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I. 0 SUMMARY

An Eneray Efficient Engine (E 3) Progr_mwas established by HASA to

develop a technology for improving the energy efficiency of future commercial

transport aircraft. As a part of this program, General Electric deaigned_

"_fabrlcated, and tested a new turbofan engine. "_als report describes the

design and test of the control and fuel system for the General Electric Energy

Efficient Engine.

The control _nd fuel system for the E 3 was based on [_F_ of the

proven concepts and component desians used on the GE CF6 englne family. One

significant difference was the incorporation of diaital electronic computation

in place of _he hydromechanical computation used on current transport aircraft

engines. The timesharing capabilities of the disital computer accommodated

the additional control functions required for the _3 without computer

hardware duplication. The improved accuracy and flexibility of digital

computation permitted engine control strategies that improved efficiency and

reduced deterioration. The dlgital control also offers improved

aircraft/engine inteKratlon cap_billty.

For the E 3 [CLS (Integrated Core/Low Spool) turDofan demonstrator,

the system perfotnmed six control functions. It controlled fuel flow, fuel

flow split (to t_o c_mbustor zones), compressor starers, and three independent

clearance control air valves. The system a!so provided condition _.onitoring

data. For the core enaine test that preceded the ICLS, system functions were

the same except that the compressor starer control function was deleted

(stages are set individually by a test facility control system for

experimental flexibility) and all fan/fan tu=bine related functions were

deleted. The system for a production engine would be the same as for th@ ICLS

wlth the addition of Ignitlon and thrust reverser cont_ol°

System components for the demonstrator engines included (i) the digital

control. (which is a modification of e design produced unde_ the Navy FADEC

progr_a, (2) a modified FI01 fuel pump and control, (3) modified CF6 starer

actuators, (4) modified FI01 !GV actuntors for air vnlve actuation, (5) a

TIi
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num'ue¢ of ale valves modified f¢Omex!stinE degians, and (6) sevecal

custom-designed components includin_ fuel flow split control valves, control

mode transfer valves, and a compcessor clearane_ control sir valve. An

off-engine digital control _as used for the core engine, whereas an on-en_inu

desiEn was used for the ICLS. Fo_ a p_oduction E 3, dual _edundant dIEital

controls would be used initially, but it is ancleip_ted that in-service

development _ill p_oduee a di_.t_l control _ith reliab_llty equlvxlent to

current eontzols so that ultimately a s_n_le-channel control will suffice.

f
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2.0 INTRODUCTION

The _ner_y Efficient Engine (E 3) Pcogrsmwas a program estmbllshed by

NASA to develop 8 technology that would i_prove the energy efficiency of

propulsion 8ystem_ for mubsonic co_e_ci_l alrcr_ft of the l_ter 1980'_ and

early 19_0's. Th_ specific major objectives of th_ pre_rm=_ere to develop a

tec_olo_y that would provide _t least a 12% i_prove_ent in c_is_ _peclflo

fuel consumption and a 5% Ir_o_ovement _u direct _perstin_ cost r_lstlve to a

current co_orclal alrcraft cnglne, the CF6-50C. _ese i_rovcmcnts were to

be achieved within the restraints of _t_ict n¢_ noise limits as given in

FAR-Part 36 (July 1978 revision) and emissions limits are given in the

J_nuary 1981 EPA standard for such engines.

Beyond the overall program objectives, design objectives _lso ware

established fer the v_rlou_ elements of the E 3. For the fuel and contrul

system, the prlm_ry objective _s to define a _ystem that thoroughly e_plolted

th_ er_Bine's fu_l eonserv_tlon features, provided operational c_p_billty and

reliability equol, to or better _an current transport engine control systems,

and to employ dlgital electronic computation suitable for InterfscinE _ith

aircraft propulsion and flight control computers. The system thus defined was

demonstrated on _e full-sc81¢ core and ICLS (Integrated Core/Low Spool) te_

enEines _'hich were a part of the E 3 pro_rmm.

Thi_ report describes the conbvol and fuel system design and documents

the performance observed as the system w_s bench tested and subsequently run

on the E 3 demonstrator engines.

\
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3.0 C0}FfP,0L _k_9 FUEL SYSTEM REQUIR_NTS

The E 3 control and fuel systom wa_ desianed to meet several

contractually specified general design requirements established during the

pre!!m!_ry design phase of the program a_d tc meet functlon_l r_qulreu_n_s

est_b_is_ed by th_ nature of the engln_ itself (Figure 1 cross section).

These :_uir_ments are given below.

Di__tal Cemgutat_9_ _ - _e system em_ployed digital electronic

computation rather _han the hydromechanlcal computation used in current

transport engine controls. This was done because tho digital computer

provldedmore sch_dulln_ flexibility of controlled variables; had timesharing

capability so that mmny control functions were performed without co_puter

haz_wave dupllcetlon; could interface directly with aircraft system computers

_hich, by the late 1980's, _lll also be digital; and offers the promise of

lower cost by takln_ adv_taae of rapid electronics industry advances in

circuit Integ_atlon and automated manufacture.

Aircraft Interfacin_ - In conjunction _Ith the previous requirement,

the system was designed to interface with a typical alrc_af£ control

computation system.

ow_._- The system incorporated power m-_agement capability

which automa_ieally optimi_ed performance with mini,mum flight crew input.

<

i

i

L

Sensor/Actuator Failure Tolerance - Computational techniques were

employed to make the system generally insensitive to failures in diaital

control i_put sensors and output actuators so that redundancy of these

elements was not necessary.

___5___i,_Z.'- System reliability by the time of introduction into

service shall be equal to or better than the _eliability ac_ieved wlhh current

transport engine hydro_echanical control system° In a sense, this requires

improved reliability because the E3 system performs move control functions.

4



....i

!

• uoi_oaS _so_3 _uT_u_ Sq3I g_ "I aJn_T_



I• _ ",_

L

(

il_

i

I •

3.2 I_J_C_IO1_AL D_SIG_ REQUIR_$

The design of the K3 ICLS .required that th_ control _ystem have

outputs 88 sho_n on Fisure 2 and it performed the following _unetlons:

• Hodulated fu_l _Iow to _ontrol thrust.

e Split fuel flo_ to the two _one_ o£ th_ double-_nular c¢_bus_or.

• Poslt_oned core compressor v_ri_ble starers _ov best compr_ssoc

perfocm_nce.

• Positioned air valves for independent actf_e clearance control o_

the comp_eseor (Stases 6-10) and the _P _a_ LP tu_blnes.

• Provide condition monltor_n_ da_a to the _n_ne o?er_tln_ c_ew.



HP Turbine

Heating

Valve Position

(FPS Only)

Compressor Clearance NP Turbine /

Valve Position Clearance /
Valve Position LP Turbine

/ / Clearance

J Fuel Fxow
[ and

Core Stator Flow Split
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Figure 2. Control System Outputs
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4.0 BASIC SYSTEM STRUCTURE

Cousldera_i_n of design requirements, particularly the one re_ardln_

digital _l_ctronlc co_putation_ led to the d_finitlon of a basic s_stem

stt_cture a_ _ho_ in Figure 3. The digital control was th_ central element

in the _ys_e. It received input signals from the control room and from

various engine sensors, it provided serve si_nal_ to control the output

device_ shown, and it received position feedback signals from _e output

devices.

Fisure 4 shows pictorially the inputs that w_re received from outside

of the controI s_stem. Seven temperatures were sensed Includln_ fan inlet

air, compressor _nlet and discha_Ze air, HPT discharge gas, and engine skin

temperatures in the thr_e areas where active clearance control was provided.

Air pressure inputs to the t:ystem included freestream total pressure

which w_s indicative of the average pressure at the fan inlet and compressor

discharge pressure. A pressure sensor was provided for I-_T dischar_e pressure

which is a potential thrust control parameter for the FPS design. This was

not demonstrated on the core or ICLS test vehicle.:.

Inputs were also received that were indicative of fan rl_m and core rPT,

the latter _eln_ supplied from a core rotor-driven control alternator which

also served as the primary source of electrical power for the digital

control. The control also received 28 volt d.c. power from an external source

for use durlns starts and as an alternate power supply in the event of an

alternator failure.

co_mnd data _as provi,ied to the digital control through a _mltiplexed

digital llnk which si_ulated _in aircraft interface connection. _e primary

corm%and input was the posltio_ of the engine operator's power lever, but the

data link was also used to _ranzmlt adjustments and eeleet== switch positions

from a control room Operator and Engineering Panel which provided experin_ntsl

flexibility for d_monst_ator engine testing.

{.,.
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The data llnk also included a separate ch_xmel for transmission of

multiplexed digltal engine and control system data to the control room,

thereby si_._latlns an aircraft enalne monitorln_ connection. These data were

displayed on _ CRT and made available for the demonstrato_ engine test

_nstz_.ntation system.

Control strategy for the varloue _3 control system functionm was

cont_ned in the di_;ital control's preston memory. _._tput signal_ _ere

_ener_ted by the control and then tcensmltted to the vaclous actuation devices

in order to control them in accordance _ith the control strategy. Some of

this control was done on an open-loop basis, but most was done closed loop by

utillzln8 electrical position feedback signals from the actuation devices.

All of the actuation was done with fuel-powered actuators usin_ excess

capacity from the en_in_ fuel pu_ through electrohydraulic secvovalves which

respond to the digital control output sisnals.

J
fl

Control outputs for th_ fuel valve and compressor stator actuators were

handled differently 'from all others in that they were transmitted to transfer

devices capable of provldlng swltchover to hyd_omechanical control for these

twO variables only. In the event of a digital control system malfunction,

fuel and stator control shifts to the hydromechanieal backup plus all other

controlled variables are set at safe positions so that the demonstrator engine

would continue to run satisfactorily and could be shut down in a safe _nner

for correction to the malfunction.

System elements and system operation are discussed in more detail in

the sections which follow.

4.1 p_EL%.%'ERY _ND CONTROL OF FU_ FLOW

4.1.1 _EM DESICN

In designing the fuel _jstem, it was recognized at the outset that many

of the considerations for e_tsblishing the highly successful fuel syetem

designs on current transport enaines, such as the CF6, are equally

appllca_le. Therefore, the system was patterned afte_ the CF6 syste_ in many

Ii



ways, with modifications nmde mainly to reflect the use of a digital control

and a significantly different combustor. A diagram of the fuel system design

that resulted for the ICLS engine is shown on Figure 5.

i

An _ngl.ne-dr_ yen, '. . po_t_ve displacement vane pump with an integral

cen_.rifugal boost element is u_ed in th_ system _or pumping. Pump discharge

fuel passes through a pump-_unted filter and into the fuel control mounted on

th_ e_d of tL_ pu_p.

In the fuel control, fuel metering is accon_lished by the combined

operation of the _.etering valve and a b1_ass v_lve that returns 6>_ess fuel to

the inlet of the vane pump element. The bypass valve maintains a fixed

differential pressure across the metering valve so that the mete=ing valve

area determines the amount of fuel flow supplied to the •engine combus_or. In

the prhuary operating mode the metering valve is positioned by the digital

control, and in the backup mode (discussed further in Section 4.4..I) it is

pesltioned by the hydromechanical computer. A transducer on the meterin_

valve provides poultlon feedback to _e digital control.

Metered fuel passes out of the fuel control through a pressurizing

valve which _s necessary to maintain sufficient pressure to operate fuel

serves at low flow conditions and through a cutoff valve which provides a

means for positively shuttln_ off fuel to the engine. .The fuel then passes

_hrough a flowmeter (which is included to provide e_erimental test data) and

an engine lube oil cooler. Do_ns_ream from the cooler the fuel flow is split,

part Soing to the pilot zone and part going to the main zone of the

combustor. On/off valves in the main zone and pilot zone lines provide a

means for modifying local fuel-elf.ratios in the combustor under certain

conditions as e_plalned below in the discussion on fuel flow split control.

F_n speed _s selected as the basic fuel control parameter. Control

strategy for fuel flew is she_ in block diagram form in Figure 6.

Fuel flow, for the most part, is modulated to control fan or core rotor

speed in accordance with t_le po_er lever angle (PLA) schedules she_ea as blo_Es_"

12
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in the center and lower left portion of the diagram. For ICLS, the schedules

are set up so that the core speed schedule is in effect from Idle to

approximately 3_ thrust and the fan speed schedule is in effect above that.

Limits are i_osed on the basic _chedules to prevent excessive HPT

inlet t_peratu_e (calculated), excessive LPT inlet temperature (T42), and

excessive compres=or dis=hR=_e pressure (P$3). In addition, t_ansient f_el

schedules and limits are included to (I) prevent comp_ezzer surge during r_to_

accelerations, (2) prevent lo_s of co_Dustion durin_ roto_ decelerations, and

(3) limit the_,_m)shocks (by limiting fuel flow rate-of-ch_nge). The

schedules and limits are combined i_ a selection network which establishes

priorities and assures smooth transition between control modes. A manual

input is included tO provide the capability of adjusting fuel flow from a

control room potentiometer to explore subidle engine characteristics.

The output of the selection network is a fuel metering valve position

de_nd that operates a position control loop to position the valve, thereby

setting the desired fuel flow.

4._.3 FUEL FLOW-SPLIT COh_TROL STRATEGY

• he double-annular coWoustor shown in Figure 7 required that fuel from

the main fuel metering valve be split between pilot and _in zones. The

required flow-split characteristics are listed below.

Start Mode - Full fuel flow was required to the pilot zone to assure

ignition and best combustion during acceleration to idle.

Run Node - Full Dle! flow to the pilot zone was required at idle when

not in flight to provide minimum exhaust emissions. Above idle or in flight,

fuel is required to both zones.

Decal Node - _o e_ez.imental options are provided if decal blowout

probl_ss are encountered:

a. Temporary _wit_hover to enriched m_in zone

b. Temporary _wit_hover to pilot zone only
15
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Transition - For transition to full bu_Ing mode, main zone flow must

be temporarily held low to prevent pilot starvation as main |.n_ectors fill.

The control strategy desl_ned to meet these requirements is shown on

Fl_ure 8. The block at the upper left provides the basle on/off lo_ic for the

main zone shutoff valve and the blocks at the bottom provide the pilot zone

reset that is pa_t of this transition _ode. _ze blocks in the center provide

the main zone throttlin_ function to prevent p!.lot zone starvation durln_

tr_n_ition to full bu_in_. _e duration of throttlln5 is v_riod a8

function cf total fuel flow as indicated by _aln fuel m_t_rln_ valve position

and as a function of the tiir,_s_nce last main zone operation.

The decel mode loglc is shown in the block at left center. EnEineerin_

panel adjustments required to trigger this mode are provided so that this

function can be modified or deleted altogether from the centre! room during

en_in_ operation.

A manual mode is also provided for both the main zone shutoff valve and

the pilot zone reset valve which allows each valve to be Independently

positioned from the control room during engine operation.

The output of the main zone shutoff lo_ic network operates the main

zone valve through a control loop that includes position feedback so that the

valve can be set at any positiou from fully closed to fully open. The pilo_

zone reset valve servocontrol does not include position feedback so this valve

can only be set fully open or fully closed.

4.1.4 FUEL COntROL LOOP DETAILED DESIG_

DesiKn details of the fuel control strategies Just described _ere

defined primarily on the basis of predicted enslne cycle characteristics using

data from the computer model of the engine st steady state (cycle deck) and

data from transient co_puter models derived from the steady-state _del,

The basic fuel control system schedules of core and fan rpm as

functions of power lever an_le were desisned so that the relationship between

an_le and thrust is negrly linear at ICLS operatin_ conditions. Z_he
17
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schedules, sho_rn on Figure 9 and 10, are designed so that the corrected fan

rpm schedule is normally in effect above approximately 70" power lever and the

corrocte_ core rpm schedule is in effect below.

Th_ d_n_ic charscterlstics of the fuel control loop were dosianed by

,_th_ us_ of ll_ear _t_billtY a_a!ys_s techniques _nd _y the use of a transient

medal ef the engine a_d control en a hybrid co_uter.

The transient enBine _d_% w_ based on the steady-_t_t_ cycle deck
deck source.

with component subroutines I.rour_._d dlrec_lY from the cycle

Yhe block dis_rsm in FiSurell show_ th_ info_stion flo_ through the model.
• These blocks

The dlas_ consists of blo_s connected by flo_,?ath techniques

rzpresent the con_ponent subroutines just noted. Each _loch is identified by

the enBine-eor_ponent thermodynamlc function represented therein. Inputs to

the engine components on each pass include flight conditions, iteration

variables from the iteration logic, rotor spe_ds from the _otor simulatlons_

and control verlabl_s _rom the control _i_letion. Compresso_ bleed and

horsepower extraction are not shown _ut are included. Separate _loe_s

represent inputs and outputs for the iteration logic, rotor simulations and

control s!v,_latlon.

The stabilit_ anslysi_ effort _%d the transf.ent model work resulted in

control system d)_amlc characteristics that produce the engine transient

characteristics shown in Figure I_ _:hlch is a set of data traces sho%_in_ a

_ast d_ceieratlon reflected by a fast acceleration on the transient model.

The dynamic design _ork just described was limited to the resien aDo_e

idle becsuse the engine cycle deck sad transient model a_e limited to that

re_ion. Therefore, a separate su_idle engine model _s prepared to gld In

designing the transient charaeteclstIcs in the startlu_ region. _is model

was patterned after _ similar :_ubidle model for an existing engine and

adjusted to match predicted ch ._.racteristics at idle• _t was further: adjusted

when actual subidle data bec_' avail_ble from component testl_E of the

ten,presser and HP turbine.

Figures 13 and 14 _i_©__ t_p_cal _ubldle model data ?opt!neat to cont_"ol

of f_,el flow a_d to choice of a _tart<_'. DesiEn objectives call f_c a.

}

!-
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60-second start on a standard day, While maintainin_ at least 10% compressor

stall marsin and limitin_ turbine inlet temperature to 1228 K (1750" F)

maximum. A preliminary fuel schedule meeting the latter two criteria is

plotted on Figure 13 and the resultin_ core rotor torque characteristic is

shown in Figure 14.

4.2.1 CO_ ...._0_, S,.ATO_, ACTUATIO_ A_D CO_,_T._OL

On t_S ICLS engine the compressor ZGV_s and the first four staler

sta_es _er@ variable and zan_ed. A system of levers and annu.la_ rinss

surround the com_,ressor me that t_e stases move simultaneously _ith a

stase-to-sta_e relationship established by llnkase characteristics. As sho_%

in Figure 15 the lln_se is operated by a pair of fuel-driven ram actuators

that are normally controlled by the diEital control through an

electrohydraulie servovalve. Position feedback to the control is p_ovided by

a position transducer connected to the actuation lln_ze. _n the event of

digital, control system failure_ control of the =is%or actuators transfers to

the hydromechanical control which provides a basis schedule similar to that in

the dls_.tal control. This is described further in Section 4.4.

On the core online the co,_ressoc I_V's anC, the flrsh six sta_es were

variable and were [ndivldu_lly controlled by _est Facilities provided

equipment.

4.2.2 COmPreSSOR STATOR CO_0L STrATeGY

The conventional pcactlce of schedulin_ compressom staler an_les as a

function of rp_ and inlet temperature is used fo_ the E3 _ut t_e added

computational capability offer_:d by the digital control is utilized to

supplement the basic schedule ;nd to further exploit the potentlsl of variable

starers to improve engine o_e_ation aud performance,

FIzure 16 is _ block di_r_n of the, staler control _tr_eZy. The basic

schedule is she,_ in the n_xb-to-top block on the left with the modifiers

applied to it through do_._:t_.eam sulfa%ions. The n_odifiers are described

belo%_.
25
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Are--Reset - This feature in effect provides an alternate schsdule

that closes the vanes much further than normal in the approach thrust ranK?.

This results in higher core rpm durinE approach, thus nmking it possible to

regain high thrust more quickly in the event of an aborted landing. This

concept, tried biefly durlns the _ASA/GE QCSEE prcSram, is included in the

E 3 Prosram so that it can %_ explored fuzthec.

__e..._tt- Experience with CF6 enBines has sho_ that h_avy rain

causes a reductlo_ in compressor inlet tem_perature (T25); rapid termination of

rain, combined with T25 sensing lag, can cause ce_@ressor stalls. This reset

causes a small starer vane closure when sensed T25 is tess than calculated T25

(as it will be in heavy rain), thereby increasin_ stall mar_in.

Sgeed Match Reset - Experience has shown that englnedeterloratlon

often results in a reduction of core rpm relative to fan rpm and a

correspondlng reduction in core efficiency at cruise thrust set,lass. This

function detects a deviation from the normal core rpm/fan rpm re[atlonship and

adjusts the starer vanes to restore the orlslnal relationship.

TranslentReset - The basic starer schedule is de_izned to provide

optimum steady-state compressor performance. But it is not necessarily the

best schedule for rotor speed transients. For this reason_ a transient

schedule reset was included to provide potentially improved transient

characteristics. Based on past experience, it is expected t_ _t a s_ator _eset

in the closed direction will provide additional transient surge margin and

better transient characteristics. A reset proportional to the rate of chan_e

of speed is incorporated for empirical evaluation.

Switches are provided as shown on the block dlasrsm (Figure 16) to

allow the above modifiers to be disabled during the test program so that they

cannot interfere with noLm_l stator scheduling. Al;o, adjustments are

included (not shown on dlasram) to eliminate the effects of individual

modifiers.

}!.
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4.3 ACTIVE CLEARANCE CONTROL

4.3.1 ACTIVK CLEARANC_ CONTROL MECHANIZATION

There are three separate active clearance control systems on the E$:

one _or the aft st_es of the compressor, one for th_ lip turblne, _nd one fop

the LP turbine. They are shown sche_tlcally on Figure I_.

Cleacmuce control in co_@ressor Stages 6 throubh I0 is s,chleved by

passin_ a variable flow of StaKe 5 bleed air ove_ the co_npressoc caslnK in

this re_ion to provide a thermal adjustment of casin_ dimensions. The StaEe 5

air extracted for LPT pur_e is ported so that it can flo_ through the

compressor clearance control chamber m_d through m% external b_asspIpe, AiP

from these two flowpaths is ported to a rotary three-way valve which is

designed to provide virtually constant total flow but a flow split between the

two flowpaths that varies with valve rotor position. The valve is positioned

by a fuel-operated servoactuator controlled by the digital control. An

electrical transducer within the actuator provides position feedback to the

control.

Turbine clearance control is achieved by impir_ing variable amounts of

air, independently, onto the HP and LP turbine casin_s to provide thermal

control of casi_g dimensions. Both systems utilize fan discher_e air picked

up by scoops in the fan duct pylon wall and passed through variable area

i butterfly valves. These valves a_e independently positioned by fuel-operated

servoactuators similar to the one used fo '_ compressor clearance control. The

HPT clearance control system also includes a provision rot introducing

I compressor discharge air onto the casln_. Studies, usln_ the clearance model! described below, revealed the desirability of usinE this air for a brief

period immediately after engine start in order to establish proper clearances

I quickly and, thereby, eliminate the possibility of a rub if the enEine Is

accelerated before the casing can heat up naturally. The studies showed a

_i I.... similar feature which was not needed for the LP turbine. Thi_ feature was not

i_..-_ demonstrated on the core or ICLS test vehicles.

_[. - }

_ ................................................................., :,_._,__ -........ •,, . , .



/ :

_J

I

l

l !
i l

i I
I _P Tu_i_ I

cAsI,*_GH_TINc
I v_vz
I

I _ FUEL

SERVO -- - -- ELECTRICAL

SERVO 1

FUEL

!

COMP P_ESSOR DISCH b

C_JST. BLEED I

I FUEL

i t_ ---" AIR

I
FAN I
AIR_"_.,F#_ DUCT PYLO_'_ WtJ, L

--- SERVO i

FUEL J

V L:'a
ilt ,,

STG. 5 STC. I0

l
I

iI
_e

I
I
J
I

I
!
l

|

_J

HP TURBINE

CASING

LP "D3RBI NE

CASIF_G

Figure 17. Clearance Control System.



l

.!

4.3.2 CLg_ 1_r]:_ _-

The control _t,rate£y for the cl(_arance control s_-st_ wa_ e_tabli_hed

to _¢t a set of. general ol)_ctlves _.s )._st_d b_lo_.

c_ provide _inln_u_ pt, sctic._,l c!c-S_'_,_tce at c_a_e _,'?o'_'_rse%tinZs.

o Provide e_t.ra c,loar_nc,_ for take offlcii_'b __anc_u%_er deflections.

e preve_._t ho_ color vebuvst m_bs.

F.ail-saf-_ (i._.. to m_i_m cleurance),

air valves for core/_CLS

e provid_ manua_ re_ot_ control of cl_ar_nce

e_per_m_nt_l f le._:ibilit_.

In proce_eding with the t_k of doflnin_ a control stratebY for the

clearance control sYs t¢-_-_'_,consideration was give_ to the. u_ of direct

clearance s._nsln$ to provld_ fe_db_ch information to the digital control _nd

thus allo _,'_direct control of c].earence_. Cl_ara_'_co _en_ing on gn op_ratin_

engine has _een de_onc:trai:ed on an er.p_vi_.enta% '_a,_t._ _ut fine _ot.hod_ a_:_ not

evel,w_v_r_t to tne_c_ the_ _a_ _l_e for use on initial FP_
far enou5 h along in d -_ .._ ._ that does not

_ngin_-_. _5_t.,._i_ _a_ n_cessarY to develop a cowLrol =L_.at_Y

depend on cleg_,,_e

To a[:slst in t,h_ d_f£nition of cleeran:© control strate[;Y r_Lha_aa_iecJ.

mod_s of tY,_'_ _ng[no a_d control el.e_e.uts involved !_t ,actlv_ clea.ranc_ aoutrol

w_re u_i_izc_. The=_ are dt_,_cussed in

data from the E 3 clea_'_znc¢_ z_odol i.q _hc_ [t_ i?!guro lB. Thi'_ hepp_n_ to !)_

for th_ iTPT, Lint it is typical of al% _h_-_e _F _:t_'_" %t Sho_ that t'n_ syste_'_

is capable of _ooduLati_g t?_e,c_teady-c;t._te cio.ar_%ce at ta.i:,eoffconditions fco._

0.279 to 1.345 _ (O,O!l t.o C_.053 in.) L_ith _:'h_:,fe.n g:!._ %_ic,e_1 fic:_7 %,:it.hlnthe

ran_0e established by engl_ ::ycl.e con_._.de'_,_t._n_ _:

................................. T'U"-" .... ;

-.' ,_:'_ " .... : '. ....... ":
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eoolin_ condition shown actually, results in an interference at the end of the

acceleration. Zn order to _liminate the potential for such Jut er-_erence, the

m_del data suggests that a lh_ must be i_2osed on coollng as a function of

rpm. F_u_e 19 shows _ust such a limit.

As _ri_ht _e expected, the model _Ise revealed _hat an order_'

rel_tlonshlp _xists _et_e:_ steady-state ele_-_ca, casln_ t_---_erabure, a_d

rotor _pm (shown _Y the solid lines in _i@u_:e _0). The characteristics sho_

here suggest that a schedule of casing tear,craters as s function of roto_ vpm

could serve as an indl.rect method of controllin_ cles_:a%_ce. A trajecto_" for

such a schedule is _ho _n on Figure 20. _he trajectory w_,._established on the

basis Of the follo_J.ns criteria:

• Set the desired minimum runnln8 clear=nee of 0.40_ cm (0.016 in.) at

msMimum c_lse coudltlons.

Provide additional clearance up to 0.635 _m (0.025 in.) at takeoff

and CI_U_h conditioxts fee accomodate maneuver defleetlons.

• Setaddltlonal clearance at lower cruise power settlng s to prevent

inadequate clearance transiently a_ter an accelerstlon.

@
Provide ma,%:_mum clearance et power settlers bclo_ c¢'_se to provide

IL_ple ma_n for _cceleratlone. (Very l_tle of the te£el ent[n e

fuel consu_tlon durln_ nom_al flights occurs in _is power settln_

region; thus, the e_tr_ clear,rice _rzin has netli@ible e_eot on

fuel use.)

The initial schedule derived in this manner is sho_ in Figure 21.

_ote that the schedules are defined in te_ms of p_sm_ters corrected to core

engine inlet temperature. Similar schedules were derived in the s_m_m_nnec

for compressor and L?T clearance control.

In order to assess _%e transient effects of schsdulix_@ casln_

temperature (and thus steady -sts_he cles_ence) in th_ _nnor Just described,

the schedules _mre incorporated into the clearance model and t_nslents w_e

_n. Figure X2 shows typical 4at_ from the }_ clearance model ducln5 _n

,,,,,_

35



!
I

_J

G_

.(,..

o

r=l

_3

r_
o

o

..A

1.5

1.25

1.0

0.75

0_5

0.25
75 Ground

Idle

\

\
\

\

\

50

4O

3O

20

Core RPM_ parcent

o

0

"o

0

=3

0

r_

"\

Figure 19. Preliminary _ Turbine Accel Clearance Margin Curve.



._ST_e3o_eq _ lo_uo 3 _3u_ealD _uTq _nl dH /_uT_Tl°_

"0_ eln_T_

• °

\

\ "'..

", . ."

OO6

0

Og

". '. 'i _

OOL 009

OOg

|

!

OOg

-\

00_

0

_Z'O

00£

:. ",.



!...q

_oI

009 --

o

i°°L 
b_

_6ooi °___/X/_--°e_Lg

009 o

0_9

OOL _



\

J

,q

O_

0_-

0
0), _

O}

I,-4

fl
L

OOg _

00S
o

_ .

ooz--

++I_ 00

!

006 t

.Lk- - " _+ " -'. _ . o

0
I - 0_'0

gZ "I

_(I (.¢ o98) _I£0£ 'SXS +0].l.o_ BlPl +Pi °:)BS 01- •

009

OOL

C_

CO

vl

Ob

i./i

] . . -

!

t

(b

)-'i

fb

.... _ ?-_.

_ -.i +



.,/. °

r /. /

/,

f

/

/

/

/

/

/
/

I

/

i

/ ""

/ •

/ / i •

acceleration. This data reveals another desirable characteristic of the

casln$ temperature scheduling concept. _or nearly three minutes after an

acceler_tlen from idle to takeoff power, the casln$ temPerature is below

schedule and th_ clearance control valve is closed. The thermal

-_;_ coolln_ are such that clearance remains in
characteristics _ithout c_--o

theO.635 to 0.762 cm (0.025 to 0.030 _u.) range, thereby ?covid_n_ the

addlt_enal _r_n. desired for th_ engine de_lect!ons that occu_ durin_ ts_eefE

and inlt_l c_:_-

hccel tr_n_.ent runs on the co_ressor clearance mod_i also revealed an

int_rest_n_ chacacteri_tlc- As _howa in Figure 23, th_ te_..peratur_ of th_

Gtage 5 clearance control air is higher th_ casln_ te_peratur_ for about, a

minute niter an acceleration from idle to takeoff p_er. By rotatln$ the

clearance control valve to the maximum casing flow position durln_ this

period, casing growth can be accelerated to h_Ip provide the extra clearance

mar_In daslred for takeof_ and initial climb. A mod_l run sho_in_ the e_fect

O_ this feature is sho_n in Fi@ure 24.

With the cas_n_ temperature schedulin$ concept successful Y

demonstrated on the clearance model, detailed clearanc_ control strategy

definition proceeded. Figure 25 is a block diagram of th_ strategy for the

HPT clearance c)ntrol system. The basic casln_ temperature sched,tllu_

function is sho'_ in the uppe_ left part of the dia_ram. Th_ decal over_ide

8ho_n belo_ this _a_ added to prevent rubs in the event of hot _otoc reburst

(that is, a deceleration followed by 8n acceleration before the rotor, _hlch

cools slo_er th_ th_ caslnS, has reached steady-state temperature). A rapid

deceleration causes the clearance control valve to close and re_in closed

until the casing tea_pecature reaches the normal steady-state level. If t1_e

engine is reaccelerated b_fore steady-state tex_peratures 8re est_blished, the

decal ove_ride is deactivated and th_ casing temperature schedule functions

normally.

A _nual control _od_ i_ also prey!dad. _en the _.nu_l _ode is

s_l_cted, the air valve is _oslt_ou_d _s a _ur_ction of a ?oteutlo_ter on the

di$_tal coutrol operator p_n_l in the control room so that cl_rance control

_ystem charact_cl.stlcs c_n be e_eri_nt_llY _v_luated. A decal overrld_ is
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included In the m_nual mode to preclude a hot rotor _eburst with the air valve

inadvertently left open _fter a decel. This override, once activated, remain_

in effect until manually reset.

In a_dition, the block dla_rem of Figure 25 sho_s the casln_ beeline

features that p_ovldes qu_ch _rmup aft_ anen_ine start _o that an i_ediete

acceleration to high speed can be m_de without encount_rin_ a _ub. I_

thesuto_etic control mode, this on-off function is triggered as e function of

casinz te_pe_ature with the valve open below ste_.dy-state idle tem?ernture and

closed above. A manual mode _s also p_ovided. The resin5 hestin_ feature was

not included o_ the test engines %_t would be pert of a p_oductlon en_in_

design.

The control strategy for the LP turbine is functionally the same as for

the HP turbine, except that no casin_ heatin_ feature is h_cluded. Clear,ace

model _uns showed this rapid p,_ststart wam-_p is not necessary for the LP

turbine.

Figure 26 show_ the control strategy for the uompressor c!ear_nce

control. It includes a basic casin_ temperature ve_ulator_ a decal oveF_ide,

and a manual mode that ell _unetion the s_qe as those in the turbine clearance

control systems, in addition, _t includes an air temperature override which

positions the valve to cause clear_*ce control ai_ to flo_ ove_ the casinK

When the air temperature exceeds the casln_ temperature. T:Is is the extra

acceleration =mrEin feature described earlier. To eliminate the need for a

clearance control _!r temperature censor, this temperature is calculated from

_omp_essor discharge p_essure end compressor inlet temperature, both of which

are already sensed by the control system for other reasons_

protection azalnst failures that can cause control o<' 6n_ine

operational problems is an improt_nt aspect of any control _ystes design. For

the _3 system this is particularly i_portant b_c_u_ the di?[t_i control sad

associated elements are in _ relatively early stase of development, Control

redundancy is one conventional means of providln_ such protection; hence, duel
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redundant digital controls are proposed forthe production engine system.

Because the definition and implementation of redundancy was considered beyond

the scope of _te present program, less costly failure protection features were

incorporated for the core and ZCLS engines. %_ese are described lathe

The tes_ en_in_ control system includes an FI01 hydromechanical _In

engine control _hich is used primarily for _ts fuel _etering _ec_lon,

controlling fuel flow in response to a signal from the digital control. The

control also includes a hydromechanlcal computin_ section. This section is

employed to provide backup control of fuel flow and core stator actuator

position. Figure 27 i_ a general schematic of the backup system. Figures 28

and 29 show additional functional details.

In the primary mode, the latchln5 solenoid valve posltion_ the transfer

valves so that the fuel metering valve and the core staler actuators are

controlled by the digital control through the electrohydraul!c fuel and stator

servovalves. When the latching solenoid is energized to the baclo_p position,

the transfer valves move to their backup position. Here the fuel metevin_

valve and core staler actuators are both controlled hydromechanically by the

fuel control. _n this condition a position switch on the s_.ator transfer

valve signals the digital control to deener_ize all outputs so that built-in

offsets in the output devices cause all other controlled variables to go to

safe positions. The valves controllin_ fuel flow split go to the full burninE

condition, the start bleed and start r_n_e turbine cooling valves close, and

the clearance control valves _o to the maximum clear.toe position. The latch

feature in the solenoid valve assures that the existing condition, either

primary or secondary, is retained until a definite signal i_ received calling

for a mode chan_e.

A selector switch in the control room sets the basic system operatin_

mode (Figure 29). With th_ selector in the nom_al porltlon the system will

normally be in the primary mode, but it will s_itch to bac]_.? position if (l)

the digital control power supply voltage is low, (2) if the digital control

self-test computation she_ a fault, or (3) if a core rotor eye.speed occuvs

46
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which sends a fuel pressure signal from the fuel control to an overspeed

pressure switch. Selector switch positions are also provided that set manual

mode only, primary _:ode only, or e_ivtin5 mode only operation.

_- i "s

J

The digital cent=el _ystem incorporates a nu_Dor of electrical sen=ors

that are necessary fo_ proper system and engine operation. Provision_ mu_t be

m_de to _cco_r_od&te occ_3i_nai seu_o_ f_ilures _Ithout significant ep_ration_l

effect. _ni_ could be don_ _ith sensor _edundsncy, but this add_ cost,.

increase_ _.intenance activity, an_ requi_es _ddition_l mountln_ provlsionu on

the. engine. In_tead, the oo_utational c_p_bility of the dlgltal contro_ is

utilized to provide _e _q_Ivalent of sensor redundancy _thout multiple

sensors by employln8 a failure indication and aorr_ctlve action (FICA) concept.

The basic FICA concept Involves the incorporation of a s_plified

engine model in the digital control softeners, alonz _ith sensor failure

detection logic _.ich monlto_s _ensor slgnals and _eplaces failed signals :_Ith

mode_-_enmrated su_stltutes. A mathematical filter technique (extended Esl_n

filter) is used to continuously update the en$1ne model uslng data from all

nonfailed sensors.

FIEure _0 is a dlagre_ of the FICA_ The engine _odcl_ outlined in the

center of the diagram, is [n_tlalized _Ith sensed inputs. It then continues

to eo_pute the state_of-en_Ine variables based on inp_tu f_om (I)

envlron_ental 8en_o_s, (2) the fuel control loop (fuel flow r_te of ch_n_e)_

and (3) th_ model/sensor signal commparison through the update metric. I_ any

of the sensor sisn_l_ devlste from the equivalent computed state variable by

more than a predetermined acceptable amount, the computed value is substituted

In the control strategy. The erro_ for that variable is eliminated f_om the

update p_ocess, _nd the model continues to compute all stgte variables with

suitable accuracy.

In the demonstrato_ _ngine progr_ the FICA concept was d_monstrated on

the %CLS enzin_. Thm core ¢_uglne had a loss extensive control system (no

LPT-r_lated control and slave controls for core stereos), e_r@loyed a si_ler,
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out-of-llmlt strategy for sensor failure protection, i_nen any sensed input

beyond the normal operatln_ tense the digital control takes the foilow£n_

actiou:

Core Spaed

Core Inlet Temperature

_ndicate self-te_t failure, switch to

backup mode

$ubstitute valve from l_anual T25

potenCies,afar on e_erakor panel

Compressor Discharge

Temperature

Compressor Discharse

Pressure

- Substitute valve c&lcui&ted from core

s_eed and inlet te_erature

Substitute value calcul_ted from core

speed _ud ambient pressure (as Indi-

cated by potention_ter)

t

_xhaust Gas Tempereture

Casln_ Temperature

- Substitute valve c_icul&ted from core

speed and inlet temperature

- Set associated value at mmx_m clear-

ance position

Cowressor Clearance

Valve Position

Turbine Clearance Valve

Position

Main Zone Shutoff Position

Set control output tc zero, valve 8oes

to max_ clear_nce position

Set control ot_tput to zero, valve _oes

to maximum c!carance positioi_

Set contro& output to zero, valve

opens

Fuel Meterin_ Valve Po[itien - Indicat_ self-test failure, switch to

backup mode,

52

Power Lever Position
- Switch to bzc_zp mode
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These out-of-llm!t functions were also included in the ICLS control

system for use when the non-F_CA mode is selected and also had final authority

when FICA wss selected.

The disitsl centrol _Iso includes provisions for responding in a safe

m_r to ce_,_tsln fuel valve position sensln_ failures _hst result in larvae

errors w_%t_!n the normal operating range. (Loss of cortsln electrical

co_n_:tlons to the fuel valve p_siticn transducer can c_u_e =uch a f_ilure.)

TLe control _onitors r_te of ch_;n_e of fuel valve position and_ _hen it

dete,_s _ r_te in e_ce_s of the _o_._l _imum r_te that p_r_ists lon$ enough

to i_dieete it is nob c_•;u_ed by _tdo_ electrical noise, it s_itches to the

_SC_Ta_ _.ods. "£n this _Y, it protects agsins_ a senso_ failure that could

cause an Inadvertent and excessive rise in fuel flow. The stator control

system Inco_orated the same feature for the _CLS vehicle _est.

Ii
L.

4.5 DIP_q_T_:CO_OL

%%e digital control is a full authority digltsl electronic control

(_ADEC) designed fO_= o_erstlc, n of the integrated core/lo_ spool (ICLS)

configuration. _t iS en$1n_ raounted end ai_ coo]ed. For noz_sl o_eration,

elects'It powe_ is provided _Y the en_ine-drlven _.lte_netor. For engine

startln@_ _,d in _he event Of alte_sto_ failure, powe_ is provided from the

alrfr_ (test cell) 2@-volt '_us.

The control is housed in s rectongulsr chassis _ith four mountln_ feet,

one loc|_ted st each ¢,oz_er_ to support the chsssi_ to the zttachin_ points of

the on_ine frm_e. K t%_o-sided cold plate separates the chassis into two

compartments. The _ultilaYer ce_a_Ic modules are mounted on the cold plate in

th_ shallo_ compartment. The discrete modules ere _ounted to the cold plate

in t_e deep cempactment, Cool,tn_ air flows through the finned passaBe

separating the two mountin.Z s_.des of the cold plat_. Electric interface with

the control is through seven uall-_ounted electrical eonnector_. '._o air

pressures are piped to the co_trol and pe_:etrahe the chassis wall to the

module p_essure sen_ors/tr_nsducers. Housed _Fithln the control chsssls _re 4

multilayor c_ra_Ic, modules, 16 discrete potted modules, 2 wi_'e--%_a? circuit

bo_ds, 1 _el.sy, _nd 8 adJu_tsent potentlometers. 53
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& partition wall in the deep compartment metallically shields the power _,

supply functions from the remainder of the control to eliminate electrlcal

noise interference. All wlr_ b_tween the compartments penet_'ate the shield

only through suitable _ (electromagnetic interference)filteru.

The digital cont_'ol acce_ts i_puts from inside 8rid outside the control

sy_t_=. _ _utput_ control signals to the control system as _ fuuctlon of

control system strateEy _hich is proBr&_z_ed into the control. Inpu¢:_ and

outputs ar._ sho_ on _Igur_ 31.

The _i_llfied Sche_tlC (figure _2) shows the input/otttpuh sectlou,

th_ processor section, and the miscellaneous section. Th_ input/output

section includes the 16-_it buffered data bus (BD-bus) a_ its data path to t'_e

central processor. Digital information is passed from the inputs onto t_e

BD_buS through the tristate buffer to the data bus (D-bUS). Digital

information is also passed from the D-bus through the tristate buffer onto t1_e

BD-_us and into the output circuits. All data tran_ission is done under

control of the central processor and on a tlmesharir_g Basis.

The processor section consists of an address _us (#_D-Dus) and a D-bus.

All data infor_,mtion into and out of the contro_ _ill pass ov_r th_ D-bus a_:d

into the processor. _nd a_l destination Infor_mtion _ill pa_s over hhe AD-bu_

and _lll. d_ter_In_ the sourc_ or d_tinatlcn of data pre_ut on th_ _ -L_us.

The miscel_aueou_ section contains e lir_r variable _h_ transducer

(LVPT) e_citatlou dr_v_r, a crystal control clock oscill_to_ and an

alternator-drlver po,_r so_cce with a 28-volt d.c. po_er source as s. bac1_p.

The digital control provides the co_putatlcnal cepabi!itY for the

selected control system. All of the cant=el la_ progrg_, signal

conditioning, data processln@, and input/output capabilities needed to pro_i_e

the desired engine operation and interfac_ with th_ sen_ors and actuation

co_i_onentz are included in the control.
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A. Position Feedback

--TC_-_

I Fuel Hetet'ing Valve i _

Core Stators_=_'_ _

B. Other

RPM, Core

Temp_ Fen Inlet _RTD_J_ "-'-_'_'

Temp, Core Inl_ _

Temp, Turb Cast

I Temp, Camp Case (T/C_ _"_

[Component Discharge Pressure_---_

C • power

Digital
Control

Ou._!_y.._._.
A. Position Demand

(Torque Motor Drivers)

Fuel Meteri_

Main Zone Shutof_

Core Stators

('==p Clearance Valve

BPT Clearance Valve

LI_f Clearsnce Valve

B. Other

--4

-->I

Backup Selec_OV--7_

Pilot Zone Reset (j-off_

LVPT Exclt a=i-'o_--_

I_P_ Casing Reetlng (on-of_)_

Aircraft

Interface

i

i

"%!

i_!•!

!ii i
Figure 31.

/.

*FPS Only

Digital Control - Inputs and Outputs.
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4.5.2 _CP.OPROCESS_OR

The central processin_ unit (CPU) is based on an array of four 4-bit

microprocessors cascaded to handle the 16-bit word. _nis is a fully parallel

•m_chine o_@r_tln_ at 3.5 _z clock r_te. Fiaure 33 shows a simpllfied blocI_

dlegr_ of t.he _-bit ullce A}-?D 2901 _icroprocesso_ used in the control.

Features of thi_ proce_so_ are (I) specie% purpose, (2) fr$_ctional, (3) t_o's
.5 _z clock r_te, (6) 6_.K

comple_aent, 4 qu_n_, (4) micropro_r_ed, (5) 3

word program me_ory addre_slng c_psbillty, (7) 512-word P_ size, (8)

64-1nstructlon re.pertoirc, (9) 16--IJit _ord size, nnd (I0) low-power Schoth_=Y

TTL lo_ie f_ily.

This processor is mlcropro_ramm_ble which enabled its desi_u to be

tailored for this engine control application. Such t_ilorin_ makes it a

special-purpose m_chine. This 16-bit machine computes alaorithms usin_

fractional arithmetic in two's complement notation and has 64

mic_o!nstructions which Include:

e _nput, output, and an address strobe instruction

Load instm_ctlons from various sources

• Add and substract instruction of different locations

• A store instruction _h_t pisces data in _ specified location of

resdl_Tite m_orY

• A four-quadrant n_ultiply and divide instruction

• Reaister exchanae instructions

e Magnitude with limit inst_action

• _arious limited inst_cticn_ to prevent data ovecfio_

s
F.ight- and left-shift instr%_ctxo_

57
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Figure 33. AMD 2901 Microproceesor Block Diagram.
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4.5.3.4 Scratch Pad Her_ory

The scratch pad memory is used for temporary values durin_ the

calculation process as the pro_r_ is executed; it is a 0.5K random access

u_mory (RAM) havin_ readl_rcite capabllity. Each location is available _or

input and retriev_l of dais. The R_ I_ located in the dl_ital processor HCM

HB6 (A16 _odulo).

The microprocessor _uory !_ the repository for th_ processor

instructlon s_t. Thio_ _ a rest-only m_ory (ROH). accessed by th_

microprocessor durin5 execution of the control program. _ _0_ is located in

the di$1tal processor module HB2 (A16 module).
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5 • 0 SOFTI_E D_VELOI_M_IT

5.1 S__0___E D_VELOPM_E A_D VERIFICATION PROCESS:

Software fo_ th_ digital control was developed followln_ a six ste_

process _s illu_trat_d i_ Fi_uro 34 an_ _l_ed below.

I. Generate the soft_zre pe_fe_nce and desIEn requirements:

these t_o requlremenh_ te veclfy _dequate coverage _nd

understsndi_ of the control szstem :equirements.

cevle_

2e Code software modules and test. Z_emodules are defined in the

above software performance snd desi._n requirements. _odules for

elements such as control laws, schedules, and s_itchin_ lo_Ic are

coded in FORTRAg HOL for com_atibility with a FORTRAN dyn_mlc

engine model (which is used in Step Ill to perform initlal testln_

aEalnst the control system requlre_ents). Modules for elements

whlch require special machine instructions (such as self-test) are

coded in assembly language; these assembly l_ngusge modules are

tested with a software emulator.

3. Intestate software modules and test. As shown in Figure 34, a

dynamic computer simulation is used to £_st the intebration of the

modules coded in the _ORTEANHOL. Such testin_ is quite effecti_,e

in findins software errors at an esrly point in the design process,

and it eliminates the e_ense of many compiles/asse_D!ies to

machine code durin_ the de-bu_ process. Fisure 35 describes the

dynamic com_utersimulation used to test the integration of the

modules. This closed-loo_ slmul_tion includes computer models of

th_ HOL control code, sensors, actuation systems, and the engine

transient perfozmmnc,-. Thus, the code can be convenientl_ tested

over a range of conditions, durlnE both satic and transient

operation.

4, Compile and ssscx_fD!_ the total source file; test m_chlne ccde with

th_ Software Transienh Si_wulator. Tl_Is Simulator tests the final

machine code file (which results from the mer_er of the s:_se_bly
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code and the HOL coded portions of the software) Ln the Host

computer, using a FADKC emulator to sin_late the operation of the

ta_et computer. The Software Transient Simulator makes possible

closed-loop testln_ of the machlne code in a total computer

environment end has _roven to be qulte effective in de-bu_in_ the

total coda ove_ _ r_a_e of operatlnE conditlon_, both statically

and dyn_ical].Y. As Illustrated iU Fi_Ure 36, the elements of the

software T_nslent Simul_tor are the emulsto_ subrou£1ne, the

_,. su_brouhlne, sn engine digital trsnsient
actuator/outpu_,_

performance model, the sensorslln?ut subroutine, _nd _hemast._

input zub_out}.ne. The e_ulato_ subroutine simulates the functional

operation of the t_r_et compute_ w_ih respect to the software

_nstructlons contained in the files fo_ the Proz ram and constants

mcmorles. Dia_nostlcs from the emulator provide information on

overflows, timing, re_Iste_ contents, _d memory contents.

5. Lo&d _chlne code into breadboard fO_ the control and test wlth _%

electronlc test bench, which includes an interface si_ulahlon and a

rea_ time engine model.

6. Using the machine code validated _n step 5 above, this code is

progrm_ed into pro_rsa_mable Read-onlY memories (PRO_'S) and the

PROB'_ are inserted into the actual FAD_C which is then tested with

the electronic test bench.

%_e above described si_ steps for the software development and

verification process were used to generate the software fo_ the Control

System. Subsequent to this development and verification process are the

control systems tests, which aredlscussed in Section 6.

\
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6 .o CO__=_n_OLSYST_S T_ST.

Two control systems teats yore conducted: one prior to the core

vehicle test m%_ the second prior to the _CLS vehicZe test.

The _ hard.re w_ use_ for.both system te_t_ (the core control

_Tst_m te_t dld mot h_ctud_ h_rdware requlr_d for the ICL$ te_t vehicle).

Rezults of the core control _y_te_ test demonstrated the functicnaI

ch_recteristlcs prior to it_ u_e op the core, _._hich du_ to the similarity of

the Lwo control _ystem tests, only the results of the %CLS control systems

test results will be ¢over_ in detail.

I./i

a .,

I

l
[

I

[

/

Thlz prosram was conducted in order to demonstrate the functional

characteristics o_ the ICLS on@Ins control system prior to its u_e on an

ensine •

6.2 C_QUCLUSIO&S

e _he overall functioning of the E 3 control syste_ is satisfactorY.

"l• The guel control _ill automatlca_ Y s_itch to the _act_P

hydrom_chauleal coutrol i_:

a. Backup is menually selected

b,

d,

i

W ....................
,I

End;ins is shutde'._

Alternator _ails oc di_itsl core speed signsl fa_is ouh-of-limlts

strategy

Meterins valv_ feedba,:_, sign_l fails out-of-l).mits O_ feedback

sensor failure strnte!_y

6? ¸

.................. , :-7"--%_>_7

..................... _'U-:_ <r_": ""_._t,,_,._.-'._-_:_,'_,_..,.:... :.,......... ,_

......... :...........,.......-_........;:'_:._"_-",........I,' / ., i
.'!: i ,",
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e. Core st_tor v_Ive feedback sIE hal _ails out-of-llmlts or feedback ,

sensor f_ilure strategy

g. Core _peed as _ensed by hydro_echanica_ control exceeds over_?eed

trip point

• To _n_o the _i_ry mode _!_ faults must _o cl¢_r_d _n_ the oper_to_

_st mo_=ntmrilY =_lect the "pri_i_' _o_Ition on th_ D/U r_l_Y control (until

the control d_tm display no longer _ho_ the bgckup mode in effect) and then

select the "no_l" po_it_on.

Th_ bac_ hydro_ch_n£c_l control could _e used for startln_,

_rovldin_ provi_ions are made to position the m_in zone valve.

• _fftcient _lextbtlttY has been programmed into the dlgitalcontrol

to, _rov_demsnu_l or auto_tlc transition from pilot only to pilot

an_in zoue combustiou-

• Accel schedule, _uel flow callb_ation, core st_tor schedule, and P_&

schedule are w_th acceptable limits.

• Over|peed trip to the bmcl_P mode is fully functlona_

• Operation of all a_r v_Ive actuators _ satlsfactorY-

• D_namlc elements o_ the control system, as evidenced by the core and

f_n speed frequency response test und the five ?oslt_on Ioo? step

responses_ are s_tlsfactory-

• protection feature_ of the dlg!t_l control are operational°

• Failure Indication and corrective Action (FICA) can demonstrate

sin_le software failures of core speed, fan speed, co_pressor Inlet

temperature, co_Lo=essor discharge tem?_rgture, LP Turbine inlet

temperature, and Co_re_sor Discharge pressure (CDP). It should be

noted thet enabling FICA with nominal PS3 error tolerance will

dlsabl_ the function of the stall d_np kit by substitutiu_ estimated

(FIC&) PS3 for sensed PS3.
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LECO_mA_TIO_S

®
_he control syste_ as te_ted (except for the fuel pug drive spline)!

should be used for ensine t_st. Note: Vissbie wear was observed on

the drive _iin_, so it wa_ replaced _rior to _hi_m_nt to the e_sine.

• Ensurm tb_t all connocto_ az'_ properly in=t_llcd s_d secured

(Ioc_wive oc ETV) prior to e_)_ cu_ing.

• Prior to swlt',cb!ng to pri_a_Y mode deke_,,ined _at:

Compressor0 I_ Tuvblme, LP Turbine clearz_ce valves -are closed. The

msizt zone _utof_ _a!ve _._ open. T_ core s_t.or _alve has

positioned the starer per the backup schedule. This is an

£ndication that these valves are in their proper po_itiou _nd that

they will function properly.

e The preferable _Y %o trmtsition from pilot only to pilot _nd _in

is by using the automatic raode. This mode e_tsures proper sequencinz

of the valves _nd is repeatable. Note it _ill be necessary to

utilize ths _r_nusl mode to optimize transition prior to using the

automat ic mode.

The actua% engine fu_l flow, _s measured by instrumentstloa vs.

d_ital control calculated fuel flou calibration should be v_lida_ed

and _A_usted as required.

o The engine operation, where FICA is to be demonstrated, be

thoroughly mapped prior to actlvatln_ FICA. The PS3 tolerance limit

be set to the t_Reximum prior to activstin_ FICA, and set to nominal

value only when demonstr_tln_ e PS3 failure.

e
The stall dump kit should be tested w_.th FICA in the _.:racR mode and

recorded on s strip chazt recorder to determin_ FICA _raekin_ _he_

the stall dump trip is h_de.

i
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6.5

6,5.1

%_S _o. SBI156

Date Test Started: Dscember 23, 1982

Da%@ Test Com_Isted: JenuarY 21, 1983

Total T_t Hours: 48

Disital Control

Adaptor Box

Control Alte_tor

_el Pump (F_P)

Fuel Control

_In F.%Iter

Serve Filter (2)

Overspeed pressure Sw_tch

_in Zone Shutoff _alve

Pilot Zone Shu%Off Valve

Core Stator LVPT

Core Stato_ M_ch. Feedbach

TI2 Sensor

TZ5 Sensor

T3 SenSor

compresso_ Cle_ra_ce C ont'-°°l Actuator

MP Turbine C les_uce Control

Actuator

LP Turbin_ Ct_._.'ance Control

Actuato_

7O

.......... ........... , :_-_

4013295-416

gC16%l

9728M71P0_

4013295-286P01

4013295-034G01

AC_-246_-_IOZ

401345-677_01

4013145-6S_G01

_0!3295-360G0!

40131_5-357P03

4013295-570P02

7059_47P01

7059MATP01

4013295-246

40!3295-297G01

4013295-031G02

401SZ95-O31G01

._ _i _ ..,. _::_
. _'_;7"5"
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6.5.2

6.5,3

6.5.4

Aircraft Znterface S£mul_ttor (AIS)

Operator/En_£neer£n_ Pane£ (OEP)

Data/Compluter D£spI_Y (CRT)

D£splsy _ntorf_ce Unit (PIU)

D_£tai to _1o5 Connector (D/A)

Data printer

Shaft _ncode_ (PLA) B_Id_in 5V2_2

Backup Selcctro Uni_

Power _ppty C2SV} F__6267B

CABLES

WZ

W2

W3

W4

W5

W8

W9

W40

_51

W52

W53

W55

Adsptor Box Cable EC1691

F_CTLITY HARD_AEE
6 "_ ......... --.

Core Stctor Actuator (2)

6.6 T_ST S_T-_____

4013295-795G01

-544G01

-546G01

-547G01

-5_IO01

-5_5G01

4013295-543G01

4013295-5_9G01

4013Z6Z-O45G01

-045C02

-045G03

AOI3262--0A5_05

9607_lgPOG

6.6 ,I

The test parts were set-up in Cell 44, Buildin$ 703.
The v_rious test
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parts were set-up as shown In Figure 37. The control roo_ set-up and

electrical cables were connected _s shown on the "" ICLS engine fuel and

control system drawin_.

6.6.2

SepL_ste s_ulatior_s of the ?ilot zone _d _nin zov,e fuel nozzles _eve

prov_.d_d.

6.6.3

She? ai_ was pvo_id_d for coo!ins the FADEC.

6.6.4

I
t
i o
! .

,' !

! k

i ' - \

Power to the dlgltal control was p_ovided from two sources: a 28 volt

DC _o_er supply and the engine alternator, The control po_e_ sup?iy £s

designed to use DC power (below (40%) and transition ko a_tevnate _owe_ as

speed in _ncressed. Transition is comp_te_ at approximately 60% speed.

6.6.5

T_O decad_ boxes _ere provided to _imulate fan and e_ve air _tlet

temperature, as _e_ui_ed.

6.6.6

A dial-a-volt source _as provlded to simulate themaocoup!e inputs.

[:

t.

v.

6.6.7

_%_o Systt'on Donner SD-20 .._alod Computers were u£_ed to tie hhe two

drives (pump and altetmator), sit_lated pneumatic (PS3), end ;!timui_ted LP

Turbine Inlet Tem_._ratuk-e (T42) tosether to _.ovide tt-at_sient testin_

ca?abiiity.
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Figure 37, System Test Setup Schematic.
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Fuel P_mp Inlot P_essure P_

Fuel _ Inlet Temperature TG

Fuel P_m_p Disch. Pressure P1

Fuel P_mp Ditch. Te<mperature T1

Fan D_seh. Tem_. Sensor a aPFDT

Mydromech. Control Diseh. P2

P_essu_e

Myd_omech, Control Disch. TeTEM

Te_@era%ure

Hydro_ech, Control Disch, W_

Flow (Turbine)

Hydromeeh, Control Diseh. WF_3_

Flo_ (_smapo)

Pilot Zone Manifold PPZ

Pressur_

Pilot Zone Manifold Flow WPFZ

Main Zone Manifold PresSure PMZ

Fuel System Return Pressure PRET

Simulated CDP Pressure PS3

Serve Return Pressure PB

Servo Supply Pressure PS

Hydromech. Power Lever At_51e PLA

Main Drive Speed N2

Alternator Drive Speed NZ'

(0-100-?S!G)

(0-100=F)

(0-1500 PSIG)

(0-250_F)

(0-200 PSID)

(O-lOO PanG)

689.5 kPa

17,8 - 37.8=C

10,343 k_a

-17,8 - 121.1"C

1379 k_a

6895.0 KPa

(0-250"F) -17.3 - 121.1°C

(300-12000 PFH) 136-5443 _/hr

(300-12000 PPH) 136-5_43 k_lhr

(0-I00 PSZG) 6895.0 _2a

(0-7000-PPH)

(0-I000 PSIG)

(o-zoo PS_¢)

(0-600 PsIG)

(0-_0o Ps_)

(0-1500 PSZ_)

0-130 DEG

0-8000 R_M

0-3181 _/h_

6895.0 KPa

689.5 KPa

4137.0 ILPa

489.5 KPa

_0,343 _PS

0-30000 RFM
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NOT_: 100% Maln Drlve Speed = 6317 RPM "

100% Alternator _eed _ 23690 RPM

100% Core E_LnQ Speed = 12303 RPH

TO eliminate dlffe_nt _peed _cnll.v_=all s?seds were converted to an

equivalent engine cpe &nd _ill be refe_:_d to as N2 unless otherwise specified.

T_ble I is a tabul_tlon of the ZCLS Monitor Output v_clables with scale

factors_ conv_iOn units, _.n_ _ description of e_cho Raw data, that is, dat_

from the dl_ital control displa_ed on page 5 of the CUT display end on the DIA

readout is in te_ of a bit count. In order to determine the value of a

variable (in en_ineerin_ units) it is necessary to convert the bit count to a

scaled fraction n_%hec. Y_e 16 bit digital control uses two's compl_ment

arith_etlc with the mo_t si_nlfic_nt bit as a sl_n bit, therefore, the scaled

fraction nt_b_c will _o from 0 to .99997 as the bit count 8oes from 0 to 32767

and from -i.0 te -0.00003 as the bit count goes from 32768 to 65535. The

scaled fraction ntunber positive or negative, is then multiplied by the sonic

_actor obtained from Table 1 to _et the value in en_ineerin_ units.

Conversion of siznals to DV voltases from 0it count are as follows:

the volt_e Koes f_n_ 4.991 w:Its to - .005 volts as the bit count goes from 0

to 32767 _.nd from 9.990 to 5.071 volts as the bit count _oes from 32768 to

65535.

_oto: This is a linear relstionship.
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TABL_ 1 (1 of 8)

_,o_iTO_ o__

_m

A_8 test word (436_0)

8alf t_st _ (43_90)

Hode _ord c_r_$1n_ pot bit info

B_t

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

_met!on

Spare

Spar_

Spare

Spar_

Spare

1 - enable bact_p, 0 - disable bBc}m_

1 - backup d__d, 0 - b_cKup e_.

Spare

Spare

1 - Block #1 _ood, 0 - f;sil_d

! - Block #2 _ood, 0 - f_il_d

1 - Recovory on, 0 - _ocovery off

0 - eonnoc_d

Spara

Out-of-limits _o_

0

1 I - X_L_'_c

2 I - PLA

3 1 - }_ZSO

4 1 - _

5 1 - XLPTC

6 1 - PT@

7 1 - k_S3

_netlon

1 - XCCC _ _h_ts 0 in llr,d,ts

i

7

I(L!

°?7



TA._L_ 1 (2 of 8)

: <" .

MZSOL

CGs t_ON]TOR OU_ (toni'd)

Func_£on

8 1- _T_C

I0 1 - _/G

II I - T_2

12 I - T42

13 1 - T3

14 ! - T25

15 1 - Disable _c%ion, 0 - do not di_-

able action

Mo_e _rd carry_n_ _o_¢

0

1

2

3

5

6

7

8

9

10

II

12

13



/

ST12 700

(_12)

S'_25PI 725

ST3 19(,0

_'1'_ 2 2860

STCC__P 1960

STCHPT 19¢0

(TCt_T)

STCLPT 1960

(TCLP_')

SX_'L _t375

(XNL)

TABLE I (3 of 8)

XCLS N0gITOOU__D_ (Cont'd)

_p

_i_ run_isn

0 WF_ mode 1 - m_nusl0 0 - auto

1 }_XSO mode I - r_nusl, 0 - auto

2 CCC mod_ 1 - rannual, O - auto

3 HPTC mode 1 - manu_l, 0 - auto

4 LPTC _od_ 1 - manual, 0 - auto

5 Disable 5C & _ 1 - disable. 0 - norm.

6 BETA mode I - approach, 0 - normal

1 _ETA bias 1 - resets, 0 - bi_s out

8 Sens fall bale+ 0 - no bias

9 Disable OTOLIM 1 - Disable, 0 - do

not _isabl_

10 PZR m_a mode 1 - closed. 0 - open

ll EOP fall update 1 - do not update.

0 - update (ll_i_)

12 Alternate PS3 l-alternate. 0 - primary

13 Idle mode l-flt idle, 0 - _nd Idle

14 FICA 11 - on, 0 - off

15 FICA 2 1 - on, 0 - off

Fan inlet temperature

"R

"R

"R

. Actual core inlet temperature

Compressor discharge tem_pez'ature

H_ turbine disc ter_erature

°R Co_rossor CSSe te_er_ture

°R lip turbine c_se temperature

°K I_:' turbl.na case temperature

RPt_ Fan speed

[

'I+" +

.+

78



/?

/ 12J

!

/
/

/

TABLE 1 44 of 8)

PTO

SPS3
(PS3)

_RZSO

ZCCC

_{P'£C

ZhPYC

ST25
(_.25)

_C

I_ZSO

ICCC

"_RPTC

I, LPTC

ZBC

'pLA

k_FACC

_.ttODg

16120

23

500

psZf_

PSIA

1 S.U.

I $.U,

I S.U.

Z S.U.

I S.U.

"/25 ®R

1 S.U.

I00 l_

100 _IA

100 14A

IOC

100

150 %

100

150 DEG

1_000 PPH

_.4O00 PPH

Core s_eed

Total inlet ?re_sure

com?ressor dlsc.har_o pressure

Fuel meter£n_ v_Ive po_itlon (stroke = .3Z3 _n.)

}_&n zone valve position (st_oke - .7 in.)

Com?ressor clear valve position (stroke - 1.5 in.)

l_ Turbine clear v_Ive position (stroke = 1.5 £n_)

LP Turbine clear valve position (stroPhe - 1.5 _n.)

Sensed co_ressor inlet temperature

Coco staler actuator (stroke _ 3.315)

P_el meterln_ valve %/_ current

Uain zone valve T/H current

Compressor clearance valve T/_ current

HP Turbine clearance valve T/_ current

LP Turbin_ clearance valve _/_ current

Corrected core speed

Core st_tor _/_ cuz_

Power lever apple

Adjusted fuei flow

Accel fuel limit

_uel flow control _ode

1
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_V

K_?TC

I_LPTC

FMODE

8O

i

X

X

i

_A_Lg I (5 of a)

_.Uo

S.Uo

S.Uo

0.25 Ha_ stop

0.3 T42 !L_It

0._ Dacel J/R

0.5 Acce! J/R

0.7 X_L

0.8 PS3 lh_t

0.9 T41 ealc _}_it

Meterin_ valve positioa demand (stcoke =

.813 In.)

_aln zon_ _osltioa demand (stroke - .7 in.)

Comp clear valve position demand

(stroke = !.5 _n,)

HP turb clear valve ?osition deaand

(stroke - 1.5 in.)

LP turb clear valve position demand

(stroke = 1.5 in,)

_ode word for F_CA status

0

I

2

3

4

5

6

7

8

9

i0

Bit count indlcstl_ no. of allo _,'_d

FIC_ substitutions

Spa?e

FICA activated

FICA treckinK

FICA _d

_izM I - substitute, 0 - do not

Y25 ! -.substitute, 0 - do not

T3 ! - _ubstltute_ 0 - do not

t

I
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REBC 1 S.U.

RP,Zi{ ! --

RSR'_C I00 %

YD7 10.9 %

¥? I00 %

RASBV 10.9 %

RABLD 10Q %

(_T3)

XSBV I00 %

(_T42)

TTS_I I00 %

(_P_3)

_ABLK I (6 of 8)

ICLg MO"._!TO,._OUT.PUT DAT_A (Cont 'd)

II

12

13

15

PS3 1 - substitute, 0 - do not

T42 1 - substitute, 0 - do not

I_/_{1 - substitute, 0 - do not

XNL 1 - substitute, 0 - do not

Spa_e

_OYE: The folio_In5 states can be

derivel f_om bits 5, 6, and 7

Armed Bit 5 + 6 + 7 ffi 1

Tracking Bit 5 + 6 = I, Bit 7 = 0

Reset Bit 5 = I, Bit 6 - 0, Bit 7 ffi0

Off Bit 5 = 6 = 7 = 0

Cote st_toc posi_tion de_nd

(L%_T stroke = 2,134 i,.)

(Actustoc stcoke = 3.315 in.)

Pilot zone velve de_nd

Comp_esso_ inlet temp (sensed-est)/sensed

Metectn_ valve (s¢_sed-est)Isensad

Fan speed Csensed-sst)/scn_ed

Core speed (ssnsed-est)/sensed

Com?resso_ inlet temp (sensed - est)/se_sed

I.,q_Tu_1-_inedls=h te._o (s_n_ed - est)/sens_d

Co_?ve_sor d_sch pFe_s (sensed -- es_-)/sensed

81
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_DTN_

ST41

(_41)

PCNLR

Er_OR_

250

3500

150

SO00

T____/__nZ._!(7 of 8)

_D..._.4.._,,._ (.cant'd)

°F

"R

%

OEU internal temperature

Calc _ Turbine inlet re.stature

Corrected fan speed

_ode word sensoru ou__ef-toler_nco

_ io__._x

0 Spare

1

2

3

4

5

6

7

8

9

I0

11

12

13

14

• ... ,,

Spare

Space

Spare

Spare

Spare

spare

Spare

I_P_H I - out-of-tolerance, 0 - _ tu!

T25 I - out-of-tolerance, 0 - in tol

T3

PS3

T42

m_

1 - _t_of-tolersnce_ 0 - in tol

1 - out-of-tolerance, 0 - in tol

1 - out-of-tolerance, 0 - in _oi

1 - out _'of-_e%ersnee' 0 - in tel

i - out-of-tolere_n_e, 0 - _n to!

".!

!'

i
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TSL2S

'_C98

TE27

1960

1960

1960

TABLE I (8 o_ 8)

_._.._o_IT_r_OU_VT D_T_ C¢on___)

Units

"R

"R

°R

LP %_rbine case t_ratur_ dem_d

1__
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6,7.2 DIGITAL CONTROL MONITORING (Continued)

% T-I
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Table 2 tabulates the conversion factors.

__caled Fraction _u_ber

0 4.991 0

32_67 --,005 .9999_

_1_:

Core spoe_ (_) vends _4000 5i%s, dete_aine the sealed frmction n_ev_ D_

vo|.ta_e and s_ed in _k_.

32767 .99_ _

_.991

D6_" = 2.8564 volts

Cove speed = .42725"i_120 = 6_87.2 _N.

'_e monltom!n$ da_a is availa%)le fmom the DI_ eonneetom as voltage readings o_

diglhal count readinzs on the connector front pansi. Du.?licate sets of r_ote

o_tputs ave _vovl4_d, e_eh ineludtn_ the first fifty channels of monltcviu_

dat_, plus fiftee_ sel_ta5Ie channels that can be connected to any of the

The control _ys_ems CRT also procasses m_my of the ,_onitoming signals and

dlsplmys %h_ on the _¢['_-',et,in en._inoering units.
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All tr=nsient data wt_s taken in Cell 51 by Data Systems Operation (DSO)

and all X-Y pZotting was done in Cell _4.

Ta_,i_ 3 Ls st ii_% cf the adjustment p_te_tlo_eters (10 tur_,,) o_ t%_e

Table 4 _s _ lls_ of t_e s_itc_ze.+_ on th_ o_e?aterlen_inee_'inS panel.

:

versions ate Listed below.

e !CLZ i - Control _efkware as originally delivered %0 cell 44 for

_y_te_ test.

• ICL8 2 - Same as ICLS _ e_',eept:

a. _ded feature tJ ate _ in pci_ry :cntrel in event that stail

d_2 kit is trippee.

_odifledmain zone shutoff logic to provid_ proper staginz

seque_elng after _losin_ on a decelera%ion. _o%e: The m_in

zone will be closed ducin_ a decal only if it is roqui_ed to

keep the engine from blowln_ out o-,_Ing a decal.

:j_,

L'_

I

i

!

i
i

c. Lowered _omition loop sain of LP Tur_il "_ cl_rance by a factor"

of 2. i,
i

05 !,
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E N G I N E E R L i_ O P A N E L S _'_I T C H E S

S_ _TCH No FUN _T ION ON OFF

I

2
3
4

5
6

"7
8

9

0
I

2
3

4

b

6

_FM _40DE

_._ZSO LIODE

COMP CLEAR MODE
HP TURB CLEAR MODE

LP TUR8 CLEAR _!ODE
DISABLE [-JC&HF
BC CC)NT MODE
BC BiAS

SENSOR FAILUI_E BIAS BIAS

DI.:_..BLE O'£(;L[ }4 DISABLE
_4A,q PZR VALVE CLOSED.
E{)P FAIL UPDATE

E_A,,,_, U P PS3
t L)LE M(;L;E
F ICA .!
FI.CA 2

MANUAL AUTO

I,_AMUAL AUTO
MANUAL AUTO

MANUAL AUTO
NANUAL AUTO
D ISABLED. NO_._4AI.

APPIYC)ACH NORMAL

RESETS BIAS OUT

NO BIAS
DO NOT DISABLE

{)PEN

NO lJPDATE UFUATE
USE DO NOT USE
FL3C IDLE OND IDLE

ON OFF
oN (_FF

Table 4_ Simulat_i Start- PL_nual WF Mode.
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l_ne control properly scheduled fuel flo_,_ in the start regio_ w_,s well

within regulation prior to opening the stopcock.
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!II.E. Simulated Bac1_u___Hode Start/_o_ual Shutde_n

A simulated start an4 shutdown were made In the backup mode. The

control c_ into regulation at approximately 10% speed and the stopcock was

opened at 3G% speed. The control was stopeock_d prior to decelerating. PS3

and speed _re r_ed the _a_e as in III.D. above.

If it becomes necessa_, to start the engine h_ the backup mode,

provision_ :_t be made to properly position the main zone chutoff end pi!o_

zone re_t in the start re_ion and to pvovide transition capability.

III.F. _a_n Zone Shutoff-F_nusl _iode

The maln zone shutoff was evaluated with a 200 lob_ orifice in the

pilot zone bypass le_. Two flow conditions each with the pilot zone val_e

opened and closed were r_n to show the percent of flo_ thvu the main le_.

Figure 39 sho_s approximately 50% flow through the main log _hen the pilot

zone is open and between 62_ and _0% when the pilot zon_ is elo_ed.

Figure 40 is a plot of fuel pump discharge pressure versus total

metered flow for two conditions: one with the main zone valve open and the

pilot zone v_lve closed, the other the main zone vatve closed and the pilot

zone valve open. These data _er_ run to confirm that syste_ _ould not go on

pump relief in the event alternate stratesy is used to prevent blowouts on

decels. _ot_: Plan is to decelerate the engine with both the pilot zon_ and

main zone valve open, if a blowout occurs the pilot zone will be closad duriug

the decel, then reopen when decel is complete. If a blowout occurs for this

condition the main zone will bo closed during the decel it will then reopen

and re-light when the decel is over.

III.G. Main Zoue Shutoff-Auto l_ode

Fi_u=e 41 is a slow aece_, showing the action of the main zone and

pilot zone valves in the auto_atic mode. To successfully t_ansltion from

single to double annular buvning _t is necesse_ to:

!
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a*

b*

Fill the main zone nozzles - this was set at ten s_conds for

this demonstration but c_n be from 1.75 to I00 seconds. Uot.

that the fill 9osltlon (i.e.. amount of flow in the main zone

_urin_ f!ilin_) is adjustable and wili be set so th_ englne do_s

not decelerate durin_ fi!ILu_.

Clos_ t_e pilot zone to enrich the m_In zone to allo_,_ the TS_i=t

bu_er to !i_bt. Note that the pilot "_.on_ v,_ive is si._nalled

e!osed 1.75 secon_ bafer_ the main zone goes fuil7 open. This

is a c]o_ (.25 _.p_ se_vovalve) _ystem _nd takes that lon_ to

close.

e. Open the mmln zone when the pilot zone is Eoing fully closed.

d. Reopen the pilot zone valve after transition to double annular.

Adjustments will be made to the control system to optimize autom_tlc

transition during engine test.

Th_ optional feature of closing the main zone during decels to p_event

blowout and the tcansltion back to double annular combustion _as tested and

perfo_ed satisfactorily.

The optional feature of closing the pilot zone during decols to

prevent blowout durin_ the dece! w_s also verified.

_ote: these two optional features will be used only if blowouts ace

actually encountered durln_ engine testing. _ey are adjustable from the

operator/engineering panel.

III.H. P_i_:_r Z 9{ode Acceler_tion Sehedule/W_ CaliSr_tion

Figure 42 sho_s test data plott=:d on the design schedule of acre! phi

(WF/ps3) v_. co_-rected core speed obta._ned by v_arying speed and ¢omp_esso._

dische_ge pressure. These data show that the digital control schedules

_ccslerete fuel flo_ eccurately. The backup control acce!e_tion schedule

I00
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was low in the start reKion but this was not a concern because all sterts were

to be made using the digital control. The schedule csm in the backup control

was made bzfore core engine testin_ showed engine fuel flow requirements in

the start region to be, hlg_%or thorn originally predicted. A cam chan_e was not

considered to be just lfled.

Fi_ur_ _3 is a plot of _ea_ured fuel flow vs. calibrated fuel flow.

These date indicate that t_e fuel flow celcul_ted by the di_Ita! control f_o_

fuei meterins valve position is quite accurate. This was acco_lished by

utilizin_ the operator/engineering p_nel adjustments which modify the

coefficients of the digital controls fuel flow calculation polynomlnsl.

llZ.[. PI_ Schedule- Prim_r

Figure 44 is a plot of the core speed governor cut-ln as a function of

power lever angle plotted on the E 3 control system specification schedule

while operatln_ on the primary COntrol. Th_ dat_ indicates that the core

speed schedule is the same as the core englne PLA schedule and not the desired

_CLS P_% schedule. This will require a slight adjustment to the fan speed FLA

schedule to ensure cont_olling on fan speed at high power. This should c_use

no operational pr_,blems.

Figure 45 is a plot of the fan speed govem_or cut-in as a function of

power lever angle plotted on the E 3 control system specification schedule

while operating on the p_imaz-/ control. The data indlcataes that the digital

control governs fan speed in accordance with the desired schedule.

Figure 46 is a plot of the core speed governor cut-in as a function of
3

power lever angle plotted on the E control system specification schedule

_%ile operating on the backup control. Speed govetming by the backup control

is within acceptable limits. It should be noted that the diEital contz+ol PLA

and bac_p control PLA correspond at 0 ° and increase _t a ratio of 1.6993

digital degrees per backup de_ree. Comparison of the data on Figurez 44 and

46 on this basis shows the backup schedule slightly below the primary

schedule, as desired, so that fuel flow will decrease rather th_n increase in

the event of a swltehover from the primary to backup mode.
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_II.J. Core Stator Schedule

Fi@ure 47 im 8 plot of the core ststor schedule in the prl,mry and

bacl_p mode plotted on th_ specification !inc in t_r_!_ of feedbac_ stroke.

The system _ ri_ged 0_ the o_o_ stop _d the LVPT _as adjusted tO obtaln the

collect dIEital re,din@ on the stop. _£he s_ze p_ocedure will be use_ for

Fl_uce 4_ is s plot of the core stator _c_edule _n the priory mode

plotted on the sp_c_f._c_t_on line in te_ of LVPT pe_itlo_.

III.K. _eration Transients

A series of sccel/decel t_anslents were z_an in accord m%ce with this

part of the test request. The main conclusion from this t_enslent testing is

that acceleration fue_ flow is scheduled satlsf_ctorily in the primary mode

and that t_nsltio n_ to _ gove_nln_ or the T42 limit are smooth.

III.L. pr).m_pde Decelerat ion %_[ranslent-_

A series of decal transients were run in accor6_ance with this part of

the test request. The _ein conclusion from this transient testing is that

acceleration fuel flow is scheduled satisfactorily and that transitions to _2

_ove_nln_ st Idle are satisfactory.

III.H. _cce__n Tq__%sients

A 30 second accel in the _ackup mode Indicates p=oFer governor cut-ln

at the 100_pla set point. The conclusion is that acceleration transients

could 5e _de in the 5ackup mode.

It should _e noted here the% the main zone shutoff value is open

because the tenth'el i_ in the _acku_ mode.

A 30 second de,ca! in t_ l_ackup mode _hows that d_cel tr_nsients c_

_e m_de in t_,e backup mode, ],07

:i

i

i



•, r

4.572
(1.8)

4.064

(1.6)

3.556

(Zo4)

3.048

o (1.2)

2.540

o (I.0)

v 2.032

(0.8)

>
,._ 1.524

(0.6)

1.016

(0.4)

0

Primary Mode 0

Backup Mode

60 70 80 90 i00

Corrected Core Speed (%)

I

J

h

f
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llI.O. Overspeed Selection of Bac.ku_ _ode

Test results show the control automatically switches to the bacle_p

mode at 109.9 percent _peed. _le control speed _._asthen decreased until the

control _ent on the accel _eh_dul_. This occurred st 96.2 percent. The

eont_ol _as then switched back to p_Ir_y control.

Figure _9 is a plot of gain and pha_ _hlft as a function of frequency

for the p_imary Eode N2 _psed control. 'D_o conditions _ere tested, a low

powe= (idle speed, _536 Kg/h= (lfl00 pph) fuel flow) and a high power (Takeoff

_peed, 3120 K_lhr (6900 pph) fuel flow). The nominal line, as defined, is

plotted on the curves for cou_arison purposes. '_Fheplots indicate both phas_

and gain a_e slightly below this nominal line. The net _e_ult should be a

stable, som_ha_ more sluggish, _ut adequate N2 speed control.

Figure 50 is a plot of gain and phase shift as a function of f_equeney

for the primary Mode NI speed control. One condition was tested, a high power

(Takeoff _peed, 389_ Kg/hr (63_0 pph) fuel flow). 1_e nominal line, as

defined_ is ?lotted on the curves fo_ co_a_'ison purposes. The plots indicute

both phase and gain are sllghtly below this nominal line. The net result

should be a stable, somewhat mere slugglsh, but ad&_uate N1 speed control.

Te_ting shows the fuel flo_ cutback _en PS3 is increased beyond the

2930.4 KPa (425 p_ia) limit.

A simi!a= test was performed to illustrate the cutback on the

calculated T41C limit (Note -- T_IC is calculated from T3 and WF/PS3). The

T_IC increase was simulated by increasing T3. T41C cutback occurs at 1322_C

(2412°F) when the ii_ait i_ _et _._t316_C (2400°F).
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signal callbratiou in terms of physical measurement of actuation stroke vs.

disital control stroke demand.

& tr_nslent.lnc_'_mse _nd decr_ss_ of the c_se t_peratur_ input wa_

,,made verifyln_ that th_ ccntrollln_ actlon of the co_esso_ clearance control

_as correct in _ automatlc _de. Iner_asln_ r_,;asur_d case te_er_tu=e o_Gn_

th_ valv_ and d_cre_sln_ measured case t_er_tu_e closes th_ valve.

t_,_ _utomatic mode. The
A _Id decel _as _de %:bile operatin5 in _'_

valve starts to open as _peed i8 decreased, then rapidly closes _d%en co_e

speed decel rate exceeds 150 RPHIsec. Thz system was then reaccelerated and

the valve reopened.

A rapid decel %_s made, thmn the system was allowed to remain at the

lower level and the casiv_ temperature was reduced as it would have been on

the engine after s decel, l-_hen the ten_erature went below the scheduled level

for the lower _peed, the valve properly reopened.

III.S. Turbine Clearance Control Checkout

FIEurs 52 is a plot of the HP Turbine clearance control feedback

siEnal callbratio_ in tez_us of the physical measurement of actuator stroke vso

digital control stroke demand,

A trauslent increase and decrease of the N9 Turbine case temperature

input was made to verify _e eontrolling action of the HP Turbine clearance

control in the autou-_tic mode. Increasing temperature opens the valve and

decreasin_ temperature closes th_ valve as it should.

Figure 53 is a plot of the LP Turbiue cle_rance control feedback signal

calibration in te_s of the physics! measurement of gctustor stroke vs.

digital control stro_._e demand.

A transient increase e_nd decrease of the LP turbine ca_e te_ecature

input _as m_de to verify the co[_t_oliln_ action of the LP Turbine cl_arance

centre! in the automatic mode. Incz'easing tempe?_tu_e opens the valve and

decreasing te_er&hure clo_;es th_ valve as it should.
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III.T. Position Leo ate In ut Response

The m@torluz valve response to a step input to the metering valve

position dom_.d signal was _eeasured. Average measured gain from digital

torque _tor current to measured fec_dback po=ition is 0.1524 cml_ec/ma

(, 060 in/s@e _a).

The mmln zone valve response to a step input to the maln zone demand

signal w_s measured. Average measured gain from digital torque motor current

to measured feedback position is 0.0787 cm/sec/ma (O.031 in/see/me).

The LP turbine clearance valve response to a step input to the LP

turbine clearance demand signal was measured. Average measured gain from

digital torque motor current to measured feedback position is 0.1397 cmlsoclma

(.055 inlssclma).

The compressor clearance valve response to a step input to the

compressor clearance demand signal was measured. Average measured gain from

digital torque motor current to measured feedback position is 0.1397 cm/s_clma

(.055 in/see/m//).

The P_ turbine clearance valve response to a step input to the HP

_4rblne clearance dearmnd signal was _easured. Average measured gain from

digital torque motor current to measured feedback position is 0.1499 cm/sec/_

(.059 inlsec/_).

The core stator valve response to a step input to the core stator

demand signal was measured. Average measured gain from digital torque motor

current to measured feedback position is 0.1676 cm/sec/ma (.066 in/see/me).

EII.U. Failure Zffects

2_a. Disconnection of the alter_ator caused the control to trip te

bachup.

_q_e Ff_EC po_er is disrupted by disconnecting the alternator and po_er

m_st t_an_fer to the 28 volt DC power supply. Th_s is tho_ght to cause the
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regulated 5 volt power supply to the FADEC to be momentarily interrupted,

causlng the trip to backup.

Any of th_ follow!hE will cause the control to trip to bacloap (if

OTOLI_ enabled):

1

2

3

5

6

7.

PLA ou_-o_-limlts

EI/E e_t-of-ll_its

E_V out--c_-limlts

XBC out-of-li_its

XHV F/B Fall

ZBC F/B Fail

Self t_st word fall

2.b. Disconnection of the metering valve feedback sensor causes the

control to trip to backup because of the metering valve F/B failure effect,

I.e., it senses that the metering valve is not moving _h_n it should be.

2.c, The 28 volt DC power supply was disconnected to 90% speed with no

effect on operation.

2.d. Disconnection of the data link to the digital control caused no

change in systems operations, but no new data can be tran6mitted. Power lever

antis is frozen at the value existing at the time of failure. A manual switch

to bac_p will be required to decelerate the engine. Disconnection of _Le

engineering operator panel caused no change in systems operation, Dut no new

coreuands can be input from the panel. Engineering panel adjustments _o to a

pre-determlned level or to levels which ar_ reset every two minutes.

2.e. Disconnection of the fuel se_ovalve caused the system to trip to

backup. If the F/B failure protection is deactivated, the syster_ drifts to

mlnim_hm flow when thefuel servovalve is disconnected.

2.f. Disco;_nection of the main zone feedback s_n_or causes the

equivalent digital number to freeze but the n,_,_beris ur_p_'edietabie.

Results will _s one of th_ fo!lo_ing:
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Yf Lhe feedback signal as sensed by the control fails

out-of-_imits the valve will open.

3,

Zf the feedback signal [= callin_ for full open or full closed,

the m_n _.,_....v_lve _ll go to the de_nded position.

18 the feedback s_gnal fails _ithln limits and the de=_.nd si&nal

is at an intermediate position, the e_or signal between den_nd

and sensed feedback will determine direction and rate of clo_Ing

o_ opening. '_Tes, fo_ this case the valve may fall open Or closed

and _s not p=edictab!e.

2.8. Disconnection of the main zone shutoff servovalve caused the

valve to drift in the openln_ direction.

2.h. Disconnection of the compressc= clearance se_¢ovalve and feedback

sensor will do two th_n_s:

_e The feedback signal as sensed by the control will go to an

indeterminate position and remain there until the sensor is

reconnected.

2, Torque motor current to the servovalve will _o to zero csuslng the

aetuato_ to drift in its fall safe direction (ret_cted). Drift

rate is determined by null bias on the torque _tor.

_econnectlng the ser_o and feedback sensors will result in a

recovery transient starting from the retracted position. The

recovery transient will be affected by such factors as:

a. Supply _nd return line lengths and restrictions.

b, Actual charactcri_tics of the particu)°ar T/M and serve valve

involved.

c. Actual pin reconnectlon sequence when connector is reconnected.
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2.i. Disconnection of the HP turbine clearance servovalve and feedback

sensor will have the same failure effect as the compressor clear_nce system

described in 2.h. above.

2.5. Di_eonn_ctlon of the U__ turbin_ e_ear_uce zervovaZve and feedback

_eusor wi_,l have the _a_e failure effect es the co_re_sor clearance _y_tem

described in 2.he a_ove

2°k. The 28 volt DC po_er supply w_s disconnected at high speed (gg_)

and s_eed _s _radualiy reduced. Y_e control continued to function until

speed was decreased to 4;°7%, at which point al%ernator power was insufficiont

and the control went to the backup mode.

2.1. Disconnection of the fan speed sensor causes the fan speed sensor

to fail to an indeterminate valve. _o faliu_e action is taken. The normal

control strategy will determine actlon for the failed value.

2.m. Disconnection of the core stator feedback causes the digital

number, which indicates stator feedback position to freeze, but the number is

_mpredlctable. Feedback failure logic similar to the metering valve feedback

failure logic ha_ been incorporated into the core stator control system, thus

the system_will tri_ to backup when the feedback sensor is disconnected and

%h_ failure crlteriun has Dean met. Two successive disconnections of the core

ststor feedback signal caused different results. In the f_rst case, the

sensed failed position caused a trip to backup. In the seco_d case the

feedbac_ failed to the same level it was operating at _rlor to the failure.

Until torque motor current calls fo_ a change in stator pogltion the system

will stay in priumry. As soon as a new stator position is demanded the system

will trip to backup. This was not d_onstrated as all subsequent failures

tripped to bac_ap i_uediately.

1.22
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2.n, Disconnection of the core stator servovslve caused the system to

trip to backup with the failure protection described in 2.m. activated. With

this failure protection deactivated the system drifted to the closed stator

positlon_

2.0 Disconnection of the pilot zone servovaive causes the pilot zone

valve to open if clo_ed or re_in open if opened.

£zz.v.

The control strategy incorporated _ feature to simulate software

failures for each FICA substituted variable (fan speed, core speed, comp.

inlet temperature, compressor discharge temperature, LP turbine inlet

temperature and compressor discharae pressure). Each sensor is multiplied by

an englneerlng operator panel potentiometer Which is scaled from .5 to I,.5

(nominal value is 1.0). A switch on the engineerins operator panel is used to

enable th_ multiplier_.

To induce a software failure the potentlometer, associated with the

sen_or to be failed, is adjusted to a value beyond the FICA error tol_rance

and the s_itch is then activated causing a step change in the sensors value as

seen by the control strategy, l_he FICA will then substitute the estlm_ted

value for the sensed value. This method was used to demonstrate ingle send,or

failures.

_II.V.a. & b. C_or_nsor F',_ilure

A core speed software failure caused a substitution to estimated core

speed (FICA core speed). Core speed prio_ to the failure was 123_5 RPM and

12377 RPM after the substitution.

123
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A core speed hard.re failure wa_ accompitsh_d by inputtin_ a step

e_h_n_e to the mln_lated alternator signal and the estimated value from rICA

w_s _ub_tltuted. Th_ core ztator and m_t_rim_ value feedback _rror _i_nal was

d_s_bl_d fer thi_ te_t.

Disce_uectlen of the alternator will cause m trip to bac½ap whether

FXCA i_ aetivm or net. (Ref. Section Ill.u.2.a.).

A fan sp_ed software failur_ cau3ed a substitution to esti_ted fan

_p_e_ (FICA fan sp_ed). Fan _eed prlor to the failure wa_ 2945 _P_ and 2942

EP_ e_ter the _ubstltutlon.

Two fan mpe_d hardware failures were mmde. Th_ first was done by

disconnecting _e sen_or (_m fan speed signal failed _Ithin the PICA error

teleranc_ and no sub_tltutien occurred). _e _ecs_d was done by step changing

the fan speed input frequency _nd the estimated va'.ue from FICA _a_

_ubstltut_d.

k:: :I

A co,_r_ssor Inl_t te_jersture (T25) soft_are failure caused a

substitution te e_t_a_at_d compressor inlet t_.mper_ture (FICA T25). Con:presser

inlet te_peratur_ p_ier to the {allure _as 47.7°C (Ii7.8"F) ar,d 48.2_C

(I18.7_F) after the uu_stLtut_o._.

Th_ co_pre_or inlet t_rature hardware failure had th_ sa_o result.

'A_i_ _as acco_pllsh_d by dlscon_ctin_ the seu_or and the estimated value fro_

F!CA was sub_tltute_d.
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A compresso_ d_scharge temperature (T3) software failure caused .a

subst!tutlon to e_t_..sted c o_ressor discharge te_er_ture (FICA T3).

499.4QC (_3i_F) a_ter the _ub_titution.

A LP turbine i_le% tem?er_.ur_ (T42) software failure caused a

_ubstltution to estimated LP tuz'b_ne inlet temperature (_CA T42), LP turbine

inlet temperature prior to the failure was 754.4"C (1390 _F) and 752.2®C

(1386"F) afte_ the substltutlo_.

The LP turbine inlet temperature hardware failure had the same result.

This w_s scco_llshed b_ disconnecting the sensor end the estlmmted value froze

FICA _as substituted.

A co_ressor discharge pressure (PS3) software failure caused

substitution tO es_Imat_d compressor discharge pressure (FICA PS3).

Ce_?:_sso_ discharge p_cssure was 2182 kPa (316.5 pals) prier to failure and

2213 Id's (321 pSla) af%e_ the substitution.

•'I

i

?_o compressor dlschar_e pressure hard_are failures _re made. Both

failures w_re accomplished by activating a solenoid valve which dumps pressure

in the co_i_ressor dlschar_e pressure sensJ.ns llne to ea_lent. The first

f_ilure _as with the FICA error tolerance at nominal. The FICA PS3 was

substituted for this case, _is failure is the same _ctlon that is taken by

the stall du_p kit _en it _en_es an englne stall. The second failure _;_s

with _e FICA PS3 tolerance set at the _xim_m value. For this case _$3 is

not :_%_stituted for, however, core s_eed was substituted fo_ 250 milliseconds

after PS3 _as dumped. This appea_s to be the _ay to Fun FICA te_tln_ with PS3

tol_ance _et at the mmxim_s value unless .a PS3 substitutio_ is to _e

:i
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It was recommended that we test the stall dump kit with FICA in the

track mode and recorded on a strip chart recorder to detevmine what will

happe_l when the stall du_J trip is made.

A m_t_rlns valvo feedback hardware f_llur_ _,_.S _ide. This was

acco_pli_hed %y disconnecting the mete_inz vnlve feedbuck :_en._[or. The system

did subst.itute for motet'in5 valve error, b%_t the feedback failuFe logic does

t_ip th_ system to backu?.

III.W. .Fue___%Bg08% pressure Effect

The effect on fuel flow of chan_in_ the fuel inlet ? ure is minimal.

_II.X P___s__t_totti__ctional Test

After th_ control was retu-_ned to the assembly area for final potting,

a functional test was conducted on the control. This brief test _alldatea the

FADEC was functioning properly aftec final potting.

III.Y. Fin_l Monitor D_,ta end Pot Settin_

A list of the final monitor data and pot listings was taken. These

settings were the pre-test ICLS engine baseline settinss.
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7.0 CORE CONTROL SYST_ PERFORM3_NCE

The Full Autho_'ity Digital Electronic Control (FADEC) system on the

core test vehicle performed _eli. providlnz the flexibility necessary for

iho_outh e:_lorttion of engine chsracterlstlzs. Areas of partlcu!a= note are

as follows:

7.I S?_D GOVERNING

The FADEC provided the accurate speed governing _ecessa_'y for orderly

exploration of variable stato_ effects, compressor bleed, and active clearance

control.

A mild governing instability (up to 30 _m peak-to-peak at 0.2 to 1.0

Hertz) was initially present. However, _ PROM chan_e (new p_og_am memory for

the dlgltal electronic control) was made, allowing the meterin_ valve position

loop gain to be increased and the core speed _ovetTnins gain to be decreased.

These gains were then adjusted to minimize the effects of the instability and

pe_mlt good data acquisition.

Thls instsbillty, followlng the PROM change, is shown in Figure 54.

Fuel fl0w, torque motor current, sn_ speed derivative _[gnals are greatly

expanded fo_ evsluatlon puz_oses. T_e saw tooth wave folnu of to_que _otor

current, together with the flattened-off fuel flow wave form [ndlc_te that the

instability _as caused by a comtlnation of torque moto_ and servova!ve dead

band (and/or hysteresis) coupled with the software compensation network.

ICLS software pcovlded the adjustable galns and an adjustable

cor_pensation network thai was fine tuned during the control systems test which

minimized this instability.

7,2 _UEL L_.Ak

I '

[

L

Fuel was obsewed le-d_inz ft'om the fuel control during the _et raotoring

post-test inspection. The fuel control _as removed from the engine and taken

to _ eompo_ent test cell _ne_e the leak _as co'._fir_ed. The eontuol cover ._as
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removed and _ o-rlns was found to be defective. The defective o-ring was

replaced and the control was returned to the engine. _o further leakage was

observed durln@ engine test.

_ran_itlo_ from s_r_l_ to double annula_ co_Du_ti.en knltia].ly proved

only p_rtIy successful %_cau_e of le_y fuel nozzle check _alve_ which al!c_d

m=ni_eld le_k_ge and resulted in delayed inlt!ation of r_In zone fuel while

_le _unlfold refilled. _t was necessary to utilize the I_%nual f_e% s_!it

, control mode capability to allow complete maln m_nifold fi!).in_ and achieve

successful transitions to double annular combustion. Figure 55 shows a

succcessful transition. _ote the leak main zone _nifold fill time prior to

closlns the pilot zone valve and fully opening the main zone valve.

ICLS control strategy was modified to automatlcslly tcansition from

slnSle annul_ to double annular combustion by the gddltion of adjustable

tlmin_ of pilot zone reset valve and maln zone shutoff valve sequencing.

7.4 ACY_V_ CLF_a_C_Cm_OL

The compz_ssor and HP turbine clearance control features were

thoroug?:lY explored durlns core testing, utilizing m_%ual control loops.

Casin_ t1_e_mocouples, intended for use for the autom_tlc clearance control

mod_s, proved to be Incompatible with the F_EC. The core test thermocoup!es

beln_ used were grounded, while the FP_EC requires insulated thermocouples,

_ese the_ocouples w_re insulated for ICLS testing. DV_ data taken from core

en_in_ t%_e_ocouples in the same'location _ere used tO deslsn the casln@

te=_ersture _cheduied for the ICL$ control strategy.

_he start r_nge turbine cooling valves whlc1: were supposed to be open

during utarting gad closed at Idle and a_ove did not close _s it_tended. _o

re_son fo_ this is _nk:no_,,_. The solenoid valve _hich ports either e_blent or

co_pre_so_ discharge pressure to the start r_nge turbine cooling valves w_s

exercised durln_ the controls systems test and _a_ functional. Both start
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rangQ turbine cooling valves ware tested by the supplier and again in a

component test cell and found to be functional. The engine piplnE was

installed as intended and the solenoid would "click" when activated during a

p_st-test investigation.

Successful starting without the use of 7th stage bleed deleted the

r_q_irement for the _t_rt range turbine eoolinB system and this _y_te_ _a_

c_eved from the engin_ early in the core test program.

7.6 _,TP_-.TI _G

Provisions were made for variable 7th stage compressor bleed (up to 20

percent) and for simultaneous use of two large air turbine starters (Hmniltoa

Standard PS600-3 starters). Testing revealed however that automatic s_arts

ten be made at simulated sea level static conditions usln_ only one starter

and without bleed. Light-off speed was progressively reduced from 35% to 20%

speed and the starting fuel schedule was progressively increased to the point

that, with fixed 5th stage con@ressor stator and no starting bleed, a measured

start time of 46.5 see. was achieved.

_OTE: Actual time from fuel initiation to _vernor cutback was 29

seconds. Starter air pressure was raised slowly re_ultlng in a longer than

necessery accel to the fuel initiation point. On an aircraft, starter

pressure is brought up quickly so that a more realistic start tlm_ would be

less than _0 seconds.

Figure 56 is a plot of start times showing the effects of fuel schedule

increases and of changes in the speed at which fuel is introduced into the

combustor.

FiEure 57 and 58 are traegient plots of starts 27 and 29 _hlch show the

relationship between core speed_ corrected fuel flow and corrected compressor

discharge pressure. Figuc_ 59 i_ the Sanborn recordin_ for start 27. Core

speed r_st exceed 831 EPM (mlnimu:R F/_EC detectnble speed) before the speed

derivative signal will respond. A lag in the core speed instm_mentation
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causes channel I (sensed speed) to continue to increase after fuel flow

cutback. Figure 57 shows the correct representation of spe_d during auto

start 27.

Me evidence of cow,presser stall o_ turbine overte2_peratu_e was

encountered durit_ _ny core enBine start.

St_t times _uld have been less if _ctusl stnrter output perfo_a&\nce

hod been as e_pectcd and _f starter pressure had be_ brought up move

rapidly, it is estimated t%_at, for r'easons not _o%m at this time, the

perfo_'_nanae of the starter was approxlm_tely 28.5% low in starter torque.

The conclusion that the starter has reduced output performance is based

on the followin5 analysis:

Core engine rotor unbalanced torque characteristi=s %,ere calculated

from unfired engine coastdo_ data as sho_n in Figure 60. _%e

engine was motored with a Hamilton Standard PS600-3 starter (bullt

for the _B211) to a stabilized maximum motoring speed point end the

starter inlet conditions measured in orde_ to calculate starter

output torque using the pro-test predicted starter performance

curves sho%_ in Figure 61. The calculated starte_ output torque

point was much higher than the core engine unbalanced torque

calculated from engine coastdown data, indicating t:_at the actual

starte_ output torque was approximately 28.5% lower than predicted

from the e_tlmated performance curves.

Addltion_l analyses of engine and starter torque were made at the

starter cut-out region for start 27. Startin_ dat_ were s_led I0

times per second and an accurate calculation of net engine rotor

torque _as made based on measured acceleration rate and rotor

characteristics. Corresponding calculations were _aade of starter

torque based on starter inlet data and poe-test predictions of

starter performance. '_e difference between these two torque

levels is the unbalauced torque between the turbiT[e and eo_ressor

and it was plotted as shown on Figure 62. There should be no

discontinuity in this unbalanced torque _en the grafter is cut off
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because there is no abrupt change in cycle variables affectIn_ this

torque but the plot shows a Step increase. This sus_ests that

actual starher torque was lower than predicted. Figure 63 is a

simil_ plot with th_ starter derated 28.5 percent below poe-test

pcadictiQns. The _sence of an unbalanced to_que discontinuity at,

the st_vte_ cut-off ?o_ supports the conclcston that starter

torque w_s approximately 28.5 percent low. The actual cause of the

low _ta_te_to_'qu_ is _In_ Inve_tiz_t_d. _e starter was returned

to Hm_ilton Standard foc %est. Addition_l starter discussion is

contained in the ICL_ vehicle test _esul_ sorties.

The stavtin5 fuel schedule for the ICLS was redesigned and incorporated

into the ICLS control strategy. Redesisn was necessary because the actual

steady state operatln_ llne (fuel flow/compressor discharge pressure vs.

speed) was substantially hi_her than the pretest predicted operatin_ llne in

the start re_ion. The steady state pro-test and actual operating line

comparisons and the pro-test core areal fuel schedule comparisons are shown in

¥18ur_ 64.

Fer the same inlet condltions as durin_ core engine testln_, !CLS start

times would be expected to be under 45 seconds. However, actual iCLS start

times may be longer than this due to higher gear_ox torques caused by

increased oil vlcosity ak th_ lower _blent temperatures expected durin_ ICLS

testlns.

7 •7 SUB-_DLE _._ LOP_TIO_{

The FADEC manual fuel control mode provided precise, stable, steady

state control of the engine :in the sub-ldle region, m_hin_ it possible to

gather valuable data relatlv_ to the start testing results reported above.

Control _ystem sensi_ _cc_racy _as assessed by con_ring control

system date on the followin_ variables _'ith correspond_.ng data from the

extensive pecfo_*;_snce instt_t_,entation on the engine.
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1, Compressor inlet temperature (T25)

2. Compressor discharge te_ecature (T3)

3. HP turbine discharge temperature (T42)

4. Compressor dlschacge pressure (PS3)

5. Total fuel flo_ _W_36)

6. Calculated l{P turbine inle_ tempe_'atur_ (_41)

'Fne results of this ce_parlson are _Iven in Table 5. inspection of

this taDle iudicetes that all FADEC senso_s are very e!o=e to cell

Instm_ent_tlon except for Y42 in the low speed _e_ion. Thi_ is caused by the

different te_erature profile with single annular co.bust!on. The FADEC uses

thermocouples in only three of the five radial locations sensed by the test

instrumentation.

7.9 ;___co__

The FADEC used for this core en5Ine testing was control room mounted.

The same electrical dsi_n was implemented in a ne_ly designed on-engine

configuration for the ICLS engine.
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Table 5 tabulates engine instm_ent_tlon an4 th_ deviations of the YADEC data fr_ thi_ Instm_atatlon.

AT25 _T3 AT42

P_25R T25 (% Point) T3 (% Point) T42 (% Point)

_235 61.15 (529.7) 294.3 -.34 (826.3) 459.1 -1.97 (139_.2) 775.7 +9.07

_237 68.51 (531,8) 295.4 -.28 (8_4.9) 491.6 - .87 (12_0._) 767,1 4-6.44

_23_ 7_.5_ (_32.0) 295.5 -.24 (%_9.3) 538.5 -1.24 (1381.7) 7_7.6 +4.26

242 85.01 (532.5) 295.8 -.15 (10_0._) 605.8 - .54 (1_42,4) 801.3 + .6

24S 89.53 (528.4) 293.5 +.07 (1157.6) 6_3.1 -1.07 (1515.7) _2.1 -1.5S

251 92.30 (540.2) 300.1 +.II (1249.7) 694.3 -1.14 (1709._) _4_.7 - .32
254 95.36 (5_1.6) 300.9 +.11 (1337.3) 742.9 -1.15 (I_15.0) 1_3.9 - .31

256 97.28 (5_1.4) 300._ +.37 (13_3.2) 768.4 -1.53 (_9._) 1116.5 - ._I

258 93.12 (542.7) 301.5 +.64 (140_,7) 782.6 -1.67 (20_5.1) 11_9._ -1.09

PS3 _PS3 _W_36 &T41_

_a (% Point) KSm (% Point) T_l (% PoL_)

Readin_ (P_IA) Diff (PPH) Dlf_ (o_) Dif_

_..

! •

i

235 (43_54) 300.21 - .98 (1001.5) 454.3 -2.04 (1800.5) 1000.3 -2°95

237 (53.44) 3_8.47 - .69 (1189.4) 539.5 -2.29 (1819._) 1010.9 -2,61

2_ (73.5_) 507.33 - ,03 (1_II.9) 731.2 -2.39 (188_.1) I0_7_8 -2._0

242 (111.19) 7_g._ + .04 (2474.5) 1122.4 - .93 (2055.1) 1i41.7 + .02

2_8 (155.22) 1070,24 - .0_ (3_5.3) I_2o6 - .84 (21_.3) i215°_ - .64
251 (190.67) 1314.67 - .27 (5023.1) 2278o5 - .12 (245_.5) 13_5.S ÷ ,50
25_ (2_1.43) 1_.66 - .63 (7_37.5) 3237.6
_56 __ - 1.3 (2742,1) _23._ + ._7
253 -- (853_.1) 3_72,0 - 2.4 (25_9.0) !_93_9 -1.11

-- -- (%0;5.0) 411_._ - 2.47 (2920.S)I_.7 - .G4

_AD_C Y_I Calculation adjusted by 135 4es_eez to mstch test _erlence

_Sin_i_ _mmlav ComSu_tlen

, :...... ----- ................................ . ........ _ .... ._:__. -- ....... _._.. ;-
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8.0 ICLS COIlTROL SYSTgM P_RFORN_CE

The ICLS control system with its new, engine-mounted FADEC, performed

very well throughout the enslne test program. Accurate, predlctable,

responsive cont_o! of all controlled variaDles _as provided and fiexiD!lity

incorporated in the system ee_'ved well in accommodating une;_ected dlffe_enees

from pretest pr_dlctlons _elatlve to transient fuel flo_ requirements end

active clearance control system characteristics. There were _o control _ystem
component failures.

Highlights of the control system, operation a_e given below.

8.1 STARTING

The first eight starts were made by motorlnK to maxlmummotorlng speed

(i.e., setting starter air Pressure at 380 l_a (55 pale) and holdln_ until

core speed stabilized), openln_ the stopcock until ignition occurred, and then

manually increasing fuel flow until Idle speed was achieved. _igure 65 shows
a typical manual start.

All subsequent starts (9 through 28) were made with automatic

scheduling of fuel flow. Automatic starts were made with progressive fuel

enrichment, ultimately using a schedule that _as higher than the des)_n

schedule by approximately 70% at cranking speed and by 50_ neac g_'ound Idle.

There was no evidence of compressorstall dur|.ng any engine start.

Fl_ures 66 and 67 are two successive starts which demonstrate the

potential for a 44-second start. Figure 66 is a start wlth normal stopcock

opening (20% PCHHR - approximately 2500 RPH at these inlet conditions).

Figure 67 is the maximum enriched start. Stopcock openin_ was delayed here

because of a false indication of high engine vibrations but If it had been

opened at 20% PC_HR, time for the start would have been 44 second_.
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Data from these starts was combined with engine motoring data and past

test starter calibration data to define the general Characteristics of the

engine in the start range. Figure 68 is both a corrected and uncorrected plot

Of torq'ze characteristics for the two enriched starts ofiFigures 66 and 67.

Figure 68 also shows calculated torque at the highest steady stare speed

attaiued [_%ile r_otorln_ the engine with the starter as _ll as the torque

calculated from anenslne ¢oastdown. The difference between the indicated

eoastdown torque and the other torque data is attributed mainly to the feet

thnt the en_ine was wan_ during the coastdown _ith lower viscosity oil and

different inteLmal clearances. Figure 69 also illustrates those tor@_e

differences. Note the differences in time required to start a hot engine and

cold engine. Start No. 15 was made i[nnediate!y after a shutdown end start No.

16 was made after a four (4) hour shutdown. Both starts were made using the

same accel schedule enrichment.

e!!

_g

8.2 SP_D GOVEP_ING (CORE & FAN_

For most ICLS testing, the power lever angle (PLA) schedules for f_n

speed and core speed were adjusted so that the core speed schedul_ das in

effect from idle tO approximately 307, thrust and the fan speed schedule was in

effect above that. Figure _0 shows steady state operation at low power and

Figure 71 shows steady state operation on fan speed control ah high power.

Figure ?2 }.s a steady state plot of switching fr)m core speed to fan speed

control. The t_ace of the mode ;ignal is obscured because signal excursions

were limited by recorder vesponse.

These plots demonstrate the excellent speed holding capability of the

FADEC and also verify that switchover between speed control modes was smooth.

8.3 FUEL FLOW LIMITS

Limits were imposed on the basic core rotor and fan speed schedules to

prevent excessive HPT inlet temperature (calculated), excessive LPT inlet

temperature (T42), and exces_ive compressov discharg_ _reszure (PS3). These

limits were combined _n a selection network which established p_iorities and

assured smooth transition between control modes.
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slow accel was made onto each limit to demonstrate transition onto

the limit and steady state o?eratlon on the limits. F_Eures 73, 74 and 75 are

slow accelerations from fan speed control onto the Ta2, PS3, and T41C

(calculated RPT inlet teu_per_ture) l_mlts respectlvelY, opecatlon was

satisfactory on each limit. (_OTZ: T_3.C was not recorded trauslen%IY but the

PS5 and fu_l flo_ traces sho£a% on _i_uze 75 _as equivalent because these are

ths t_omnin factors in _e T4!C celeulatlons)

Early In ths ZCLS test it was discovered that the co_p_esso_ dlschar_e

temperature (T3) signal to the FADer wzs erroneously low by Increasln_ amounts

as ambient temperature in the core cowl area increased. Limited investlgation

on the engine indicated the presence of an extra thermocoup!e _unetion at the

T3 sensln_ lead connection in the core cowl area, sugS estln_ the use of

_neorrect material in the lend and/or the connector pins. Because this lesd

pressed throush a crowded fan _rame vene and wns difficult to remove and

re-lnstall it was not replaced and steps were taken to minimize the e_fect of

' By rout_n_ _oae instrumentation coolln_ water near the suspect
the error. _ . . _ ible to use the T3 signal.

connector and _k£n_ F_EC _djustments, it Was Po _s

T3 iS a factor in the TalC limit, t.he compressor clearance control automatic

control strate_y_ and the sensor failure indicator and corrective _etion

(FICA) feature.

A resistance test of the T3 l_ad after test completion revealved that

the chomel and alume_ wires were reversed. This created extra sensin_

_unctions at bot_ ends of the lead and ek_lalns why the T5 signal decreased as

the temperature in the core cowl a_ea increased.

8.5

function of _?m and inlet te_per_tu':e _as used for ICLS testln_.

stator posltlon[P_ accuracy a_d stability was excellent throughout the test.

Fie_ure 76 is s plot of steady state D_IS data points of st_e I an_le versus

corrected co_e speed with the schedt:le line sho_t for reference purpose.

._O W _CH_DULI_G

The conventional practice of schedulin_ compressor stator angles as aSteady state
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Transient stator accuracy is difficult to assess precisely because of

the transient lag inherent Jn 'measuring compressor inlet temperature. A

fairly good assessment is possible, however, by comparing the slow and fast

aceel/decel transients shown in Fisure 77 and 78. This comparisor indicates a

max[_m deviation of ±0.5 de,tees for the fast transient as compared to the

_Iow, essentially steady state0 transients.

[;

II '

Th_ active clearance Control concept which uses closed loop control of

casing temperatures was demonstrated for the first ti_..,eon th_ ICLS englue.

Air valve modulation _n both the co,_pressor and LP turbine clear,_nee control

systems was successfully used to set casing temperatures as a functio_ of

rotor speeds and inlet temperatures. The casln8 temperature control mode was

not demonstrated on the _ turbine because an unexpected out-of-roundness

condition on the engine made it necessary to shutoff the clearance control air

manifold in the vicinity of the casing thermodouple used for control _eedback.

!.
i,

%

Figure 79 is a data trace showing compressor and LP turbine clearance

control mode changes from manual to automatic at 80_ fan corrected speed. The

con_ressor system _ode change was _de first and it was done from a condition

at which the compressor clearance control valve was in the minimum casing

cooling position and casing ten_erature was hi_her than the schedule. The

valve first moved to the high cooling region, then gradually moved to the

midstroke region as casing temperature decreased to the schedule, and flnall_

began modulating in that resion to maintain the scheduled ter_2erature. The

respons_ and stability during and after the transition into the automatic mode

are considered to be quite satisfactory.

J :

4 "

The LP turbine system m_de change was made with the air valve partially

open in the manual mode and casing temperature near the sdheduled level. The

system becomes somewhat unstable wi_h casing temperature osci!l_ting

approximately 50F at 0.25 Hertz. This _nount of oscillation is undersirable

but the une>_ectedly high frequency of the oscillation suggests that the

casin_ thermocouple response is faster than anticipated. This _s prinuar!ly

due to the thermocoup!e responding to cooling sic flow rather th_n casing

temperature. A Jtandard instrumentation-type thezm_ocouple was used here and

168
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it was attached to the easing usins an electrically non-conductlve,

ceramlc-based cement which reduced casing-to-thermocouple thermal

conductivity. Fo_ any futu_ application a sturdy probe or set of probes

w_uld be designed that would provide a better measure of easln_ temperature.

Figure 80 ,_ho_ _ deceleration of 40% corrected fa_ speed from the

condition s'no_n in t_e previous figure at a rate below that which _ould

trlgge_" the air valve decal shutoff function. The casin_ temperature

eh_rueteri_tics proved to be such that both casings became hotter thmq

scheduled du.-in_ the decal _uh th_ compressor c_slng late_ dropped below th_

s_nedule and r_ined there even _ith no cooling while the LP turbine returned

to the temperature %nodulating condition.

Figure 81 is a similar deceleration except that the deceleration rate

was Increased enough near the end of it to cause the air valve decel shutoff

function _o operate. Both of the active clearance control valves closed as

they should und_ these conditions.

The manual clearance cont_-ol modes were used to e.xplore the steady

state characterlsties of the clearance control systems. The resulting data

_'a plotted on Figure 82 in ter_s of the di_'ectly controlled parameters

(c_sin_ temperatures). Corresponding clearance characteristics are discussed

ill sections of _;.is report that relate to compressor and turbine meehanlcsl

performance.

_7 C0!a3US:TOR T_.ANSITION

initial trsnsltiens from single annular to double annular combustion

were made in the _nual mode to determine the necessary FADEC adjustment

settinss for fill volume (flow aces set during main zone manifold filling) and

fill time (time required to fill maln Zone manifold). These settings were

than made on the en_ineerlng operator panel end all subsequent transitions

w_re made in the sutomatlc mode. Figure 83 is a slo_ areal showing the actio_

of the main zone end pilot zeus valves in the auto.silo mode during

t_an_Itlou. To successfully tra_sition f_om Sinb!e annular to double _nnular

burning, it %_ necessary to:

1

i_,_

i

c

!,

172



... ,

\ "\.



" ::J"..i

"- [ I

k

\

., 2

t

!
'i

_lj°pdRO ,_,_OOd dO



r,__ ,_,_ _'_, _T_

ii

./

.J

+

.......%7_'!<¢:;....,:_,<



° •

/

./c

/

N_

0 0 0 G 0 0
0 0 0 0 0 0

0
0

C_

_0 eJ
m

0

_J

CO _J
bO

_J

0
_J _J

0

0

_D

CO

_J

0

,-4

_J

_C
O0
v



lJ

'\

i

i :!i
• _ ;_

900

I-_800
_O

,-4

Q}
qbQ

,W

700
I

&J

600

CO

U

50O

400

Min Cooling

60 70 80 90 i00

Corrected Core Speed (%)

Figure 82, Steady State Case Temperature.

(Sheet 2 of 3)

/

177



+

c_

¢J

_n

0

CO

..4

P_

,,+_i

i i

09

_,_



/.,'

/

°

• /

f'

i





a. Fill the main zone manlfold and nozzles. For this, the fill

volume adjustment wa9 set so that th_ engine did not d_celerate

during filling and the fill time was set at 30 seconds.

b.

¢

Close the pilot zone reset to enrich the main zone to allow the

main bu_er to light. _o_e that the pilot zone reset valve is

signaled closed 1,75 seconds before the Rain zone goes fully

open. _hi_ is a slo_ (.25 _?m s_rvovalve) system and takes that

Ion_ to close.

c. Open th_ _in zone as _he pilot _;one reset is _olng fully closed.

d. Reopen the pilot zone reset after transition to double annular.

Transition to single annular from double annular was accomplished

simply by closing the maln zone valve.

8.8 ACCEL/DECEL TR_SI_-_TS

A serle_ of throet!e burst wore made, first with the nominal accel

schedule and then with gradually enrlched schedules. Minimum demonstrated

time from Flight Idle £o 90_ net thrust was approximately 5.5 seconds, Where

core physical _pm limits (based on the maximum _peed proven safe in core

testing) were reached. The _ximumdesi_n core rpm was not reached because

lack of airfoil i_strumentatlon during ICLS testin_ made it prudent not to run

"blind" at unexplored speeds. Fig|_re 84 is a plot of core speed° fan speed,

fuel flowp and stage 1 core sister ansle versus time for this areal.

Figure 85 shows a 12-second chop from 90% net thrust to I_% net thm_st.

No stalls or blowouts were encountered during the transient testlng.

I.!I

i

r

I.!

8.9 FAILURE INDICATIO_ AND GORREC'rlVE ACTION__ICC#_

For FiCA demonstration purposes, the ICLS control strategy incorporated

a feature to simulate sen_or failures for each FICA _ubstituted variable (fan

speed X_L_ eor_ speed KNH, compressor inlet temperature T25, HP turbine

181



3500 t

30004

g
2500.

2000

1500

1000

Fan Speed v_. T:tme

RDC No,, 7072.

 Fi+,+it-.i-4-.i.-i.- .-H..<--,-..<--,--H.- .-,-,-<--+. -(--i--i-4-.

:::= -):+-_-i-;T;T

-Gi-...+.-i-.i.--i-.
"<+'t"l'_h" _ "t "_"¢'"

"+'""'+ i!"-,= "i"_:.-'i
-+.-..'-G+--,7-._-_i.... :...r-..._-_-.---:-.-.-:-+_-->_-
.... ,4-4-44 ....... _

+/-*|--&.4.- o,,_**-_.1+-{_.4-._o.Io4....$.4..,&,+8., ._°l-.&.4..

+-+i"

iiN i!ii!ii!iii+iI!i!+iii)i 

0 5 10 t5 20

Time, See

Pyanb

r

I:+:+:i::)::
_4.4-4.-i--

_-_

_-4--,+.-4-
r.&.4.._+t..
!; t : :

!._.$.(.+(,.
_ ',.4-4-

--b-i-.,.'-d--
..;._.L.L.

"'._+'_'i"l"
')-;'ii

25 30

13000-

12200-

. 11400"

e_

r_
lO&O0 o

o
_J

980O

9OOO

Core Speed va. Time

5 I0 15 2r

Time, See

".'?q_:°T"

._.o_..! +:.,
. , , •

'T""FT"'

':":'-FT"

.:--.....:.--:.

'H-)ff- _--+-'+.'-+
4..4-4--;-

+-i--i-.+-'_ ,H--i.+.

{--H-+-' _'-+--+--._

'._'!M"?-

{-.M4-, _+.'.4.1
H..H.., +, _+.___,.._
F._Y_Z
Ti"FF"

_-.._ _._L_
0

• , : : : : ,

"F?°i"''?.i.'i.'?."!'_.......t

-b'='._-b--e-:--r--:,-°-_-G4--:-._

#+-+-.+--
"';"._'!'".'"."'!"._'?I"'-:"':"!"I
+-._--i--+-4--_-4-4-44.#.;.+._..I

.4.._..L4-_J..';.i,..L.;._..;..

..i..:o.Li..£.i..i.._..LLLI

.oLi.Li..--.i..i..i..i.i.Li..I

25 30

(I
r+_, -

cl

:iil•

/'
/

12000"

10000

.__ooo

6000

4000

2000.

1

O.

WF36

182

0 5

h'T36P

Fuel _!oh, re, T_._e

P,F3 No 7072
_ i _i_,'r7_ ......_-."T_-
'.::: ::::,¢'::! !!i

P°T*. =.'-",'I"-;°')"P "' i_-+-_

!"iTT'r!i_) )ii(i ""r".....!_!. ...
F_F !.:+'.--;,_--,,-:: :: ____.J. : _i

_.i..'_..L_._-++:.._.+.-.i..L._..... +-_.+.4.4.._._..,..I

_-l-b'-_i_ _ iI ..;.-j-)i_....... _'-;-."-+'-'+--F+ -'.'--:--!ii!, ::'''::::
',: ::= ...... i! !!_i

: : i .= i i i r, : ; : : :
_-.++.-_--.+.+L2,._.i..t J..i.._+.L.. '..L._,.4 q+.LJ,.L.i..

b4+-4-.++.,,.-++.i..i.-+..:..
!+++mll)!l+i!!
;.,,_,u_..... -..+,.

I0 15 20 2.5 30

T:_e, See

R2C000

i,i

:,,?

L ,

i ?q

I 5

i ¸++:)
i+ ,,

_lgu_e 84. Throttle Burst - Maxfmum Fuel Schedule

i

......
+ .... .;-) .- , y_ ++++:+-+-+."+_,.+.+';:G._-,.-:.,+': +,+ "I

• +. . " . . _ ...... . ='_" ?/ -+',+



!\
" '_LI

E.I!

!

!
t

- i

?, •iI

_7
f:7

)

Core Speed va. Time

P_DG No. 7070

' " _°_ : :_ ":'"'"T'T................

1=2oo_!:_!_'_ :: i- • "_7-;_ __:__..__.."}"W.................
_, I"_'T"!" 'b?_"F_T'i"r'f" ii"f + _"_............
_, r-_-_-.--_-=.: .'++'t'-"¢-t.. :'+'i"_",._ . -i@.,_-... . . .i"'="_--'.":'"

t"i'+÷--_---._4--_-_-r-_- -_.-,--_-._--_-_----÷--_--_
!-_,4-i.. i-._,..i..i-_-i : : '" : ' '"

• i++÷-4-...k+++ ._'.._--_-i_-_.._..i..._._..M
H--._+-!---+H-i4-_-_--L_- -_--_-_-;,-.;.._...........

• +o.o..,..,

_ !ii_ i !i ii_i: :
::::::::::::::::::::::::::i-[122 "FT'T'T'"

':O _5 50 5_ 60 65

Time, See

3500-

3000-

_ 250U,

= 20G0.

1500.

1000"
40

_no

'Fan Speed v_. Ti_e

RDG No. 7070

-_, ._f-_..p.!.
..(.. "...+.....,..,.-..:..:..

•.!.. !..,...._.._..t ._,..,..,.
-';'-,_'_.H-- --_-_--,'.,"
•.I..'.._'.._..°.,_.._..,.

"'h,,---:'--'i...........

....... o

. o ......

"T"."'""?"?:'"!"'.."?""'"".."? _'"
".+"!"!"?"Y'!"!"?"._""';"?"h'!v
"_' P'!"_" _"P'!"i"%""'_."_"'?"h'
"÷'""!"". ...... b'"'-'+" "+'!"- "!-"

,--_--_--i--_.-F--_--_--:--+- .._--'.'.-!---:..
..:_..L.:..L.;..L.I.._.._,.

:::::::::::::::::::::::::::::}:;:...-.::;::
, • • • i ........

,--_-.,..;.._-. k..L.l.._..k...i.._...:..-L.

.--_.-i--'--_-Vi--!--i-..z- --P.:---.-i..

.-÷.4--'..;.--_--_--:--:--:- --,.'---.'---._--i-.

...._....+.÷.,....................÷..-._..
o , ..........

.... --,-.+--l--i. ,4-4-'-_--_--i--D-6.6.--i-A---:-..!.
..!..._ •f..;.. _._•-!--t-*.--P-.._...L.:,..'., :.,i...i ,:. _..L.:..L..L.--!'-i---i-!'

•"!"!"+°'i'" _ : --_--'.'-.!---'..

"'r'r":":'""':.-'-:--:-'_........... I..L.L.'..i...L_'..i.i..

__' _.,.,u:_u,__,__ _L.LL_ : : • ..

45 50 55 60 65

Time, See

o

Fue_ _low vs. Time
RDG No o 7070

12000 ,,'_=_:rT't=_',,-"r-m.,,.-_., ._ .-_.-.--,'--_. •.--"_-_." L_.-.LLM..LL.M..L!....,..,.M....!..I,L.LI

L.M.L i.•-_--,_-._-4.....4-;-=........... : .:.._.-....'..:.i.....
li!i _iii

8000-

bOO0-

4000-

2000-

0"

40

WF36

,..,.._.o.LI..)L.,......_-.,.._..-.,..,.._..-..I..,.._.-.,..

: :: ' _' : :_: : :i ' :::Fi3,T_,_A_I_.:, ,/:,., I, _:,

IiHI!ili!%,Liii i;iil!:i_,
: i i i i i i i i _ :_'- : " : : : ::: : !I,. /::I..LH_i_: -_--__

F" q"'-";'""i"'-""';"
45 50 55 60 65

Time_ See

l!il
: I : I
: : I 1

40-_
!iii

iii! "'" ::':iiil ::_'

.,i::,i!lli[i. ::::I I • ° : ! I !

20_..L4 : : ::
'_ iii

iO ;iii [iii
I!ii _.i:

0 ,_,_i.,_= ' _

40 45

R2C00G

Starer ! Angle vs. T1_e
EBG /.,.To.7070

ilil ii!i_

i _..;k+-_ _!i!!i iiil,
iiill

5r' 55 60 65

Tim. Sec

i(!!:

i

I :

I

t

Figure 85. Typfcal Decelerc, t:[on Transient

183



-T

!,!

P_

,{

discharge te_erature T_2, and compressor dischsrge pressure PS3). Each

sensor.s multiplied by an eng£neerln_ operator panel potentlometer whlcb was ,

scaled from ,5 to 1.5 (nomln_l value is 1.0), A switch on the engineering

operator p_nel was used to enable the multipliers.

'i_ii_ To induce s _im_lated sensor failure, thm potentlemeter associated with

the _en_or to be failed was _dJust_d to a va!um beyond th_ FICA tolerance and

the s_itch _s t.hen activated to create a step chan_e in the sensor value ss

_een by the control strategy, l_s FICA then substituted th3 estimated value

for the sen_d value, This method was used to demonstrated single and double

senso_ {allures.

(NOTE:

Simulated

Senzo_ F_ilure___l

Cock,rester Discha_-_e Temp.

}_T Dischmrse Temp. (T42)

Compressor Inlet Tmr_. (T25)

Fan Speed (Xb_)

Core Speed (_NH)

Cor_gressor D_hsrge Static
Fressure (PS3)

XI_L & T3

7J_L & T42

ENL & T25

The table below summarizes the sl;_lated sensor failures demonstrated,

PCNLR refers to percent fan corrected speed.)

_ested

(T3) 40% PCNLR to _a_ T42

40% PCNLR to Max T42

&O_ PCNLR to Max T42

40% PCELR to Max T42

40% PCNLR to 60% PCNLR

40% PCNLR

40% PCNLR to Max T42

40_ PCNLR to Max T42

40% PCNLR to Max T_2

Co:_ents

_oc_al syster_ opec_,tlon

Nor:_u_l sy=tem operation

Nor_,_l system operation

Normal system operation

Marginally acceptable

syste_ operation

No_m.al systes oper_tti_

Normal system operation

Normal system operation

Normal system operation

All simulated sensor failures except core speed produced norn_l

oFeratlon both steady state and transiently. A typical transient with one

si_lated sensor failure is shown on Figure 86 and a similar transient with

two simulated sensor failures is shown on Figure 87.
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Si_ulatlon of a core speed sensor failure producedmarElnally stable

results. The first attest was made with the engine ou core speed control at

Just under 20 percent thrust. An instant after the sln!ulated failure,

substituted cove speed fre_ the FICA model Jumped to a level above actual core

speed causln_ the control to reduce fuel flow _d open the core starers a

s_ll _oun_; _e ce_blned effe¢_ w_s a fuel-air ratio reduction of

sufficient magnitude to cau_ Io_ of co_bu_tlon and en_In_ shutdown.

A second attempt _s _d_ st the s_r_ tht_ l_v_l _ut _ith the PLA

schedule adjusted so that fu_l fie_ _a_ under fan speed rather than core speed

control. Si_ulatlon of a core spe_d sen_o_ failure c_u_ed th_ engine to break

into an oscill_tlon as sho_n on Figure 88. Adjustment of t_e PLA schedule to

re-est_bilsh core speed control of fuel flow caused the _litud_ of the

oscillatlon8 to increase.

Prellmina_y snalFgis of this secon_ atte_pt In_Icste_ that the

osc_ll_tlon _as a_r_veted by the cove stator effect on alr flo_ _hrou_h f_

and core speed. Zn an attempt to reduce this effect the sewovalve null shift

compensatlon tn the starer control loop was deleted and a third simulation of

a core _peed sensor failure was made at the s_u_e con_itlons as in the previous

atte_pt. As shown on Figure 89, this again produced an oscillation but it was

smalle_ in amplitude _,an in the previous case. A slow acceleration to 40

percent th_st caused no increase in the oscillation But an attempt to

re-establlsh core speed contc_l of fuel flow by PL_ schedule adjustment had to

be abandoned because it produced excesslv_ oscillation amplitude.

Time did not permit more extensive investigation relative to FICA coco

speed sensing suDstltutions. A further investigation should evaluate

potential improvements such as the incorporation of core stator effects in the

F!CA model end the modification of Update Mstrlx coefficients afte_ sensor

substituhion.

Overall. the ICLS FICA testins _as a worthwhile step forward in the

evolution of this process_n& ,:enrapt for impcovln_ future engine control

system o[,e_stlon reliability without added hardware. Sim?le FICA

implementations have _een tested _n the past but the ICLS FIC_ Drousht

to,ether an engine model 5ased on component equations and a multiple-element
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Hodol Updat_ Hatri_ that, in combination, offer improved potential for full

_li_ht m_p _ulta_illty. The ICL8 te_ting showe_ thi_ comblnotlon to be

senerally _ti_factory and £dentlfi_ po_entlal i_prove_nts fom _utuce

ev_!u_%ien ms noted above.

ch_mecte_i_tlcs in t_is vlclnl_y _ere recorde_ _n_ are discussed _n the _£ne

D1m_Ics sectlon o_ R_ferenee 3.

For safety reasons, an FZOI hydromecl_anlcal _uel control _a_ included

_s _ _u_t _d stator bac_p for t_,o _L_le clt_n_el FAD_Co _eceus_ oZ

_xcellent FADSC operation0 the b_ckup wa_ not needed at any _oint in t_e test

proEr_ but an £ntentlonsl s_itc_over to t_o backup _ed_ proved L_e

suit_billty of thi_ design as s_o_. in Figure 90.

|

i:1

(,.:

194

/

i



I " : i|!_

i I : :

, -.,---;,-'r--,ii000 -+ "-'_"_ '"
! l ; :

10800 ,_L_-_.... -'_'--_

.',..',..'_ .,t.-,,_..... ".'_"_

10600 "'; :'.,i

10400" --"_-_ -'-_"

• • i I

10200 ..... _"

Core Speed vs. Time

RBG No. 7031

..+.,._ ..... ,.-._. _..+.,._ ......
!

... . ...... ]

0 5 i0 15 20 25 30
Time, Sec

Ill, core

_G_NAL PAGE _S
OF POOR QUt'._Lr_f

2400-

2000'

-/
_' 1600

1200

8OO

Fan Speed vs. Time

RDG No. 7031

......... ,..,.+-'-.! ......T'_ i
_i ::

,.,_.;._ .... _.:,';'" "'_'""_'!

i_ :'

.1-4 -_-_--,'-_-'-,'?'t" _'+'!"._'

v-'l-!-" "'""?':" _""'!"i'" :
•._.4._-_...... .-'""i"i ...... !":_

.._._.,,,, ;.._....I--_ -;'-_"_.'_

..... ! " i _ .._._.._.._
LJ-- -÷-+-_ • •
_...i........... "'_'_"_"i

.........
i '

,,.--I,4---

0 ..5 10 15 20 25 30
Time _ Sec

Fvfano

360

300"

240
!

180

12o

6O

0

$_uel _io_ vs. Time

RDG No. 7031

,..,._._-_..,--,"!"!"b
.!..Li.

........ _'?_" ?ii

:: : ..!..!.÷. : •
.i..i_._._-_-_'_ .... _.4._ ._._..i..,._..i,_.i._

...... _.... _-t-t" _.4.4-% i.._._.4.--_-i--_.L-}-.!

...........i_ _'_ ___"

::_ : L.i.._._ ÷-4-+_
._.&._.-i .4.._-4-. ";-%-_'-i""_"_'"_t}[

_.._.._.._ 4--_-_ .... _.-_-4- _i

::: _!i
........ •_'tf" ___

. . , • , ,

,.,..,._.._._._t:t:i::I._..;.._._'::
.... ,....... _ _i._

0 5 I0 15 20 25

Time, Sec

.._36

I

.I

i-!"

3O

200
!TT
..!-._-=.-

160

-L...._I_.

120 _'-+-_"

!"!"t"i"80 ' : :,-,---_

_.-".-'b5

T':'":'"

-.!..!..
o t!i

Compressor Discharge Static
pressure vs. Time

Pd)G No. 7031

..... " _-_ ._._._F ."[i:i.i..:.!_..-! i
I::LII:7-:] .-.. ! i, I

...........i ii. i. ,

...........____-:ii....__"t? _........_._.._..-..._ ,_ .: ,
.__.,..,._..i--i-:_--

.........i"i"'_"_"

.._-_..-_
.........i_"_i
..,..,..,._.._..!._.

!" ...,.,.._.._...!....,.._
i _-

•::i::_::l:i:i::i:i
: : : ;

5 I0 15 20 25 30

Time, Sec

PS3100

Figure 90. Trip to Backup Control

195



9.0 REF_R_1CKS

!. Baltlev, R.S. and Lavish, J.P. "Energy Efficlent Engine Controls

and Accessories Detail Desi_It Repoct", NASA Report _umber CR168017,

3. Gtea_'_s, _.H. end Davis, D._. "Integrated CorelLo_ S?ool (ICLg)

Test Vehlele De_i_ and pecfo_nce Report", _ASA Be?o_t _o.

CR168211, I@84.

[

19G



,i?

':,t

CR-174651

7. Aut_(_)

Energy Efficient Engine - Control System

Component Perfo_nnance Report

R.S.Beitler

G.W. Bennett

General Electric Co.

Aircraft Engine Business Group

Evendale, Ohio 45215-6301

t_. S_i:_ _,_ _ _ _
National Aeronautics and Space Administration

Lewis Research Center

Cleveland, Ohio 44135

NASA Project Manager: Mr. C.C. Ciepluch
NASA - Lewi_ Research Cen_er

Cleveland, Ohio 44135

:k _¢c_p_'s C_._r'_ No.

October !9_4

NAS 3-20643

}3._ _ Rmx_ a_ _:_4 C=_

Top{cal

14. _i_ A_r_V C_

An Energy Efficient Engine (E 3) program was established to develop technology for

improving the energy efficiency of future conm,ercial transport aircraft engines.

As part of this program_ General Electric designed and tested a new engine. This

report su_marimes the' design, fabrication, bench and engine, testing of. the. Full=3
Authority Digital Electronic Control (FADEC) system used for controllzng the

Demonstrator Engine. The sys=em design was based on many of the proven concepts

and component designs used on the General Electric family of engines. One sig-

nificant difference is the use of the FADEC in place of hydromechanieal computation

currently used.

Digital Control
FADEC (Full Authority Digital Electronic

Control)

Energy Efficient Engine
Failure Indication and Corrective Action
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