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By Cutis L. Walker and D a d d  B .  Fenn 

A n  Fnvestigation was cmducted in an altitude chamber at the 
NACA Lewls laboratory t o  determine the power extraction and braking 
chara,cteristics of a winamilling single-spool axial-flow turbojet 
engine of the 5000-poUna thruEt class over a range of altitudes from 
5000 t o  50,000 feet and flight Mach  numbers from 0.2 t o  1.0. The =x- 
imum corrected power available for accessory  drive with the engine 
investigated W&B found t o  increase from 3 horsepower at a fl ight Mach 
number of 0.2 to 178 horsepower a t  a fl ight Mach  number of 1.0. 

The constant  applied torque required t o  s top the  rotation of a 
wlnamilling engine in 0.2 mtnute a t  a sFmulsted altitude of 40,000 feet  
was found t o  be 99 foot-pounds at a flight Mach number of 0.2 and 
620 foot-pounds a t  a, flight Mach  Iuzniber of 1.0. The torque  required 
t o  stop the englne in  0.2 minu.t;e a t  a flight Mach nuniber of 0.4 

increased from 5000 t o  50,000 feet. 
decrea6ed 290 f O O % - p O U d s  t o  160 fOOt -pOKt ld6  a8 altitude Was 

In modern aircraft  there  are  accessories such as  the flight 
controls and landing-gern mechaalsma that must be  powered from the 
engine. In the event of  engine flame-out or  failure on 8 eingle-engine 
aircraft it is desfrable t o  how the amount of power that would be 
available f'rm the windmilling englne f o r  them  essential  accessories. 
I n  the case of a multiengine aircraft, it is also desirable t o  prevent 
a damaged engine eon windmilling. For example, a badly uribalanced 
engine, if allowed t o  continue i ts  rotation, could came failure of 
the supporting structure. It has been found i n  a previous investiga- 
tion (reference 1) that  the  internal drag of a turbojet engine when 
al l& t o  windmill is greater th&n when rotation is prevented; a 
knowledge of the torque and time required t o  b r a e  the engine ro to r  
a t  various flight conditions is therefore also desirable. 
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An investigation was aocordlngly  conducted in an a l t i t u d e   t e s t  

for aocessory drive with a wlndmilling engine over  a range of' a l t i t udes  
from 5000 t o  50,000 f ee t  and flight Maoh numbers from 0.2 t o  1.0. This 
Fnvestigettion also included a d e t e w t i o n  of the time t o  etop  the 
engine from free Klnamllling speed when a oanstant braking torque was 
applied. A study of speed decay from engine speeds above free winamilllng 
speed hss been  presented in reference 2 frm an investigation of a a&- 
llar engine. 

. chamber at the NACA Lewis laboratory t o  detemnine the  parer  available .I 

Data are presented in tabular and graphical f o m  shcrwlng the ef fec ts  
of a l t i t ude ,  flight Mach number, and englne speed on the  extractable power 
and the  effect  of engine speed an the  total  pressure  gradient  through the 
engine. In  addition, generalized  data are presented  pemitttng  predio- 
t i o n  of power-ext;raction da ta   a t  flight bond i t fms  other  than  those 
sFmulated in this investigation. A method of predicting  the  t ime  to 
brake  the engine f'rm free winhilling speeds wlth constant  applied m 

torque is also presented. Spibols used i n  this report  and methcds used 
in  calculations a r e  given in the  appendixes A and B, respectively. 

A turbojet  engine incorporating an  eleven-stage  axial-flow corn- 
pressor and a elngle-stage  turbine wae used in  thiB investigation. The 
polar  mcanent of i ne r t i a  of the  rotat ing p a r t s  was 440 pound-feet2. A t  
sea-level  etatic  conditiom and rated engine speed of 8000 rpm, the 
engine had an i n l e t - a i r  flow of 91  pounds per aecond. The engine was 
instal led in an a l t i t u d e   t e s t  chamber 10 f e e t  in  diameter and 60 f e e t  
long. *A eketch af the  installation,  including  pressure and tanperature 
measuring s ta t ions,  is shown i n  figure 1. A bulkhead with a labysinth 
sea l  around the f ront  of the engine was used t o  separate the M e t  and 
e a u s t  eectione of the chamber. The desired  conditions of inlet t o t a l  
pmseure and temperature and exhaust static preseure were eetabliehed 
in the -&amber by controll ing  the flow of a i r  from the  laboratory com- 
pressors  through  the engine t o  the  laboratory  exhaust system. 

The power available for accessory drive was absorbed wlth a 
50-horaepower direct-current dgnamamster  mounted in the  inlet   sect ion 
of the chamber and coupled t o  the main shaft of the engine through the 
take-off  supplied by the  manufacturer. The rotor of this dynamameter 
had a polar mament of Ine r t i a  of 56 pound-feet2. I n  order   to   protect  
the dyaamameter Arm harmful overheating and brush a r c  caused by the 
low pressures  encountered a t  high al t i tudes,  it was sealed within a 
separate chmber vented t o  the atmoephere and supplied with d r y  a i r  n 

from the  laboratmy air system, The dynamometer was mowted on m i o n  
bearings and equipped  with an e l e c t r i c   s t r a i n  gage t o  measure the 
torque and hence t h e  power t r " t t e d  t o  it f'rm the engine. 
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In d e r  t o  evaluate its steady-state ChsraCteriEtiCS, the Wlnd- 
milling engine was operated mer a range of altitudes frat 5000 t o  
50,000 feet and flight Mach  numbers f r o m  0.2 t o  1.0. A t  each c d i t i m ,  
englne speed was decreased by increasing  the  torque  applied by the 
d-ter. In this manner, data were obtained shaKLng the  effects 
of altitude, flight h c h  number, and engine speed on the parer available 
for accessory drive, and the  effect of engine speed 011 the t o t a l  pressure 
gradient through the engine . Furthermore, it was of interest t o  know 
the  relative work contributed by the co~npressor and turbine. Therefore, 
data were obtained of‘ the  extractable parer available f s a m  the wind- 
milling campressor when the  turbine was removed f’rm the englne. This 
brief  investigation was conducted a t  several  constant  corrected wind- 
milling speeds over a range of capreasor  pressure  ratios, no attempt 
being made t o  determine Reynolds number effects. - 

In order t o  dete-e the time required t o  stop the engine from 
fsee wintimilling speed, a ne&.rly o0nstm.t torque was applied t o  the 
engine with the dynamometer, and a photographic thm history of applied 
torque a,nd elapsed revolutions of the engine was taken. mom these 
records, p l o t s  of elapsed revolutions  versus time were made for each 
run. The slope of these curves p l o t t e d  as a functian of tlnas gave 
curves of r p m  versus time which provided a means of evaluating  the 
time required t o  change  %he s p e d  of the engine and dynamometer with 
a given torque a t  a given flight condition. To find the time required 
t o  s t o p  the engine alone from free windmilling speed a t  .a specified 
flight condition with a  constant  applied  torque, a graphical  canputation 
method was .used (see appendix C) . The time required t o  change the speed 
of the engine and dynamometer  cambFaation for several of the  flight con- 
d i t ions  a t  which tFme histories were taken was computed t o  verify  the 
methods of camputat ion. 

Power Extraction 

Extractable horsepower from windmilling engine. - The relation of 
extracted horsepower t o  wlndmilling engine speed is s h m  in  figure 2. 
The extracted horsepower available  at  altitudes from 5000 t o  50,000 feet 
and a flight Mach  number of 0.4 is shown in  figure 2 (a) . As altitude 
was increased, the horsepower available  rapidly decreased because of 
the decrease in weight flow. Because the dynamometer  Fmposed a -age 
and friction load even with no electrioal load, it was necessary t o  
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extrapolate the data t o  free windmilling engine s p e d .  A t  a flight Mach 
nuniber of 0.4, the free windmilling engine speed was 1600 r p m  at an alti- 
tude of 5900. feet and decreased t o  1420 r p m  at 50,000 feet. 

*- 

As torque was applied t o  the engine, the speed was reduced; maximum 
extracted h o r s e p m r  was obtained at about one-half of free windmilling 8 
speed. These curves peak became  homeparer is the product  of  torque 8? 
and w i n e  speed and, as msntimed previously, wlnamilling engine  speed 
W a r 3  decre6sed by inoreaain@; torque. The maximum power extracted a t  an 
a l t i t ude  of 5000 feet was 14.2 horsepower as compared wi th  only 1 .9  horse- 
power at 50,000 feet. 

" 

The r e l a t ion  of extracted h o r e e p m r   t o  windmilling engine speed 
f o r  flight Mach numbem f r o m  0.2 t o  1.0 at an altitude of 40,000 f ee t  
is shown in  figure 2 (b) . As flight Mach number was increased,  there 
was an increase in the pressure drop  across the englne and an increase 
in att? flow whereby the horsepower av'ailable from the engine was 
increased. A t  a flight Mach number of 0.2, only 2.0 horsepower -re 
available as  camp^ t o  ne-- 28 horeepower a t  a flight Mach 
n&er of 0.8. 

In  order t o  make the extracted horsepower data more useful, the 
data have been corrected t o  s ta t ic   sea- level  pre.ssure and tamperatwe 
in figure 3. These data show a tendency to  generalize for altitude 
but   not . for  Mach number. A t  a given flight Mach numberz the  spread in 
extracted horsepower is p r imar i ly  a r e su l t  of changes in the inlet 
Reynolds number.  The corrected power curve for a Mach  number  of 1.0 
at 50,000 feet wae extrapolated  to zero. In order t o  permit the use 
of them data a t  intermediate flight Mach numbers, the maximum 
corrected power available  for  accessory  drive a t  40,000 feet i s  pre- 
sented as a function of flight Mach number i n  ffgure 4 which is a 
crom  plot  of f igure 3. Above 8 flight Mach nqnbe? of (2.7 there was .. 
apparently a nearly l inear  incraase i n  maximum corrected extraded 
horsepawer nlth increaefng flight &.ch number. 

" - 

- " ... I 

The over-all  efficiency of the winamillln@; engine i s  defined as 
the r a t i o  of the measured extractable horsbQOwer.to the-ideal horse- 
powr  avai lable  f r o m  adiabatic expaIwion of the measured weight fluw. 
This over-all   efficiency is presented in figure 5 as a function of 
carrected windmilling eerie s p e d  for v a r i o u s  flight oodi t fons .  
These data show a reduction in efficiency with increasing  alt i tude a t  
a constant flight Mach number, and the  higheBt efficiency  obtained in 
this investigation was 0.36 a t  a flight Mach number of 0.2 and an 
a l t i t ude  of 5000 fee t .  As flight Mach number was increased a t  a 
oonBtant a l t i tude ,  peak efficiency showed a tendency to   increase.  This 
increase may be at t r ibuted  to   higher  component-ePficiencies  encountered 
as the components approach their  design  c.onUtion.at higher speeds. 

- 
." - - 
. -  



NACA RM E5ZD30 5 

Ln 

m e  scatter  in  these  data  at  the low Mach  numbers is primarily due t o  
the  inability t o  accurately measure the l o w - p m r  output of  the wind- 
milling engine and the low ram-pressure ratios encountered a t  these 
flight conditions . 

Total  pressure  gradient t h r o w  a windmillin@; mine .  - The effect 
of wlnamilling engine speed on the t o t a l  pressure gradient throughout 
the engine is illustrated in figure 60 At the 0.8 flight Mach  number 
conditione (figs . 6 (a) and 6 (b) ), a continuous drop in t o t a l  pressure 
through the engine o c w e d  at all Winamillhg engine speeds. However, 
at rotative speeds ne= free xinamilling speed and a flight Msch 
number of' 1.0, there was a  pressure r i se  acTosB the comgres~m (sta- 
tion 2 t o  3) as shown in figure 6 (c) and 6(d) .  Unpublished data fram 
a  previous investigation of  the  pressure f r o m  stage t o  stage in a 
sirnilax compressor has shown that under windmilling conditians  the 
first s twes produce a pressure r ise  and the last  stages produce a 
pressure drop. The net  result can be a compressor pressure ratio 
greater  than  unity at the high windmil1b.g engine 8peed-B. 

Contribution of c q r e s s o r  t o  extracted horsepower. - In order t o  
deteMnFne the contribution of the  cmpressor t o  extracted h03?8epmr, 
an investigation was conducted with the  turbine removed. The variation 
of corrected compressor  horsepower with  corrected wlndmlllbg engine 
weed is shown in figure 7 for various compressor pressure ratios. 
These data were obtafned with the turbine removed fsam the engine m d  
no attempt was made t o  determine the Reynolds number effects. Ne@- 
tive horsepower on this  cur-ve was obta-lned with the d m t e r  driving 
the  cmpressm. A c v i e o n  of corrected  extracted horsepower frm 
the windmilling engine with the corrected power of the Eampresem is 
presented in figure 8. These values of' co~npressor power (sol id  1Ynes) 
were obtained f r o m  figure 7 with the comgreseor pressure r a t i o  and 
corrected wlndmillhg speed from windmilling engine data. m e  dashed 
lines of corrected exbracted parer from the winamill- engbe were 
taken f rom figure 3 a t  0.4 Uach  number f o r  a l l   a l t i tudes investigated 
and a t  0.8 Mach n&er fo r  30,000 and 40,000 feet. A t  a flight Mach 
number of 0.4, the compressor  power was nearly equal t o  the t o t a l  
power of the engine, w h i c h  means that a t  this condition the turbine 
was contributing very l i t t l e  power. A t  a flight Mach number of 0.8, 
the compressor p m r  increased as corrected windmiU3ng speed was 
increased f r o m  0 t o  1400 rpm. UaXFmum extracted p m r  f r a n  the engine 
was obtained a t  a  corrected wfndmi l l i ng  speed of about 1700 rpm, a t  
which point  the compressor was supplying approximately half of the 
power available from the windmilling engine. As wlndmilling speed was 
increased beyond this point,  the  rapid decrease in compressor parer 
caused the  turbine t o  supply a l l  of the extractable parer plus the 
parer required t o  drive  the compressor  above a  corrected wlnamflleng 
speed of 2170 rpm. 
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The bveet iga t ion  of the braking requirements of the w i n h i l l i n g  
engine provided  tims-history data that ‘Included the torque  required t o  
decelerate both the engine ro to r  and the rotor of the dynamometer. 
Furthermore, it was found that when the dynamometer was used, constan€- 
torque dur ing  deceleration  generally could not be maintained. Because 
of these two dif f icu l t ies ,  it was impossible t o  use the Bxperimental 
data d i r e c t l y   t o  determine the tFme history of the braking of the 
wLndmi1lin.g engine alone a t  a constant torQue. Therefore, a graphical 
method of computing deceleration time wing experimental steady-state 
data was developed and is pxesented in appendix C.  

The method is based on the two factors  affecting the  time required 
t o  change rotative speed: moment of inertia of‘ the rotat ing maes and 
the steady-state windmilling torque of the engine. The steady-state 
windmilling torque of the englne must be obtained f’rm an engine cali- 
brat ian such as that shown in figure 9. Figure 9(a) presents the 
torque-speed cha rac t e r id i c s  of this  wlndmilling turbojet  engine a t  a 
flight b c h  nuniber of 0.8 for altitudes from 5000 t o  50,000 feet. A t  
any canstant engine speed, windmilllng torque decreaeed with increasing 
a l t i tude  For example, at 2400 rpm an increase in  altitude frm 
30,000 t o  50,000 feet demaeed the windmilling torque Warn 67.5 t o  
19 foot pounds. 

The effect of flight Mach number on the torque-speed ChEcacteristics 
of the winhilling engine is shown in figure 9(b) for a constant alti- 
tude of 40,000 feet. A t  a given speed, an increase in flight Mach 
nmber.requires an increase in brake torque t o  maintain that speed. A t  
1200 rpm an increase in flight Mach number *om 0.4 t o  0.8 raised the 
torque  requirement f s a r n  9 t o  lll foot-pounds. The torque-speed  charao- 
teristics were generalized f o r  altitude by use of the camentional 
factors 6 and 0 t o  provide a means of cmputing  time-to-atop for 
flight-conditions  other than those  investigated (see fig. 10). The 
curves of figure 10 were extrapolated  both t o  locked rotor  torque and 
t o  free windmilljng speed because these conditions were not  obtainable 
with the dynamometer. 

After the necessary  torque-speed  characteristics had been obtained, 
a check of the val idi ty  of the graphical method was made by use of 
experimentally determined speed-decay curves. In this verification, the 
moment of Inertia used’ i n  the graphicai method included the mameat of 
inertia of the dynamometer. The computational method appeared reliable 
and the times required to   s top - the   ro t a t ion  of the engine alone for 
several  applied  torques and flight conditions were ccenputed and are 
presented in  figure 11. The applied  torque is presented in figure I l ( a )  
as a function  of  time-to-stop from f’ree windmilling speed a t  a flight 
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Maoh n&er.of 0.4 over a range of a l t i t udes  f r o a n  5000 t o  50,000 feet. 
This reation is a lso  presented in figure 11(b) f o r  an altitude of 
40,000 feet over a range of flight Mach numbers fram 0.2 t o  1.0. 

In order t o  provide a m e a n s  of detemnining the  torque  required  to 
etop  the engine in shorter lengthe of time than those  presented in 
figures =(a) and ll(b) , these data were replot ted on logarithmic 
coordinates  and are presented i n  figures U ( c )  and U ( d )  - The r e l a t ion  
between applied torque and tlms-to-stop for a coastant   a l t i tude of 
40,000 f e e t   ( f i g .   I l ( c ) )  shm that the applied  torque  required t o  
stop  the  engine in 0.2 minute increased from 99 foot-pounds t o  
620 foot-pounds as flight Mach number w&s increased f’rm 0.2 t o  1.0. 

torque required t o   s t o p  the engine in  0.2 “ b e  increased ficm 
160 foot-pounds a t  an a l t i t ude  of 50,000 feet t o  290 foot-pounds at 
5000 feet. The primary advantage of p lo t t ing  braking data on logarithmic 
coordinates is that the computed d a t a  becams’asp.ngtotic &o 8 straight 
line (dashed) which relates applied  torque and time-to-stap free 

sidered. Because It IE physically  impossible t o   s t o p  the engine with 
an applied  torque less than locked rotor  torque, these curves a l so  
became aeymptotic t o  a value equal t o  locked rotor  torque. These 
relatione  provide a simple means of estimating the time-to-stop m e  
f o r  any engine when the fo l l a r lng  tbree character is t ics  are known: 
the locked rotor  torque and the free windmilling speed at  the desired 
flight condition, and tbe  polar moment of inertia of the engine. 
While locked rotor  torque and free windmilling speed must be obtained 
eXperiment&l1y, these q u a t i t i e s  m e  mre easily determined than the 
r e l a t ion  between steady-state windmilling torque and XFnamill~ng engine 
speed. 

A t  a C O I l E t m t  fli@.lt MElCh number of 0.4 (fig. =(a)), the 8pplied 

wlnami~i~ speed if O d y  the  hel’tia O f  the rotst-  DBSEBE is Can- 

-am a steady-state  power-extraction  investigation of a ~ i ~ g l e -  
spool axial-flow  turbojet engine of the 5000-pound thrust class, it 
was found that the windmilling turbo jet engine is an available  but 
inefficient somce of power for  accessory  drive.  A t  a flight Mach 
nuqber of 0.4, only 1.9- horsepower could be extracted at  an altitude 
of 50,000 feet, whereas at 5000 feet, 14.2 horsepower were available 
for  aocessory  drive. At 821 altitude of 40,000 feet, the maximum 
extractable power increased frm about 1.0 t o  20.7 horsepower at 
flight Mach numbers of 0.2 and 0.8, respectively. .The m&xJ,1,, power 
available  for  accessory  drive a t  flight conditione  closely approx- 
hat- landing conditions, 5000 feet and 0.2 flight Mach number, was 
found t o  be about 2.6 horsepower. 



- 
The steady-state windnilling pmr-extractLon data were found t o  

generalize rather well f o r  a l t i tude  but   not   for  flight Mach number var- 
iation. The maximum corrected horsepower obtainable from the turbodet 
engine used in this investigation  increased f’rm 1.5 t o  1 7 8  horsepmer 
as flight Mach  number was raieed from 0.2 t o  1.0. 

N ul 
6 
6. 

The maximum over-all   efficiency of the winamill- engine as a 
power source was found t o  be about 0.36 fo r  a flight Mach  number of 0.2 
at an a l t i t ude  of 5900 f e e t  and tended t o  -decrease with  increasing 
altitude at 0onSt;ant flight &oh  number. & flight m e r  was 
inoreased a t  a canetant  altitude,  efficiency showed a tendency t o  
increase . 

. .  

From an evaluation of the time required to   s top   the  engine from 
free wlndmillln@; speed a t  a given flight condition with a constant 
applied  torque, it waa found that t o   s t o p  the engine in 0.2 minute a t  
an   a l t i tude  of 40,000 feet  required an Increase  in  applied  torque fsam 
99 foot-pounds a t  0.2 Mach  number t o  620 foot-pounds at a fligJlt Mach 
number of 1.0. A t  a flight Mach  number of  0.4, the applied  torque 
required to   s top   the  engine fram free  windmilling speed In 0.2 minute 
increased from 160 t o  290 9oot-pot;nds as a l t i tude  was decreased fram 
50,000 t o  5000 f ee t .  It is poseible t o  estimate wlth  reasonably good 
accuracy the  t,ime-twstop curve for any engine if the locked ro tor  
torque and f r ee  windmilling speed for  the  desired flight condition and 
the  polar moment of Inertia of the   ro tor  are known. 
L e w l ~  Flight Propulsion  Laboratory 

Cleveland, Ohio 
National Advisory Committee for Aeronautics 
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!The follow3ng symbols are used Fn this report:  

area, sq f t  

specific  heat of air at constant pressure = 0.24 Btu/lb-* 

gravitational constant = 32.2 ft; /moa 

extracted horsepower or horeepker   mai lab le  for accessory drive 

ideal horsepower available with isentropic   eqansion aesumed 

p o w  m a m t  of inertia, lb- f t2  

mechanical equivalent of heat, 778 ft-lb/Btu 

flight Maoh number 

englne speed, rpm 

total   pressure,  ~b/sq f t  ab6 

s t a t i c  pressure, U I / S ~  ft abs 

R gas constant 

Qa canstant applied  torque for braking the engine, f t - l b  

% decelerating  torque, 5: - Qs, ' fi-lb 

Qe steady-etate wrzlamilling torque of the engine, f t - l b  

TC t o t a l  temperature, % 

t time, m i n  

W, a t r  f low,  ~ b / s e c  

y r a t i o  of specif ic   heats  for air, 1.4 
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q over-all winamllllng engine effioiency, hp,/hpI 

8 cappressor-inlet total temperature divided by mACA standard sea- 
level static  temperature, 519' R 

Subsoripts : 

f final CMditIOnE 

i initial conditions 

0 ambient  oonditians 

1 venturi  throat 

2 ompressor inlet 

3 cmpmseor outlet 

4 turbine inlet 

5 exhaust-nozzle inlet 

ul N 
m 
QI 

.. . 
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Flight Mach number. - lh the  calculation of flight Mach Imber, 
complete ram pressure recovery a t  the engine W e t  was assumed and the 
following formula W ~ B  umd: 

Ertracted horsepower. - The horeepazer available for  acceeeory 
drive vas camputed froin the meamred eteady-state torque and englne 
Bpeed. 

Ideal  horeepmr and efficiency. - The ideal horgeparer available 
was calculated *om the  isentropio  relation: 

JcpT2 
550 [.- - ($7 

and the weight flow Ma Tram the  relation: 
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A t  a given flight condition and applied  torque greater than  locked G: 
r o t m  torque,  there are two factors,  moment of i ne r t i a  and steady-etate 8 
winamilling torque, which afPect the time required t o  stop the w e .  
The moment of inertia of the systam I s  r e l a t e d   t o  decelerating torque, 
engine speed, and t h e  by N e w t o n  'B  second law: 

&="- 2scI AN 
m 6 0 0  A t  

*ere A t  = tf - ti is the time required t o  make the speed n)lrulae 
AN = ?if' - Xi with a constant  decelerating  torque % available t o  
overcome the inertia forces of the   ro ta t ing  m888e8. Hawever, the 
steady-etate windmilling torque of the engFne % I s  a function of 
engins s p e d  and acts in a direct ion opposing the applied torque %. 
Thus, equation ( 6 )  becomes: 

A mathematical  solution of this  ewreesian l e  lmpoeerible u n l e ~ ~  the 
equation of the steady-state winamilllng torque-versus-en@;ine-speed 
curve (similar t o  f ig .  9 )  f o r  the flight condition in question is known. However, a graphiaal  solution I s  possible and is believed t o  be 
suffiaiently  accurate.  

Arbitrary values were chosen for AN omr the engine-speed range 
*om f;tee windmilling speed t o  zero speed. An average steady-state 
windmilling torque Qs was then  obtained from a curve  such as figure 9 
each value of' AN. For a constant  applied  torque &a a value of At 
wae obtained fram equation (7) far each AI?. The ~ u m  of these values 
of A t  y ie lds  the time-to-stop from free wlnamilling speed a t  the 
given  flight  condition and applied  torque. 

The accuracy of the results obtained by this   graphical   solut ion 
will, of course, depend upon the nunber of speed increments  used. 
Equation (7) was solved  mathematically by writlng equations for the  
steady-state wlndmilling torque-versus-speed character is t ic  of the 
engine and Integrating - dlB f o r  Mach numbers of 0.8 and 1.0 a t  1 

ea 
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40,000 feet. E m n  these equat im,  which were tedious t o  derive, it 
was found that the p g h i c a l m e t h d  was aocurate t o  within 2 percent 
when speed inorentente of 6 percent of free whdmilling epeed were med. 

In order t o  compute the time required t o  brake the engine at flight 
canditiane other than those Included in thie  investigation,  the uncor- 
rected torque-speed characteristic of the engine can be obtained €kom 
the corrected torque-speed c m e ~  of figure 10. 

1. Vincent, K. R., Huntley, 8. C., and W i l s t e d ,  H. Dm: Cmpison of 
Looked-Rotor and W l n d ~ ~ € l l i n g  Drag Characterristios of an Axial-Flow- 
Compressor Type Turbojet IhgFne. €M F5Bl.5, 1952. 

2. Sobolewski, A. E., and Farley, J. M.: Steady-State Zhgine Windmilling 
and Engine  Speed Decay Characterlstios of an Axial-Plow Turbojet 
w i n e .  XACA EM E5lI06,  1951. 
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(a) E f f e c t  of a l t i t u d e .  Flight Maoh number, 0.4.  

Figure 2. - Ertrscted parer from windmilling t u r b o j e t  engine. 
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Windmilling engine speed, rpm 

(b ) Effect of flight Mach nwnber. Altitude, 40,000 feet. 

Figure 2. - Conoluded. Ektracted power from wlndmilling turbojet englne. 



. COr~cted wlndmllLing englne speed, N/@, r p ~ ~  

Figure 5. - Oeneralleatlon of windmilling power-extraction data. 
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Figure 4 .  - Effect of flight Mach  number on maximum corrected  horse- 
p a r e r  exbractable from windmilling turbojet engine. Altitude, 
40,000 feet. - 
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(b) Altitude, 40,OOO feet; flight Mach number, 0.8. 

Figure 6. - EfPect of windmilling  englne speed on total pressure  gradient 
throught engine. 
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2 3 4 5 0 
Station number . . . . 

(c) Altitude, 30,000 feet; flight Mach number, 1.0. 

Figure 6. - Continued.  Effect of windmj-lling engine  speed on total pressure 
gradient through engine. 
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Station number 

(a) Altitude, 40,OOO feet ;   f l ight  Mach  number, 1.0. 

Figure 6. - Concluded. Effect of windmilling  engine  speed on total pressure 
gradient through  engine. 
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(a) W e d  of altitude. Flight %ch number, 0.8. 

M g ~ r e  8. - Steady-state torque an a function uf dllamillbg englns speed. 
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