FUEL CONDUCTION l
SUPPLY NETWORK $IDE VIEW

T

G

NODAL GESCRIPTIONS
(CENTRAL NODES)

S

1. SURAOUNDINGS B C

2. MOTOR MOUNT 8.,

3 HOTUAS IN HE AGTOR

4.5 B6 [ XPANDING HOT GASES
1 OEXIT RGT GAS

8 REACIOR NOZZ71E BOSS

9 17 CTR MOTOR CASE

13 %14 CIR EXHNOZZLE

15 & 16 TR ROTOQR SHAIT

17 818 CTHHOTORPIE SECTS
1A 20 CTR BOTORN. *ES
4 74 UNUSHO NODES
(8 ND SECTION NODE S}

7% R4S HOTOH SHAET SFCTS

26 & 48 HOTARY LEALY FOR SKAFT
2! & 47 UrPER END FLANGE CTR SECTS
26 & 48 LOWER END FLANGE LTR SECTS
79. & 49, SLEEVE SHAFT R INNER
AACE OF BEARINGS

30 & 50 OUTER RACE OF BEARINGS
I THAUST WASHEH, LOCKINSG NUT

AN SHAFT SECTIONS
32 843 BLARING RETAINING CAP
J4 & 54 UPPEH END FLANGE QTH »EC1S
15 & 5% LOWER £NO FLANGE OTH SECTS
16 & 56 OUTTR ADTOR VANLS
1?7 &57 016 2QTO3 FILSECTS
28 & 58 UIR RUTOR END SEALS
J9 K59 & MO 41 &E61.42 A 62 ARL
ALL SYMME TR MOTOR CASE RFGIONS

Fig re 6, Starter Motor Nodal Breakdown far Thermal/Performance Analysis

I A

Yz

A detailed therwmal network ~as employed to accurately predict local thermal gradients
and hot aspots, Such predictions are import. .t because they are used for thermal expansion
and rotor/vane/stator tolerance determination. Suct ‘~lerancing is critical due to the op-
posing requirem~nts to minimize leakage lusses whi. ;eventing metal-to-metal contact and
motor seizure.

The thermal-structural model consists of 62 nodes, 82 conduction resistance elements,
86 convecticn resistance elements, and 60 radiaticn elements. Nodal finite difference heat
balance equations are solved on a CDC 6600 computer with a 500-node capacity thermal analy-
ais program,

gxternnhly the motor was assumed to b2 exposed to amblent air ranging from -65° to
+130°F (~-54" to +54°C). Fiee canvection was assumed along with radiatiop to the ambient
environment. Conduction coupling of the motor by the relatively mussive gearbox and APU
was assumed to he minimal due to th- rvapid transient involved.

B~ged on perfurmance calculations and anticipated operational procedures, cold and Lok
environment therwmal analyses were made assuming 12— and 7-second firings tor the low and
high temperatures respectively, followed by a 1-minute suakback, subsequently followed by
another €iring and soakback perjod.

Major local piece part temperatures resulting from the a alysis are plotted in Figures
7, 8, and 9. FPigure 7 shows significant thermal gradients exiat in the rotor and vanea from
root {(node: 17 and 19) Lo exposed ends (ncdes 18 and 20). Node 17 iam 0.7 iwnch (18 mm)
radially in . the rotor from the surface ncode 1B. Node 19 is 1.26 inchem (32 mm) inside
the van= fra, urtface node 20,

Pigure 8 showy temperature gradlents for structi es situated near the bearings, plus
yrudients within the bea:iny themselves. rYigure 9 shows typical stator case temperature and
gradiants,
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Figure 7. Rotor and Vare Transkent Temperatures (Hot Environment) Figure 8, Bearing, Shaft, and Housing Translent Temperatures
(Hot Environment)

PERFORMAHCE ANALYSIS

Performance analyses were conducted to -
V predict motor speed and fuel consumption as I A T
a function of hot gas inlet pressure. The "l .
analyses also calculated shaft power [
avallable out of the gearbox, torque |« (rnt o
(available and required), motor efficlency P ~.
and heat, leakage, and friction energy - ‘ AN
l

losses. For the analyais, the motor was
divided into a nodal network (similar to the
thermal-structural analysis but with 1less
nodea) as shown In figure 19, and finite
Jifference transient s8solu. iaun  technigues -

[ were used for perforivance analysis. >

TOePERATUSL
1
i

OLGLLIT

: Leakade and friction loss calculations

J were based upen work performed under e
: contract by Professor C. H. Wolgemuth of
Pennaylvania State University. The
performaace model {s developed ar und the ,
ideal energy available from the dageneral AN
expander open cycle depicted in Pigure 11.
Summary work around the c¢ycle qivesg the
following expression (Eq. 1) f.r ideal
en~rgy available, Ql'

wNLTrS

Figure 9. Stator Local T ransient Temperatures (Hot Enviropment)

Va 1)

(Plv1 - BoVy)
Q) = —

{ - 1)y a
and leakage losses muat be subtracted from Q, to calculate the
L efficiency of the

+ (1‘2 - Pyl

The heat, friction,
actual output, This results in the following expression {Bq. 2) for th
motor:
PO S T SR 2] (2)
!
The available energy to produce unseful shaft work is then calculated from (BEq. 3):
Qy = 1,0y ()]
I1f Q, is greater than the energy required by a sufficient margin, the motor Jesign is
satia[acéory.
e {'/fﬁﬁﬁ(ﬁ/’f’ : NODAL DESLRIPTIONS
Y+ SURROUINDING CONVICTION

Figure 10. Thermal/Performance
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mow o MM The thermal-performance computer program
o was utilized to analyze the motor
] _ performance over the temperatuge range of
"1 "l 7 —sssp (—54ebC) to +1300F  (+545C) ¢ This
K analysis indicated that an inlet pressure
Lon o to the motor of 1,500 psia (10,340 kra)

- oo et wag reguired to produce the desired

4 [ / oy acceleration rates.
- / ‘/////
’
7
rad/a) in 6 to 10 seconds and that the
i fuel consumed per start ranges from (.97
T T o to 1.34 lbm (0.44 to 0.61 kg). More fuel
is expended at the lower temperature dae
o N to the higher APU torque requirements.
T T T ) T Y The analysis indicates that leakage
losses are predominant at low speeds, and
frictional losses control at high speeds.

Figure 12 presents t(ypical performance
predictions for the motor over the
environmental temperature ranga2 showing
speed and propellant consumption versus
time. As noted, the snalysis predicts the
motor will crank the APU to 5,000 rpm (524

@
a

PROPELLAMT CONSUMED
T
°
uo1ols’§::
1
~
~
~
~

TIME . sECONITS
Figure 12, Predicted Starter Performance

COLD GAS TESTING

Initial test efforts were conducted with high-pressure gaseous nitrogen to character-
ize Lhe motor operation., The test schematic for this phase of the testing is shown in
Figure 13. As noted, the starter mocor is coupled to a flywheel via an overrunning clutch,
and motor startup is controlled by a pressure ramp qgenerator in the tesat system.

Ths flywheel, flutch, shai't and other rotating parts have a combined inertia of 27.7
1bf-ft“ (1.17 kg-m“) and were sized to produce the same time to reach 5,000 rpm (524 rad/s)
asg would occur with the actual APU torgque curve of Figurce 2 although the slopes will differ
throughout the run. The nominil flywheel iz a compromise between ambient anz high tempeE-
ature requirements. A second flzyheel with an aszembly inertia of 41.2 1bf-ft* (1.74 kg-m”")
is employed to simulate the —45°F (-54°C) APU torque requirement.

nitial cold gas testing consisted of stall torque tests to assure maximum torque
1 were not exceeded. With 1,000 psig (6,890 kPa) Inlet pressure and the vane directly
unc the inlet, measured stall torque was B0 ft-lbf (108 N-m). The maximum permisuible
torque is 120 ft-1bf (163 N-m). With the inlet pressure held constant at 300 psig (2,070
kPa) and the vane position varied in 5 (0.09 rad) steps, the stall torque varied from 30
to 60 ft-1bf (41 to Bl N-m).

Following the stall torque tests, initial spinup testas were attempted. These initlal
tests revealed clearance probloms, vane breakage at the cam ring interface, and excessive
end seal drag. Subsequent tszts with phenolic vanes :nd design changea to the cam ring
elimirated thete problems, and vent slots were added to the vancs to provide inprnved force
balance and increaned porformance.

Final cold gas testing was conducted with carbon/carbon composite vanes incorporating
a vented slot. A total of efight tests were conducted with the motor as shown in Table 1.
The time to speed achieved in each of these tests was consistent with the desired motor
performance; however, gas consumption at luw apeed was excessive, The gas consumption was
relatively independent of speed and slightly above analytical predictions at maximum
speed. The results were sufficlently successful that a decision was made to proceed with
initial hot gas taesting.

]
] 1 " 1, I, Pacts
1i-(><)—[ t Table 1. Carbon/Casbon C :l.d: Performasce
T i 9. Conditivalag Pesk Rame Tiwme to
. o ——— . ' Test Temperature Promere Maxismem
[ R bt | O 11/l (kPs) Spoed, soc.
{ ) 1 0| o 500 (3,450) 140
- 2 0| 0o | 1m0 1 7.6
3l 50 10y 1,230 (1,620) 1 6.6
4 o) a0y | 12506200 1 5.9
s | 10 | 1,%0@.270) 5.8
i ) 01 U0) | 1,200 (8,270 6.3
' -‘:x‘-‘l;- GrEmm i 7 65 | { 8 1,2X) (B, 270) 6.6
] s130 | Cosa | 1,200 8,270) b4

T Pressur of meintained st end of run.

Y i
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: INITIAL HOT GAS TESTING

The test mystem employed for hot gas testing is shown in Flgure 14, The pressure ramp
generator is retalned from the cold gas installation and ims used to pressurize a tank con- !
taining a monopropellant hydrazine fuel blend. Flowmeters, fuei control valves, and a gas
generator are added as shown for the hot gas test system. i

The propellant selected for the tests is a ternary blend consisting of 58 percent
hydrazine (N Hed 25 percent hydrazinium nitrate (N H N°3)' znd 17 percent gnter (g 0) by ¢
3 gang point close to ~-90°F (-67 6) and

weight (term& TSF-2 fuel). This mixture has a fre
hag thermochemical performance as indicated in Tables 2 and 3, It had been previously uned

in Reference 2 testing of a hydrazine-fue=led aircraft starter cartridge, The ammonia dis-
sociation friction shown in Tahbles 2 and 3 varies from 0.4 to 0.6 depending upon the envi-

ronmental temperature, !
Table 2, Tiermochemical Performance Charncleristics of :
TS¥-2 Fuel ! !
Rate of [
NH3 Fael Gos Motorntnr | Specific i l
":z::?' ::T Temp. Weight Heat i (
X [ “F [§ 8] (LB Capacitier i ?
| h /
6 ( 549|170 (90} | Is.500 1,424
! 0.4 211 (|1 00s4 | iese 12381 i
. 4150 (+710[ 2038 G| 16500 1m
) o5 { shframe @m| 1sh0 12728 .
: .6 47T (229 1047 (308) 13,310 1.26%)
! 4460 (HID| 1,853 (1,012) 13310 12812 "
B (' ) ,}‘ m;u-un. —
H Tkt .
N R D Table 3. Exhawst G Conposition of TSF-2 Fuel ‘
siana I SN [.(.).(_n [
PR ] i Amaeia Eapaust Gas Compesition, i by Volume
) i {Daascintion .
. } ’":h' Nirogen | Ammosia | Hrdregen | Waser
! f
i 0.4 %4 4 233 ne )
| \' Vigure 14, Test§ a3 Testing 0.6 201 144 124 %8 !
| The exr:. - + low spued gis leakage noted in cold gas testing caused thermal axpanaion
The motor consistently jammed due to differential

problens (* . ..:.jal hoo gas testing.
heating of :' . parts which eliminated end clearances. Increasing the end clearances re-
‘ye and aggravated the problem rather than providing a solution. In :

' sulted in .o, © 1.,
addition “1- excfssive leakage, some warpage of the cast stator was noted.
¥ esl” 3t ltest problems assoclated with stator warpage, a new heavy-wall stator was
: mach. -~ stork. The exhaust cutlet in the stator was modified to a meries of holes
2ot to equalize vane vwear resulting from croasing the slot.

from an
To reduce the differenti: t thermal expansion problems, a series of teats were conducted
to rvaluate means of reducinyg leakage in the motor and thus total heat input. Regults of
i this testing iadicated that:

1. The machined bar stator produced 34 percent lesg leakage than the cast stator,
apparently due to lower shell deflection and reduced leakage areas,

2. The end seals rroduced significant dArag and were not effective in reducing overall

i motor leakage.
! 3. The major leakage path was occurring through the bearing vents. A 52 percent drop
! in flow occurred when the vent ports were plugged.
wrevious ;

hot gas tents, indicated focur areas needing redesign. These areas were:
|

1. An improved method of maintalning vane-to-stator contact

2. Improved ~nd seals

; Results of the above tests, combined with binding and vane breakage noted in
|
|

3, A means of increasing end clearance without increasing overall leakage
in vane lcoad bearing

4. Reduction in the forcee on the vanes or an increase

i capability,
i

DESTGN MODIFICATIONS
To obtain vane-to-stator contact, the cam ring actuation system
palrs of pushrods installed in t’e r«tor between opposed palrs of vai s, The pushci.de were

geometrical length

{
j ar-ing loaded to accommodate an approximately 0.030-inch (0.76-mm;

f ¢ nge which occure between the stator diameter (O~degree position) and the chord across i
i .
1

I

aB replaced w'th four

t.  stator through the rotor center (90-degree position). Several cold gas nitrogen tests
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with unvented phenolic vanes resulted {n improved time of 7.8 seconds to 5,000rpm (524 f
rad/s) with 1,125-psia (/,7€0-kPa) inlet pressure¢. The gas flow rate was B5 percent of the
| baseline cast astator run.

To improve end sealing and increase the end clearance, a design modification was made

to the motor as shown in Pligure 15. The rotor and stator were each shortened by 0.5 inch

- : {12.7 mm). Closure plates, each 0.25-inch (6.4~mm) thick, were bolted to each end of the

. rotor; and spacer plates, machined eccentrically with respect to the stator (concentric

with rotor), were also installed. Three~piece, spring-loaded carbon seals, installed in the

rctor end plates, contact the I. D, of the eccentric spacer to form ths end seal. This

modification reduces leakage into the end cavity with a reduction in thermal distortion

effects; makes end-cavity leakage independent f end clearance, allowing increased end

clearance as necessary to accommodate axial growth; and leakage around the ends of the
vanes is prevented from being vented overhoard, allowing useful work to be done.

Cold gas nitrogen tests to charactrize the above design changes, along with spring-
loaded pushrods and phenolic vanes ented on the trailing edge, demonstrated significant
improvement in motor performance. The tests indicated that addition of the end seals pro-
duced an order-of-magnitude reduction in end cavity pressure as shown in Fiqure 16. Time to
achieve 5,000 rpm

(524 rad/s) was reduced to 5.2 seconds, and gas consumption was reduced
to 68 percent of :he cast stator run (Run 6 of Table 1). Other tests to evaluate leading

edge versus trailing edge vane slots indicated a 14 percent improvement in time to speed
\ with leading edge slots.

1A} ORIGIN £L CONFIGURATION 18) REYISID CONPIGURATION
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Flgure 16, Effect of Scals on Leakage-Produced End Cavity Fressure

ENDCLEARANCS

, Figue 15, Comparison of Vane Mator Conflgurations

Several alternate blade materials were examined to improve the blade strength.
Included in the evaluation were various high-temperature lubricant coatings on metal
blades to reduce the friction coefflcient. Alternate hlade materials examined were:

\ 1. Inconel 600 blades coated with SURP-KOTE C-800, the trade name for a metal-glams-
oo fluoride, high-temperature Lubricant applied per NASA Snecification PS-101 (Refer-
ences 3 and 4). The coatiang is applied as a plasma spray and consists of 30 percent
% \ nichrome, 30 percent ailver, 25 percent calcium fluworide, and 1% percent glass by

. welght.

A sintered nickel-chromium alloy impregnated with barium fluoride-calcium fiuoide
eutectic (Reference 5).

A special high-temperature grad: of cast iron containing high aluminum content.
The composition consista of 1.5 percent carbon. 3 €5 percent s 0

arcent siliicun, 0./ percent
angancss, 21.5 percent aluminum, and 72.6 percent iron by welght.

-
32

NARGANNSES,

4. Carbon/carhon composite infiltrated with silicon carbide.

v

7075 aluminum with a proprietary Banadize coating (Lovalt Technology Couporation,
Santa Fe Springa, California).

Initial teating with the metal vanes rraulted in slow times to achieve motor speed
and/or the inability to achieve the required terminal speed indicating hiyh internal fric-

. tion. The high internal frictiun was due in part to the gre:ier weight of the metal vanesn
(up to eix times that of the composite vanes) and the higher f,iction coefficient of the

coated metal vanes. This problem was compounded by excesalve wearing of the high-tempera-

ture lubricant coating.

Testing with the carbon/carbon composit: vanes infiltrakted with
i silicon carhide resulted in vane hreakage during all testa.

S s

1 : VANE PRICTION ANALYSTS

To better underutand the ef  -ctm of van: weight and friction coefficient on motor per-
formance, a series of analytica (tudies was performed by Profersor C. H. Wolgemuth under
1
] aubcontract to RRC,

The analytical model previously developed was modified to include
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pushrods between the vanes., A somewhat simplified approach was taken which ignored the
pushrod spring force, but allows transfer of force between pairs of vanes. 'i‘he vang f:eﬁ
body diagram is shown in Figure 17. The model includes normal forces due to w“ and d“r/dt
components, tangential forces resulting from dw/dt and Coriolis components, pressure
forces in the normal and tangential directions, and gravitational forces. In the axial
direction, friction forcve (identified as Fp in Figure 17) is developed only on that por-
tion of the vane exposed above the rotor as FP contacts the eccentric spacer of the revises
design.

In order tu minimize or eliminate vane welght effects, a concept was analyzed in which
the opposing vanss are rigidly lined together to counterbalance the weight. A model of this
concept is shown in ¥igure 18,

Pressure in the control volume behind the vane (lagging control volume) was compiird
from the leakage wodel using an inlet pres-ure of 1,11% prla (7,690 kPa). Results aire
shown in Figure 19, where the centerline of the inlet port occurs at 8 = 215 degrees (3.75
rad). Forces, available gas power, and friction powe: loss versus angle were computed for
varivis comolnations of friction coefficient, inlet pressure, rotational speed, and vane
porting for both the rigid-linked vane and pushrod vane modeln, Results of theue
calculations are summasized {n Table 4. -
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Figures 20 and 21 summarize vane tip and end forces (F, and F D in Pigure 17) versus
rotation angle for pushrod and linked vane configurations. is notdgi the effect of linking
is to reduce the peak normal force by 33.5 percent. Alsc, as noted in Table 4, linking of
opposing blades results in a 40-percent reduction in friction horsepower. The effect of
leading edge venting im shown in Figure 22 for the linked vane configuratlion. Of major
importance 1is that the normal force on the vane is zero at maximum vane extension and
achleves a peak of only 250 1bf (1,110 N) nearly 75 degrees (1.3 rad) later when the vane
extension from the slot is substantially reduced. Also, friction power is reduced by 27
percent over that for trailing edge venting,

Figure 23 presents friction power per vane versus friction coelficlent tor cases run at
4,000 rpm (419 rad/s). The figure indicates the effect of vane mass, venting location
(leading or trailing edge), and linking of the vanes.

Major results of the vane friction analysia study are:

1. Venting of the vanes to the leading edge and low mass vanes result in the lowest
friction and vane forces.

’. Linking of the vanes further reduces frictional loads over those obtained with
8pring-loaded pushrods.

One word of caution in interpreting the results of the friction analysis is that the
analysis does not simultaneously evaluate changes in leakage which may occur. Thus, a
change that reduced friction may increauve leakage and degrade overall motor performance.
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MODFI, CONFIRMATION TESTS .
|

additional cold gas tests were

conducted on the motor to experi-~ ST

mentally verify the results of the I i

friction analysis. A set of flame FASE
spray coated Inconel 600 vanes o

were subjected to machining to re- - |

move hollow cores from the baue o oo ’

|

i

|

]

]

|

|

i

Fed
L
sode - - - - - -
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end of the vanes. The vane weight

was reduced 39 percent from 0,18
' 1bm (82 g} to 0.11 lbm (50 g). The o e
vanes were installed in the motor voran e '
vented Lo the 1leading edge and -
with spring loaded pushrods, This . .
configuration achieved time to
4,870 rpm (510 rad/s) of 6.3
gseconds and was still accelerati- e 100 {
ng. Previous testing with this
vane with trailing edge venting
and at 0.18 lbin (82 g) weight per o ol
vane indicated inability to obtain ! ‘ . * ° "
speeds above <, 000 rpm (419
rad/s) . Referring to Figure 24,
é?i:t t;‘_ptl";ita friction coeffi- Figure 24. Ambient Temperatwres Hot GuM.ulorbun With Smali Flywheel

TiME SELONDR

Tnitial testing of a set of flame spray-coated Tnconel 600 vanes in a linked vane caon-
: flguration was conducted with venting to the trailing edge, Due to eccentricity, clear-
ances at the vane tip varied from 0.003 to 0.030 inches (0.08 to 0.76 mm) over half a
revolution. With this configuration a maximum mpeed of 3,000 rpm (3.4 rd/s) was achieved in
15.5 meconds. To reduce vane tip clearances, a special stator was fabricated. A second bore i
(of fset to the inlet side) was cut into the stator with a radius and location of the center ,
|
1

optimized for minimum clearances which were reduced from a maximum of 0.030 in. (0.76 mm)
| tn 0.004 in. (0.10 mm). The linked-vane asmembly could not be reversed in the stator to
produce the more optimum venting to the leading edge and was thus run as previously. With
this conflguration, time to reach a speed of 5,000 rpm was 9.7 seconds.

-i- FINAL MOTOR_ CONFIGURATION
{

Resulta of the friction analyais and model confirmation teats were analyzed to select A
motor configuration for final demonstration tests. Results of lightweight vanes and vent-
ing to the leading edge demonstrated significant improvement in motor perf.. iance. '
Further, the analysis indicated that the forces are reduced significantly on the vane tip
arca at maximum vane extension when venting t« the leading edge is employed. The lower
forces led Lo recongideration of using the carbon/carbon composite vanes rince they are
Light in weight (0.06 1lbm) and have a low coelficlent of friction (less thin one-half of
any of the metal vanes terted). The final configuration selected for confirmation testing

congisted of:

) 1. arbon/carhan composite vanes with venting to the Teading .-lge :
i 2. Use of the oval stator, which allowed use of solid pushrods i
3. Use of carbon seals at each end of the rotor as shown in Fiqure 15. !

FINAL HOT GAS CONFIRMATION TESTS

1 ! With the above design modificatinns incorporated into the Eotor, Sinal hot gas testing

wan conducted to demonstrate ambient temperature atarting, -6%5°F (-54°C) starting, and hot
estarting tollowing an initial start sequence. Excellen: operation of the motor was veri-
fied at each of the above conditions,

- ——

Figure 24 depicts motnr operation Qtartlng frnT ambient temperature using the small
flywhvel with an inertia of 27.7 1bf-ft” (1.17 kg-m7). Figure 2% presents a tent starting
from -65°F (—55 C) ambient _temperature conditionn using the large flywheel with an inertia
of 41.2 1bf—ft* (1.74 kg-m“). A hot restart using the large flywheel is shown in Figure
26. Thin teat wan made immediately foilowing n ambient temperature star! to fuil apeed !

with the large flywheel.

|

| As noted in Figures 24, 25, and 26, a pressuie ramp start is used in which the inlet '!

; pressure is approximately 350 psia for 1.5 seconds and then ramped up to 1,000 psia for the .{
remainder of the teat. This procedure Is employed to minimize engagement forces during i
startup and may or may nut be required depending gpon ingividunl applications. Gas temper-
ature inlet to the motor was approximately 1,600°F (371°C) for all three terts shown. ‘f

I

! As noted in the figures, the time to accelerate tn speed (including . 'mped start
I effectr) in approximately 7 seconds with the small flywheel -nd 12 seconds wii + the larqge
i

flywheel. These times are consistent with performance predict ons for the mot hich were i
previously dincussed, |
|
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pased on the flywheel ivertia and el ron
the speed-versus-time curve, the calcu- 54 = 0o
lated torque output of the motor is ap- oy @ .

proximately 70 ft-1bf (96.8 kg-m) up to =~
the cutoff speed of 5,000 rpm (524 -0 mmw_"—,A

rad/s). This output is consistent with -

the desired output of Figure 2. -
-
SUMMARY AND CONCLUSIONS o fu—
20
Development testing has been suc- e

cessfully conducted to develop design - o]
criteria and
successfully demonstrate the feasibil-

- MOTOR D,

ity of a hot qas rotary vane motor for [ S S

proxiding airgrnft ABU stnrtﬂgg over a

-65 to +130°F (-54 to +54°C) temp-

erature range. The hot gas rotary vane ._L A L . . N .

. 2 . [ . - "

motor avercome:: the temperature limita-
e momon

tions of current systens and provides
multiple start capability. Figure 25. .659F {-549%C) Hot Gus Motor Start With Large Flywheel
Initial testing of the original
motor design with cold gas nitrogen and WUt wgtos
hot gas hydrazine-based decomposition [t 20
products uncovered problems with the ™5 T8 =
cam actuation system, excessive 7 =l
leakage, Bensitivity to clearances, and
vane breakage. Analytical studies veri-
fied by engineering tests demonstrated -
design solutions to the problem areas. "
Revisions to the motor configuration to
incorporate pushrod actuation, revised »
end seals to reduce leakage, and vent- woronwIee
ing of the vanes to the leading edge all
demonstrated slgnificant improvement in L
motor operation and resulted in =suc-
cesaful operation over the required o
range of anvironmental conditions,
Design criteria successfully developed
under this program may be effectively £ N , N N
used in the design of hot gar rotary ° 7 T 0 0 - W
vane motors for specific applications. e o
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DISCUSSION

Y ou have described a feasibility study - including experiments
give some indication about the time required to develop the system ready for operational use in the field?

Author'’s Reply
The program described demonstrated the capability of a hot gas rotary vane motor to provide the starting capability

;L

f{ H.Wittenberg, Ne

[ ahout the hot gas APU sturter system. Can you
f of advanced APUs for military aireraft. Rotary vanc motor design criteria was developed which will allow

application of the motor to specific aircraft application. Bascd on the current development status it is estimated
that a time period of approximately 18 months would be required to develop a motor for specific application and to

|
! !
i : i
! qualify it for operational statvs, i
i
]
{
t
I

W.Hoose, Gi¢
Could you give an estimated figure of the total weight for such a system, dependent on torque of the applied APU?

! Author's Reply
) A rough weight of a system to provide 3 starts is 16 Ibs. This weight is for a system sized to produce the torque
output shown in the paper. The weight includes all tankage, valving, fuel and the rotary vane motor.

Parmi les ditférents matériaux que vous avez examinés pour ley aubes, vous avez indiqué le compaosite carbone-

carbone infiltré de carhure de silicium introduit?

Author’s Reply
The cxact amount of silicon carbide material deposited on the carbonfcarbon composite is ndt known, 1 would !

{
f ' Ph. Ramette, I'r
! cstimate the amount at approximately 307 by weight.

e
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A JET FUEL STARTER FOR LOWEST SYSTEM ,
LIFE CYCLE COST i

& Technical Planning
TELEDYNE CAE

o Z85. pP0O0229%2

Abstract e

Aoy ract - o -
- . ]

Alnodular Jet Fuel Starter design empleyingsan Egpendable Gasifier (EG) & indicates & substantial

Jife cycle cost savings over a conventional overhauled unit. To achieve these savings, a low cost

gasifier is a mandatory requirement. The EG does this by maximizing cast-to-near-net-shape components,

using aluminum cold end castings and by minimizing the use of expensive high temperature alloys. To

allow these design approaches, gasifier performance pargmeters, specific power, compressor pressure

ratio, cycle temperature and fuel consumption, have selected to minimize compunent stress and

sensitivity to refined dimensions,
werf

To further enhance future downstream cost savings, the gasifier interfaces have Leen established to fit
optional JFS and auxilarily power unit installations, and to include turbojets and turbofans suitable

tor unmanned vehicles, 1

Performance levels and nitial structural integrity have Leen validated Ly buth cumtunent and en?ine 1 i
ogy S T !
! !

' testing of a turbojetl demonstratory using hardware fabricated by production manufacturing techno
methods, ﬂ <

. ;
Introduction ; .
R I

' The on-board Jet Fuel Starter (Ji'd) 1s an aircraft seconuary power system which yenerally has a low

‘ priority and receives near-last development consideration. However, its 1ife cycle cost has signiticant

\ fleet system impact, The United States Air Force Aerv Propulsion Laboratory, Acruspace Power and
Propulsion Division, has onyoing programs to evaluate tuture requirements, with a strong emphasis on
reducing life cycle cost. The kxpenuabie Gasifier concept is an outgrowth of these programs; the
gasifier of the JFS is oiscarded at the end of its useful (2000-start) life.

t
: The Teledyne CAE Model 206 Jet Fuel Starter (JFS), Figure |, is designed to start large engines in the

engine gearbox or to a remote airframe-mounted gearbux comnected to the main engine through a power
take-~off shaft. The design driver has been low system life cycle cust, achieved by reducing
development, acquisition, lugistics and maintenance costs. (JFY fuel consumption does not have a
measurab | impact on life cycle cost, since the nominal ovperating time tu start a large engine is only

30 seconds),

‘* 11,000 daN thrust class. This small, l1ight-weight, 170 kw starter can be mounted either directly on an

Installation and Performance

The unit is 35.6 cm wide, 48.0 on high, /6.2 cm long and weighs 68,1 kg; it 15 rated at 1/0 kw and an
SFC of 878 gu/hr/kw. The subsystems are functionally integrated to automatice!ly start the main engine,
and include an electrical interface tor cockpit instrumentation, conmand and ¢ ontroi.

)
{ Once the start sequence nas been initiated via hydraulic motor power, the JFS vequires only a fuel
supply: its aiternator provides all the electrical power needed tor vperation including termination of
the start sequence. In the event clectrical power is lost, the starter will dutomatica?ly terminate the
start. sequence and close the fuel supply. The piloel {uperator) may also command o starter abort or a
motoring function. ANl shutdown commands are reset automatically so that no overt actions are reguireo !
I

prigr to initiating ajother start.

FUEL INLET FUEL SYSTEM MANAGEMENT
MS3I640-4 ALTERNATOR\ CONTROL (FSMC)
1

IGRITION EXGITER

HYDRAULIC MOTOR STEFPER MOTUR

"_k*

METERING VAL
ELECTRICAL ETERING VALVE L%EU%:‘;% .
INTERFACE PLANGE OUTPUT ‘
oo CONNECTOR SHAFT
q ~ YEE BAND
i CLAMP i
| | -
‘
: !
| T -
b
! !
~ i ,
- :
ARINLET ] o VEE BAND i
j e MOUNTING '}
i . ) - IGNITOR zREQD) T FLAM-JE
i R COMBUSTOR DRAIN PORT
DUMP BAND
CLAMP "
| VALV EXHAUST a10

{ -
: FIGURE 1 MODE! .IFS 208 JET FUEL STARTER INSTALLATION.
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Output power and torque characteristics are shown in Figure 2 as a function uf JFS output speed. 1he
shaded hand indicates the starter design cutout speed range. Typical main engine starting requirements
are comparec to the JFS torgue output characteristics for sea level static (5L5) condition at 94“F ana
125°F in Figures 3 and 4, referenced to the higher main engine - ~wer take-oft (PTO} shaft speed. JFS
and typical turbofan main engine acceleration transients are spir o in Figure 5 as percentage of shaft
speed vs. time for a SLS 52°C day. The gasifier accelerates to iull speeu in less than U seconds after
start command and holds at full speed until the cut-off of the JiS uperation at approximately 29
secunds, whereupon the main engine continues to accelerate under .is own power to idle ot 40 seconds.

Optional appiication options include:

the reduction gear and uverrunning clutch are elimnated, without change to the free

v [rect arive:
The unit is integrated with either an airframe- or an

power turbine or its suspension,
engine-mounted gearbux.

o Direct drive, front PTO: the power turbine output shaft drives through the tullow EG shaft.

combines main engine starting with mutoring capability to drive

o Aircraft systems ground check-out:
Addition of a small cuxiliary compressor provides air

the aircraft generator and hydrauiic pumps.
system check-out.

Primary propulsion turbojet and turbofan derivatives for unmanned vehicles (described n Reference

Multi-application use of thie EG woulu reduce acquisition costs by increasing production rates, in
accordance with the initial proyram objectives.
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Description

The EG concept is an outgrowth of ungoing Air Force Aerc Propulsion Laboratary
reduce the cost of aircraft power systems (Reference 2).

{

/

|

‘ develupment programs to
' dcquisition cost, wherein it is cost-effective to uiscard

I

The design is driven by a requirement for Jow
the £G at the end of its yseful life, rather

riterion has been established as 2,000 starts
ion as a propulsion engine.

The jet fuel starter (JFS) (Figure &) consists of three madules; the expendable gasitier, the power
output unit and the system management contrul (SMC). The tG consists of a four-stage axial compressor,
a reverse flow annular combustor, and a single stage axial turbine, The power output unit includes a
single stage axial flow turbine, reduction gear, overrunning clutch and the power vutput shaft. 1lhe

System Management Control (SMC) consists of Lhe fuel pump, the EG starter motor, an alternator and the
control unit.

than overhaul the unit. The design life to satisfy this ¢
as a jet fuel starter, or 15 hours of maximum power operat

Air entering the engine passes through the compressor and bifurcates into two chammels. Uver S50% of the
air passes through the hollow turbine inlet nuzzie vanes and flows along the outer wall of the combustor
Tiner; the balance flows along the inner wall of the combustor liner. The gas exiting from the
combustor passes through the G Lurbine, the power output turbine anu then ;s ducted by a scroll to a

single radial outlet, "1he toided combustor/compressor arrangement was chosen to minimze installation !
axial length.

POWER 172 kw

oo I
CcPR 2,68 i
SFC 878G MIHRIKW ~ WEIGHT 88 KG |
AIRFLOW 175 KG/SEG ~ POWERWEIGHT 253 KWKG '
nr 983°C Npro 3800 RPM !
;

The integrally hladed axial compressor rotors (
mounting surfaces and rotor tips are nachined.

Figure 7) are C355 aluminum, cast to size; only the

Ihe four rotors are all identical castings ant only the 1
tip diameters are machined differently to provide the proper compressor flowpath convergence. A low ,
compressor tip speed (900 ft/sec) was -clected to permit the use of low cost cast aluminum rotors

M )
These rotars are attached to the shatt by three radial pins to oliminate splines and ¢lose tolerance
piiot diameters,

o -

The compressor stators (Figure 8 11lustrates the tirst st
only the mounting and other surfaces required for close ¢

age} are alsu precision aluminum castings, with
lTearance control beinyg machined after casting.

The combustor (Figure 9) 15 a muiltipiece fabrication consisting of sheet metal inner and vuter shells, a

base plate, a forward support flange and 14 cast vaporizing tubes, It is supportea at the forward end

by rivets attaching to the outer tlange of the first stage compressor stator and to the aft end by a

slip-joint connection to the turbine inlet nozzie, Jhe combustor liner is cooled by the means of }
closely-spaced small holes, pre-perforated in the tlat stock sheet metai, eliminating the need fur

EXEEUS]VC cooling bands. The combustor sheet metal is Haynes 556 (cobalt base) alloy and the vaporizer
tubes are cast IN 155 (iron base) alloy.

The turbine inlet nozzle (Figure }) 15 a monolithic investment casting ot NI%5 (vron base) alloy,
selected for its guod castability, weluabiiity, oxidation ang strength characteristics up to 1800°F.
The hollow vdnes proyide regenerat ive vene cooling to reduce the deleterious effects of combystor hot
streaks.  The turbine inlet nuzzie is also attached to the main frame by means of radiat pins, and
provides the support frame for the year braring and the turbine shroud.

The gasifier turbine rotor is investment cast from INIOU (nicke] base) alloy end electron beam welded to
the 17-4¥H (iron Lase} alloy shaft, as shown in Figure 11,
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The main frame (Figure 12) is an aluminum sand casting and contains fuel
. fuel nozzics, as well as for rear bearing jubrication. The
! . two bearings: the front thrust bearing is located in the ma
\ : bearing is supported through the turbine ntet nuzzle.

passages for primer and main
shaft assembly (Figure 6) 1+ supported in
in frame center budy, and the rear roller

The front bedarings and gear set are Tubricated by a proven selt-containea sump lube system originally
developed Fur the Yeledyne (AL J402 engine (Reference 3), The nose cone 15 injection molued from
translucent plastic to provide a ready visual indication of the 0i) level in the front beariny
cuompartment. The bearing temperature i stabilizea hy nlet air tlowing over the center body., The rear
bearing is fuel lubricated by a system .l developed and proven on the J4U? (Reference 4). The

. | compartment temperature is stabilized by +ompressor leakage air flowing through the bearinyg compartment
! and then up the back tace of the turbine rotor.

letail design, fabrication, ¢
to date (Reference 2),

ompunent testing, anu demonstratiun gasifier testing iiave been accomplished
¥ identify weights

Preliminary design of the power output module and SMC has been conducted to '
s volumes, control operalian aog safety pavaneters ot the JFS.

~ Life Cycle Cost (Lee)

i

, The primary objective of the JFS duesign has been to reduce
'l

{

seconddry power system iite cycle cost. The
gasitier, which generaily requires an overhaul
systems management control,

major cantributor to JFS and APU lite cycle cost is the
four times as often as the power output mudule or the

\ 10 addresy the objective, the JFS is of moduler construction (Figure 13), consisting of the expendabie
: gasifier, power vutput moduie dnd Lhe sysien management control modyle (SMC).  The three modules are

assembled by mears of quick assembly and disconnect (QAD) rings, and the assembled JFS is mounted by a

i QAU ring. The modular design permits yuick replacement of the EG on-board the gdircraft,

|

The Hite cycle cost tactors anu the design approach to reducing these factors are Sunsiariged in Table
W . table 2 compares the maintenance actions required Lo remove end replace Lhe b6 v, a coaventanat
JES. Replacewent ot the 15 requires tive tunctional maintenance aperations, as ovppused Lo seven for the ‘
JF5, 4 reductlion ot approximately 30X 1n buth maintenance manhours any turnarouna time,
: Service data show that the major LCC element fur a JFS or ay
! as shown in Figure 14; Life Cycle Costs were analyzed
! 1000 dircraft,” Uverhaul costs were calculated by determining replacement costs ot the tG module ot the
! JES after every 2000 starts, as prodiced at a rate vf 56U units ver yedr tor tive years; actual user
f

overhaul rates were applied tor the current vperativnal JF5 uait, the analysis showed that the LG
\ . concept incorporated in an APU wil ) save 37

xiliary power unit (APU) is overhaul cost,
for a4 10 year weapon system Iife for a fleet of

50 milhon; in a J¥S, LCC savings would be $270 miliion gver
: ! a conventional system,
i !
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: ~ TABLE 1 DES'GN APPRZACH FOt REDUCING JET FUEL STARTER LCC f
. . : ’ |
¢ : “ LGC FACTOR DESIGN APPROACH 1 i
’ ' { Development Cost Conservative performance and structural design using simple features, provan In !
T - Advance  Davelopment !
o~ | '
! f f Acgulaltion Cost Maximize the use of cast componants and minimize srisysiem complexity: ;
i — tnachining timingAooling ;
' ! — cap'tal inveatment
K ! — inspaction problems/manhours
k | — parts count
i ! — assembly labor :
K i ;
" J : Logisti~s Cosat Reduce unit cost by Increased rate productinn — multi-application capability, ‘
B 2 I . Miritmlza the nitmbar of parts in Inveniory (qgasifier is expandable), thus reduce: !
= ) i — logistics management
o — tech urcws .
¢ T - tooling !
| : L
o | Maini. .ance Cost leduca the numbor of parts to ba =arvicad. Minimize tumarond time. Maximize -
. \ arvice on aircraf, and reduce: 3
— depol tooling end facilities capital i
— overhaul enginesring support
~ lina iechnician skil! and training requirments e
«
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TABLE 2 — COMPARISON OF MAINTENANCE ACTIONS TO REMOVE AND REPLC! THE |G VS, JFS.
OPENATIONS TO
Rt " 1OVE AND REPLACY
MAINTENANCE
FUNGTION
EG JFS
Accnss Cover Yes Yes
Air Inlet Duct Yes Yos
Exhaust Duct Ne Yes
Fuel Line No Yes
Hydraullc Lines No Yes
Ignitor Leads Yes No
! Electrical Interface No Yes
QAD Ring 1 Yes No
: QAD Ring 2 Yes No
. QAD Ring 3 No Yes
; TOTAL 5 7
i
H/
_‘ Program Test Results
i The €6 has completed a four-phase program d4s tollows:
1
! Phase 1 System Uesiun
, Phase 2 Proiiveno ey hisign
Frraset » pelatrt Jesign ane wondustor Test
Phiase ¢ tabricatiun and Testing ot the Compressor and Gasifier (as s lurbojet)
buring phases 3 ang 4 the total test time accumu lated was:
; BUILS TEST 1M [HKs)
-] Compressor Riy 1 23
, Combustor Rig b 33
Turbojet Engine 2 13
ﬁ 10 YEAR WEAPON SYSTEM LIFE PZZZZZZ71 EXPENDABLE GASIFIER JFS/APU
; FUEL (APU) SN EXISTING OPERATIONAL JFS/APU
. FUEL (UFS)
i
MAINTENANCE
OVERHALI.
, L7727
! ' ACQUISITION
' V77727272
i~ ! | | 1 | I I_
i ' 0 50 100 150 200 250 )
; : DOLLARS (THOQUSANDS)
' i FG CONCEPT SAVINGS FOR A FLEET OF 1000 AIRCRAFT
I $270 MILLION AS JFS 40473
é $250 MILLION AS APU
|
|
t

o
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adequate performance
In the 23
Data analysis
revealed that the performance deficiency was related to low predictions of rotor exit aerodynamic
blockage for the high diffusion tactor design, A direction for design modification and performance
impravement was thus established; however, the achieved performance was deemea adequate for gasifier

denunstration,

Compressor rig testing showed the success of the comagn rotor blading approach:
(although slightly less than the design goal) was achieved in the first test, Figure 15,
hours of rig testing, no abnormal mechanical or aerodynamic conditions were experienced.

The combustor rig tests were also successful. In aodition to validating efficiency, temperature rise
and outiet pattern factor, a primary objective was to measure liner temperatures on the full-coverage,
film-cooled design. Premature failure in low cycle fatigue or ox)dation could occur in the intended
2000-start JFS 1f temperature or thermal gradient limits were exceeded. Liner hole mouifications were
made during the six builds to achieve the desired characteristics, with results as summarized wn Table
3. A1l objectives were achievea or exceeded, except for pressure loss, which was 7 percent higher than
the § percent design value., Initial test values were 16 percent, attributed to excessive losses in the
180° turn at the compressor discharge, coupled with the flow split at the holloy nuzzle vanes. The vane
entrance was modified by rounding, and the diffuser was cut back, reducing the system pressure drop to
12.3 percent, the limit which could be attained without redesign and new hardware. (Subsequent engine
testiny indicated a 10.1 percent pressure inss n the gasifier environwent).

TABLE 3. COMBUSTOR RIG PERFORMANCE CHARACTERISTICS

Design Goal Rig Test Resuits

Pressure Loss — Percent 5.0 123
Eftlciency — Percont 950 95.0
Exit Temperature — "K {"F) 1255 (1800) 1255 (1800)
Tnmparature Rise — K {*F) 1097 (1516) 1097 (1516)
Exit Radial Temperature 0.07 0.05

Profile Factor
Exlt Circumferential 0.20 0.154

Profile Factor
Maximum Llr.nzr(T;)mpom!uve 1033 {1400} 822 (12000

buring the combustion tests, turbine nozzle flow capacity and losses were also calibrates aut found to
be very close to design.

These cumponent performance characteristics were combined in a computer prediction of gasifier
performance as a turbojet demonstrator-  They showed that design power output could be achieved by
rematching to a higher rolor speed (107 percent of uesiyn).

The expendsble gasifivr is shuwn contigured das a turbojet demonstrator in Figure l6. [he engine was

tested with twg different compressors, first with machined rotors and then with cast aluminum rotors
over a range of altitudes and operating lines (Jet nozzle areas). The engine performance with the cast

JET NOZZLE AREA

cMZgn?)
OPERATING LINES I-OR TESTED 107.7(08.7)
JET NOZZI E GONFIGUHATIONS A”"a (17.8)

qu |- 1€8.0(20.0}
P 190.9(20.6)
K 26)  WORIGINAL DESIGN POINT
224 OPERATING POINT FOR &
Szl 102daN SLS THRUST €57

K

%20 < 110
#A1s
w
216
=
R - o N commecten

12 ==l 50 B /O ROTOR SPEED, PERCENT

10L 0 0 4o x4l L1 .

12141616 202724 2628303234 3638404.2 44 46
{LRS/SE()
: s Y R TT FIGURE 18 EXPENDABLE GASIFIER CONFIGURED
o L AS £ TUHBUJET DEMONS | HATOH,
W,/ THA — CORRECTED AIRFLOW brazz READY FOR TEST

FiGUK: 1§ TFST COMPRESSOR MAP WITH TURBOJET
OPERATING LINES SUPFHIM: kD,

T ey,
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compres-.or rotors is shown in Figure 1}/ compared to predictions - yood ayreement 1§ evident. The
When testea with machined

demonsirated sea level static thrust in this configuration was 82.3 daN.
steel rotors, the engine demonstrated 102.3 daN thrust at Y21“C turbine entry iemperature, some 12°C

below the design value.
Conmparisons of casi and machined rotor performance, in terms of vea level static specitic fuel
consumption vs, thrust are shown in Figure 18 and turbine inlet temperature vs. rpm in Figure 19. The

lower performance of the configuration with the cast compressor rotors results from the reduced
n Figure 20. Inspection of the cast compressor rotor shuwed deviant

efficiency and a.r flow shown
blade angle settings and bhlade spacing; since the rotors were structurally sound (2. determined by spin
test to destruction), they were tested tc demonstrate their structural integrity ano ta quantify the
performance degradation., To attenuate the problem, the compressor rotor casting teoling was modified to
provide a stabilizing ring on the outer diameter (figure 21} in a manner similiar to the cast stators.
This provides rigidity for mold removal and serves as a fixture to hold the blades during heat
treatment. Since all rotors are machined at the tip diameter, machining off the cast ring has only a
minimal impact on cost.

Engine data analysis showed that the compressor (Figure 1) and combustor performance closely
approximated rig values; combustor pressure loss wa' actually lower in the engine, and turbine

efficiency esceeded design objectives by over i.b percent,
A start envelope was established during testing, using manual fuel scheduling, a hydraulic starter and

windmill; successful starts were accomplished over the range of 0 to 656im and at ram air Mach numbers
from U to 0.5. It was judged that improved start scheduling, as might be expected from a fuel control

development, would be required to enlarge ' his range.

Engine steady state operativn over the altitude range was successful, with the only Iimit being a rear
bearing temperature rise which precluded sustained operation at the 07 percent overspeed condition.
Since this speed was an artifact of the limited advanced develupment program scope, further lube system
refinement and component development to reduce maximum speeds would be expected to alleviate the

problem.

190 .
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CUNCLUSTONS: J
Life cycle cost anmalysis indicates that substantial savings cen be realized by using the Expendabie i
%JF&) or an auxiliary power unit (APU}. the
|

Gasifier (EG) cuncept to power either a jet tuel starter
unit is discarded at the completion of its useful 1ife - not overhauled.

Modest performance levels (pressure ratio, temperature, specific power, SFC volume and weight) are a
incorporation of minimum proouction cost features, such as

i
necessary consequence of the EG concept: f
cast-to-near-net-shape companents, self-contained lubrication systems, and law cost raw materials
requires rejaxation of tip speeds, stage loadings and critical surface and clearance tolerances. f

The potential i payoffs extend beyond a single JFS/APU application, to include optional JtS
conf igurations and propuision units for unmanned vehicles using one or more common modules.
I

LG low cost preduction fabrication technulogy, performance and structural inteyrity have been
sufficient analytical, fabrication and test

demonstrated by component rig testing anu gasifier testing.
data have been collected to warrant expanded development effort on a complete JrS, and to validate the

system over an equivalent 2000 starts.

Secondary power systems are luw priority, among the last to be considered in major weapon system
Advanced demonstrator programs, typgfied by the four phase EG effort, are necessary to
{

programs .
quantify and demonstrate the technnlogy needea for future weapon systems.

‘ REFERENCES:
1. Due, H. t,, Hall, b. C., “The Expendable Gasificr: A Low Cost Effective Approach to Turbine Power,
L Journal of Aircraft, Vul 14, No. 12, Dec. 1977 loc. cit. pp 1234-1238,

{ 2. Gabrys, A., Due, H. F, “Expendable Gasifier®, AFWAL-TH-B1-2004, (
!
|
|
!

3. Hemburg, G. W., Moyer, T. 0., Smith, R., Van Huysen, K. 5., “Design and Development of Low-~Cost,
Self-Contained Bearing Lubrication System for lTurbine Engine, Journal of Afrcraft, Vol 12, No. 4,

April 1975 joc. cit. pp 253-258.
Bird, C., R., Hagebush, C., *Flight Testing of Small Engines for Uiversified Missions*, AIAA Paper
I

75-999, Aug. 1975
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DISCUSSION

H.L.H.Saravanamuttoo, Ca
The expendable gas generator is designed for a life of 2000 starts, Is the power turbine also limited to the same

number of starts?

Author’s Reply
No. A detailed design of the power turbine has not been completed, huwever it is expected that a life of 8,000

(or more) starts can be attained. The power turbine design problein statement is much easier than that of the gas
gencrator due to its lower turbine inlet temperature.

A.L.Romanin, US
I Are the overhaul costs compared on a per start o1 dircet comparable basis?

Il Have the existing overhaul costs heen itemized to the extent that you are comparing gas generator versus gas

venerator only 7
IIT  The work was quoted as governmient funded. What is the contriact number?

IV Ix this unit designed primarily as an expendable jet engine?

Author's Reply
I The overhaul costs ere on a direct comparable basis. The comparison is on a per unit basis for a 10 year

weapon system life and a (leot of 1,000 aircraft.

The existing overhaul custe have beon itemized to the extont that the gas generator cost per overhaul, ix

1
separated from the cost (per overhaul) of the power output and fuel system muanagement control modules.

Il The work was done under government contract number F33657-76--2055.
the intent was that the jet fuel starter

1V The unit was designed primarily for a jet fuel starter, therefor
tequirements have precedence over those of an expendable jet engine.
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COST EFFICIENT ON BOARD POWER :'OR_AIRLINE OPEHATION

Dipl.-Ing. Klaus Mose
Lufthansa German Airlines
2000 Hamburg 63, W. Germany

briek -

Introduction /' technlcal review of airline experience with
Auxiliary Power Units (APU[.s?nfluenced by the fuel crisis.

Typical APU design features and performance outputs,
supplying bleed air and/or electrical power on board
the airplanes are descrabed, 7, N

Feonomica® impact on APU operation due to!

~  fuel cost increase ‘'~ N b ;. . s Py
~ high level of APU maintenance cost/ /s 47 R L S
rrniedies A

'
Teoeenaen

Airline's remedy action by:

+~ incorporation of fuel saving modification programs 4. d
reduction of AU operating time.

Technical consequences and effects on vperating procedures, “"’W} ‘Uf'xb‘d4lvl~
Uy M0 B edinad e

Utilization of alternative power sources on Lhe ground,

providing on poard power, by means of moblle or stationary -

systems for electrical and pneumatic supply with respect tot -

4 system compatibility with on board power raquirements -+ !
availability and necessary cost investments.
‘vlans and practical approaches, aiming for optimized, cust
efficient on board power, faeen frum an airline's point of
Vinw) vt P|1,/|ALJ‘ K} {ﬂ@?

Conclusion / recommendations for future APU~operation.

., 1. Introduction: Technical review of airline experlence with Auxiliary Power Unitsg
{APU}, influenced by the fuel crisis

When in 1964 the first Boeing 727-030 aircraft were delivered with an on board
Auxiliary Power Unili, known as the APU, being insatalled in the {uselaye keelbeam and
capable of supplying pneumatic and electrical AC power to the aircraft systems, this has

|

T

become a rea!
vantaye of th

technical novelty to everyone in the airlines business. The technical ad-
APU, mainly its practicability providing energy to the aircraft together

with a very high degree of operational

$/Liter °

US S Basis 1982
028

o10- I —
0os L - -
¢ |
7 M O™ 1 s B w
Fig. 1 FUEL COST INCREASE (e

independency of alrfields and ground facilities
has been the reason, why the APU became such a use-
ful equipment. During the subsequent years almost
every new aircraft desiqn in the commercial field
has been certified and '‘elivered with an APU, what
would substantiate the usefulness of this modern
alrcraft technology.

The technical APU features had encouraged the air-
lines philosophy to take full operational advantage
of the APU as secondary power equipment on board
the aircraft. Unfortunately, already some yearcs
later, this philosophy had to be chanycd and read-
justed, due to fuel ecovomicel considerations.

when in 1973 the first iuel crisis came up, this
has affected the economic:s of aviation industry.
Latest in 197%, when the second but more severe
fuel price increase had followed, the fuel cost
efficiency of the equipment used in the airline bu-
siness had to be evaluated. Particularfly, commer-
cial airlines, amongst them Lufthansa, suffering
from this sec-nd fuel cost impact, have been forced
now to review the economical aspect of operating
main englaies and APU's, aiming for optimized opera-
tional procedures, which woull reduce the fuel con-
sumption, but still meet the technical reguirements
of the system equipment and the power demands on
beard the airceraft.

Figure 1 is showing the kerosin fuel price increase
during the past 10 yaars. At the momeni we are
facing a somewhat ralaxed upward trend of fucl cost
per liter, compared to 1979/80 with ar annual
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escalation rate of approximately 11 percent (from 1979 to 1980 this figure had nearly
doubled) .

Lufthansa, like every other commercial airline has faced the burden and the eco-
nomical challenge, which had been imposed upon the airline operation since 1979, with
continuous efforts to search for a new economical operating concept of supplying cost
efficient on board power to the fleets. As a first step, in cooperation with an airline
fuel conservation group, an APU working group was established, consisting of system
enyineering, flight operations, ground support staff, and airline economy experts. This
working group undertonk the task of investigating following four major aspects:

Determining the technical requirements of APU ground power supply for different
fleets.

- Investigating alternative power supply systems on the ground, their availability
and compatibility with aircraft electrical systems, pneumatics and air conditioning

systems,
- Development of cost efficlent procedures for ground power supply.

Necessary investments for an airline to eetablish ground power systems on major
alrportsa.

2. Typical APU design features and performance outputs

Prior to the discussion of the study items and the results of the APV working group
it appears necessary to give a brief survey of the APU's, including their design and
performance, as being operated by todays commercial airlines like Lufthansa.

APU Performance Data °
rorm v SFC &
weas | APU Model E;“;;*@H"}ﬁa”?& sl

Boseing

GTCP
727-230 85-98CK w 245 | 111 [50/31
208 | 1,22 | 27
Boeing | GTCP 230 | 102 |25/16
737-230 |85-1298

Bosing | grcp Figure 2
747 | 680-4 822 | 507 83/ | 945 | 115 | 1,9

Douglas

DC10 | JogTa AN 705 | 385 {145, [505 [ 0,72{ 1,3

Airbus | 7ecp s70 | 308 | /e0|a30 | 0,75 14
7

A300 | 700-5

Alrbus | grep 102
A310 |331-2 525 | 250 /65 385 (o070 | 1,5

G HAM IF 24 mek
10.2.1983

Figure 2 presents a review of the various APU's usad in the field. Let me commence
with the APU model used in short to medium aircraft fleets. The first row of figure 2
shows a schematic of the APU, installed in the Boeing 737 and 727 aircraft. This B5-
saries ‘FU is a single spool gas turbine with constant speed and integrated bleed air
flow ouiput. A two stages radial compressor is driven by s single stage radial turbine
with an cxducer to achieve the power requirements, providing bleed air {111 1lbs/min.)
and el.-octrical power supply (400 Hz, 114V) by dJedving a 40 KVA generatuxr. In its stan-
dard :rsion this APU is very reliable.

The APU in the second xow of the slide is the largest power unit on board our air-
craft being installed in the Boeiny 747. This is again a bleeder type APU with a single
shaft de: ign, conslsting of a two stages axial turbine driving a four stages axial flow i
compress... To provide sufficlent surge margin during start up of the Arv, an inter- )
stage bleed valve ig Leing provided between the 2nd and 3Ird compressor stayge, in order :
to stabilize the compressor air flow in the acceleration regim. After having reached L

vestimmam
i
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the full governing speed (20000 rpm) a modulating surge valve controls the bleed air flow
required to maintain stabilized flow under all bleed load or shaft load conditions, pre-

venting the APU compressor from a surge or a stall.

In the third row of the figure 2 a schematic of the APU 700 series is shown, being
operated in the Douglas DC10 and in the Airbus A300.

This 1s a two spool integral bleeder type APU with variable inlet turbine nozzle
guide vanes in front of the first stage low pressure turbine. The variable MGV: of the
first stage low pressure turbine, controlled by a fuel actuated stator vane positioning
device, determine the actual N1 APU spool speed as required by the load/power demand.
The high pressure spool is kept constant regarding its speed and consists of a radial
impeller being driven 'y a single stage axial flow turbilne. The low pressure compressor
being driven by a two stages turbine consists of 3 low pressure axial st..ges.

The APU shown in the last row of figure 2 1s the most recent design concept of
Garrett, being used in the Airbus A310, with a load compressor mechanically coupled to
the power section but aerodynamically kept fully seperated regarding its bleed air output.
This bleed air flow seperation is one of the great advantages of this new APU, apart
from its simplified design concept. In the rare case of a compressor bearing seal leakage
the leaking o1l would not contaminate the bleed air supplied to the airplane fuselage
cabins, as thils could occur in conjunction with the preceeding APU models belonging to
the bleeder type. The A310 APU consists of a single shaft power section with a two
stages radial compressor and a three stages axlal turbine.

The load compressor producing the bleed air output for the air conditioning system and
main engine start is controlled by variable inlet gqulde vanes which, regarding their
position, are automatically set to control the bleed air output.

Common to all APU's is an avtomatic starting system which only requires one switch pusi-
tion, i. e. master switch in start. This is being achieved by a speed control device
which {s connected to the acceleration and load schedule, based on electronic APU con-

t:o;ling‘

Asqkar as the design concept of the APU models is concerned, iliustrated in figure 2,
all APU's are lightweight design oriented, what has been one of the important design
criteria, set up by the aircraft manufacturers. To meet both,the power reguirements on
board Fhe aircraft and the APU lightweight design, a gas turbine compressor power design
has been the only one practical approach of developiny such a powerful equipment being
permanently installed on board the aircraft, Of ccurse, the rather low overall efficiency
of the APU gas turbine, under full load in the order of 20 percent, is a negative factor
with respect to the high fuel costs. The performance welght ratioc for the APU's is in
the range of 1.8 to 2.3, what 1s rather high, compared with the iratioc of Diesel enyines
being uscd as mobile ground carts. The APU manufacturer;due to the fuel cost impact to
airlines, has responded to the operators need of operating a more cost efficient APU by
having designed the sacond APU generation of twin Bpool compressor power APU gas turbines,
like the APU for the DC10 and the A300. Compared with the APU's beinyg operated in the
Boeing aircraft these APU models have a high cycle pressure ratic and are more cost
efficient.

The proof, that the design goal of a more fuel efficient APU has been met, becomes

obvious when comparing the amount of fucl flow versus alr bleed flow,represented Ly the
ratio Wp over Wy and shown in the right hand column of figure 2. Accordingly, the twin
spool compressor power APU TSCP 700 provides n 32 percent lower ratio than the APU

GI'CP 660-4 of the Boeing 747 aircraft, 1. e. lems fuel requlred for producing the same
amount of bleed air output. This also comparcs to the lower specific fuel consumption in
pounds fuel per hour and equivalent shaft horse power of the 700 series APU's. All APl
models are properly matched with respect to the bleed airflow demand of the aircraft air
conditioning system, the bleed air discharge temperature and the electrical power and its
frequency of 400 Hz, 115 Volts, alternate current output.

3. Economical impact on Aru op-ration and remedy actions

what are the APU costs, an airline i3 encountering today 7
Figure 3 (see next paqge) jllustrates the evzluation of the total APU cousts per operating

hour forxr the various flects in operation. The graph clearly states the enormous cost

impact to the airlines during the recent 3 ears. Calculating the total varliable cost

increase per APU operating hour during the perlod of 1980 - 19 , an average increase
is indicatel for the

rate of 30 percent for thls period, based on 1980 cost figures,
APU'a, installed in the Bceing 727, 737, Douglas DC10 and Airbus A300. For the APU
660-4 in the Boeing 747 the cost increase rate per APU operating hour is8 around 24 per-
cent, what is jn avarage figure of 8 percent cost increase per year.

The total variable conts per AFJ operating hour consist of the overall maintenance
costs (1. e. direct engine costs per APU operating hour, couvering the repair and over-—
haul shop expenses, including line maintenance costs; plus the fuel costs. As can be
realized from fiqura 3, the fuel costs are the largest poriion of the total APU custs,
between 67 and 88 percent in 1982, depending on the APU model. The total maintenance

cost ~ including line maintenance and overhaunl cost - amount to a fiqure of 12 to
39 USD per operat ing hour for the APU's presented.
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Considering the APU direct en 'ne costs per operating hour for the twin wpool engine
type TSCP 700, installed in the DU 10 and in the A300 aircraft, a higher percentage is
Indicated than in case of the single sapnool engine, like the 85 meries APU or the 660-4.
1his in fact would be expected due to the more complex APU des.gn, involving mere parts
in the engine which might fail. It should be mentioned here, that the material -ost has
been increased during 1982 up to 40 percent of the cost figures during the pre ceding
time period. If comparing the DC10 APU total cost flgures with those of the A300 APU,
both being of the same basic design, a slightly higher APU total cost figure in casr
of the A300 APU is shown. This can he explained by the additiovunal maintenance and over-
liaul activities regquired due to the higher heat cycles/hour ratioc of this APU when being

operated Iin the short to medium atirplane A100.

Figure 3 aqgain stresses the high fuel cost impact on APU operation, and at that time,
is provoking a vital Interest in taking measures to reduce the APU cousts or even intro-
duce altervative ground power sources wherever practicable. Consequently, one of the
first activities of the APU task force in our airline had been the reduced operation
of the APU's on hoard the alrcraft. Whenever pussible, we have been limiting the APU
operating time to those occurrences, wherc its use for producing electrical power and/or
bleed outpnt is ineovitable, i. e. mainly for supplyiny pressurized air to alr-conditio-
ning systems for coouling and heating the ajirplane cabin and for malu enyjne start up.

Further, with respect to the fuel counsgervatloun effect, all modification programs,
offered by the marufacturers relative ta APU fuel saviug were investigated and,provided
theme modifications would pay off within an appreciable period of time, they had been
already or arc belng embodind Tet me just mention here the most important fuel saving

Tea

modifications embodied on the various APU systems:

Boel:1 747
Downtrim of the exhaust gas temperature schedule during load application, with the

max. EGT under full combined APU load output limited to %50°C (This program under i urtalin
operating conditions could conf{lict with airport/high field levation due to marginal
bleed air flow, limited by the max. nossible kGT).

embodiment of this Bocelng wodiflcation, which in xupposed to reduce the aerodynamic drag
by 0.1% percent, the APU canuot be started inflight but 3ti1]1 can be op.rated inflight
for producliyg blecd alyr power up to 16.000 f+ and clectrical power up to 23,000 ft.

Manual load manayement ( 2 pncumatie KOS packs only).

bouglas DLC10
. Nl-gpeed reductiun, limiting the low prossare aspond
of 94 percent N1 instead 97 percent with overriding capability to 100 percent N1

nnder laoad conditions to ~ value
1x

maln cngine stast.

e e

Deletlion of the ram alr scoop at the APU air inlet conture of the 747 fuselaye. After
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Douglas DC10 continued

» Revising the APU 700-4 starting fuel schedule to avoid EGT peak conditions and reduce
thermal' stresses in the hot section, mainly turbine nozzle stator vane and high pressure
turbine\ blade distress.

Airbus A300

. Nl-speed reduction with variable speed limit selection/normal and override mode

{91 perdent for environmental control system supply and for main engine start; in override
97 pergent for main englne start, retalning 97 percent for wing anti-ice under all cond.)

Boeing 127/737
Timed acceleration schedule during APU start-up, requires modification of fuel contrel
unit {(subject still under evaluation).

Let me refer to the fact, that the majority of the fuel saving activities 1is directed
towards down-trimming of the APU engine performance in conjunction with optimized fuel
flow ratiing. The reduction of the material cost for engine high cost drivers, primarily
hot sectlon parts, is an limportant side effect of the fuel saving modification program.
As a general maintenance step towards fuel saving the trailing procedure for airplanes
is performed without operating APU's.

4. Utilization of alternative power sources on the ground

From the high APU cperating cost figures, presented In paragraph 3, it becomes ob-
vious, that altcrnative ground power equipment, being moxe economical than the APU's,
should replace APU operation on the ground, |f practical; thus reducing the cost burden
to the airline.

Let us lovestigate now the possible ground sources for on board power supply. There
are two major yroups of alturnative ground power support systems. Both mect the on
board power rejuirements of commercial aircraft, and if available, can be used as
substitute for APU ground power operation. The first yroup comprises the fixed statlionary
power systems and the sccond group covars the mobile power systems.

On figure 4 today's most commonly used alternative ground power equipment in airline
business ls presented in a block diagram, supplying all kind of secondary power required
on board the aircruft, either electrical power or pneumativ power or a combination of
both.

On Board APU / Ground Power Supply °

Electrical Main Pr-uurlzlng/
Fowaer Engine Alr Conditloning
400Hz, 115V AC Start Bleed Alr/ Anti Icing
APU
T— ="

Alternative Ground Fower Supply

e

Fixed [Etectrical Aircondition | [Combined

Electric.Power| {Ground Air Start Unit/ Mobite | {Electr./

Syatem/ Power Unit/ | [Unit/Moblle | ]Stationary turbine

Static Convert.| |Mobile Ststionary Hect/Cool) | [Power Unit
Flgure 4
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Let us briefly review the technical feature of the ground support equipment, shown
in figura 4.

The electrical power normally is produced by a mobile electrical power generating
unit, known as the GPU, which is mounted on a mobile trailer or truck and is driven by a
Diesel engine. The engine is flexibly coupled to a brushless alternator. The GPU can
be self-propelled by the engine power through a gearbox . which is directly connected
to the rear axle of the truck through the propelling shaft. The generator power produced
is a continuously rated output of around 100 KVA, 115/220 Volts, 3 phase 400 Hz. The out-
put voltage of such a machine 1s maintained within 2 1 % of the nominal value of the
aircraft socket under all conditlons of load and power factors. This output voltage con-
trol in most cases 1s achieved in the generator system by means of a transistorised vol-
tage vequlator. The freguency is maintained within 1/2 percentaqge under steady state

conditions.
ectrical systems if stationary are referred too as "Fixed Electrical Power Systems".

El ¥
Let us conslder the most important details:
Fixed, high frequency ground power systems, capable of providing the electrical on board
power for narrow and wide body aircraft in civil aviation, consist of one or two statio-
nary electric motor/generator assemblies which convert 50 (or 60 Hz) city network power
to 400 Hz output by direct coupling to a 400 Hz generator. Normally a synchronous, brush-
less motor/generator set 1s being used,with the rutatlng group axis mounted in a vertical
or horizontal direction. Due to a minimum of component parts, which rotate at relatively
low speed, requiriny lubrication as the only maintenance action, a maximum of trouble
free operation is being guaranteed, Thus the motor/generator assembly is reqgarded a very
reliable pilece of equipment amongst other aircraft support systems.

Based on worldwlde experience three basic voltages are being used in 400 Hz centrali-
zed systems of major airports:

- Low Voltage - 115/200V, 4 wires, 3-phase sy:stem
- Medium Voltage - 575V, 3 wires, 3l-phase =y- m
- High Voltaye -~ 4160V, 3 wires, 3~phase sy.i

The low voltage system {115V} being used as rlecentralized system, requires an input power
vf 380V, 3~phase, 50 Hz, with 1500 rpm speed for the brushless ygenerator, which is of

the revolving field type. The generator outpul is 115V, 4 wires, 3-phase system, 400 Hz
power. One disadvantage of this low voltage system is, that it can only serve one air-
craft with limited distance (appr. 20 meter} permissihle between the motor generator set
and the alrcraft ground connection, in spite of large multiple conductors and 3 cables
per phase to compensate voltage transmigssion losses. The utilization of a line drop com-
pensator would allow increased distance up to approx.170 m. Thus for example from a single
motor generator set with a rated output of 200 KVA multiple yates {up to 10 ea) with
each gate rated at 60 KVA can be served in conjunction wlth narrow biody power supply.
This is possible,as the average alectcical demand of a B737 or B727 1is not higher than
20 KVA. The advantage of the low voltage system is given by the fact, that no voltage
transfurmers are needed,unlike medium and high voltage systems.

The medium voltaye system (575V) is comparable to the low voltage system, showing

the same performance characteristics and construction details, except the generator out-
put is 575V, 1 wires, 3-phase, 400 Hz. The great advantage of the medium voltage smystem
is 1ts flexible capability, to serve multiple gates with normally sized cables over
remarkable distances along the airport terminal.
Up to now only electrical motor/generator power systems have been referrnd to. Another
means of generating 400 Hz electrxical power is indicated by the possible use of static
converters, installed in fixed power systems. According to our knowledge static conve:
ters should be more economical than motor/generator power systems.

Pneumatic yground support equipment, llke the Alr Starter Units (ASU) or the Air

condItioning Units (ACU), do not
Typical for both designs is the requirement to deliver a well defined output flow and

ziy prossure as well as a certain bleed air output temperacure. The most common way of
supplying pressurized alr on the ground is achieved by uvperating a Diccel engine driven
rotary screw type compressor with a step-np gearbox, which ir attached to the engine
via a flexible coupling. Normally the ratary screw compressor is designed for starting
jet alrcraft. By reducing its output pressure the machine is alsc used to power air
conditioning on board the aircraft or to warm up engine air intakex and de-ice wind-
screens. The .ecessary change in operation mode from starwair to low pressure ajr supply
is achieved Ly operating a switch position which reduces the ajr pressure from approx.
40 psig to 25 psig for aircraft alrcycle package operation. The pressurized bleed air

iy supplied trom the truck through an air hose to a 3 inch diameter connection fitted to

the alrcraft.

The rotary screw compressors provide output air capacities in the range of 130 (¢« 300

pounds pur minute, which 1s comparable to the bleed air output of the APU's. In each
case the ailr ol the rotary screw ccompressor is warmed and totally oil free. Elther moun-
ted on a truck, trailer or skid or even satatic.ary, somtimes as a parallel system to
provide the bhleed air output needed, the rotary screw compressor is capable of servicing
the wide body aircraft like B747, DCI10 and A300, as well as all narvow body aircraft.
With & 280 pounds per minute bleed air output ot the rotary scroew compressor the speed
of the turbn chatged Dlesel enyine is around 2000 rpm. The nolse of such a machine

1TTér from each cther, regarding their principle design.
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when attenuated 1is around 85 dB(A).

The GTCP gas turbine type used as mobile ground power equipment and capable of supplying

all kind of combined power output does not mean any economical advantage, as its fuel
consumption i comparable to that of APU's.

Knowiny the technical features of the various types of umbilical ground support

equipment, it has been of great interest to assess the hourly operating and maintenance
costs, comparing them with the APU casts.

ELECTRICAL GROUND POWER SUPPLY (VARIOUS SUURCES) ‘
HOURLY OPERATING AND MAINTENANCE COSTS (USD)
TYPICAL 400 HZ ary
w1 FLECTR. F1XED (DIESEL APU
MAcRAFT TR REQUIREMENT| POWER ENGINE)

(KWH) SYSTEM
12T 15 o 1.0 6.5 §1.0
(NARHUW BODY )
DC 10 7 A300
(WIDE BODY, 27 4.0 8.6 fig.o
342 ENQINES)
Ty
(WIDE BoDY o 2.9 11.0 179.0
4 ENCGINES)
COBT FUR 1 KWH 0,068 0. 187 -
(1482 §)

Flgure 5

In figure 5 a calculation of the hourly based operating and maintenance costs (in
1982 ULD} 1s made for the supply of typical eleclrical power requirements to the different

fleets. To everybody's surprise the cost for the 400 Hz Fixed Power System is only
a fraction of the cost for a GPU; the comparison becomes really spectacular with respect
to the APU cogts, spent for the same amount of clectrical energy {(factor 60 !). However,
only the variable costs are beinqg compared here. To make an accurate cost analysis and
cconomical asgessment of ground puwer support equipment,

the cost investment for desig-
ning apd installing such a power system have to be considered as well,

Tufthansa has made economical studies to optimize the usage and the destinct opera-
tion of ground support eguipment, also relative to the layout of future airports. In
conjunction with a new airport the return on investment would be reached within one or
two years already, conslidering the installation of a Fixed Electrical System.

Let me summarize the results of our studies:

Fi».«l Power Systems, made available {ur suppling electrical power (400 liz/115V A.C.)

are most economical on major aixports, depending on the number of take-offs and landinygs
per day and the number of gates. Apart {rom

the great potential in cost and fuanl cneryy
savings the Central Fixed Sysatem, when used fur supplying aircraft at terminal gates,
has the following additional advantage over the GPU and the APU; No environmental pollu-~
tlun due to exhaust casas; no noise problem and no congestion around the parked airplane
at the ramp.

- Central ground compressors for gate operation, supplying pneumatic power on board
the aircraft, are jnstified for major airports only in case a high landing frequency

per day and a uniform dispatch profile are maintained. More economical would be a decen-
tralized stationary pneumatic system, achieving highe:t cost savings, when compared with
the APU.

Mubjle AcU's aud ASU's, elither used as single or combined system version, are cost
and fuel saving, when compared with the APU. Wherever ground equipment is8 operated on
a rental basis (valid for most LH cutside stations), the savings are reduced from

approximately 70 percent down to 25 to 40 percent per opcrating hcur, depending on the
ground support mode and the bype of alreraft operated.

The APU 15 fuel and cost efficient, if opearatsd dnving push bach ior mailn engine

e i e e A
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starting and during taxiing out.
t

{
|
!
|
I
|
]
!
{
t
[ Racent considerationa during taxiing-out are to start those main engines, which are |
not required for rolling the aircraft along the +taxiway from its parking position to
’ the take-off point, as late as possible, i. e. by APU power. In case of a DC10, for
instance, the fuel saved by the centre engine during taxiing out, due to delayed engine
[ start-up, would be 11 kg/min. compared with 2.5 kg/min. coasumed for the extended APU
operating time at idle power (N1 = 53 %}); 1, e. 8.5 kg/min. saving. To give an example: .
? a taxiing-out time of 5 minutes and a delayed take-off of additional 10 minutes, due ;
‘ to traffic congestion at rush hour, would mean a saving of 50 USD per eveant.
[
f
1
)
I
|
!

- APU electrical power supply on board the alrcraft is economical, provided the APU
has to be operated for air conditioning, i. e. cooling r heating at the gate position. |

- The economical decision, to either operate the APU or any alternative ground support

equipment, depends on a number oL airline operational factors a:.1, therefore, shc-1d be

made individually on a station by station basis, The most important factors, inf! aving

the operational requirements and powev s oply conditions at any airport, are: .

aircraft type, airport eguipment availability, passenger load factor, passenger cumfort,

transit or final destination stop, ground time, local temperature profile, seasonal

peaks, cabin temperature prior to landing, envirconmental control system demand, galley |
|

demand.

S. Plans and practical approaches to achieve cost efficlient on board power

From the cost comparison, presented in paragraph 4, it becomes obvious that the
highest potential of fuel and cost savings would b« achieved, 1f electrical ground vower !
from a fixed system or a GPU is being provided as tue only one requirement, without the

in those cases only, where the ambient temperature would permit the neglection of 'he air
: conditioning supply to the cabins. Therefore, priur to establishing any revised opuratio- .
nal procedures for pneumatic power supply, Lufthansa has reviewed the temperature of |
; the cabins and the cockpit, with s =cial respect to the previous and revised temperature
ranges to be applied as temperature comfort zones. Several evaluation programs have been
perforned, measuring the temperature profile on board our ailrcraft mainly the cooling-
down or heating-up time of the cabin on the ground with and without passenygers, shifting !
under the influcnce of outside ambient conditions (i.e. sun radiation, open cabin doors).
Also effects of cabin pre-conditioning by main engine bleed air supply during aircraft :
approach had becn evaluated.

fleets under the influence of environmental conditions, yearly statistics of a German
weather research station have been reviewed to establish a guide line and estimate of the
average alr temperature (OAT) distribution during an annual period. !

Average Temperature Distribution per Year

ost[d] (FRA Airport) \

: +25-L

\ . Te support the experience made with revised temperature comfort zones for different
|
1
i
{
;
|
i

without

Airconditioning (Disps:

! 4 h B L Temp. F nge
- R o o wit?
§_ : Alrcon. ling 8

N
¥

Figure 6 ;
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I
Figurc 6 presents a plot of the averaye ambisnt temperature as distributed per yeax. i

The local area is Frankfurt, being th¢ Lufthansa main base. As can be seen on figure 6

the lowest temperature in the airport reglon is in lebruary, early spring time, and the

highest temperature peak in mid August. Based on the annual average temperature distri-

bution curve in approximately 50 percent of all events it would be necessary to heat !

the cabin, :nd only in 10 percent coolinc-down would be required. Although the annually !

based average temperature distrilmtion profile would differ from station to station, it

supported our basic understandiny of critical and non-critical temperature zones in the

ajrcraft cabin, On [igure 6 the temperature range, without alr conditioning supply is

presented in its previous limits (10° C to 21° C) and in its revised limits (10°C to

25° C for dispatch). Another reference line, at + 5° C is recommended for use under air-

plane transit conditions. ILxceedence of the above mentioned non-critical temperature :

zones in either direction (increasingy or decreasing)would require ailr conditioning supply i
'
!
|
t
|
!
f

by the APU or ACU equipment. The revised temperature reference limits are feasible due
to the fact, that latest at time of passenger boarding the APU will be started for pro-
viding APU pneumatic and electrical power to the aircraft.

After a successful evaluation period of 1.5 years on board our A300 fleet, we have
gained a confidence level, which permits the application of the revised procedures
in close cooperation with flight operation and system engineering.

Airline Supplementary Pr
for Economical Use of APU

0
Airplane  |SAT € [Ground Supply | APU |Recommended Procedures for
Operational| Tamp Cockpit Crew end Ground -
Mode Range t{Heat{Cooljues [Locd met. (S 5 11 /Maintenance

Based on furecmeted cold or hot
OAT's, warm up or coul down cabip
B to extend time during which on
the ground APU is notl required
for Adrconditioning

x Provided
is aval
Ltouch down.

(Exceptlon: 747, APU aperation
required for pull in alrport
position). Eleetric. GFYJ shauld

x be connectrd to Afr- - aft
immedintely after v, bloek.

!

bcedures ® |
Prefarred Choice of Power-
supg quired on the tiround.

Approach

electrical ground powar
le and ground Lime i2
o nut start AFU afver

‘ below 5°C

After between
Landing  59C and 250,

x| X X

Transit With paasengers, remaining on

3 board, APU should be alarted afier
<< Hour landing, regardless recommended OAT
temperature range (Narrow Rody)

telow 5°C X X
Transit ye|  |Fieetetcan und power GPU shall ;
bollwoon x Ta used untl] panmenger boarding, Figure 7
> 1 Hour 59C and 2 IT7L  19r ponstoie, bul al leant up to
[ o] 15 minutes after befing on bluck.
above 25°C [ ) XX
below 10°C
x x In care of prolunged ground time,
o start ugiAPU Appr;x; ? minutea
‘ before apatch. Frinclpally,
N Dispatch x regardless OAT Pigure, APU should
be sterted latest at pasnenger
4 w7 | W | boardi g,
i AA
C WES shall b Tormed 1
. Main Eng. TR L Lrcrare pusn e as iate as
: Starting o possitle. Afterwards sbutdown aPU.
£ taxiing-out with deluym: -tart of
{ Tax"ng out ‘ e maln engline ,AFU i3 kept running
N " or atarti{nk engine priov ta take off]
!p.,m,m J J Mo APU speration
£
H Figure 7 presents details of the recommended procedures under various aircraft
’ operativnal modes with the preferred cholce of the mogt economical power supply, i.e.
. elther ground equipment or on-board APU. The procedures reflect the economical use of
. the APU and can be Jdeacribed best by following general rules for ground maintenance
: personnel and cockpit crews:
S - At alrplance dispaton with OAT's between 107 C and 2%° ¢ and doving transit & tween
’E 5% ¢ and 25° C normally cabin and cockpit do not require alr conditioning.
3
S
EY
. 3
R
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airport, this ground power shall be s!

ned during approach (i. e.

As a first step the supplementary procedures for the economical use of the APU's in
our fleets have beon set up and introduced into the flight crew operations manual and

atarting the APU.

once cockpit and ground personnel have ensured — by checking a weekly updated status
list - that appropriate and reliable grund power equipment is available at a specific

lied to the aircraft after landing, without

In general, the use of the APU for air conditioning should be initiated only, if
passenger comfort and/or cockpit cabin crew working conditions are impaired.

The cockpit crew takes full responsibility to judge the need of APU operation for
air conditlioning purpose.

With APU running, both pressurized air for air conditioning and shaft load for elec-
trical power shall bhe provided, since economical.

Based on forecast OAT's on the airport the aircraft cabin should be pre-air condio-
cabin should be warmed up in case ambient ground temperature
18 below 10° C and should be cooled down in case ground temperature is above 25° C. A

temperature differential of 3 to 4° C will already provide sufficient margin to rxtend
ground time without the need for alr conditioning supply).

meanwhile are being applied to all fleets, operating on European and North American

routes. A similar cost efficient program un other routes will follow. We are aware of

the fact, that the recommended prucedures are conditional procedurea; this means, they
depend on the individual decislon of flight crews,

requirements for air conditioning and passenger comfort on board the airplane.

As a direct consequence, after having started the APU reduction program, the

judging on the momentary spe&ific

evolution of the APU usage factors, shows a drastic decrease, primarily n the wide

lfPU
F:?o.r # _APU Operaling wours

1,1{

1,14
1,0
0,9+
0,84
0,74
m”
9,34
0,44
0,3
0,24

0,14

—

Flight hours

se a1 82
Bosing 747

5 ot 82
DC 10

A 300

Figure 8 is referrirg to the evolution of the APU usage factor.

" 8t s

Bosing 727

Evolution of APU-Usage Factor ®

Boeing 737

body fleets B747, DC10 and A300 (by 40 %, 35 ¥ and 48 % respectively, during period
1980 to 1982).

Figure 8

As can be seen from the graph, the narrow body APU's are still used more often

than expected. Apparently this is due to short to medium operation of the B727 and K737,

and transit times shorter than 1 hour.

The APU operatine costs during the observed period have also decreased, as expected.

The downward trend is indicating an APU cperating vost reduction in the order of
30 percent for 1982.
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introduction of the cost cfficlent airlines program, optimizing the

economical use uf on board power support equipment, justify the 1
fcasibility of the recommended operating procedures. The author believes !
that the utilization of the Auxiliary Power Units in the Lufthansa

fleets can be further reduced, although, with respect to the Boeing 747

APU operation, the APU usage factcr has already decreased to a level, f
which would represent a minimum practicable APU cperating time at all.

! : : 6. ¢Cooclusion and recommendationn for future APU operation |
i l The promising results, which up to now have been reached by the i
|

{
5 The Auxiliary Power Unit being capable of supplying multiple power
to the aircraft makes commercilal airlines entirely in ependent nf ground ’
! facilities and in addition will improve the airplane redundancy during
{ dispatch and in flight. This miyhl be required bccause of a main engine
'; power generation problem or for wing anti-icing reasons. APU's, installed
H in commercial fleets,will retain the operational flexibility of an [
airline and, therefore,have still their technical and econonical justi- ’
! ficationr, in spite of fuel saving considerations.
!
1
!
|
|
|

It should be the task of the aircraft manufacturers and the APU
manufacturers, in close cooperation with the airlines, to speci.y and
design future APU auxiliary power systems for commercial aircraft, which
are optimized regarding the alrcraft power demands and at the same time
are more cost efficient to amirlines.
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DISCUSSION

P.Vaquez, Fr
What has been the influence of modifications recommended by manufacturers on maintenance cost?

Author’s Reply
The incorporation of fuel saving modifications (A300 and DC10 APU N1 speed reduction) had a twofold positive
influence on the maintenance costs: First, the APU fuel cost per operating hour are reduced by 2, 5 percent, and
second, due to the reduced N1 spool speed (i.e. 5 to 6% less than the certified value) the cyclic life of the APU hot
scction parts is being improved. This mcans reduced overhaul costs due to less parts replacement, mainly high cost
drivers,

C.Rodgers, US
Have you determined additionul fuei cost required to pre-cool cabin on approach as compared to using the APU?

| Author’s Reply

i Additional fuel costs to pre-cool or warm-up the aircraft cabins during approach, in sccordance with hot or cold
ground temperatures, had been calculated for wide body aircraft, based on certain assumptions. Figures have still
to be veritied by actual tests. Accordingly the additional engine fuel costs due to engine bleed air subtraction with
distinct temperature requirement will be less than APU fuel costs on the ground (i.=. approximately 25% of the
actual APU fuel costs).

R.Smith, US
Fuel costs were shown in 1982 US §. Does this reflect your cost \actual) as purchased over your route structure and
then adjusted to reflect currency cxchange rates?

Author's Repiy
Yes! But please note: As the actual APU fuel consumption per operating hour is not measured during operation
(there are no APU fuel flow-meters installed in the aircraft!), our calculation is based on average APU fuel
consumption figures, taken from APU test bench results under typical load conditions, times APU operating hours,
recorded over the period of time.

e
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F SUMMARY Ol’ S .
“ >’This paper presents/ sgme obeservations based on experience
with a new cgenerationjem Auxiliary Power Unit (APU) installed
in @ commercial transport aircraft. The subjects considerad are
operational requirements and efficiancy of the APU in the various
operating modes, Particular importance, is attached to such matters
~1ncluding the ors ﬂetermtning—thoxﬁ?u perfornance characteristics
with respect tc a coat effactive APU aystem. These considearations are
conducted witbh a look at ¥uturepdevelopment trends.seen from the -point) Vlfl“[‘lﬂf

X - Of view of the aircraft manufacturer. s )
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1. INTRODUCTION

| |
Increasing fuel orices, and the resulting higher costs for the production of
energy have, over ths past few years, made the afirborne auxiliary power units(APU) '

' in commercial transport aircratt a major point of intereat.

In future generations of transport aircraft, the airborne APU will continue to [
} - be the basis of the on-board, independent power supply and it i8, of courme, ob- I
) vious that, from the operator's point of view, coastsshould be kept to a minimum.
I

t Initially, the Airbus A310 and its APU will be used tu illustrate the present

! state of the art of APU development, and also to examine the possibilities of minl-
mizing the operational costs of the APU from the aircrart manufacturer's point of
view; eventually, specifications and requirements will be established as Design
guidelines for the APU manufacturer.

‘ . Another toplc discussed under thim title is the integration of the APU into the
"Inflight Auxiliary Power Generation Sysvem"” of the aircraft, with due consideratiun
of the effects on AP0 design.

|

i 2. THE APU IN PRESENT-DAY COMMER( TAL TRANSPORT AIRCHAFT
¢ 2.1 HISTORY OF APU DEVELOPMENT
Baged on the history of APU development, this section further explains the pre-

sent state of the art of APU technoloqy: three development sBtages lead to the gene-
ration of APU's that are todav flying in current commercial transport alrcraft.

| B 1st stage =~ lntegrail~-bleed, single spool APU
4 « 2nd satage - Interstaga bleed, twin socol APU
v 3rd stage -~ Direct driven load compression, aingle spool APU.

Figure 1 (see appendix) presentu a schema‘ic build up of an integral-bleed, single
spool APU. The unit is made up of a sinale-shaft jJas turbine, a gear box, which is
direct-driven from the gas turbine, ard a genurator driven from the gear box. The APU
is operated at coustant speel throughout, since the generator speed must be kept
constant; bleed ai- supply is bled downstream of the gus turbine compreseor. Again,
this type of APU is i{dentified by an unsophisticated constructional buildup and me-
chanicval contiol. Thegencration of the Lleed air supply by the gas turblne compressor
does, liowevel, lead to a lower level of efficlency for the APU under partial load
condliilons.

‘w’ﬂ

\
|
|
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|
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With thir concention, everv effort has been directed towards Imoroving the APU
desian as a meazure to coanteract the increasing cost of fuel,
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2ND STAGE

The interstage-bleed auxiliary power unit represents an intermediate stage in APU
development, a typical build-up is shown in Figure 2 (see app.) and is similar to
that of a twin-spool engine, each with it's own compressor, *urbine and controls.
Bleed-alr parts are situated between the LP compressor and the HP compressor. The
high-pressura spool drives the gear box from which the generator drive 1la taken, and
thus this high-pressure mpool speed must be kept constant, - this is a prerequisite
for a generator driven from the gear box. The APU power output can be regulated to
meet the prevailing demand by controling the speed of the low-pressure spool accor@ing-
ly. Due to the fact that drive-power and usable-power generation are thermodynamically
coupled in thia type of APU design, sophisticated and expensive controls are nec.ssary;
the reaulting considerably increased complexity is responsible for the relatively high-
cost maintenancce operations which are required for this APU type.

3RD STAGE

The latest stage-so far- in APU development is represented by the type described
in paragraph 2.2.1; this APU type combines sysetem simplification with a high degree
of efficiency under partial load conditions. Full electronic control is a consider-
able contribution to the mechanical simplicity of the APU.

Summing up the above-described developments, it can be said that in the near
future few essential changea will be-made to the unsophisticated basic bulldup of the
APU; therefore, any plans for a cost reduction in the field of APU operation will
have to concentrate on, and probably bs restricted to, the improvement of individual

components of the APU; e.q. higher efficiency of compressor and turbine, improved
reliability, etc.

2.2 THE ALRBUS A310 AND ITS APU

The alrborne auxiliary powsr unit supplles bleed air and electrical power
for self-contalned operation of the aircraft, that means that aircraft ovperation
18 independent of ground power sources.

The major daesign criteria of the APU are dictated by the primary tasks to be
performed on tha ground, with main enginas off. The following tasks are typical of
the APU installed in the A310 -

. provide bleed-air for main-engine starting (MES)on the ground, at airfield

attitudos ranging from - 1,000 ft (-305 m) to 8,000 ft (2,449 m} AMSL.

. provide bleed-air for air conditioning of passenger and flight crew com-

partments, at airfield helgyhts ranging from -1,000 ft (-305 m} to 8,000 ft
(2,440 m) AMSL.

. provide full rated shaft power to drive a 30 kVA AC generator, while meeting

the demands of air conditioning and/or main engine atarting bleed-air supply
sinultanecusly.

On the AV10, nu provision is made for the diract supply of the hydraulic syatem,
via an APU~driven pump, it is. however, possible to provide hydraulic power aupply

during APU operation by using the airborne electrical power system and an alectrical-
ly driven pump.

The APU, which is primarily designed for ground operation, is also available in

flight to fulfill a number of tasks, viz:

. to provide bleed air for air conditioning only, up to an altitude of 20,000 ft
(6,096 m).

. to provide blaad air for amergency anti-lcing of wing leading edges, up to an
altitude of 20,000 Fft (6,096 m), whilst also meeting minimum environmental
countrol system pe:rcrnance requirements.

. | vovida shaft power to drive a 90 kVA gyenerator, which can be loaded with
90 kVA up to 135,000 ft {10,668 m) and with 7% kVA up to 41,000 ft (12,497 m).

With a view (0 obtaining and maintaining the above mentioned 1in-flight perfor-
mance values, {he deslgn of the *PU installation has been adapted to flight condi-

tions, while,al the game time, '.¢ retaining of low installation pressure lasses for
yround opuration was given dua conaslderation as an overall condition.

In-flight performance data for the ArU are of particuiar impor wnce for twin-
engined ajircraft. With one main-engine generator - or one main-engine bleed-air
syotem - failed, the alrxcraft remains fully operational, s the APU, together with the
g« viuvwabie system of the other engine, will provide redundancy of systems. Thus
th. APU contributes conmiderably to the high dlepatch reliability of the Aizbua,
wilch stands at 98 percent or hiqgh- « for the AJOQ in airline service. The APU
operating envelope for the A3190 lus prese:ted In Figure 3 (see app.): Lt shows that

the APU can be operatad throughout the ¢ tire flight envelope of the ilrcraft, this

ig a rypical feature of the new genecat ion of 200-wontes abort/medlu. range (iensport
alrcraft..
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i 2.2.1 DESIGN AND CONSTRUCTION-OF A MODERN AvU

' Depign and conatruction of the APU ghould be aimed firstly at aconomical !

operation, whilst, as far as possible, meeting the following particular require-
. ments:

low weight combined with high performance

low fuel consumption (even under partial load condition)
aconomical maintenance

long service life

simple handling.

Here, again, the APU of the Airbus A3J10 can be used to demonstrate the pr 'sent
state of the art, particularly with reqgard to the above detailed engineering
specifications.

2.2.2 THE ENG'NEERING FEATURL:i OF A MODERN APU

The conatructional and control features of tha APU arxe prerequisite to the
economical operation of the unit. The present generation of auxiliary power units
is exemplitied by

1
]
|
|
. modular design |
. direct driven load compressor

« load compressor output regulated by inlet gulde vanes (IGV) ‘

full digital electronic control
single spool / constant speed

Fig. 4 (see app.) shows the schematic build-up of an APU incorporating thése
features; it is, basically, a single-shaft design, but is divided into three
modulas - power section, lead compressor, gear box. The single-shaft gas turbine

provides direct drive for tha load compressaor and the gear box.

{

To comply with the constant-mpeed drive reguirement of the gear box—-driven
generator, the entire APU thus operates at constant speed.Neverthelsas, to en-
sure an individual supply to the aircraft penumatic system, variable inlet guide
vanes are located upstream of the load compressor, The airflow ims controled by mo-

‘ dulating these inlet guide vanes based on aircraft demands, as defined by an
electrical demand signal from the AFU elaectronic control box. Air developed hy

\ ' the load compressor which is not utilized by the aircraft pneumatic system, must

: be vented overboard through the surge contrci! valve.

The contrpol features of the APU comprise essentially the fuel supply control,

IGV adjustment and load compressor surge protec'ion by means of a surge control
valve.

load compressor, thr powar section and the cooling fan are supplied from one
| common air intake. Exhaust gas, gear box vent and surgye alr are ducted together
within the APU exhaust duct.

The build-up philosophy of this APU conforme tao.the g aeral requirements
specified in 2.2 with the folliun.lng featureu:

-'\'

' This type of APU has a minimuw number only of al frame interfaces; thus, tha

. By meprrating the powar maction and blmad air generatin, lt is possible to
N ' cghoose a siuple thermodynamic design for the power sectior, and, hence, to com- .
bine a high degree of efficiency with a low power-to-weialit ratio and a relatively I ’
low specific fuel consumption.

The load compressor output is regulated by 1IGv's, where ocutput is a function of

md € meprd A ey Ve | memd mmrrn s mbmc il AF bbb Aancine ~omaenamsnae e radisoad
aircraft system damand, and pows: abscrption of the engina comprassor is rsduced

|

[ to a minimum, if shaft power only is demanded (approx. 20 percent of max. power
output). The advantages of thim arrangemsnt are qood adaptability, and a resultant

1 " low fuel coasumption for the APU under partial ioad conditions.

I

ok

"
s

The APU also offsrs a gouod in-flight performance when powar is demanded fox
; ¥ - generator operation only, since lcad compressor power can bes considerably reduced.

The simple build-up and the modular cons.ruction provide for easy inatallation
and good accessibility. As a result, the unsophisticated APU mystem ¢ fers many
advuntages in maintunance and handling characteristics.

The full-authority microprocessor electronic controler is a major element in
the APU technoloyy advancement achieved. Tho controler provides safe, precise, E !
and luel efficient uvperation. - o
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Equally important, the use of the microprocessor, in conjunction with other
Built-In-Test Equipment (BITE), makes it possible to isolate quickly component
malfunctions, and display this informatiorn on an LCD back-lit panel, see Figure 5
(see app.).

The system checks for faults prior to sach APU atart and then continues to
monitor system operations while the APU is running. A Self-Teat mode allows a
quick check of maintenalce actiona, and mini-flag interrogation permits detailed
system trouble-shooting. Non-critical faults are recognized, and alternate values
are substituted into controi logic to allow continued operation.

An adjurtment feature incorporated in the front panel of the ECB allows re-
duction in APU output power, if a particular airline route structure allows APU
de-rating in order to miniinize APU fuel consumption, and maximize APU life.

2.2.3 THE APU POWER RATING

Power rating of the APU installed in the Airbus A310 is governed by the output
demands of the various aircraft systems, as represented by the powsr demands of the
alrconditioning system during operation on the ground, the airborne electrical power
loada, and the pneumatic power required foxr main engine starting; these principally
define the dimensions of the APU power output.

The power requirements of the air conditioning system, when supp)ied by the ArU,
are identified by short-term cabin cool down/pull up periods, e.g. at an ambient
temparature of 38°C on the qround, it is possible to cool an aircraft interior which
has heated up to 38°C,down to 27°C,within 30 minutes.

The power consumption of the engine starting system is governed by the planned
start-up time; thus the A310 is able to reach a start-up time of t = 30 sec,, ox less
(ISA atandard conditions, sea level).

The APU installed in the A310 is able to satisfy full rated generator load
demand together with the rxequired max. bleed air output; electrical power loads are
independent from the air conditioning or the engine starting system (pneumatic) loads.

In practice, extreme loading of the APU occurs only occasionally, and Figure 6
{see app.)} shows a typical APU duty cycle. This illugtrates that the full thermo-
dynamic performance of the APU is used during ¢nly S5 percant of its operational time;
during 95 percent of the operational time, the demanded power output is considerably
lowetr than the rated power of the APU, Since, due to the unsophisticated build-up and
the high degree of reliability to be achieved, the thermodynamic design is rathex
conservative, (-e comparatively low average loading of the APU will have a positive
effect on the : -liability and on the service 1llfae.

3. APU OPERATIONAL EFFICIENCY
The APU opsrating costs are influenced by t! following factors:

operational time

level ui Jemandad powser ocutput

degree of efficiency of APU

maintenance and overhaul costs (reliability)

indirect costs shared by APU ns part of alrcraft welght,

The APU manufacturer can contri ute considerably to the efficiency of the APU
and to the leval of maintenance/ove. haul expenseu, as he is responsible for the
build-up and tha thermodynamic desiyn characteristics of the AfU; he will also
select suitable materiale to limit the APU weight. The design of an aru, therefore
reflscta the continuous effort to achieve the synthesisg between fuel consvmptlon
(efficiency), weight, reliability and material costs, as related to the required
performances. Based upnn the principle of the direct driver load compresscr, the
APU build-up has now jeached an optimal stage of development, so that any further
fmprovement of the APU in the immediate futura will be restricted to the optimi-
zation of detall parts, as previously stated.
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The operational time of the APU is directly controled by the aircraft operator.
Cogt-conscious operation will considerably reduce APU fuel consumption, for example:

- By switch 1g off the APU, where a demand for aircraft air conditicning does
not exist; and hence, by making use of available ground power sources for the direct
supply of the airborne electrical power system.

- By fully utilizing the power rating of the AFU for the air conditioning system,
i.e, rastriction of APU operation to a period of 20 - 40 minutes before boarding
of passengers, where cooling-down or heating-up of the cabin 18 required.

- By always starting main engines on APU whenever possible (the most efficient
method) .

The levels of the power output demands, which control the size of the APU,
are governed by the relevant airoraft aystem specifications (air conditioning,
starting, electrical power) and their power requirements. The performance data
of these aircraft mystems are again defined by the aircraft mwanufacturer, with
contributions from the customer, as the eventual operator, Poswsible improvements
of APU design, particularly with regard to specific physical properties, may now
be considered in the following paragraphs.

3.1 IN-FLIGHT AUXILIARY POWER UNIT

A current-generation APU is characterized, among other features, by affactive
utilization under in-flight conditions at higher altitudes; this feature seems
to recommend the utilzation of the APU throughout the antire flight envelopa.

The auxiliary systems of the Airbus are basically divided into two separate
supply circuits, partly due to the design philosophy, but alwaya the result of
the ralevant redundancy requirements. Engineering problems are, howevar, created
by tha incarporation of the APU into the untire flight envelope.

With parallel operation of main engines and APU supplying the air conditio-
ning system, no direct coupling of the systems can be allowed, due to mutual
interference. For this reason, a considerable - and unjustifiable - technical
exponditure would be required, for example, the provision of a third air condi-
tion pack.

The addition of a third generator to the airborne electrical power supply
system of the Airbus would mean the addition of a third supply circuit, or the
synchronization of the thrae gensrators, The ganeration of electricual power
by the APU under in-flight conditions is less economical than by main engine
generation, and this factor also, does not commend full utilization of the APU
under in-flight conditions.

The integration of the APU into the Wn-flight auxiliary power generation”
concept does not offer any enqineering or economical advantagaes; therefore,
APU demign should be confined to ground operation in commercial transport air-
craft., In-fliqght operation of the APU will remain ‘ricted to the replacement
of a main engine generator or bleed air mystem, in .a.e of failure, within the
limitations of the design as defined by ground operation conditions. In order
to utilize the APU load-potential to the fullaest extent. for in-flight operation
alsu, the speciol requirements of air intake and exhauat must be complied with,
ag for example, a "Scope" inlet.

1.2 IMPROVED ADPU POWER RATING

The design philosophy for an Airbus APU han, mo far, been governed by the
demands ¢f the relevant aircraft syctems - air conditioning, starting system,
airborne electrical power supply. This philosophy resulted in a wide variety
of loads. As an example, Figure 7 (see apg.) prosents a graph illustrating che
APU load in cabin conditioning mode as a function of ambtient temperature. As
shown 1n 2.2.3 above, full APU rating is demanded only under extreme ambhient
temperature conditions; that means that some 5 percent of the APU operational
mcdes define the power rating and the dimensions of the APU, as the design is
to be based un wax. demand conditions.

The Bpecific consumption of currant APU types is satisfactory, even under
comparatively low output demend conditions. The efficiency Aoes, however,
deteriorate with decreasing ocutput demand, so that a demign, which is based
on hish peak dcmands, will produce a neyative effect on duty cycle fuel purn
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When considering the definition for a 150-Beater commercial transport
alrcraft for the nineties, the question of a new APU desiyn philosophy, te
be based with preference on the physical characteristica, was first dis-
cussed,

A commercial transport of the new generation will have comparatively
high syst m weights in comparison with derivatives of previous aircraft
types; this stems from,among other caugses, the high system performance
requirements - including that of the APU - for the new aircraft; there-
fore, the definition of a new-gsneration APU was influenced by a wide
variety of demands, similar to those fcr the APU of the Airbus A310.

In practice, an improved APU design represents an improved utilization
of all available APU power rating, Less efficlent utilization of the AI'U
rate power output may arise from:

trands to cut main engine starting time.

comparatively high air conditioning output demands at axtrehe
ambient temperatures.

generation of maximum bleed air oufput combined witin full rated gene-
rator load.

Figure 8 {(see app.) illustrates the influence of wain engine starting
time on the bleced air output available. Whereas today, starting time values
of 30 sec. or less are practised on the Airbus A310(ISA standard conditions,
sea level), extendcl starting time values - up to 40 sec. - would considarably
reduce the APU power output demand in the main engine starting mode.

The full power rating of thé APU will only be demanded under high
ambient temperature conditions, when air conditioning and airborne elec~
trical power have tobe Bupplied simultaneously. As mentioned above, for the
A310, the APU design point is defined by the cabin cool-down time to be
achieved. At sea level, for example, with an ambient temperature of 38°C,
the tima rejuired to cool down the cabin from 38°C to 27°C 1is 30 minutes,
1f, however, this period were to be extended to 40 minutes, the APU load
would be reduced by 20 percent.

Neverthaleas, the deeign of the APU need not be bas-d onthe simultaneous
supply of max. bleed air output and full rated generator load, During normal
ground operation of the aircraft, there will bnly be a short-term peak demand
for mox. bleed alr and el irical power to be supplied by the APU at the
same time; therefore, the AI'U could be designad to supply max. bleed air
output together with normal electrical load. Figure / (mee app.) shows that
the adaption of the APU design to such phyeical charscteristics leads to a
reduction in the APU performance requirements at extreme ambient conditions
{(operation under "hot-day" conditions); thus the APU design could be based
on a reduced power rating, with improved fuel consumption and a lower APU
weight, However, an APU designed along these lines would have to carry
higher loads than the APU in the A310, It will, therefore, ba important
to ensure that the experience gained from the operation of the first gene-
ration of nw APU's i8 incorporated in the design of any new APU, sc that
histher loc ! can be combined with constant (or improved) ieliability and
economica' maintenance.

A certain reduction in convenience »'ll result from the reductinn of
APU mizer, and customers will need to dec -do whether future APU designs will
tend to have physical properties as the primary consideration.

4. FUTUKE DEVELOPMENT TRENDS

Design features of future APU's will be strongly inf' uced by fuel price
trends. Even 1f it is assumed that there will be few maj r changes to the
basic build-up, in the sense that the direct driven lo&d compressor concept
is retained, rising fuwel costs will encourage the introduction of more
economical equipment w.g. integrated drive generator (ING} or variable spsed
conatant frequency sy.tem {VSCF) - into the APU concept. With V.CF or 1%,
the variable speed feature im added to ths single spool APU, which would pro-
vide for the farthor improvement of efficlency under partial load conditions.

Changing from the aingle shaft deaiqn to the tuty-hafi deslgn, wiiile
retaining the direct driven load compressor concept, presents another
opportunity to improve APU efficlency. Figure 9 (see app.) 1lluwetrates
the achematic build-up of a twin~shaft APU; this differs from the single-shaft
APU in that gas generator and powar tu-bine are mechanically separated.




A comparison of the control features of the twin-ghaft design with those of
the single-shaft design does not ghow any fundamental differences, since the
due to its design, varies jts apeed aB 8 function of the load
orated power tnurbine. Therefore, any control function
{th this AP type. pa the rate of
qol APU 1B a function of the output demand, operation
opomical than that of the single-shaft APU under
e load spectrum of the future aru for
derably influence »PU design and
yow—-load spectrum, then the
1oad compressor type.
de load spectrum,
a-spool APU, With

afirflow througd
of this APU design
partial load conditions. Hence
commercial transport aircraft that will consi
construction. 1f the design c&n be based on A Nar
future APU will be of the single-apocl, direct-driven
1f, however, the design of future APU's is defined by a Wi
then either the twin-spuol type Or the variable spead aingl
DG or VSCEF, will be employed.
chi

additional I
The final decisions will thus be based on &
three major condliderations, fuel consumption, weight a

eving a balance between the
nd reliability.
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DISCUSSION

E.H.Wame, UK
What percentage change in airflow rating of the load compressor is achieved by vperation of the inlct guide vanes
over their full range of movement?

Author's Reply
The tum-down ratic will be approximately 3.5, that means from full open (280 bs/min) to closed position of the
IGVs (80 Ibs/min). IGV angles:
6 full open = 13°
¢ full closed -~ 48°

C.Rodgers, US
What will passenger reaction be to reduced comfort as they have small tolerance range?

Cannot you strictly trade siart power with start time since starter torque and engine resisting torque arc nonlinear?

Author’s Reply
We think that passengers will hardly natice this if we increase passenger compartment temperature at hot day by
about two degrees centigrade in combination with a higher use of recirculation air and improved compartment air
ventilation.

It is correct that starter torque and engine resisting torquc are not linear and thetrefore the benefit for the AP start
period is not overwhelming,

M.Eglem, Fr
In order to reducc the APU’s SFC at partial power a free turbine gas generator should be used. Electric energy then
would be made by an A/C generator with VSCF to give “clean” 400 Hz and 4 variable trequency A/C generator for
other users (frequoncy moving from 60 to 100%).

Can this solution be uscd on an aircraft?

What is the percentage of the electric power needing a fixed frequency?

Author’s Reply
‘The reduction of the APU’s SFC was mainly mentioned in connection with minimiziing the APUJ operating costs hy:
improved single spool concepts using the clectronic digital controls
conversion/component efficicncy
increascd cycle efficiency by increasing inlet temperatures and pressure rutios
1DG or VICF systems used on single APU’s could improve the efficiency under partial load conditions.

Variable generator efficiency beyond cerivin limits (400 Hz + 1% at normal steady state conditions) is not
acceptable for the aircraft consumers.
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GROUND AND INFLIGHT OPERATIONAL EFFECTS QOF APU s
A by
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-/ﬁThs AlrbuslAPU has to dalilver well defined quantitias of bleed alr and electrical power under Lwo very ditferent

condltlonu : on~ground and |an| ht Thls requirement may imply 8 compromise. The on-gruund Dp!llt’Jn s esaen-
% omfr TWhIEL COnaPen s

tlaily govorncd by problem )Hko o.q. "r.olse-ganeration and -emisalon ngestion of .ot glth reining "

the possible nn e of Intake and exhaust position3 The Inflight opert‘lon !a domlnated thn external fuselage

tlow condltlnn:\,\lntnkn and exhaust are exposed to m&%ﬂlmny witee? slanlflcnntfy\the instailation pressure-

ratlo and, with that, the Inflight restart anvelope and Inflight psrformance. Uepending on fussiage surface pressures

[R=-12]
and boundary teyer conditions, Intake and sxhsust-ysometriss and -ducting have to he designed euciy that a fa-

vg‘laquble IPR |3 provided during APU starting a3 weil aa APU—npur.tlon,‘f:Oplng)nt the same Nm!}ncqn“vl sffects s/

on—the—wircratt as for instence drngilncroasa at a minlmum. The etfect of these environmental conditlons on the
APU-performunce I8 dlycussed. '

-A
1. INTRODUCTION

Since the on ground operation of san APU Is vary simului to that of a wall known land based shafi power
plant, the main attentlon is pald to the inflight operatlen. Although the APU i3 only an auxlliary onbouaid
shaftpower generalor and not a main englne, it {8 consuming fual, demands spaca, raduces payload rapscity
and contributes to the costs of ownership. For this reasons tha APU has to be sized such that {t meets end
only meets exactly the power demanded by the alrcraft systema. Consaquuntly a weli almed prediction of
Installed APU-performance, which Is available under the governing [fluiddynamic snvironmental condltions Is
necessary. Tha Intentlon of this psper Is to dlacuss malnly on the basls of A310-APU-characteristics some of
these enylronmente] conditions APU-Intake and exhai t are axposed to essentialiy, when the slrcraft la In-

flight, and which may effect the APU inflight relight capsbliity and the parformance,

<. CONFIGUAATION UF AN AIRBUS--APU

A typical Airbua-APU.--conflguration Is prasented In a crosy sectlonal view In Fly. 1 . 1t ls 8 sinyle shaft APU
that providea pneumatic and olectric powsr far the alrcraft. Pneumatic energy is provided by means of a load -

compreasar; alectric power is provided by an alrframe-furnished generstor, that mounts on the APU gear box.

he APU Is a modular design comprlzing a power section module, load comprasasor module And an accessory gear
bux. The load compressor is driven directly by tha power sectlon with m single shaft arrangemernt, The loed com-

pressor and power section share a common inlet.

Centrifugal compressor impsllers are used In the lead ssctlon (or  ~tans) and In the powsr ssctlon {two stages);
the airflow through the load compreasur Is contraolied by varlable .1t yuide vanes setistylng the variabia blaed

demand when the engine Is running at constant speed due to genaral.r conu(lant frequancy demand. A remotely

{in the afl cabin} lucated LCB {1 isutianle Control Box) provides full authority digltal APU controt from start ini-

tiation throughout acraleration to governcd speod.

3. LOCATION OF APU ON HOARD THE A!RCRAF1

Similar to most of the modern alrcraft, the Airbus-APli Is instailad in tha tailcons compertment Lehind fin and

tatiplano. Atthough as shown do Tg. o this pousition is rather 1enivia with 1espect v the APU-supplied costumers
such ss e.g. main enginea and alrcondition-packs , thete ara a lot of reasons for this particular installation such

as a.g. availsble spsce, noise amisslaon, poliuticn by exhausted gas, the rizk of uncentrollet APU flre d uncon--

tained disc explosions,

The APU-intake pualtion use to be on the lowor side of the fuselsge aa shown i 11g. 3 In ail Ajrbus |nstalla-

)

-
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tions wherems the latest alrcraft of the Bosing-family have the iniake on the upper side between fin and !

tallplane, Flg. 4 . Actumily these are the two relevant positions, It the APU is decided to be installed in

tha talltone.

The hot gas ususlly Is exhausted through the tip of the tailcone.

| 4, SOME MAIN OPERATIONAL FEATURES

The Alrbus APU s are designed to opsrate on ground snd inflight. The characteristic oparational demands are

|
exemplifind by means of Alrbus A310 and summarized In Flg. 5 .

in case of m main engine generstor failure on ground befors take off the A310-APU is requasted to be an
essantial unit In order to Increase the dispatch rellability of the alrcratt, In this case it hes to supply electrl-

: cal pawer with a prlarity over bleed supply in the totsl range up to 30.000 ft.

Since the APU easentlaily |s operated during turn arounds when passengers are boatding and the ground crew s ser—
vicing the asircraft, the noise emitted by tha APL} s sn important featurs. During ground oparation, the instailed

An APU instailation (when testad under certain conditicns) should not axceed the noine lavels

i
|
¢
| I
; APU should meet the noise iavels ss defined by ICAO, Annex 16 : ’
i at the following points, Fig. 6 !

t

i . fixed servicing points at which ground persenal normally i3 working for extensive parioda
during turn-wrounds such ma cargoe doors, passenger doors and re- fuslling points (max. 85dB(A}))
i

and
any point, 1.2 m (4rt) above the ground on the outer perimater of the rsctangular pattorn

Umuaily the compliance with point a. Imposes sevare constraints on the potential positions snd on the

ducting of Intake and exhii:t and furthermore requires a considerable amount of noise-suppressing messures,
characterizes some ‘

which unfortunstaly In the most cases are compromlsing tha asrodynamic design. Fig. 7
contributing difficulties participating In the decision upper- ot lower Intake-position and Fig. 8 (- ta ¢)

J! described In Fig. 6 (max. 90 dB(A)}-
1
!
! |llustrates some flulddynamic round sbouts whica may In certaln circumatances be necessary to suppiass the

J nalss smittad by the engine Itsslf In order to comply with mcoustic requiramants.

Furtha: contradictory reguirements arlee from the fact that on rani devices (flaps, acocps etc.) ingeneralsharp

edges are not avoidable in order to produce the nocnsaary Inflight IPR, whereas the APU- an ground oparation
and no vortex-l.e. nolss-gsnarating corners, adges etc.. Alac

raquires a kind of flush Inteke having largs radil

SUMMARY OF SOME RELEVANT ASPECTS OF

5.
GAS TURBINE CYtl £ THERMONYNAMICS AND FLUIDDYNAMICS

~r—

t

here a compromise has to be accepted. ’
|

|

{

!

i
in arder to prepare the cunsiderations In tha noxt chapter, some APU-relevant thennodynamic aspects are

summarizad,

The gas turbine ias may be devided

shu. nower cyclea and
:

Into two latga groups : {
o

i

]

{

{

|

sircratt propulsion cycles.

} An important distinction batwesn the two groups arlses from the fact thut the porformance ot alrcraft
! {mmin engine) propulzion cyclas dependa vary algniticantly upon torward spead snd altitude. Mormaily these two

variables dc not snter Into parformance caiculations for ihe isnd bmaed zhaft jiowsr plant. J
!

An APU sppaera to be something ik« ahybrld betwsen these two groups : Prevailing, the APU is uvperating as a
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land based shaft power piani, becsuse in essence it hes to provide auxiliary shaft power when the A/C is
on ground.

For the remaining part of Its operating time it has to serve under d!fferent conditiona not on ground but
intlight, profiting In some types of In.tallation by ram pressura proyided by the forward spoed of the air-
craft and suffaring In other types of installation from adverse Installatlon pressures due to unfavoursble
static pressures and boundary !ayer conditlons APU-Intake and -axhaust mre exposed to . It wiil be the
maln concern of this paper to discuss this sort of inflight phenomena, exemplified by Alrbus APU-instal-
lations and to relate them to the APU-cycle thermodynamics and further to inflight rellght capability and

parformance.

5.1 ENERGY-CONVERSION IN THE APU-INTAKE

At statlc conditions or at vary low forward aircraft speeds, l.e. whan the APU Is working lite a land based
powerplant, the Intake, Fig. 8 s acting as a nozzle, In which the umblent air accelerates from zero ve-
locity or jow Cu to a veloclty Cy et the compressor Inlet duct. The anthalpy-entropy (h,a)-diagram
elucldates that the anaygy which Is necessary to accelerats the amblent alr from zero to G‘> 0 at the

engine face is extracted from the compressor. All these events are simitar at the ajrcratt's main englne,

At normal forweard apesds CB., however the intake face, Fig. 9 pertorms as a diffusor with the mir decele-
rating from CIl to C 1and ihe statlc pressure rising from the local amblent preasure Py to p,; st the Intake
duct via the external diftusor forming In terms of streamlines around the intake, i.e. kinetic energy from the

smblant flow fleld on the wircraft skin (otiginating from the forwsrd speed) ls converted into statlc pressure

Py ¢ which can be added to the compres=- ' prassure rlse and cenbe regarded as m benetit to the APU-cycle,
83 shown In the { h,a )-disgram. Opposi! «nain engine which has to pay for this kind of kinetik energy
by B part ot It's own thrust, the APU (whi . _.cdices Inboard shaft power oniy) takes profit from the alr-

speed and penalizas at the same tims the main engine by the amount of extracted kinetlk energy. in a very
extreme {Lut of courss aiso vary unreailstic) extension of this kind of kinetlc energy extraction, the APU
compreysor would be substituted and with that the turbine power In total would become frae shaft power
{Thia situation is glven for the ram alr turbine locaied In tha lowsr wing root and extsndsed for semergency

supply of hydraullc systems).

Since It Is the stagnatlon pressure Pyy at the compressor Inlet which normally is requirad for cycle calculatlans,
It Is the pressure rise (ll“ ~ pa) which I3 of Interest and which |y referred ta ma the 'ram pressure rise’,
Usually a high ram pressure rise | expected to be beneficlal to the cycle performsnce because |t contributes
to the statlc prassura i & dona by the comprasacr.Bat thia is oniy true, {f the stegnation (ram} device is
designed such that [t recovers pressure and delivers at the sama time that amount of air flaw which la de-
manded by tha APU,

Fig. 10 Ia glven to remember the anargy conversion l.a. the displacement wark Ip(V)dV In the slementsry
therimodynamic cycle. The pressure In the term p(V).dV s a static and not & total pressuse by definition

of thermodynamic laws . Fig. 11 la ylven to relate this fundamental thermodynamic context to the convorslen
of kinstic energy Into atatic pressure (ram pressure rise), what In the subsonic fiow repime only can be dona by
a diffusor and what has to be done by anintske ram devica. In this figure the various stagnation steamiines niwed of ths
ram flap, (the First line upon the fuselage skin, and the lsit one somewhers in the amblient fluid-valume), occur
succersively during thy siarting procadure of the APU, or t¢ some axtend also during varistion in bised demand
of the load compressor, while tha APUIS running at constant spsed.

At zaro /0U-RPM (lowest stagnation streamline) the full ramn (stegnation) pressure is offared to the APU-iniet
duct, but the volume -flow \'I, which is taken into the infst (s zerc. With Increasing APM the demanded v in-
cresses, and the stagnation streamiina moves away from the akin, at low RPM still forming a diffusing stream
tube and providing & rise in static pressure, which is beneficial to the thermodynamic cycle hecause of ths
wxternml compression work supperting the engine compressor. At higher RPM, the demanded volume tlow
furthar Increasss, and the stsgnation streamiines change aver to form m nozzie tlow associnted with a drop in
static presaure, which In turn penalizen the cycls. It is tha APU inflight sterting cepability, and once the APLS

Is tunning elss the perfurmance, which is highly depandant on these inlet characteristius,
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5.2 ENERGY-CONVERSION IN THE APU EXHAUST SYSTEM

As menticnad before, the APU ia designed to produce only shaft power and not a jet like the main engine of
the alrcraft i.e. any kinetic energy which remsins in ths gas exhausted by ithe APU [a wasted.

Usually In an Industrial shaft powsr plant, the gas Immediately leaving the turbine is recovered In an ex-

haust diffusar which In effact Increases the pressura ratio across the turbine and with that the wark done

by the turbine. Fig. 12 exemplifies this for an exhaust diffuser which reduces the final velncity to a negli-
gibie vaiue, so that the diffuser discharge pressure pull nearly squal to the ambient pressure Py - Ref. 1,
glvas syidence of the beneflcial potential of mn sxhauat diffuser,

From thls short discuzsion also follows that a.g. mn exhaust pipes which mey have s certain lenght nucessary
far noisa suppression acts |lke @ nozzls and rsises the turbine s back pressure which In turn is followed by a
degradation of turbine power.

53 PERFORMANCE EFFECTING PARAMETERS

In addition to the APU-Intake snd exhauat pressurs situation, the APU-performance Is affected by the intake
flow swirl, which In the physical sence Is an angulasr momentum &3 exemplifisd In Fig.13 a, depending

on the sense of rotution, this angular momentum increases or dacreasss the amount of kinetic energy converted
in the first compressor rotor Into atatic pressurs as exemplified in Fig. 13b by means of the velocity-triangies.
Thusa benefit or & pensity to the thermodynamic cycls has to be expectsd, The urigin of the swirl is elther
an asyraatric inlet geometry, as e.g. on the A310 Inlétor mny asymetric flow condition across the intake face,
siich as .. m veloclty gradient or pon rero crosaflow componnnt. Fig. 14 oxemplifies the conaeguencues of the
slightly msymetric arrsngement of the A310 Intake. During on ground operstion, there occuis & non zero swirl
which in thla case banefita the cycle, because th= APU happens to parform cptimal at non zero swirl,

For completeness annothaer potential source of performance degrsdation I mentioned : the inlet distortion
which describes sny iniiomogeneous distribution of the cross sectionai flow propertias (in most cases the totai
pressura) at the sngine face und whic. penalizes the cycle vim the mechanism demonstrated by the velocity-
trimngles glven In Flp. 13 b .

6. FLUIDODYNAMIC ENVIRONMENTAL CONDITIONS

Based upon the reisvant tharmodynamic sspects of gas turbina cycles, summarized in- the pravious chapter the
impact of flulddynamic environmentsl conditions which are assoclated with an alrborne alrcraft wnd which
affect the APU-cycle will be discussed in the following chapters.

fi.1 FIISEL.AGE PRESSURE DISRTIBUTION

The fusslage of mn airborne sircraft Is simtlar to the wing coverad by a certain pressure tleld. A calculation
ty a.g. & fully 3-dluw. penei-method on 2 compleiv aircrait, whose wii-geomatry sand surfsce panel diatribution
are shown In Fig.15 gives mccess to detalls of this pressure distributicn, ‘which s plotted in terms of

C - isobars in Fig.16 for the upper snd the lower aide of the rear fuselmge for s typical cruise conditicn

of M - 038, oL - 0.8,. The Gp- pattarn on the upper side of the rear fuselage, where a AFU

Intake may ba {ocated, is rather complex and is mainly dominated by the pressure fisid of fin and tailpiane,
both inducing strony pressurs gradlents. Steeper gradients wlli occurs, when e.g. [n the 2. ssgment climb after
take off or in the descent » high tailplane load is requiréd and tha tajlplane ls set at negutive trim angles. Or,
incase of one angine out ( which Is among othu:s one case whure the APU Is expected to perform satisfactorily)
a distinct rudder deflection may cause steeper ur sven fluctuating pressure gradients. In addition, the entire
flow lavel in tha cliannel tormed by fin, fuselage and talipiane is rather high, and with that the | cal static

pressures are (aiatively low, penalizing the compressor’s wark dus tu reasons explalned in the chipter before,

vhe situation is different and more favourahis to tha compressor on the lower side of the resr fuselage, whaere
due to the upsweep of the ruselag the velocity laval is considerably lowsr, the static pressure higher and

where gradients are more moderats and lexs sensitive ' geoineotrical vanations u! the smpennage.
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In order to kesp the aircraft drag at it's minimum, ths afterbody-serodynamicist aims to design the aircraft
tall such, that the static pressure ai the base of tha tailcone, where the exhaust pipe uses to be located, is
az high as possible. In the theoretical case of no snergy dissipation: within :he flow along the fuseiage, the
pressure at the base of the tailcone would recovar to tha full stagration pressure, which also occurs at the

aircraft nose.

From this iscbar pattern it becomes obvious, that the APU on sn eircraft inflight |3 expected to operate
under adverse pressure condltions with the unfavourable thermodynamic conssquences illustrated in Fig. 17 .
followed usumily if no counter maasure ia taken by rcverse APU-windmilling and reduction in performance

and relight capabllity.

Ceonsldering only this particular situation it appears to be usefull to turn the APU py’ 180° and let it breathe
through the exhsust pipe, teking profit from the high bsse pressure, the serodynamicist sttemps to verify.
This 180% - turn Improves the thermodynamic cycle as sketched for comparison in Fig.17 . Of course it is
rather obvioua that there are a lot of other good reasons to abstain from a 180° turn, such as e.g. exhaust
naise, hot gas ingestion atc.. With the APU-intske in the normal forward facing poasition other well known
means are necassary (and of course widely used) such ss stagnation-ncses, ram-fieps, scoopes etc.,Fig. 18,
which are designed to catch the spproaching surface flow and convart part of the hinetlc energy Into static
pressure In order to compensate the unfavourable low atatic pressures orlginating from the tlow around the

alrframe geometry.

Of course there is a strong limitation Imposed on all pressure rising ram deviceas : They ail have to become
invisibla, when the A/C Is inflight and the APU is not operative in order not to incremse the aircraft-drug. This
raquirement leads to moveable flapa, scoupes stc. which hava to be controlied by the APU-start stop-switch,
and whose geometrical design becomes dlfficuit becauss of strong scoustic requirements during AFU ground

operatlon,

6.2 FUSELAGE BOUNDARY LAYER

As dlscussed In the chaptar before, the afterbedy of the alrcraft |3 covered by a certaln pressure distribution.
Flg. 16 indicates an axtanded low pressure area on the lower, convex side of tho fuselage, which In addition
is augmentsd by tha lower side (suction side) of the tallplane. This low pressure arem sttracts all the low
energy boundary layer material accuminulated in the flow starting trom the aircraft nose and removes at the
same time part of the boundary layer materlal from the upper aide of the fuselage. A pho!:: recorded during

watertunnel Investigations, Fig. 19 lilustrates hese events.

Boundary layer measurements (n a windtunnal by means of pitot-rakes in the vicinlty of potentlal intake po-
sitlons on the upper and lower side of the fuseimge, Fig. 20 , contlrm this special character of 3-dirm. boun-
dary layer flow and Indlcate a higher daficit In total prassure on the lowser szide than on the upper side.
Flight test results from A300 and B707 verify the snergy-deficit on the lower side. Even In one meter vartl-
cal dlstanc . from the aircrafi skin the total prassure ratio is still well llow the velue 1.0. The amount of
kinetic snergy, which Is dissipated within the boundary laysr at the location of the lower intwke position
and which |- lspendant predominately on the flight machnumbaer i3 Indicated by Fig. <1 which presants

A310 flight tout results recorded st diffsrant machnumbars, aititudes and APU-eperativn modes.

7. CONSEGQUENCES OF ENVIRONMUNTAL CONDITIONS TO THE APU-CYCLE

The fluiddynamic environmental condltions during aircraft Inflight, which are discussed in chupter & may
ba entared into the enthalpy-entropy-diagram, which is normally usad for cycle considerations. To prepare
tilg, Fig. 22 shows streamwise pressure distributions axiracted from Fig.16 for & streamline on the upper

und the lower side of the fuselage respectivaly.

A discrete fluld volume appioaching the ai - raft nose, and floating along the fuselage ta the tip of the tail,
is submitted to several displacament workes{as exemplified i« Fig. 10 ) which are different, depending on
the pressure distribution alung the upper or the lower surtace until the volume passes the upper or the lowar

intake .»sitjon and finally reachss the tip of the tail,
In addition to tha ditferent pressures, the fluid volume wxperiences on its ws, a certain energy-dissipation

l.e_ a loss in atagnation pressura, whi- h Is usually expressed in terma of boundery layer total pressure ratio

profiles or velocity profiles as exemplified In Fig. 20 . Fur the reasons discussed in chapter 6.2, the losx
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In total pressure is higher on the lower side, than on the upper side.

Since no work Is done to or extracted from the fuselage flow, the flow may considersd to be {suener-

getic with the total enthaipy h‘w = hg o+ (£ /2 = const, , determined by the speed of the alircraft

Co 1 by the static temperatura and by the static pressurs of the amblent air at that particular flight
level. Thus all changes in gasdynamic properties due to the varling pressure mlong the fuselage snd due to

the diasipation of kinetic energy within the boundary layer may be enterad into the (h, s)-diagram what Is
done only qualitatively for sxemplification In Fig. 23 with the total enthaipy ht- as the upper limltfor the
total avallable energy. in crder to maintain a rest of clearness, the energy contributed by the APU-starter
motor and the fuel burned In the APU are neglacted in the Flg. as well a3 is the kinetic energy In the

exhausted gaa. Thus the (h,s) -diagram comprizes only the thermodynamics of the fuselage fiow.

Some speclal stations on tne fuselage are isbelerd by the numbers 1 to 7 and are relsted to the corresponding
stations In the (h,s)-djagram |absied in the sams sense. Depending on the amountof the locsl dissipation within
the boundary layer, the state-connecting (Ines are more or lass steep, Indicating a change in gasdynamic
propartles, which is more or leas away from being lsentroplc &nd of courss different betwesn the upper

and the lower side of the fuselags.

The kinetlc energy ':f / 2 whichls plotted as a band below the Iine ht = cunst, Is not available for con-
-

varslon (nto static pressure, because after the ram pressure riss Ia completed an intake flow velocity <y

has to be malntained In order to pravide tha volume flow demanded by the APU e.g. at the particular RPM's

during APU-starting, aa has beesn dicussed in chapter 5.1,

The sequential change In gasdynamic properties entered Iinto the (has)-diagram Indicates,that In order to
provide a favourable Installation preasure situation any ram device faeding an upper or an low 'r Intake

and providing an intake flow velocity 4 at the same thine has to perform with a better isentropic diffussion
than is Inherent in the diffusing fuseisge tlow moving from the upper or the lower Intake position down-
stream to the base of the talicone. Since the aerodynamicist are doing m tremendous effort to reduce the
alrcraft drag, a more afficient diffusion on the afterbody and with that a trend towards a hlgher base pressure

has to be envisaged, what in turn regulras better |.e, more carefully designed and mure efficient ram devices.

Dapending on the overall charactier of the fusel.ge pressure and boundary layer distribution certain constslim-
tions mey occure \which essily can he verifiad in the (h,s)-dlegrarmn e.g. by a highor buse pressure) where it

Is not possible any more to rlse the ntatlc lntake pressure by means of any ram dovica  sbove or even only

to the valu: of the base pressure and iu maintaln a certain velocity vy at the same time. In this case a
raduction In rallght altitude la Incuried, and of course, once relight was succesafull In a lower altitude, also

a penslty In performance.

During the APU-atarting procedure, the most critical phass occurs batween start Inltation and ignition, bacause
in this timespace the APU-atarter motor is the unly ensrgy suppiler, which has to accelerate the rotating parts
of the engine and In casa of an Insufficlente!y performing intake alzo has to provide the eneargy which is ne-
cessary to accelerate the amhblent mir into the Intake. Once ignition was succasafull, far further acceleration
there normally is enough snergy avaliahle deliverad by the fuel, which starts to be burned in the APU. Never-
thelsse,evan if the starter cut out spesd has been exceeded successfully, an unsuccessfull AP atart |s stil|
ponsible. The serles of Inflight start attempts given in Fig. 24 Indicatea that critical start conditlons occur st
high altitudes. Fig. 25 displays two comparable start attempa in simllar marginal condltions, where ons of
which failed. In this Fig. the developemant of EGT, RPM and starter current versus time Indicates in both
cases a compsrahle acceleration to sterter cut oul speed, but thenat atill simliar EGT s In the unsuccessfull case,
the turbine torque obviously was insufficient to further spesd up the rctor snd to furthar accelerate via the
curnpiewiur tha fnteke flow currespunding to the Increasing volume dermcnd, which In turn s associated with

A dacrensing atatic Intske pressure as exemplified In Fig. 11 and discussad In chapter 5.1. The decreasing
static Intuke pressure end with that the dacresaing contribution of external flow caompression wark flrally

results In & penaity to the cycle and in an  unsuccessfull start.

If an Insufficlent ratight capebility can be related to w lack In snergy extraction from the axter.al flow fiald
via the m.n. mschanism (and of course if there are no other ressons s e.g. operating limits of the combustion
.chamber), the conclusion can be drawn, lhet In this case also a penalty in parformance is incurred, On the

other hand & good relight cepmbllity indicates that in thia particuler situationalrec a bansfit tc the inflight

performance can bs expectad.

ey
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COMGLUSION

On the tharmodynamic-fiulddynamic grounds a varisty of aspects |s governing the positioring and the design
of Intake snd exhsust of a tallcone installed APU. In the typical Boseing or Airbus nput-exhaust arrangement,
the natural conditions inherent in the fuselage flow on the A/C inflight create a non cycle supporting environ-
ment; the fuselage pressure fleld by itself tends ta move a massflow Into the exhaust, furtheron through the
APU and finally ejects It through the intake, whereby thls massflow is driven by a higher pressure drop when
the intake Is located on the upper side than it is the case with 8 lower intake. For thls reaszon, especlaily
the upper intake requires a highly efficient rem device, which converts high kinetic onergy intc static pres-
sure to that extend, that it at least overrides the back pressure acting at the exhaust pipe. The ram device

has to be designed such, that this override capability Is conserved from APU-start initiation taroughout
acceleration until governed speed, if fuselage fiow related penalties to the APU—cycle. shall be avoided, If
necessary, an extended ram device could extract still more energy from the fuselsge flow In order to support
the cycle such, that a shortfeli In performance or relight capability somewhere In the APU operation envelcpe
could be compensated without vversizing the APU snd without demanding e.g. two batterles instead of one

for the AFPU-starter supply.

Certalnly the amount of energy extraction from the fuselage flow by a ram device Is |Imited by the total

anthalpy Inharent In the flow and by the fact that there Is a boundary layer. At tha upper Intake location,

the unfavourable low statlc pressuras colnclde with the presence of a high energetic bourndary layer, admitting
to a certaln extend th. compensation of the statlc pressure deficit by the ram device. At the lower intaka
location howaver, tha statlc pressures especiaily on the A310 afterbody are higher and very close to tha
base prassura level, thus providing neariy excellent conditions, espacially becauss the static intake pressure is
backed up by the large surrounding fiuld volume having the same pressure level which is created by the
diffusing flow mround the A/C-afterbody. For thls 1eason thls volume carrles 8 high and stable energy In tarms
of prassure times volume, thus the static pressure level is more reaistant against being 'succed dewn' Bs it is
the case In the volume just upatream of er.g. a ram flap at the upper Intake position, where high APU suctlon
(due to high APU-RPM's) Immaedlately starts to canctl the diffusion-process in front of the ram tlep face;
depending on the slze of the flap, more or less diffusion takes place, thus at higher or lower RPM's

(or Intake volume flows) the APU-cycle la more or less supported, which finally Is an Impcrtant item for the

rellght capablility, the APU performance and of course also for Intake volume flow varlations due to varlations
in bleed deamand.

if the pressure lavel at the lower intake position is to low In comperison to the base pre:-ure,e.g. dus to a
different atterbody design (as e.g. less upsweep) a worth mentlening compensation by a rain device may be-
come difficult hecausa in the thick lower houndary Iayer only a rathes small amount of kinetic energy is
available for convarsion into static pressure.A ram device would have to have anunaccaptabie lenght (becuuse
of ground clearance, when the A/C rolates )in order to panetrate Into higher energy levels of the boundary
layer. in this particular situstion measures at the exhaust pipe should be examlined, as e.g. a8 ring diffuser,
which erxhausta the gas through a circumferential siot intoen area with lower prezsures upstream of the base.
A solution lit n this also facllitatey acoustic damplng of turbine noise In connectlonwith axhaust noise reduction
(hacause of | wer exhaust ges veloclties ) and finally provides o potential to reduce sxhaust pipe lenght (a
cartaln lenght is roquirsd for anglns nolss damplng durtng ground uparation). 3

respect to the thermodynamic cycle It should be mentioned, that In genoral any nolse which is yenerated by
the intake- or the exhsust-flow strongly Indicales an origin of enaergy-dis ipatlen and with that Indicates

also a poor asrodynamic design. Thua thers should bes apremisze to svoid the ncise already in'status nascendi'

by a carefull desiyn and not let It arise and then damp It.

These concluding ramarks should contribute some support to the declslon upper ar lower Intake position. Baesldes
the constraints imposed by accoustic tequiremants during ground opsration and besides constructual and maln -

tenance aspacts, the thermodynminics and fluiddynamics of the fuselage flow and their relation to the APU

cycle-thermodynamics gives a clear answer to this queation.

ke
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DISCUSSION

I.C.M.Hogenvorst, Ne
1.  What is your definition of Relight capability: is this restart after an inflight shut down or an inflight start after

unspecified cruise with an APU not operating?

2. Where does this requircment orlginate (to start the APU at high altitude)?

Author’s Reply
1. ‘The relight capability is defincd as the ability of an APU to be relit after unspecified cruise within the aircraft-
flight-envelope at arbitrary altitude, Mach number and aircraft altitude with an APU not operating.

2. The relight capability and with that the opcrational readiness of the APU is required to be consistent with the
aircraft flight-envelope, such that in a case of emergency, provision of bleed air and clectrical power is covered
by the APU, an important item with respect to the increasing demand of electrical power for e.g. the avionics
and other onboard consumers, and also with respect to the dispatch reliability of the aircraft.

BT, e M e D . o b ki,
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SUPER INTEGRATED POWER UNIT FOR FIGHTER AIRCRAFT

Armando D. Lucci, James A, Williams,
and Earl C. Beder

Rockwell International/Rocketdyna Divsion
§633 Canoga Avenue
Caroga Park, California USA 91304

and
Buryl L. McFadden

Alxr Force Aeropropulsion Laboratory
Wright Patterson Air Force Basa, Ohio USA 45433

SUMMARY

./7An SIPU is a multifunctional aircraft power unit capable of providing:
(1) electrical, pneumatic, and hydraulic power for ground mainttnance
and standby operations}? (2) normal and emeryency main engine start
power? and (3) emergency electrical and hydraulic power, Power is ob-
tained either from jet fuel combustion with air forx ground operations
and normal enqgine starts, from a gas generator system using onboard
stored propellants for emergency functions, or from the aircraft main
engine compressor air for the emergency electrical and hydraulic power
function. Rockwell International's Rocketdyne Division conducted a
program sponsored by the Aeropropulsion Laboratory at Wright-Fatterson
Air Force Base,Dto design, fabricate, assemble, and test the SIPU con-
cept by operating a demonstrator in all modes. This paper provides a
description of the SIPU concept, the designs of the demonstrator, and
each of its spubsystems. Ihe,benefits resulting from +he»use of an SIPU
are presented. i

{

INTRODUCTION

Aircraft secondary power systems, e.q., normal electrical and hydraulic power sources,
environmental control systems, englne starters, emergency power units, etc., characteris-
tically cunsist: of individual devices for performing each function. Not all of these de-
vices are aircraft mounted, but rather some are parts of cumbersome ground support equip-
ment. Future wilitary alreraft will demand more and more self sufficiency, requiring more
compact, lighler weight, totally alrcraft-mounted secondary power equipment that may beat
be reallzed by using an integrated multifunctional device. Furthermore, increasing demands
for secomitary power system operation at high altitudes will regquire performances beyond
those of the current strictly air-breathing combustion types. These needs have led to the
concept. of the Super Integrated Power Unit (SIPU).

An S5IPU ls a sinyle aircraft power unit capable of providing (1) electrical, pneumatic,
and hydraulic power for ground maintenance and standby cperations, (2) main engine ground
start power, (3) emergency in-flight electrical and hydraulic power, and (4) in-flight
emergency main engine restart power. Power can be obtained trom jet fuel combustion with
ambient air for the ground operatiuns, engine ground starts, and low altitude emerqency en-
gine restarts; from a gas generator system using onboard stored propellants for the emer-
gency power and high altitude emergency engine restart functions; and from the aircraft
main engine as a second source for the emergency electrical and hydraulic power function.

An SIPU cuncept demcnsiration proaram im being conducted at Rockwell Internaticnal/
Rocketdyne Rivislon, sponsored by the Aeropropulsion Laboratory at Wright-Patterson Air
Force Bagse. The program is for design, fabriration, asasembly, and test of a liquid oxygen/
jet fuel-based demonstrator SIPU capable of accomplishing all the secondary power functions

listed above except the pneumati: grouund power function.

Studiss and experimente at Rocketdyne show that the SIPU concept is feasible. The
aircraft can be made self-sufficient, i.e., indepandent of most ground support equipment,
and can be provided with more em« rgency power options than are now available, all with
small weight penalties. Furthermore, since the, SIPU power turbine is driven by an oxygen/
jet fuel gas generator, it usem available propellants and can operate in the cold environ-
ments and high altitudes sncountered by the aircraft--features not presently possible with

existing sevondary power mystems.

Several SIPU concepts were studied, two concepis buing preterred for reasons of light